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List of variables (m index for the metal, i index for the insulating coating)

f; Repetition frequency, kHz
Scanning speed, mm/s

Py Average power, W

Sp Spot laser diameter, pm

Density, kg/m

f Frequency, Hz
T Pulse width, ns; fs
I, Confidence interval

Epuise Pulse Energy, J

epuise Pulse Energy density or laser fluence, J/em?
e.um Cumulative energy density, J/cm?

N Number of pulses on any single spot

Npass  Number of laser line passes

P Peak power density, W/cm?

r Radius of the laser spot, 25 um

t Time, s

c Electrical conductivity (FeSi), 2¢® 1/(Q.m)

9 Number between 0 and 1

C Heat capacitance per unit surface, 713 J/(K.m?)

Cpvm  Volume heat capacity of the metal, 3.39¢® J/(K. m?)

q Laser heat flux per unit surface, W/m?

G Thermal conductance per unit surface, W/(K.m?)

H Convection heat transfer per unit surface, 10 W/(K.m?)
Am Thermal conductivity of silicon iron, 25 W/K.m

Ai Thermal conductivity of the insulating coating, 0.1 W/K.m

o T Metal conductivity constant —0.00075.
€m Thickness of the metal

ei Thickness of the coating

Ol Thermal diffusion length, m

Gth Thermal stress, Pa
Ol Thermal expansion coefficient of SiFe, 1.19¢” s.u.
i Thermal expansion coefficient of the insulating coating, 2e” s.u.

Khaz Constant equal to 24
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Ao Laser absorption coefficient

o Metal conductivity constant, —0.00075

Oth Thermal stress, Pa

E Young modulus, 2e'! Pa

€th Threshold fluence for ablation, 0.5 J/cm?
HAZ Heat affected zone, pm

p Groove depth, um

o Optical penetration depth

AHf,  Specific heat of evaporation of the metal 6.362¢° J/Kg
AHf, Melting enthalpy of the metal 0.18¢° J/Kg
AHf,,  Melting enthalpy of the Coating 0.012¢° J/Kg
Te Electron temperature, K

Pr Pressure, kbar

LP Long pulse

Sp Short pulse

USP  Ultra short pulse
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A) State of the Art

Magnetic materials are divided into two classes: soft magnetic and hard magnetic
materials. Soft magnetic materials can be magnetized with weak magnetic fields. Their use
in electrical machines is to channel the magnetic flux. While, hard magnetic materials retain
their initial magnetized state under high magnetic field. They are used in electrical
machines as a source of magnetic field. They also differ in their coercivity, i.e. the amount
of external reverse magnetic field that must be applied to demagnetize a material after
saturation. Soft materials have a low coercivity while hard magnetic materials have a much
higher coercivity[1], [2].

The importance of soft magnetic materials is their ability to be magnetized and
demagnetized easily under an applied magnetic field. Indeed, at the macroscopic scale,
the spontaneous magnetization observed at the microscopic scale cannot be observed. The
Weiss's theory [3] explains the existence of a demagnetized state and that a ferromagnetic
material is divided into several domains called Weiss domains. Along these domains the
magnetization is uniform and oriented in the same direction for each domain, but differs
from one domain to another. These domains are separated by walls (Figure 1).

A
o N

Domain wall
(Bloch)

Figure 1 Schematic of a Domain Wall Between Two Magnetic Domains.

The main energy contributions responsible for the distribution domains and walls within
the magnetic structure are:

- The magnetic exchange energy is microscopic energy resulting from the interaction
between the electron clouds of two neighboring atoms. This exchange energy tends to
align the microscopic magnetic moments of each atom in the same direction [3].

- The magnetocrystalline anisotropy comes from the distribution of atoms in the crystal
lattice that sets the directions of minimum energies for magnetization. The directions
corresponding to minimum energies are called easy magnetization axes and those
corresponding to maximum energies are the so-called difficult magnetization axes. The
magneto-crystalline anisotropy between the crystals enforces the magnetization to follow
the easy magnetization axes.

- The magnetostatic stray-field energy (demagnetizing energy) tends to always close the
magnetic flux ensuring its divergence-free condition. It is related to the formation of
magnetic charges at some defects, inclusions, grooves, on the surface and at the edges of
the sample, which causes a demagnetizing field. In macroscopic materials, it enforces the

e ESSIAL
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magnetization to be tangential to the surface of the material, thus reducing the creation of
magnetic poles.

