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Abstract

Two different laser sources, namely the CO2 laser and continuous-wave thulium-doped fibre
laser were individually used to study their effects on the resulting changes in magnetic domains
structure, coercivity, and nanohardness of Fe-3.2Si grain-oriented electrical steel sheets. The
CO2 laser with a constant power of 30 W, constant frequency of 1 kHz and variable scribing
speed in the range of 10-50 mm s~ ! was used to perform the first series of five different laser
scribing treatments. Separately, the second series of next five laser scribing treatments was
performed using thulium-doped fibre laser operating at a constant scribing speed of 2.4 mm s~ *
and variable laser power in the range of 2-10 W. The results showed that compared to the
laser untreated material with a coercivity of 0.21 A m™*, distinguishable improvements in soft
magnetic characteristics (i.e., coercivity reduction) were obtained after the all laser treatments
used. At the same time, lowered nanohardness values were indicated in central parts of laser
scribed areas. The major effects responsible for the observed coercivity improvements are
related to optimal refinement of magnetic domains structures by applied laser treatments.
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1. Introduction

Grain-oriented (GO) electrical steels occupy a sig-
nificant part in world-wide market of soft magnetic
materials. They are widely used in the form of core-
laminated products, e.g. in the construction of power
transformer cores thanks to their excellent power ca-
pacity. During their magnetization under alternating
current conditions, a part of the electric energy is
known to be consumed which is attributed to the exis-
tence of the so-called core losses. The promising results
have been shown in GO electrical steel sheets through
the refinement of their magnetic domain structure as
a result of mechanical and/or thermal stresses imple-
mentation [1, 2]. It is already known that the desired
effects can be achieved by several processing tech-
niques, e.g. mechanical scribing/scratching, electrical
discharge machining, plasma flame treatment, chemi-
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cal etching, and also by laser scribing [3-9]. The laser
scribing technique is based on a rapid laser-induced
increase of temperature on the sheet surface causing
residual stresses during subsequent cooling that re-
fines the magnetic domains. The mechanisms respon-
sible for the improvement of soft magnetic properties
include magnetic domain structure refinement, stress
relaxation, and inhibition of domain-wall movement
[10]. The industrially used laser scribing systems have
been widely optimized for several other materials and
applications, e.g. scribing of crystalline Si, resistor
trimming or circuit repair [11, 12]. Compared to laser
cladding [13] or laser surface alloying [14], the laser
scribing of electrical steel sheets can be performed by
applying only a very low laser power, e.g. up to 100
W. Thus any undesired effects related to surface dete-
rioration of the treated material, e.g. by surface melt-
ing and ablation can be avoided. Our former stud-
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Table 1. The chemical composition of the M165-35S grade of Fe-3.2Si electrical GO steel (wt.%)

Si C Mn S Cu

P Al N Fe

3.15 0.006 0.21 0.009 0.44

0.007 0.013 0.011 Balance

ies [15—-17] were focused on optimizing of neodymium-
doped fibre laser scribing conditions of Fe-3.2Si electri-
cal steel sheets for a single pulse, multipulse, and mod-
ulated multipulse laser scribing regimes. The present
study deals with the effects of the CO5 laser and
thulium-doped fibre laser scribing treatments on the
changes in the magnetic domains structure, coercivity,
and nanohardness of the same experimental material.

2. Experimental material and procedure

The Fe-3.2Si electrical GO steel of M165-35S
grade was manufactured by ArcelorMittal Frydek-
-Mistek, a.s. and the specimens with dimensions of
30mm x 10 mm X 0.35 mm were used as experimental
material. Its chemical composition is listed in Table 1.

