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In this study we investigated the potential of using FIB-SEM microscopy to measure the thickness of coated layers on fully-fin-
ished, non-oriented electrical steel of NO grades. When using FIB-SEM with gallium ions (Ga+) to prepare cross-sections of
layers with a thickness of a few micrometers (μm), precise ablation of the material with good spatial resolution is essential. Ga+

generated at an accelerating voltage of 30 kV enable the effective localized removal of material. The sample can be protected
with a thin layer of platinum (Pt) deposited by Ga+ to prevent damage to the top layer during the initial ablation process and to
achieve a smoother final cut. The result of this procedure is a clean and sharp cross-section suitable for high-resolution SEM im-
aging. The presented microscopic method for measuring the thickness of the coatings on fully-finished, non-oriented, electrical
steel samples using FIB-SEM has proven to be repeatable, robust, specific, and has an appropriate detection limit for the thick-
ness range of typical coated layers in non-oriented electrical steel sheet.
Keywords: Non-oriented electrical steel, NO grades, coating layers, thickness measurement, FIB-SEM

Raziskali smo mo`nost uporabe mikroskopske tehnike FIB-SEM za merjenje debeline lakiranih plasti na gotovih neorientiranih
elektroplo~evinah NO kvalitet. Uporabili smo tehniko FIB-SEM in z galijevimi ioni (Ga+) uspe{no pripravili pre~ne prereze
lakiranih plasti debeline nekaj mikrometrov (μm). V tem postopku je bistvena natan~na ablacija materiala z dobro prostorsko
lo~ljivostjo. Ioni Ga+, generirani pri pospe{evalni napetosti 30 kV, omogo~ajo u~inkovito lokalizirano odstranjevanje materiala.
Vzorec je lahko za{~iten s tanko plastjo platine (Pt), nane{eno z Ga+, da prepre~imo po{kodbe zgornje plasti med za~etnim
postopkom ablacije in da dose`emo bolj gladek kon~ni rez. Rezultat tega postopka je ~ist in oster pre~ni prerez, primeren za
visokolo~ljivo SEM slikanje. Predstavljena mikroskopska metoda merjenja debeline prevlek na gotovih vzorcih neorientiranih
elektroplo~evin z uporabo FIB-SEM se je izkazala za ponovljivo, robustno, specifi~no in ima ustrezno mejo detekcije za
obmo~je zna~ilnih debelin lakiranih plasti na gotovih neorientiranih elektroplo~evinah.
Klju~ne besede: neorientirane elektroplo~evine, NO kvalitete, lakirana plast, merjenje debeline, FIB-SEM

1 INTRODUCTION

Fully-processed, non-oriented electrical steel (Fig-
ure 1) is optimized for its magnetic properties and does
not require further processing by the end user. All the
properties are fully developed and controlled. The steel
can be delivered uncoated or coated with insulation var-
nish and is ready to be stamped and stacked.1

During the characterization of coated layers on
fully-finished, non-oriented electrical steels,2 especially
NO grades,3 a precise determination of their thickness is
crucial for understanding the material properties of the
product and ensuring quality. NO grades3 of non-oriented
electrical steels with thicknesses under 0.35 mm are spe-
cialized for high-performance applications that demand
low core losses and high efficiency, especially at medium

and higher frequencies. (e.g., those intended for the trac-
tion motors of electric vehicles, which can have an RPM
several times higher than industrial electric motors). NO
grades provide the best-possible foundation for this tech-
nology.1,4 Because of their good permeability (penetra-
bility for magnetic fields) and low core losses (conver-
sion of a portion of the energy into heat due to eddy
currents), the NO grades are ideal for high-frequency ap-
plications. Normally, a thin insulating coating (varnish)
is applied to the surface of the electrical steel to protect
the material against environmental factors, and to prevent
short circuits caused by low interlayer resistance and to
reduce eddy-current losses between laminations.5,6 Such
coatings enhance the stamping performance, corrosion
resistance, adhesion strength, and weldability of non-ori-
ented electrical steels. In addition, coatings play a crucial
role in reducing the power losses. By manipulating the
surface roughness or varying the surface stress through
coatings, overall power loss can be decreased. A typical
surface of a NO25, fully-finished, non-oriented electrical
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steel sheet is represented in Figure 2. Studies have
shown that improving the surface roughness can reduce
power losses.6 Insulating coatings can be organic,
semi-organic, or inorganic. Several techniques are avail-
able for coating steel sheets, each with its own unique
advantages. These methods include sol–gel processes,
chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), plasma spraying, wet coating, printing,
electroless plating, and electrochemical plating.6 Differ-
ent coatings have different specific properties, and the
selection of coatings depends on subsequent application
requirements, to provide continuous protection, good
corrosion resistance, and the desired performance.5 In re-
cent years, the development of insulating coatings for
electrical steels has increasingly focused on environmen-
tally friendly solutions.5,7