- The magnetoelastic and magnetostriction energy: Within the crystal structure, the
distance between each atom is naturally regulated according to a state of equilibrium of
electron pool between the atoms that are physically the closest as possible to each other.
Magnetoelastic energy is the mechanical energy required by the material to change the
electron pool. Mechanical stress can change significantly the distance between the atoms
and thus the electron pool, resulting in a change of the energy state and the anisotropy
called stress induced anisotropy. The magnetization in each domain leads to a distortion
of the electron pool and thus can also change the distance between the atoms, resulting
in a strain called magnetostriction equivalent to stress that also changes the energy state
and the anisotropy. Both the stray field energy and the stress induced anisotropy contribute
to the creation of closure domains with various orientations at some defects, inclusions,
grooves, at borders, on the surface, and at the edges of the sample.

Figure 2 Formation of Domains Reduces the Stray Field (from Left to Right, the Demagnetization
Energy is Reduced by the Formation of Domains)[4].

The structure and size of the magnetic domains in a material is naturally distributed in a
way that minimizes all these energies (Figure 2).

The magnetisation processes are dominated by walls displacements first and then
magnetisation rotations under the action of an external magnetic field (Figure 3). Thus,
the magnetic domain structure influences the macroscopic behavior of the material and its
magnetization processes and then its hysteresis loop. The hysteresis cycle is the response
curve of magnetic materials, through which they keep the memory of all their previous
magnetization states via the elementary domains. The hysteresis cycle of a ferromagnetic
material depends on the walls density and mobility, which is itself a function of the
magnetic energies and the applied field.

12
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Figure 3 Magnetisation Process and Hysteresis Cycle Showing an Example of Variation in the
Domains Structure as a Function of the Applied Field [4].

Grain-oriented steels are formed by grains of large sizes, resulting in large magnetic
domains. These domains produce losses resulting from the motion of the domain's wall
under an applied alternating field. Losses are proportional to the number of walls but also
their speed at the power of two. Thus, the domain refinement minimizes the speed and
displacement of walls necessary to achieve the same magnetic state and therefore less
energy is lost. The first studies on domain refinement were carried out using a mechanical
scratching method to reduce energy losses in electrical steels. Researchers, therefore,
sought to save energy and studied different domain refinement techniques (mechanical
scratching [5], plasma irradiation [6], spark ablation [7], and laser surface treatment) to
understand their influence on energy losses.

Among these techniques, surface laser treatment is an elegant non-contact method that
gives good results for 180° domain refinement and then for core loss reduction [8]. Let's
start by understanding the relationship between laser treatment and loss reduction (Figure
4). During the laser irradiation process, the energy received by the sample is used to heat
the surface thus generating thermal-induced stresses that can change the energy state of
the magnetic domains, especially affecting the magnetoelastic energy. Thus, to minimize
their energies, some misoriented closure domains can be generated and at the same time,
the domains are refined. The thermal induced stress and misoriented closure domains
around the laser spots may have an impact on the quasi-static hysteresis losses and the
main domains refinement contributes to the dynamic losses reduction[9]. In the case of
etching a material with small grooves, two phenomena can occur: the presence of a groove
approaches the magnetic poles and changes the energy state of the domains so that they
must be refined to minimize their energies. On the other hand, a groove is a surface defect
that can in a favorable case (i.e. with no heat affected zone) create well-oriented closure
domains (“spike-like” domains, see chapter 4) and thus nucleation centers of walls with
enhanced mobility which facilitates the process of magnetization and de-magnetization in
the frequency domain, thus reducing the dynamic losses. However, the difficulty to cancel
the magnetic poles thanks to misoriented closure domains in this case can be a drawback
at a high induction level for the permeability. Nevertheless, it might stay an advantage in
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terms of magnetic induced strain through the magnetostriction effect (reference thése de
Elias Salloum). In any case, there must be a limitation for both the thermal stress induced
and the groove depth and width, that may become detrimental to the power losses rather
than beneficial. This work aims to analyze in detail these differences between laser
parameters and conditions that lead to either heating or engravement processes and to
find the limitations and the optimal conditions for each.

Laser Treatment
Heating Groove
Local Constraints Magnetic Poles Defects
Magnetoelastic Demagnetising Kt o o
Energy Eneriy Nucieation centre
Minimising Energy Minimising Energy Mobility of walls
Domain i .
. D.omam Loss Reduction
Refinement Refinement
Loss Reduction Loss Reduction

Figure 4 Diagram showing the different impacts of a laser treatment on the domain structure and
loss.

In order to select the first appropriate laser parameters leading to improved magnetic
properties, we based our investigations on previous researches presenting parametric
studies on the magnetic structure and losses as a function of laser energetic quantities.