The experimental specimens were produced by
laser cutting with oxygen assist gas to assure bet-
ter cutting performance and minimization of the in-
troduction of residual stresses. The prepared spec-
imens were annealed in a nitrogen gas atmosphere
and afterward electrolytically polished using the
Lectropol-5 electrolytic polishing machine in a solu-
tion of CH3COOH and HCIO4 (20:1 per volume).
The conditions of electrolytic polishing were: 49V,
22°C. This procedure was used to avoid generation of
residual stresses during preparation. The final clean-
ing of produced mirror-finished specimens was per-
formed in deionized water and ethanol. The prepared
smooth surfaces of GO silicon steel specimens were
used for the magnetic domain structure observation.
The prepared specimens were mounted into a speci-
men holder and put onto the experimental laser X-Y
movable stage. Two individual sample series were sub-
jected to several laser scribing regimes performed in
air using either CO5 laser (Coherent, model Diamond
C-30) or thulium-doped fibre laser (experimental con-
figuration) sources. The COx laser in pulse width mod-
ulation (PWM) regime with a constant power of 30 W,
constant frequency of 1kHz, 10 % duty cycle and vari-
able scribing speed in the range of 10-50 mm s~! was
used to perform the first series of five various laser
scribing treatments. The COs laser scribing was per-
formed using laser radiation with a wavelength of
9174nm, and the focus diameter on the sample sur-
face was 100 um. The second series of the next five
laser scribing treatments was performed using contin-
uous wave thulium-doped fibre laser operating at con-
stant scribing speed of 2.4 mms~! and variable laser
power in the range of 2-10 W. The thulium-doped fibre

Fig. 1. Experimental setup of the used laser scribing sys-
tems: (a) thulium-doped fibre laser and (b) CO2 laser.

laser scribing was performed using the radiation with
a wavelength of 2039 nm. The focus diameter on the
sample surface was 35 pm. For both used methods, the
laser scribing was always oriented perpendicularly to
the rolling direction (RD) of the investigated material,
and the spacing of laser scribe lines was 4 mm. The ex-
perimental set-up of both used laser scribing systems
is visualized in Fig. 1. Figure 2 schematically demon-
strates the used laser processing regimes and their
interaction with the studied Fe-3.2S5i material. The
microstructure and morphology of laser treated sur-
faces were observed by scanning electron microscope
(SEM) JEOL JSM-7000F. The measurement of coer-
civity was performed using “Oersted type” coercivity-
meter KPS-1C. The magnetic domains structures were
observed using two visualization methods, namely Bit-
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Table 2. Process variables for laser scribing of Fe-3.2Si electrical steel sheets and resulting soft magnetic and nanohard-

ness characteristics

Laser source Sample Laser Scribing Supplied Energy per Coercivity Magnetic  HVap0onm
No. power speed laser length unit (Am™") domain in the
(W) (mms™1) energy (Jmm™) width centre of
(mJ) (um) laser track
(GPa)
none 0 0 0 0 0 0.21 45 +£ 4.2 2.45+ 0.33
Tm-doped fibre 1 2 2.4 30 0.83 0.07 11.5 £ 1.2 2.27 + 0.32
laser 2 4 60 1.67 0.11 14+1.6 2.24+0.30
3 6 90 2.5 0.115 145 £ 1.5 2.22 +0.29
4 8 120 3.33 0.13 24 £2.9 218 +0.25
5 10 150 4.17 0.15 33 £4.0 2.05+0.21
COg laser [§ 30 50 60 0.6 0.114 275 + 3.1 241 £0.51
7 40 75 0.75 0.105 25 £ 2.7 235+ 042
8 30 100 1 0.097 20.5 £ 2.2 2.30 £ 0.39
9 20 150 1.5 0.055 10.5 £ 1.3 2.28 +0.35
10 10 300 3 0.08 175 £ 2.0 2.254+0.34
Laser beam of laser track using nanohardness tester Agilent G200
with applied penetration depth up to 2000 nm. The
samples were tested for coercivity and nanohardness
HAZ before and after the laser processing. The most repre-
sample ¥ sentative samples were chosen for the microstructure
R | | L) | | | and texture analysis. The texture analysis was carried
a b c out by an electron backscattered diffraction (EBSD)

