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Magnetic ProPerties of fe-si electrical steel after laser scribing

improvement of magnetic properties of electrical steel can be achieved by reduction the size of magnetic domains. The ap-
plication of local stresses through laser scribing leads to reduced core losses. in order to determine the effect of laser refinement 
conditions of magnetic domains on the properties of the soft magnetic material, four samples with a thickness 0.23 mm were refined. 
The refinement of each sample was carried out using different line energies of the laser beam. Estimation of the magnetic domain 
size was performed using the Jeffries method, the magnetic viewer was used to reveal the domain structure. The measurement of 
the magnetic properties was performed at a frequency of 50 Hz and an induction of 1.5 T. The analyzed results presented in this 
work indicate impact of laser refining on magnetic properties of grain oriented electrical steel depending on used laser beam energy. 
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1. introduction

The evaluation of the magnetic properties of grain-oriented 
Fe-si steel subjected to generically directed field comes strongly 
into play when dealing with applications transformers and large 
rotating machines [1]. Line frequency transformers are the most 
important components of a power system, which transmit power 
between generation and distribution systems. The increasing 
global demands for efficient electrical power generation and 
distribution equipment are strong drivers for the development 
of steels with lower magnetic losses and higher permeability. 
Low core loss of iron, high magnetic flux density, low magne-
tostriction, high permeability and high saturation magnetization 
are key properties required for electrical steel. Grain oriented 
electrical steel (GOEs) exhibit excellent magnetic properties 
longitudinally to their rolling direction, as a soft magnetic 
material are used mainly as a core for transformers [2-4]. The 
manufacturing of grain-oriented silicon steel require careful 
control of thermomechanical processing in order to generate 
desired microstructure and texture [5]. The processing steps and 
their parameters are adjusted to get at the end a Goss texture 
for excellent magnetization behavior and a large grain size with 
a sufficient number of movable domain walls [6]. Presence 
of the crystallographic texture {110}<001> where the easiest 
magnetization direction <001> is parallel to the magnetic field 

direction and sheet surface allows to minimize watt losses. cur-
rently, the desirable Goss texture is obtained via a complicated 
processing scheme involving continuous casting, reheating, 
rough hot rolling, finish hot rolling, normalization, cold roll-
ing, decarburization annealing and secondary recrystallization 
annealing. During the high temperature annealing small precipi-
tates, also called inhibitors, play a crucial role in the inhibition 
of the grain growth and the development of a sharp Goss texture 
which evolves completely after the high temperature annealing 
and the grain oriented silicon steel with a good magnetic prop-
erties (b8 = 1.94 T, P1.7/50 = 1.3 w/kg) can be prepared [7-11]. 
Over the past 90 years, magnetic properties of grain-oriented 
electrical steel have been dramatically improved. This has 
been achieved mainly by three technologies: improvement of 
{110}<001>alignment, development of thinner-gauge product 
with a thickness of 0.23 mm, and establishment of magnetic 
domain refining techniques [12,13]. Pulsed laser processing 
for domain’s refinement is a recent technology implemented 
on an industrial scale, it is easily applicable to the production 
line of the silicon steel due to noncontact technique [14,15]. 
silicon content, thickness, impurities, resistivity, permeability 
and domain structure of the steel significantly influences on 
core loss. core loss consist of two components: hysteresis 
loss and apparent eddy current loss which is combination of 
classical eddy current loss and domain-dependent eddy loss. 
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The laser scribing reduces the core loss of 3% si–Fe, because 
sub-domains induced by scribing produce many active domain 
walls which reduce the eddy current loss responsible for deg-
radation of magnetic properties, caused by the generation of 
large amounts of heat [16-18]. The magnetic domains of GOEs 
consist of two components: 180° main domains and 90° surface 
closure domains. Eddy-current losses monotonically decrease 
with decreasing 180° wall spacing and increase with increas-
ing amount of 90° domains [18]. in order to reduce the size of 
magnetic domains local tensile stresses can be applied on sheet 
surfaces. The use of local tensile stresses along the rolling direc-
tion on the surface of GOEs sheets reduces the size of basic 180° 
magnetic domains by changing the magneto crystalline energy 
(magnetic anisotropy) of the material [19]. in this paper impact 
of laser scribing as a method of magnetic domain refinement of 
GOEs on magnetic properties has been presented. These stud-
ies allowed to determine the effect of one of the parameters of 
the laser refining process on the change of: domain structure, 
barkhausen magnetic noise, lossiness, magnetic field strength 
of magnetization, coercivity and remanence, which shape the 
magnetic properties of the final product.

2. Materials and methods

This study was conducted using conventional grain ori-
ented electrical steel M95-23P (high permeability (Hib) steel 
contains approx. 3% si) in accordance with Pn-En 10107. it is 
a ferritic steel with bcc structure. The material was subjected 
to the process of refining of magnetic domains. Using an nd: 
yaG laser, the magnetic domains of four material samples were 
refined with a thickness of 0.23 mm. refining of each sample 
was carried out using different linear energy of the PL laser 
beam. The parameters of the conducted experiment are shown 
the in the TabLE 1.

