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HRAES and XPS were used to investigate the electrical steel sample after a decarburization treatment. An oxide layer was
found on the surface of the sample whose constituents as well as their chemical states were determined. Profile AES analysis of
the sample’s cross-section showed that composition of the oxide layer changed with depth. Elements present in electrical steel in
minute concentrations were shown to form compounds in the oxide layer.
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Vzorec elektroplo~evine po razoglji~enju smo analizirali s pomo~jo visokolo~ljive spektroskopije Augerjevih elektronov in
rentgenske fotoelektronske spektroskopije. Ugotovili smo, da se na povr{ini vzorca tvori oksidna plast in ji dolo~ili sestavo.
Profilna analiza preseka vzorca je pokazala, da se sestava oksidne plasti spreminja z globino. Ugotovili smo, da elementi, ki so v
osnovnem materialu prisotni le v sledeh, tvorijo spojine v oksidni plasti.

Klju~ne besede: HRAES, XPS, povr{inske analitske metode, oksidne plasti, elektro plo~evina

1 INTRODUCTION

Oxide layer composition on the surface of the
electrical steels is very important from the technological
point of view. Normally, its composition reflects the
manufacturing process. Non-oriented electrical steels
may be alloyed by Si and Al in order to increase their
electrical resistivity. Also, traces of elements, such as Cu
and S (so called "tramp elements") and their compounds
may be found in the final product due to the fact that
electrical steels are manufactured from the scrap steel.

In the course of the manufacturing process electrical
steel is hot rolled, then cold rolled and finally
decarburized and recrystallized in a gas mixture of N2 +
H2 + (H2O)g. During the decarburization process a
surface oxide layer is formed. This layer, apart from its
principal components, often contains trace elements in
various forms.

So far surface spectroscopies have been frequently
used to study oxide layers on metal surfaces (e.g. �1�,
�2�, �3�). In this work the results of the X-ray photo-
emission spectroscopy (XPS) investigation of the results
combined with the Auger electron spectroscopy (AES)
and scanning electron microscopy (SEM) are presented.
This combination of techniques enables one to obtain in-
formation about the oxide layer, morphology and chemi-
cal constituents, across the layer and perpendicular to the
surface. In present study subsurface layers were probed
only by performing AES analysis of the sample’s
cross-section. A more detailed study with full depth pro-

file analysis of the oxide layers is currently underway
and will be published separately.

2 EXPERIMENTAL

In the course of the manufacturing process the
electrical steel, used for preparing the samples, was
alloyed with 2% of Si and 1% of Al and subsequently
hot and cold rolled to produce sheets of 0.5 mm
thickness. These were cut into platelets of approx. 50
mm × 15 mm. Decarburization and recrystallization was
carried out under laboratory conditions by annealing the
samples in a gaseous mixture of N2 + H2 + (H2O)g with
N2 : H2 ratio 75 : 25. Annealing was performed for 3
minutes at 840 °C, for 1 minute at 970 °C and without
(H2O)g in the mixture for 1 minute at 1040 °C. After this
thermal treatment smaller platelets of approx. 10 mm ×
15 mm were cut out to be introduced into the SEM/AES/
XPS apparatus. Also, sample for AES analysis of the
cross section was prepared by polishing lateral surface of
one of the platelets.

VG Microlab 310F apparatus with base vacuum dur-
ing the analysis below 10-9 mbar was used to image the
surface of the samples as well as to record the AES and
XPS spectra. The Auger spectra of the samples showed
very intense carbon and oxygen peaks and Fe peaks of
very low intensity. Therefore, prior to further analysis,
the surface of the sample was cleaned by argon sputter-
ing at 3 keV ion energy, 1 µAcm-2 current density, for 15
minutes in order to remove layers of adsorbed impurities
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and to expose bare oxide layer that had been produced
during the sample preparation process. AES measure-
ments were performed at electron beam energy of 5 keV.
Beam spot size in all modes of AES measurements was
of the order of 50 nm. Al K� at 1486.6 eV and Mg Kα at
1253.6 eV were used for XPS. Illuminated area during

the measurement was about 3mm2. Carbon contamina-
tion C 1s at 284.7 eV as measured on cleaned metallic
sample was used for energy scale calibration. SEM im-
ages as well as AES and XPS spectra were processed by
Eclipse Data System v2.1 software package. Linear com-
bination of Gaussian and Lorentzian peak shapes with
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Figure 1: SEM image of the surface oxide layer
Slika 1: SEM posnetek povr{inske oksidne plasti

Figure 2: Survey AES spectrum of the area shown in Fig. 1
Slika 2: Pregledni AES spekter obmo~ja s slike 1

Figure 3: XPS spectra of the oxide layer surface; Fe 2p (a), Si 2p (b), Cu 2p3/2 (c), Al 2s (d)
Slika 3: XPS spektri oksidne plasti; Fe 2p (a), Si 2p (b), Cu 2p3/2 (c), Al 2s (d)



Shirley background subtraction was used for fitting
peaks in XPS spectra. The only constraint was imposed
on number of components if leaving it free resulted in
unrealistically bad fit.

3 RESULTS AND DISCUSSION

A typical SEM image of the sample is shown in
Figure 1. On the micrometer scale the surface is highly
corrugated. Its chemical composition does not change
significantly across the large area of the sample surface.
A representative Auger spectrum shown in Figure 2
shows clearly that an iron oxide is a dominant
component of the layer. Note also a presence of the small
peaks of C, Al and Si Auger electrons. XPS analysis of
the layer enables us to determine which of several
possible iron oxides has been formed during the sample
preparation. In addition, it offers a possibility, to
determine the chemical state of the alloying elements, Al
and Si and trace elements, Cu in our case.