Fig. 2. Schematic visualization of the used laser process-
ing regimes and their interaction with studied material:
(a) thulium-doped fibre laser with maximal applied power
generates melting with overflow of molten material, (b)
thulium-doped fibre laser with medium power — no evi-
dence of melting with smoothing of the surface geometry,
(c) CO2 laser with no melting and no change in surface
geometry — macroscopically invisible heat-affected zone
(HAZ).

ter technique in light optical microscopy and mag-
netic contrast visualization in SEM microscopy. The
samples for Bitter microscopy were produced by elec-
trolytic polishing and coating with colloid magnetic
suspension Ferrofluid. Then, the magnetic domains
were observed by light optical microscope Olympus
GX71 using Nomarski differential interference con-
trast (DIC) similarly as also used, e.g. in [18]. The
SEM observation of magnetic domains structures was
carried out in accordance with specific conditions (tilt
angle 5°, voltage 10 kV, probe current 7 nA) that were
reported in [19]. The width of magnetic domains was
measured using the Image J software for Windows. For
this purpose, fifty readings were recorded for individ-
ual material states, followed by their statistical analy-
ses. Nanohardness testing was carried out in the centre

method in the plane perpendicular to the transfer di-
rection for the typical sample size 25 mm x 10 mm.
The JEOL JSM 7000F FEG scanning electron micro-
scope was used to perform the texture analysis. The
patterns of the backscattered electrons were detected
by the “Nordlys-I” EBSD detector. The data obtained
were processed by the CHANNEL-5, HKL software
package.

3. Results and discussion

The effects of laser scribing process variables on
coercivity, nanohardness, and magnetic domains char-
acteristics of Fe-3.2Si electrical steel sheets under in-
vestigation are summarized in Table 2. Laser scrib-
ing variables were input laser power in the case of
thulium-doped fibre laser and laser scribing speed in
the case of the CO; laser. The soft magnetic char-
acteristics, i.e. the coercivity values of the samples
were measured using a direct current (D.C.) coer-
civity measurement device. The laser modified sam-
ples were characterized in D.C. magnetic field along
their axes. The samples were placed inside a solenoid
which was then energized by a direct current. The
samples were first demagnetized and then magne-
tized until the magnetic flux density reached its sat-
uration. The acquired coercivity data were counted
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from the coercimeter. The laser energy per length
unit Fy, is known to have a significant effect on
the reduction of core losses. Thus it has been com-
monly used to agglomerate together most of the fac-
tors that affect magnetic domains refinement during
laser heating as described by Rauscher et al. [9]. Ef,
in Jmm™! can be expressed by the following equa-
tion:

ID e PL/vspotv (]-)

where Py, stands for laser power (W) and vspot repre-
sents spot velocity, i.e., laser scribing speed (mms~1).
In present work, the lowest coercivity values indicat-
ing lowest core losses were achieved at specific Ey, val-
ues for both used laser beam sources (see Table 2).
In the case of a CO5 laser, at too low Fp, value,
the achieved coercivity has not been significantly im-
proved (i.e., lowered) because of insufficient absorbed
energy. It has been found out that the greatest coer-
civity reduction occurs at certain optimal Ep, value,
whereas further Eyp, increase or decrease deteriorates
the material soft magnetic performance. In contrast,
in the case of the thulium-doped fibre laser, a grad-
ual increasing of Ey, values causes moderate coercivity
increase (i.e., soft magnetic properties deterioration).
In conclusion, both laser power and spot velocity rep-
resent controlling parameters in obtaining desired co-
ercivity and thus core loss reduction. The results in
Table 2 clearly show that the coercivity can be im-
proved, i.e. reduced by refining the magnetic domain
size. Smaller domains manage themselves more easily
to magnetization and thus eddy current losses also be-
come smaller in the smaller sized domains [20]. Mag-
netic properties can also be affected by micro and sub-
structural characteristics regarding dislocations, grain
boundaries, inclusions, precipitates, and also by ap-
plied stress. The change in magnetic domain size de-
pends on laser energy and laser scribing speed. In the
case of the thulium-doped fibre laser, the coercivity
was gradually decreasing with decreasing in laser in-
put energy, whereas in the case of a COs laser, the
coercivity was gradually decreasing with decrease in
laser scribing speed. The reduction in coercivity is pri-
marily due to magnetic domain refinement caused by
residual stresses. This mechanism generates the for-
mation of subdomains which leads to the breakage of
primary 180° magnetic domains. The stresses gener-
ated along the scribe lines also tend to increase the
surface resistivity, which results in a reduction in total
eddy current loss. It is in line with the fact that local
deformation-induced dislocations enhance the resistiv-
ity, which gives evidence that coercivity is reduced due
to the deformation causing enhancement in the resis-
tivity of the materials [21]. It has been generally ac-
cepted that the lowering of core loss of commercial GO
electrical steel sheets can be achieved up to ~ 30 %