Two conventional methods are commonly used for
measuring coating thickness: the beta-backscatter
method, which allows a non-destructive measurement of
organic and inorganic layers on various substrates using
radiation from radioactive atoms in either a contacting or
non-contacting setup,8 and the ASTM E376-19 standard
practice, which specifies magnetic-field or eddy-current
(electromagnetic) testing methods.9

Recently, the weigh–strip–weigh method has been
demonstrated as a reliable approach to accurately deter-
mining the coating mass and thickness, addressing qual-
ity concerns that arise in post-production situations.10

Additionally, a laser-induced fluorescence-based system
provides highly accurate, real-time thickness measure-
ments that surpass traditional methods and enhance pro-
cess control and product quality.11

This study aims to complement the metallographic
approach; we also employ focused-ion-beam (FIB)
cross-sectioning to obtain direct measurements of the
coating thickness. These high-resolution sections provide
a reliable reference for evaluating the accuracy of the
proposed method. Together, the two techniques allow a
more precise assessment of thin insulating coatings on
electrical steel sheets.

2 EXPERIMENTAL

The samples used in the study were 0.25- mm and
0.27-mm-thick, fully-finished, non-oriented electrical
steel sheets made from Fe – 3.2 w/%Si – 1.0 w/%Al –
0.2 w/%Mn alloys (NO grades). The designation
NOxx-yy generally indicates a thickness of 0.xx mm,
and a maximum core loss of yy in W/kg at a
1.0 T/400 Hz.3

For the preparation of cross-sections, focused-ion-
beam scanning electron microscopy (FIB-SEM) using
gallium (Ga) ions was employed.

Precise material ablation with high spatial resolution
was required to obtain reliable cross-sectional profiles.
Gallium ions generated at an accelerating voltage of 30
kV were applied to enable effective localized removal of
material. Higher beam currents, ranging from 15 nA to 3
nA, were used for coarse milling of larger volumes dur-
ing the initial milling stage. In contrast, lower beam cur-
rents (e.g., 700 pA) were used for the final polishing
step, reducing material redeposition and producing
smoother cross-sectional surfaces.

After milling, the cross-sections were examined us-
ing a field-emission SEM operated at 5 kV. Secondary
electron (SE) and backscattered electron (BSE) detectors
were used depending on the required contrast, with
working distances of 5–7 mm typically used to maintain
high image resolution. The imaging conditions enabled
detailed analysis of both the surface coating and the un-
derlying microstructural features.

As a reference, the FIB-SEM method was calibrated
and validated using the reference measurement system of
a ZEISS Crossbeam 550/EDAX platform for FIB and
FE-SEM/EDS analysis.

3 RESULTS AND DISCUSSION

The metallographic characteristics in terms of the
texture and microstructure of the typical samples of the
two selected NO grades3 are shown in Figure 3.
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Figure 2: A surface of a NO25, fully-finished, non-oriented electrical
steel sheet (SE Image)

Figure 1: Coils of the fully-finished, non-oriented electrical steel
(SIWATT brand of SIJ Acroni d.o.o., Jesenice, Slovenia)1
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Figure 5: Coating thickness of a typical NO25-12 sample (Cut 2;
FIB-SEM) Figure 7: Coating thickness of a typical NO27-14 sample (Cut 1;

FIB-SEM)

Figure 6: Coating thickness of a typical NO25-12 sample (Cut 3;
FIB-SEM)

Figure 4: Coating thickness of a typical NO25-12 sample (Cut 1;
FIB-SEM)

The EBSD IPF Map Corresponding texture
ODF map (�2 = 45°)

Texture
Intensity

NO25-12

NO27-14

Figure 3: Microstructure and texture characteristics of the typical samples of the two selected NO grades3 under investigation (SEM-EBSD)



Figures 4 to 9 show SEM images of FIB-prepared
cross-sections used to determine the coating thickness of
the two fully finished, non-oriented electrical steel
grades. The thicknesses of the measured coatings were
1.5±0.2 μm in the case of the selected NO25-12 grade,
and 1.9±0.3 μm in the case of the selected NO27-14
grade.