Laser’s pulse mode:

Petryshynets et al.[10] showed an improvement of 16% (maximum value) at induction
level 1.5 T for frequency 50 Hz for grain-oriented Fe-3%Si steel (a sheet of 30mm width,
80mm length, and 0,28mm thickness) scribed by a fiber laser in pulse regime while the
continuous regime gives a better improvement (38% maximum value) for the same scribe
lines distances (for line distance 4 mm). Noting that the power density of the laser beam
in case of the continuous regime was in the range from 12W up to 30W with a step of 6W,
the laser beam spot size was 30um and the scan speed was 100mm/s. For the pulse mode,
the input power of the laser beam varied from 30 W to 240 W with a pulse duration of
100ps and 100Hz frequency. The distance between the neighboring spots was 0.3mm.

In a comparison between the use of a continuous CO: laser and the use of a pulsed fiber
laser for scribing grain-oriented electrical steel (sheet dimensions 300mm x 30mm x 0.3
mm), Rauscher et al.[11] found the reduction in core loss for the sample treated with
pulsed fiber laser (14.5% mean value) higher than for that treated with continuous CO:
laser (12.5% mean value) for the same line spacing. Also, using an Nd-YAG laser set to Q-
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mode, Huang et al.[12] verified a reduction rate of 13.12% in core loss for grain-oriented
silicon steel (30Q130, thickness 0.3mm) for optimized laser conditions (a combination of
pulse energy of 2.52 mJ, small spot spacing of 0.22 mm, and line spacing of 3.03 mm).

Therefore, Ponnaluri et al.[13] demonstrated that the use of an excimer laser scribing
process gives beneficial effects in reducing core loss more than the use of Nd-YAG or CO2
lasers. They was able to achieve a maximum core loss reduction of 26% for grain-oriented
silicon steel (M-4 of thickness 0.3mm) scribed by the excimer laser (energy = 64 mJ,
repetition rate =50 Hz, spot size =1.2mmx0.7mm, which is very large). However, the use
of an excimer laser is not favorable due to his multimode aspect also the profile and the
beam energy of this type of lasers are usually inhomogeneous so it makes it hard to been
correctly focalized.

Pulse Energy and Energy rate:

Iuchi et al.[8] studied the optimum value of the pulse energy of their irradiation laser for
a better reduction in core loss. So, they figure out an experimental relation between the
energy pulse and the reduction of core loss by the expression:

AW = 12”11 - c3u, where ¢, c, and ¢; are constants, AW is the reduction of core loss, and u
2

the energy irradiated per unit surface. The optimum condition for u was between 0.2 and
0.3 J/cm? with a reduction in core loss of more than 10%.

By comparing two laser sources used on grain-oriented electrical steel, Rauscher et al.[11]
found a non-significant improvement (3%) of core loss at low laser pulse energy per length
( E<4 J/m) as well as at a high energy ( E>50 J/m) for both CO: laser and fiber laser
source. On the contrary, the core loss was reduced by 12.5% (mean value) for the sheet
treated by the CO: laser and 14.5% (mean value) for the other within the optimal energy
E (5 J/m<E<45 J/m). A maximum value of the reduction in core loss was achieved for an
energy E=13 J/m and E= 9 J/m respectively for the CO: laser and the fiber laser.

Huang et al.[12] showed an increasing rate of core loss reduction (sheet thickness 0.3
mm) with the increase of pulse energy and they achieved a maximum reduction rate of 13
% for a pulse energy that equals 2.52 mJ] (at optimum conditions of an Nd-YAG laser Q-
mode: 0.22 mm spot spacing and 3.03 mm line spacing).

New research was done by Puchy et al.[14] on a sample of Fe 3.2Si grain-oriented electrical
steel (dimensions 30 mm x10 mmx0.35 mm) treated by a fiber pulsed laser with a
wavelength of 1064 nm where the scan direction was oriented perpendicularly to the rolling
direction. It shows the effects of the laser treatment at the microscale (magnetic domain
width) and the macroscale (coercivity) on the sample magnetic structure. In the process
of laser-scribing, they used different numbers of pulses (1, 5, 10, 50, and 100 pulses) and
for each number of pulses, they varied the single pulse energy. They showed that the
increase of the single energy pulse for the same number of pulses increases the magnetic
domain width as well as for the coercivity. So, the lowest pulse energy used (0.6 mJ]) was
the optimum energy for decreasing the magnetic domain width and coercivity then for
decreasing the core loss. Also, they examined the effect of increasing the number of pulses
on the sample for the same single pulse energy, for a single pulse the surface engravement
is negligible while for 100 pulses and 100 modulated pulses laser regime a significant
surface engravement occurs. At the macroscale, for the same single pulse energy the
coercivity Hc decreased by increasing the pulse numbers from single pulse to 5 pulses with
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an optimum value of Hc = 0.035 A/cm for a single pulse energy of 0.6 mJ] (coercivity before
laser-scribing was 0.057 A/cm), but then the increase of the pulse numbers increased the
coercivity.