[22]. The core loss improvement of 30 % is not only
caused by the laser treatment. First of all, the material
improvement from conventional grain-oriented (CGO)
steel to high grade oriented (HGO) steel is the core.
The further improvement of the magnetic properties
by laser treatment is the second step. A core loss de-
crease of 10-15% by laser treatment is realistic. The
decrease of static hysteresis losses only appears if weak
defects are produced. This behaviour, i.e. the reduc-
tion of the coercive force and the power losses by
the introduction of crystal defects, is known as the
Brown’s paradox [1]. Dynamic hysteresis loops of GO
steels depend on magnetic flux density (T) and coer-
civity (Am™!). In our present investigation, only co-
ercivity values have been measured because the deter-
mination of core loss (W kg™!) would require bigger-
sized samples that were not available. Thus, in spite
of such incomplete information about the core loss
of presently investigated material, the obtained coer-
civity values represent strong indicative information
about its magnetic properties in D.C. conditions.

To demonstrate the magnetic domains modifica-
tions by laser radiation, the magnetic suspension Fer-
rofluid was used to make the magnetic domain struc-
ture visible in the optical microscope by the Bitter
method. Also, complementary SEM method was used
to analyse the magnetic domain structure. Both the
domain imaging techniques were used to correlate the
observed domain structures with obtained coercivity
and nanohardness characteristics of laser treated and
untreated materials. Figure 3 demonstrates a com-
parison of magnetic domain structures of the stud-
ied electrical steel samples without laser modification
(Fig. 3a) and with laser modification by 10 W thulium-
doped fibre laser with a scribing speed of 2.4 mms™—!
(Fig. 3b). The magnetic particles of colloidal suspen-
sion typically decorate the magnetic domain walls.
This method provides overall information about the
size and shape of magnetic domain structures in mag-
netic materials. In the case of laser untreated material
under present investigation, the 180° domain width
was measured to be 45 + 4.2 um (Fig. 3a), whereas, af-
ter the 10 W thulium-doped fibre laser treatment, the
domain width was reduced to 33 £ 4.0 um (Fig. 3b).
Due to laser irradiation of the material surface which
produces the surface defects, additional pinning cen-
tres are formed in laser-irradiated tracks that enhance
the decrease of coercivity by refining of magnetic do-
mains. Also, it has been revealed that laser treatment
creates internal tensile stresses between laser scribing
lines, surface crystal defects and stray fields, which
contribute to the process of magnetic domain refine-
ment [23].