TabLE 1

Laser refining parameters of conventional grain-oriented  
electrical steel

sheet 
no.

Distance between 
laser beam interaction 

areas [dL], mm

 line speed [V ], 
m/min

 linear energy 
of the laser beam 

[PL], J/m
1 7 30 55
2 7 30 45
3 7 30 35
4 7 30 25
5 reference sample – not refined

3 samples were cut according to Fig. 1. from each refined 
sheet. samples were tested in 2 magnetization directions: [110] 
and [100]. Measurement of magnetic properties in the direction 
of magnetization [110] was performed for the sample cut per-
pendicularly to the rolling direction, measurement of magnetic 
properties in the direction of magnetization [100] was performed 
for the sample cut parallel to the rolling direction. Measurement 

of barkhausen magnetic noise in the direction of magnetization 
[110] and [100] was performed for the sample cut perpendicularly 
to the rolling direction. a brockhaus Measurements device was 
used to measure the magnetic properties of the soft magnetic 
material. The measurement was performed at a frequency of 
50 Hz and an induction of 1.5 T. barkhausen magnetic noise 
was also measured using a sTrEsscan 500°c. The size of 
magnetic domains was estimated using Jeffries’ method after 
revealing the domain structure by means of magnetic effects 
viewer presented on Fig. 2.

Fig. 1. schematic of sample preparation for testing

Fig. 2. Effect of the laser beam on the surface of the material sheet 
number 1 (etched sample without electrical insulating coating – image 
on the left side, the imaging location with electrical insulating layer and 
magnetic viewer coated surface – image on the right side)

3. results and discussion

The power of the laser beam used in the laser refining 
process of a transformer sheet affects the magnetic properties 
of the processed material. The depth of refining increases as the 
laser beam power increases (Fig. 3). Therefore, in view of the 
depth of refining, the magnetic properties of the material are 
also expected to be affected. 
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Fig. 3. Dependence of refining depth on laser beam power

Observation of the metallographic specimens using a light 
microscope made it possible to characterize and assess the mi-
crostructure of the material studied. Two zones, described in red 
and green, were distinguished (Fig. 4). The zone marked in red 
shows the depth of the laser beam, the green line shows the depth 
of the stresses interaction. The range of stress interactions was 
determined by the range of slip bands visible on the metallo-
graphic examination. The red line defines the range of slip bands 
occurring in more than one system and the green line defines 
the limit of visible shear bands finally occurring in one system.

Fig. 4. Microstructure with marked zones of refining impact after ap-
plication of a 55 J/m laser beam

a comparison of the images in Fig. 5 and Fig. 6 shows the 
difference between the effects associated with laser refining 
(Fig. 5) and the grain boundary image (Fig. 6). This comparison 
shows that laser refining does not introduce new grain boundaries 
because no such effect is seen in the laser refining area (Fig. 5). 

Fig. 6. Microstructure of sample no. 2 (laser beam energy applied 
45 [J/m]) – grain boundary – sEM

3.1. results of macro and microscopic observations 
of sheet metal surfaces 

Macroscopic observations using magnetic viewer allows to 
evaluate the size of magnetic domains (Fig. 7) and grain size. 

Fig. 5. Microstructure of sample no. 1 at the laser refining site. Laser 
beam energy applied 55 [J/m] – sEM

Fig. 7. comparison of grain boundaries and domain boundaries by mag-
netic viewer method – sample no. 1
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it can be observed that the laser processing traverse performed 
results in the separation of domains whose walls are perpen-
dicular or nearly perpendicular to the rolling direction, that is, 
the direction of easy magnetization. The size of the magnetic 
domains was estimated for the samples treated with the laser 
beam in relation to the applied laser beam power (Fig. 8). it can 
be observed that the increase in laser beam energy leads to 
fragmentation of magnetic domains, which results mainly from 
a decrease in distance between bloch 180° walls. 

Fig. 8. change in the size of magnetic domains as a function of laser 
beam energy

Laser refining results the introduction of stress which will 
cause an increase in coercivity and decrease in MP, the opposite 
effect is the fragmentation of the domain structure an increase 
in MP and a decrease in coercivity. This opposing effect means 
that up to a certain moment laser refining has a beneficial effect, 
while at a certain point the stress effect takes over the role. Frag-
mentation of magnetic domains is desirable and shows a positive 
effect on magnetic properties up to a certain point.