In the like manner, at the microscale, the magnetic domain width decreased by increasing
the number of pulses to 5 pulses and 10 pulses with an optimum value of 15+£1.9 pm at
for a single pulse energy of 0.6 mJ (magnetic domain width before laser-scribing was
45+4.2 ym), but when they increased the number of pulses the decrease in domain width
becomes less significant.

Lines Spacing:

Besides their study on the influence of pulse energy, Huang et al.[12] examined the
suitable value of the lines spacing scribed with the Nd-YAG laser process for a maximum
core loss reduction in grain-oriented silicon steel (30Q130 sheet thickness 0.3 mm). They
found that increasing too much the lines spacing leads to more core loss and they selected
a spacing of 3.03 mm (pulse energy of 2.52 mJ] and spot spacing of 0.22 mm) as an
optimum value for the reduction of core losses, i.e. 13 %.

Furthermore, Petryshynets et al.[10] studied the effect of laser-scribing with a fiber laser
in continuous mode on magnetic properties of grain-oriented steel. So, they showed a
deterioration of coercivity for the sample scribed by the laser with a scribing spacing of 3
mm and that is due to the high intensity of thermal stress on the sample. By increasing
the lines spacing the coercivity decrease, the lowest value of coercivity was reached for a
lines spacing of 7.5 mm and a laser power beam of 24 W. In the same paper, they showed
the effect of the laser scribing for these optimal conditions on the refinement of magnetic
domains and the texture of the sample: They presented a formation of complex domain
structures in the vicinity of the laser lines and it can be assumed that the disturbance of
domains took place around the heat affected zone. On the other hand, the sharpness of
the Goss texture of the sample wasn’t significantly affected by the laser-scribing because
the laser beam power of 24 W induces a slight variation of the substructure parameters on
the surface so the texture of the sample was unchanged.

Scribing Direction:

The scribing of a sample could be realized either in the longitudinal direction it means in
the rolling direction of the manufactured sample or the transversal direction it means
perpendicularly to the rolling direction. Ponnaluri et al.[13] examined the effect of each
scribing direction of a grain-oriented silicon steel sheet on the reduction of core loss.

So, they found that the scribing in the transversal direction improves the core loss much
better than in the longitudinal direction. Also, Kajiwara and Enokizono[15] conclude the
same result that the iron loss decreases with using a scribing in the longitudinal direction
but this reduction is higher in the case of transversal direction. Much more they tested the
effect of the scribing in both directions and they found a better improvement in iron loss
up to 12.9%. The transverse direction of scribing creates better refinement in domain
structures than that in the longitudinal direction.

In order to investigate the influence of laser scribing on static, dynamic, high and low loss
component of laser scribed electrical steel, Weidenfeller and Anhalt[16] were based on the
theoretical formula of loss that relates the dynamic losses with the classical losses (eddy
currents) with an anomaly factor n dependent on the frequency Py, (f) = n (f) Py (D).
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They tested the effect of laser scribing on the behavior of the anomaly factor as a function
of frequency for different laser beam intensities: for the high-intensity anomaly factor n(f)
increases, which increases the dynamic losses generated by the domain wall motion. Then,
as they reduce the laser intensity, the anomaly factor decreases for frequencies between
1 and 100 Hz, but then increases for a higher frequency. In addition, they showed that
high induction losses that represent the annihilation-recreation of the domain wall and the
rotation of magnetic moments were increased by laser scribing while low induction losses
that represent the mobility of the domain wall were decreased after laser scribing at low
intensity. Thus, the reduction of total power losses can be achieved when the increase in
high induction losses is negligible compared to the decrease in low induction losses.

To analyze the magnetization and iron loss behavior in grain-oriented silicon steel, it is
very useful to understand some hysteresis and loss models. In this paragraph, we will
focus on the magnetic parameters defined in the different models to correlate them with
the magnetic structures. It will then be proposed to study the relationship between these
magnetic structures and the conditions of laser treatments with the aim to optimize laser
parameters in a way to control the parameters of the magnetic structure responsible for
the iron losses.