Another applied method for magnetic domain
structure observation was a conventional scanning
electron microscope magnetic contrast. The method is
based on the principle of deflection of electrons moving
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Fig. 3. Bitter technique visualization of magnetic domains

structure of the investigated Fe-3.2Si electrical steel: (a)

without laser modification and (b) near the laser track af-

ter the 10 W thulium-doped fibre laser modification using
the scribing speed of 2.4 mms™*.

in a magnetic field due to the Lorentz force. Magnetic
contrast arises from high energy backscattered elec-
trons contrast, and it is related to the deflection of
the incident and backscattered electrons by magnetic
fields within the sample. The contrast of magnetic
structures was maximized by using 10 kV beam energy
and by tilting the sample surface to about 5° relative
to the incident beam. Figure 4 shows the simple pri-
mary 180° magnetic domains between the laser tracks
created by 8 W thulium-doped fibre laser (Fig. 4a) and
the structure of the domain created by 30 W COs, laser
using scribing speed of 20 mm s,

The laser untreated and laser modified samples
with the lowest obtained coercivity values were chosen
for the microstructure and texture analysis. The tex-
ture analyses were carried out using electron backscat-
tered diffraction (EBSD) method in the direction per-
pendicular to the transverse section of experimental
samples. The crystallographic orientation of the ex-
perimental GO steel sample taken after the final box

Fig. 4. SEM magnetic contrast visualization of magnetic
domains structure of the investigated Fe-3.2Si electrical
steel after the laser modification by: (a) 8 W thulium-
doped fibre laser with 2.4mms™! scribing speed and (b)
30 W CO3, laser using the scribing speed of 20 mm s~ *.

annealing process is presented by Inverse Pole Figure
(IPF) map in Fig. 5a. As one can see, the sample is
characterized by the final coarse-grained microstruc-
ture with the average grain size of about some millime-
tres in size. The IPF map shows that the grain matrix
is formed by the grains with preferable {110} <001>
Goss crystallographic orientation. It means that the
easy magnetization direction <001> is strongly par-
allel to the rolling direction (RD) of the sample. The
IPF maps of the cross-section microstructures with
thermally laser-affected zones that were induced by
COg laser and thulium-doped fibre laser are presented
in Figs. bb,c, respectively. Here it is evident that these
IPF maps represent a part of the grains affected by a
laser beam (marked by black dashed line) with char-
acteristic Goss texture. It is visible that the laser
scribing does not have any significant influence on the
sharpness of the Goss texture. The results obtained in
present study by using different laser sources aiming at
magnetic domain structure modification revealed that
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>RD

Fig. 5. IPF maps characterizing crystallographic orienta-
tion of experimental GO steel: (a) after final box anneal-
ing without laser scribing, (b) in grain with laser-affected
zone obtained after COgz laser scribing and (c) in grain
with laser-affected zone obtained after thulium-doped fi-
bre laser scribing. (The key for the grain crystallographic
orientation is located in the upper left corner of the fig-
ures.)

all the laser-scribed samples of Fe-3.25i electrical steel
sheets exhibited at the same time lower domain width

and remarkably reduced coercivity values compared
to the original material without modification. Thus,
it can be stated that both CO5 laser and thulium-
doped fibre laser scribing treatments represent energy
efficient means in obtaining electrical steels for appli-
cation in power transformers with lower core losses.
Our future work will be focused on the investigation
of experimental laser scribing treatments of electri-
cal steel sheets also using nanosecond solid-state laser
scribing systems.

4. Conclusions

Thulium-doped fibre laser and CO4 laser scribing
processes were carried out to investigate their effects
on coercivity, nanohardness, and magnetic domains
modifications of Fe-3.25i grain-oriented electrical steel
sheets. The obtained results can be summarized in the
following conclusions:

— Compared to the laser untreated material, the
coercivity of Fe-3.25i grain-oriented silicon steel sheets
was improved (i.e., reduced) by refining the magnetic
domains structure using both CO4 laser and thulium-
doped fibre laser scribing processes.

— The best improvements related to the lowest co-
ercivity values of 0.055Am™! and 0.07A m™! were
obtained by the CO; laser treatment with a scribing
speed of 20mm s~! and the thulium-doped fibre laser
treatment with a laser power of 2 W, respectively.

— All laser treated materials exhibited lower
nanohardness values compared to the laser untreated
material.

— The used laser processing regimes did not cause
any significant changes in the crystallographic texture
of the studied material.
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