3.2. results of barkhausen magnetic  
noise analysis

The high level of magnetic barkhausen noise determined by 
the MP parameter can be related to the easy movement of bloch 
walls. The device used in the study allows determining the depth 
from which the barkhausen magnetic noise level is analyzed. 
since the sheet is characterized by a thickness of 0.23 mm, tak-
ing the range analyzed at 0.7 mm, the entire cross-section of the 
sheet was analyzed. The range of the impact of the laser beam’s 
linear energy on the microstructure depends on the energy used. 
Taking into account that used laser beam energy may not cover 
the entire cross-section of the sheet, in addition, it was decided to 
also perform tests for an area with a depth of less than 10% of the 
sheet thickness, i.e. from a layer as deep as 0.02 mm. analyzing 
the entire cross-section of the sheet, it was found (as expected) 
that the barkhausen magnetic noise level (MP parameter) is 

higher for measurements in the direction in line with the rolling 
direction, which corresponds to the easy magnetization direction 
[100]. in the transverse direction (TD), which is parallel to the 
crystallographic direction of type <110>, the bloch walls are 
more difficult to move, as evidenced by lower values of the MP 
parameter (Fig. 9).

Fig. 9. Effect of refining on the MP parameter obtained for the en-
tire cross-section (analyzed range of depth 0.7 mm) of the plate in 
the transverse (TD) and longitudinal (LD) direction to the rolling  
direction

3.3. analysis of magnetic loss

The magnetic loss of the test material in the longitudinal 
direction is significantly lower than in the transverse direction 
(Fig. 10). refining magnetic domains has a beneficial effect 
on reducing magnetic loss. within the range of measurements 
performed, the lowest loss, equal to 0.60 w/kg, was obtained 
for the linear laser beam energy of 35 J/m. Further increasing 
the linear energy of the laser beam raises the lossiness but it is 
still significantly lower than the unrefined sheet where it reached 
a value of 0.73 w/kg.

Fig. 10. Losses [w/kg] as a function of the applied laser beam line 
energy [J/m]
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3.4. analysis of magnetic field strength

while refining, favorably influenced the reduction of the 
lossy in the easy magnetization direction, it has an unbeneficial 
effect on magnetic field strength required to magnetize the mate-
rial to the 1.5 T level (Fig. 11, Fig. 12).

Fig. 11. Magnetic field intensity [a/m] required to magnetize the sample 
depending on the applied laser beam line energy [J/m] – longitudinal 
direction

Fig. 12. Magnetic field intensity [a/m] required to magnetize the sam-
ple depending on the applied laser beam line energy [J/m] – transverse 
direction

3.5. coercion analysis

Evaluating a soft magnetic material, it is most common to 
relate this evaluation to the value of coercivity which represents 
the intensity of the magnetic field required for demagnetization. 
in the case of soft magnetic materials, the field strength should 
be lower than the material’s own field strength, which has a de-
magnetizing effect on the material itself. The refining process for 
both the easy magnetization direction and the transverse direction 
reduces the values of coercivity [Fig. 13, Fig. 14].

Fig. 13. coercion [a/m] vs. linear energy of the laser beam [J/m] – 
longitudinal direction

Fig. 14. coercion [a/m] vs. linear energy of the laser beam [J/m] – 
transverse direction

3.6. remanence analysis

The effect of sheet orientation and the refining process 
on remanence is shown in the graphs in Fig. 15 and Fig. 16. 

Fig. 15. remanence [mT] versus laser beam line energy [J/m] – lon-
gitudinal direction
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as can be seen, the direction of easy magnetization is distin-
guished by a significantly higher remanence value. Moreover, 
the laser refining process causes a decrease in remanence with 
an increase in the linear energy of the laser beam, both in the 
easy magnetization direction parallel to rD and in the transverse 
direction of the sheet.

Fig. 16. remanence [mT] versus laser beam line energy [J/m] – trans-
verse direction

4. conclusions

The analyzed results presented in this work indicates impact 
of laser refining on magnetic properties of GOEs depending 
on the laser beam energy used. The main conclusions can be 
formulated as follows:
– The increase in the linear energy of the laser beam leads to 

the fragmentation of magnetic domains. 
– analyzing the entire cross-section of the sheet, the 

barkhausen magnetic noise level (MP parameter) is higher 
for measurements in the rolling direction (rD), which cor-
responds to the easy magnetization direction [100].

– The loss in the rolling direction are significantly smaller 
than in the direction transverse to the rolling direction. 

– refining of magnetic domains in the rolling direction re-
duces the loss level of electrical steel.

– The longitudinal direction, and therefore the rolling direc-
tion, is a direction of easy magnetization requiring about 
two times less magnetic field strength to magnetize.

– refining in the easy magnetization direction increases the 
magnetic field strength required to magnetize the material 
to the 1.5 T level.

– The refining process for both the easy magnetization di-
rection and the transverse direction reduces the coercivity 
values. The coercivity in the case of the easy magnetiza-
tion direction is significantly smaller (by almost an order 
of magnitude) compared to the coercivity in the transverse 
direction (type [110]).

– The direction of easy magnetization is characterized by 
a significantly higher remanence value.

– The laser refining process, along with an increase in the 
linear energy of the laser beam, results in a decrease in 
remanence in both the easy magnetization direction and 
the transverse direction of the sheet.
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