(i) Models for Prediction of Losses

Steinmetz [17] considered the core loss as sum of two components: hysteresis loss and
eddy current loss. The total loss is given by an empirical formula:

Equation 1 Piot= ky .f. B® + k.. f% B?

where n is the exponent of the flux density for the hysteresis loss that is dependent on the
type of material and kc is the eddy current loss coefficient proportional to the electrical
conductivity o and the rolling thickness e and inversely proportional to the material density
p according to the following relationship:

e?nlo

Equation 2 k.= ”

This model was limited because it only handles sinusoidal flux waveforms. Subsequently,
many modifications were proposed for the Steinmetz model to overcome the various
limitations[18][20]. For several years, the Steinmetz equation and its modifications have
been used as good examples for iron loss prediction, but these equations do not take into
account the domains structure and its parameters. Thus, it is not able to provide a
relationship between the macro-scale parameters and the magnetic structure using this
model.

Bertotti[21] has proposed a loss model which is commonly used nowadays, based on the
separation of the total iron losses per unit mass P [W/kg] into three categories: hysteresis
losses (static losses), eddy current losses (classical losses), and excess losses as follows:

Equation 3 P [W/kg] = P("sD) 4 plelass) 4 pex0) = f, f B2 + k. f? By + ke f*° By®
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The hysteresis loss coefficient k» is linked to the coercive field Hc, mainly dependent on the
volume density of defects that pin the walls, including for example the number of
dislocations per grains nq and the volume density of grain boundaries inversely proportional
to the grains’ average volume V. However, the original Bertotti loss model contains and
excess static contribution that depends on the magnetic flux density B through no the
limiting humber of magnetic objects that are active when the frequency tends to zero.

Equation 4 ky, 1i(nd£” - 2n0V0|l§|)

pIBIZ\ vg

Where p is the mass density, Vo is an intrinsic magnetic field related to the microstructure

of the material, & is the average energy of pinning centers (grains boundaries, dislocations

...). noand Vo are closely dependent on 3—dand g,, even if it is difficult to express the
G

relationship.

The classical loss coefficient kc is related to the classical eddy currents occurring within the
thickness of the steel sheet. It can be approximated by calculation using the Equation 2.

Bertotti has developed a statistical model for the interpretation of eddy current losses[22]
which are due to the so called reversal mechanisms of microscopic magnetic objects (MO):
the characteristic groups of active walls grouped by the effect of internal correlation of
fields between the walls. Resultantly, he considered the structure of the domains with

number fi which counts independent statistical magnetic objects. Moreover, for grains-
oriented silicon steel, as in our case, only Bloch walls were considered as MO.

The excess loss coefficient ke is due to magnetization reversal processes and associated
with microscopic eddy currents around active magnetic objects [1], [22]. The equation of
the excess loss component is the following:

PBXC

7 =8'37m(\/°'G'S'V0'Bm'f)

Equation 5

Where, Vo is still the intrinsic magnetic field related to the microstructure of the material,
G is the coefficient of friction between the magnetic domains taken as a constant equal to
0.1357 [n.u.] for the GO SiFe magnetic structure. S=we is the cross-sectional area of the
magnetic sheet, i.e. w is the width and e the thickness.

(ii) Models of Static Hysteresis

The Jiles-Atherton model[23] is a static hysteresis model based on the physical behavior
of magnetic materials, in particular on the energetic considerations in connection with the
displacement and deformation of the Bloch walls. The total magnetization is regarded as
two contributions: the reversible component M,,, due to domain wall bending and the
irreversible component M, due to the displacement of the walls.

Equation 6 M= M, + M,
The reversible magnetization can be written as a function of the anhysteretic magnetization

M., by the expression:

Equation 7 Mrey = € (Mann — Miry)
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Equation 8 My, (H) = M, . L (%)

where M, represents the saturation magnetization, H, the effective field: He=H + a + Mann
and L(%) the Langevin equation. The variation of the irreversible magnetization is then
given by the following equation:

AMrr — (Mgnh = Miry)

Equation 9 m —
e

with & which symbolizes a coefficient of value +1/-1 depending on the
increasing/decreasing evolution of the field. Finally, the variation of the total magnetization
is expressed by the differential equation:

dM; am
) aM (1-¢) dl-;rr-l_c dgnh
Equation 10 — = FTT P TP
dH 1—-ac danh a(1-c) irr
He d

To use this hysteresis model, 5 parameters, among which some are directly related to the
microstructures, should be determined:

a: mean-field parameter representing interdomain coupling, affects the remanence
magnetization.

Ms: saturation magnetization of the material.

kgT
a: parameter related to the temperature: a = MBH ,
sHo

c: coefficient representing the rate of domain wall bending, affects the initial
magnetization.

k: parameter representing the static mobility of the walls (related to the number of pinning
sites), affect the width and slope of the loop (coercive field and the remanence
magnetization).