Figures 3a - 3d show the spectra for Fe, Si, Cu and
Al. Where needed, spectra were fitted with peak
components and they are also shown in Fig. 3. Al 2s was
chosen for the analysis over more usually used Al 2p in
order to avoid problems with overlapping Al 2p and Cu
3p3/2 peaks.

From the positions of the peaks in Figures 3a - 3d
compared to the reference values �4, 5� it is clear that the
oxide layer predominantly consists of Fe2O3. It is not
likely to be an artifact caused by exposition of the sam-
ple to the air, since surface of the sample was cleaned by
argon sputtering prior to the analysis. The Si 2p peak at
102.4 eV strongly indicates that layer also contains a
small amount of Fe2SiO4. Also a shift of Fe 2p3/2 of only
0.1 - 0.2 eV towards lower binding energies with respect
to its position if the oxide layer were pure Fe2O3 indi-
cates low concentration of Fe2SiO4 in the oxide layer.
This compound is expected in the oxide layer on the sur-
face of the electrical steel alloyed with 2% of Si �6, 7, 8�.
Its low content is somewhat surprising. It may be due to
non-standard parameters of the decarburization thermal
treatment �9�. There is also a component of Si 2p at 98.3
eV which can be most probably attributed to some
silicede. Due to relatively small amount of data about en-
ergy values of Si 2p transitions in different silicides in
reference databases some additional measurements will
be required to clarify this point. Cu 2p3/2 had two compo-
nents at 933.6 eV and 932.6 eV, respectively which was
consistent with two Cu oxides. Al 2s was shifted approx-
imately 1.5 eV towards higher binding energies with re-
spect to elemental Al which was consistent with Al in
Al2O3. Presence of Al2O3 in the oxide layer is additional
indication of Fe2O3 being the main component of the
layer, since studies of several binary Fe-Al systems with
Al concentrations and thermal treatment parameters
roughly comparable to ones used in this study, indicate
that Al2O3 remains stable in case of Fe2O3, while in case

of other ferrous oxides, ternary Fe-Al-O compounds are

frequently formed [ 8, 10] .
AES linescan was performed by measuring Auger

spectra at 30 points along line L1 (Figures 4a, b) on the
cross-section of the sample. The concentration profiles
for Fe, O and Si calculated from these spectra showed
that Si concentration was highest in depth near the oxide
layer - metal interface which suggested that also Fe2SiO4

concentration was much higher in that region than on the
surface. This is consistent with the low surface Fe2SiO4

concentration measured by XPS.
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Figure 4: SEM image of the cross-section of the oxide layer - metal
interface (a); Fe, Si and O atomic concentrations along the line L1 (b)
Slika 4: SEM posnetek stika med oksidno plastjo in kovino v prerezu
(a); koncentracije Fe, Si in O vzdol` ~rte L1 (b)



4 CONCLUSIONS

SEM, AES, XPS and cross-sectional AES analysis of
the electrical steel sample with an oxide layer formed
during the decarburization process was performed. SEM
image showed highly corrugated surface, while survey
AES analysis showed this surface to be of an oxide
character. XPS spectra over the characteristic binding
energy ranges of the several elements as well as
cross-sectional AES analysis showed that the oxide layer
predominantly consisted of Fe2O3 with small amount of
Fe2SiO4, CuO and Cu2O. There was also a minute
amount of Al2O3. Fe2SiO4 concentration increased
towards the oxide layer - metal interface.

As already mentioned, this is a preliminary study of
oxide layers formed onto electrical steel under laboratory
conditions. A more comprehensive study is currently
underway. It includes number of samples prepared using
different thermal treatments. An attempt will be made to
corelate parameters of the thermal treatments to the
compositions of the oxide layers. Depth profiling
techniques will be used to obtain data about
concentration profiles of different compounds inside
oxide layers.

ACKNOWLEDGEMENT

Financial support of this work, project L2-0757 by
Ministry of Science and Technology, Republic of
Slovenia and Slovenian Steelworks is greatfully
acknowledged.

5 REFERENCES
1 Lee YP, Bevolo AJ Lynch DW. Surf. Sci.; 188, 267 (1987)
2 Carriere B, Deville JP, Brion D, Escard J. Electr. Spectr. Relat. Phen.;

10, 85 (1977).
3 Hughes AE. Corrosion Sci.; 22, 103 (1982).
4 Chastain J, King RC (eds). Handbook of X-ray Photoelectron

Spectroscopy. Physical Electronics, Inc.: Eden Prairie, 1995
5 Adem E, VG Scientific XPS Handbook. VG Scientific Limited: East

Grinstead, 1991
6 Eckstein HJ. Technologie der Waermebehandlung von Stahl. VEB

Deutcher Verlag fuer Grundstoffindustrie, Leipzig, 1987.
7 Peters FK, Engell HJ. Arch. Eisenhuettenwess.; 30, 275 (1959).
8 Schreir LL, Jarman RA, Burstein GT. Corrosion, Vol. 1, Metal/

Environment Reactions, Butterworth-Heinemann, Oxford, 1995
9 Steiner Petrovi~ D, Jenko M, Gontarev V, Grabke HJ. Kov. Zlit. Teh.;

32, 493 (1998).
10 Prescott R, Graham MJ. Oxidation of Metals; 38, 73 (1992)

Dj. MANDRINO ET AL.: HRAES AND XPS STUDIES OF OXIDE LAYER FORMED ON ELECTRICAL STEEL

422 KOVINE, ZLITINE, TEHNOLOGIJE 33 (1999) 6