Beneath the measured coatings, some (internal) oxi-
dation layers are observed, typical of Fe-Si-Al alloys.
The presence of silicon and aluminium (elements with a
high affinity for oxygen) leads to the formation of a thin
oxide network within the material. Such oxidation can
influence both the mechanical and magnetic properties
of the steel. In general, surface oxides in non-oriented
electrical steels increase the core losses. The oxidation
behaviour is strongly affected by the alloying elements,
surface conditions during processing, and the presence of
segregants, all of which can influence the oxidation rate,
the mechanisms involved, and the morphology of the ox-
ide scale.12

In NO grades, measuring the coating thickness is par-
ticularly challenging because the electrical steel sheets
themselves are very thin, typically 0.2–0.3 mm. One of
the major difficulties arises when the sample is not per-
fectly aligned during the measurement, i.e., when it is
slightly tilted relative to the reference plane of the mea-
surement system. Even a slight inclination increases the
effective measurement path, leading to an apparent coat-
ing thickness greater than the actual value. This effect is
especially pronounced in very thin coatings, where such
errors can become comparable to the actual layer thick-

ness. If the tilt is not detected or adequately corrected, it
may lead to the misinterpretation of data, inaccurate re-
sults, and, ultimately, incorrect conclusions in research
or industrial processes. This need becomes even more
pronounced when considering the stringent performance
requirements placed on electrical steels used in advanced
industrial applications.

In the highly competitive automotive industry, com-
pliance with relevant standards, along with continuous
improvement and employee training, is essential for de-
livering high-quality products.13 Consequently, novel ma-
terial characterization methods are crucial for ensuring
the quality and reliability of components, including for
the characterization of NO grades of the non-oriented
electrical steel sheets commonly used in automotive ap-
plications.14–22

In our study, the measurements were performed using
the calibrated reference measurement system of the
ZEISS Crossbeam 550 FIB SEM, equipped with EDS
and EBSD capabilities. By employing high-precision
sample mounting and plane-parallel cutting, we success-
fully overcame the methodological challenges described
above. The presented microscopic approach for deter-
mining the coating thickness has proven to be repeatable,
robust, and highly specific, with a suitable detection
limit for the thickness range characteristic of typical
coated layers.

The FIB-SEM method, when applied to fully fin-
ished, non-oriented electrical steels of NO grades, has
proven highly effective for measuring coating thickness.
Based on our experience, this metallographic approach,
performed under vacuum conditions, is also well-suited
for the analysis of multilayer materials, nanostructures,
semiconductor components, and thin films thicker than
100 nm. It is particularly advantageous when high spatial
precision and minimal material damage are required, or
when the sample is sensitive to the surrounding atmo-
sphere (e.g., oxygen).

4 CONCLUSIONS

The FIB-SEM cross-section metallographic method
for a coating-thickness measurement used in this study
on fully-finished, non-oriented electrical steels of NO
grades proved to be highly effective and well-suited for
this type of analysis. The procedure produces a clean,
sharp cross-section suitable for high-resolution SEM im-
aging. The FIB-SEM method was calibrated and vali-
dated using the reference measurement system of the
ZEISS FIB-SEM Crossbeam 550 electron microscope,
equipped with EDS and EBSD. The presented micro-
scopic method for measuring coating thickness has
proven to be repeatable, robust, specific, and has an ap-
propriate detection limit for the thickness range of typi-
cal coated layers in fully-finished, non-oriented electrical
steel sheet of various NO grades.
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Figure 8: Coating thickness of a typical NO27-14 sample (Cut 2;
FIB-SEM)

Figure 9: Coating thickness of a typical NO27-14 sample (Cut 3;
FIB-SEM)
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