The coercivity is determined by the amount of pinning centers, and hence by the parameter
k. For this reason, the definition of this pinning parameter in units of A.m™! is preferred
since the pinning force acts like a field opposing the prevailing magnetic field H.

affects the shape of the loop.

Jiles proposed a numerical method [24] for the determination of these parameters
calculated from the experimental measurements of coercivity, remanence, saturation
magnetization, initial anhysteretic susceptibility, initial normal susceptibility, and
maximum differential susceptibility.

The researchers attempted to understand the influence of the microstructure on the
parameters of Jiles-Atherton's model, they observed that a change in grain size (¢) or
dislocation density ({;)corresponds to a variation in the parameters k and a is ought to

vary linearly with i and must both be proportional to \/a. The other parameters M;, c;and

a; are compelled to remain constant.

The reason why parameter k is considered as a parameter dependent on grain size and
dislocation density is that k is proportional to the coercivity Hc, and the coercivity depends
predominantly on grain size and dislocation density. Also, as for parameter a, which should
be a material constant, it is dependent on the microstructure[25]. According to the
literature, it must be proportional to the domain density in the demagnetized state which
in turn must be proportional to the density of the binding site. Finally, all these binding
sites are successively proportional to k. This dependence is indicated by the following
relationship:
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Equation 11 ki = kjo(G1+ %)\/a

Equation 12 a; = a;o(G,+ %)\/E

were G, and G, are constants, k;, and a;, are constants chosen in a way that k; and a; vary
over a range that realistically corresponds to fits to known steels[25].

(iii)Models of Dynamic Hysteresis

The LS model is based on the work of T. Chevalier and A. Kedous-Lebouc[26], it models
the dynamic behavior which strictly demands the knowledge of the surface response after
a considerable number of measurements; it is based on three parameters to represent the
magnetic behavior of the sheet: the induction peak, the instantaneous value of the
induction, and its speed of evolution over time. The measurements allow to build or draw
a surface H(Bm, B, dB/dt) under triangular induction with different magnitudes, knowing
the pair of values (B, dB/dt) it is possible to build the B(H) cycle. The next step has been
a thorough analysis of the dynamic phenomena which gives a physical interpretation for
the expression of the variation of the dynamic magnetic field. Therefore, the hysteresis
cycle is reconstructed by distinguishing a static and a dynamic contribution of the magnetic
field as indicated in the expression:

Equation 13 H(B,% ) = Hstat (B, historical) + Hayn (B,2)

where Hayn is an analytical function, approached by portions of polynomials, and it is
dependent on i—]: and B, then the energy loss per unit volume and per cycle &= pP/f is
obtained by a simple integration in the volume during one hysteresis cycle:

Equation 14 EU.m2) = [ o [ ,otume 1 4B

The comparison between the calculated hysteresis loops and the measured loops gives a
good agreement. Also, due to its significance, this model has been implemented in the
2D/3D post-processing code of the FLUX finite element calculation for some types of
ferromagnetic materials. However, no separation of the dynamic contributions was carried
out. Necessarily, these dynamic contributions involve the classical losses caused by
macroscopic eddy currents and the excess losses due to microscopic local eddy currents
which are generated by both, the structure of the magnetic domains in the material and
the Bloch walls displacements.

In the dynamic LS model, the coefficients of the polynomial function used for the dynamic
magnetic field are not easily and physically related to the microscopic magnetic structure.
Some microscopic parameters such as grain size, sheet thickness, and domains, are very
crucial because they must be related to the laser marking parameters to control the
microstructure.
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Raulet and Masson[27] have proposed a behavioral model of the dynamic properties of
magnetic materials called DSF (Dynamic Static Feedback Model). They introduced a
dynamic parameter y linked to the geometry of the sheet on one hand, and the conductive
dynamic properties of the magnetic material on the other hand. The dynamic field is
expressed by the following equation:

Equation 15 Hyyn = Hspqe(Bm) + VY - %’1

Subsequently, Raulet improved a DWM "Diffusion & Wall Motion" magnetic diffusion model
[28]. The idea of the DWM model is to replace the static characteristic of the material in
the classical magnetic diffusion model with a dynamic parameter that takes into account
the dynamic effects due to the domain walls motion. The expression of the magnetic field
is similar to the DSF model but the dynamic parameter B of the DWM model is related to
the structure of the magnetic domains and the walls motion. The dynamic behavioral law
of the material is expressed by the following equation:

- 9B(y,
Equation 16 N0 =5 [HO,0) = Haa (B, )]

where the dynamic parameter B is identified with a single dynamic characteristic B(H)
performed under experimental conditions. As a consequence, this material law represents
a statistical behavior of the wall motion and considers it as isotropic and characteristic of
the material.

To correlate the macroscopic measurements with the microscopic observations, we used
the dynamic hysteresis model developed by Maloberti [29] which led to the expression of
two important observables: the dynamic contribution of power loss and the apparent
permeability as a function of two intrinsic properties: a dynamic magnetization property,
called A, which comprises parameters related to the microscopic magnetic structures with
domains and walls and the magnetization reversal mechanisms and an internal static
permeability, called y. The law of magnetic behavior used includes a static component
related to the an-hysteresis loop. Accordingly, this term is represented by u which is the
internal static permeability (H; = u='B). The dynamic component is represented by A the
dynamic magnetization property. The static hysteresis is not taken into account in this
model but it is possible to add a static hysteresis contribution to the static magnetic field
Hs and the corresponding losses (like in the loss model of Bertotti):

Equation 17 H = H; + o A*3,B

) 1
Equation 18 A= ,/zaajsnwmwsw

where J; is the saturation magnetic polarization, 9 is the number between 0 and 1
(depending on the polarization direction inside domains), and lambda (A)the unit of length
(meter) which represents a structural dynamic property summarizing the parameters of
the domain wall structure (s,, m, ,n,): s, is the walls surface, m, is the walls mobility and
n, is the volume density of walls.
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The calculation of the field diffusion with the conductivity o, led to the expression of the
dynamic power loss per unit mass (P,;) as a function of this dynamic magnetization
property with the following equation:

. __ w&Bhax [ cosh(eki)+cos(ek_)
Equation 19 me(A' w) = 4pup (sinhz(ek+)+sin2(ek_))

x (cA?nwk, + k_) sinh(ek,)

+ (cA?pwk_ - k) sin(ek_)

Equation 20 ki(Aw) = %(L) X J(ia/lzua) + 1+ (6A%nw)?)

1+(0A2%uw)?

where e is the sheet thickness (in our case em = 0.23mm), p is the mass per unit volume
of the material, and p is the static internal permeability characteristic of the static magnetic
field (H; = p~!'B) independent on the frequency f = w/2r. The average magnetic induction
within the sample cross-section is given by the equation:

2uH, tanh((ky +jk_) e/2)

Equation 21 (B) = e ejentumy (e )

where  (B) = Bpax cos(wt + @)
At time t= % i (B) = Bk and Hy,, = H, coso

Where Ha is the magnitude or peak value of the magnetic field applied on the sample
surface. In this model, both the field diffusion process and the wall's motion are taken into
account. Therefore P includes both the losses due to macroscopic classical eddy currents
and microscopic eddy currents around magnetic objects, but with no separation possible
(unlike the Bertotti model but like in the L-S model).

The apparent permeability (“amplitude permeability”) is then expressed as:

. B 5
Equation 22 Mapp = HZZ — Han:g:(p

Based on this state of the art a distinction between laser processing impacts will be
presented in the following. Initial adjustments of the laser parameters and pattern were
also inspired by the work presented in the bibliography. Among the magnetic models,
Bertotti model is considered in the following to separate the losses and understand the
physical origins behind the changes in magnetic properties under laser treatment.
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B) Laser Equipment and Categorization of Laser
Treatment

Laser treatments presented in this study were executed by MULTITEL, one of our partners
in the ESSIAL project. For these treatments, they used two laser equipment with pulse
durations of different orders of magnitude ranging from nanosecond to femtosecond (Table
1).

The nanosecond laser is a pulsed IPG ytterbium fiber laser that operates at a wavelength
equal to 1064 nm. It delivers a maximum optical average power of 20 Watts and pulses
energy up to 1 ml. The laser pulse width can be changed in a range between few
nanoseconds (short pulse SP) and hundreds of nanoseconds (long pulse LP).

On the other hand, the Amplitude Ytterbium (USP) femtosecond laser operates at a
wavelength equal to 1030 nm with adjustable pulse widths from 10 ps to hundreds of
femtoseconds [34].

For steel, an infrared wavelength of around 1 ym is recommended according to the
absorption coefficient as a function of wavelength. At this wavelength, the absorption rate
of ferrous metal is about 35% [35].

Wavelength Pulse duration
Laser LP 1.064 pm Hundreds of Nanoseconds
Laser SP 1.064 pm Few Nanoseconds
Laser USP 1.03 pm Femtosecond

Table 1 Laser Characteristics.

Following each laser treatment with a particular set of parameters, our partners in
MULTITEL performed a surface analysis and characterization of the treated sample by a
confocal microscope, type Keyence series VK-X. They visualized the topography of laser
line engraving on the surface to measure its depth, height, and/ or relief width.

In the first stage, we have eliminated laser configurations that deteriorate the sample. For
instance, the ones that induce severe damage to the surface coating, significant droplet
formation (deposits of molten metal around the edges of the laser spot), or very deep
engravings that deform and bend the sample. Furthermore, optical images were used to
measure the groove's depth as well as the peak and width of the relief (if any). The
measured heat-affected zone was estimated only visually, thanks to the colorization and
dark marks on the edges of the laser line (Figure 11). Then, the selection of laser
configurations was updated according to the set of measurements and models carried out.

Different laser effects were observed on the samples (engravings, thermal effects or both).
These effects vary according to the set of parameters adjusted during the process. These
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laser input parameters are the pulse duration, its average power, the scanning speed and
the repetition frequency together change the shape and depth of the groove depending on
the amount of pulse overlap (continuous line or dots). The adjustment of these combined
parameters changes the effect of the laser spot on the sample surface (see optical images
Figure 5, Figure 6, Figure 7) which allowed us to distinguish three different types of laser
effect in which each configuration will be categorized: laser irradiation, laser scribing, and
laser ablation.
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Figure 5 Profile Analysis of the Laser Tracing Line on the Sample Surface, an Example of Laser
Irradiation on (a) 23MOH sample, and (b) NLCOX21 sample.

- Laser Irradiation:

Laser irradiation designates a laser process with thermal effect dominance, the effect of
the laser is mostly thermal heating of the surface with neither coating removal nor
significant surface deformation or degradation (less than the coating thickness (< 2 um).
The coating is locally heated and at a certain temperature reached, the coating can then
be melted and redeposited on the surface. This thermal effect can lead to internal stresses
modification. It can be achieved thanks to pulsed lasers with sufficiently long pulses
(nanosecond). The coating is locally heated and can slightly be deformed, but it is not
removed from the surface. As shown in Figure 5, the zone with a slight coating deformation
representing the width of the measured heat affected zone was around 100 um. Figure 5
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(a) shows a relief formation between 1 and 2 um on GO 23MOH sample under laser
irradiation while it resulted in almost no deformation (between 1um and —1um) on a
thicker sample ( NLCOX21) Figure 5 (b).

- Laser Scribing:

In this process, we have both thermal effects inducing thermal stresses and grooves
engraved inside the material. The mark of the laser line sinks by some micrometers
into the surface of the sample with a formation of relief edges (melted material is
ejected from the scribing area which falls and solidifies on or around the grooves).
Inevitably, the coating is damaged and removed locally by this process. A thin layer of
metal particles underneath can also be melted and removed by this process. As shown
in Figure 6 (a and b), a groove’s depth was 1.26 um, with a relief height of less than 1
pm for the 23MOH sample while on the NLCOX21 sample, the groove’s depth was 2.3
pm with a relief height of less than 1.2 pm.
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Figure 6 Profile Analysis of the Laser Tracing Line on the Sample Surface, an Example of Laser
Scribing on (a) 23MOH Sample and (b) NLCOX21 sample.

- Laser Ablation:
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The ultra-short pulse laser permits the removal of material by sublimation with a spot
scanning without any thermal effect observation around the holes. Both the coating and
the metal can be removed by the ablation process. As shown in Figure 7 (a), the metal
ablation depth was 5.2 ym on the 23MOH sample, however, it was deeper on thicker sample
NLCOX21 (9.02 um). To increase the ablation depth, multi-pass laser processes, or reduced
speed (overlapped pulses) could be used.

The ultra-short pulse provides a very high peak pulse power located at the laser spot. This
very powerful laser pulse induces a surface shock wave with a very high peak pressure.
This contributes to the ejection of metal particles and the generation of a surface plasma
between the metal and the laser beam. However, the energy density of the pulse must be
higher than the ablation threshold (~ 0.3 - 3 J.cm™2)[36] for the laser pulse to engrave the
metal by removing the particles by sublimation.
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Figure 7 Profile Analysis of the Laser Tracing Line on the Sample Surface, an Example of Laser
Ablation on (a) 23MOH sample and (b) NLCOX21 Sample.
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The standard roughness of the sample 23MOH is 0.75 pym with a coating thickness of
approximately 2 ym. Laser parameters that cause a high surface relief ( >3 uym) due to
the melting and cooling of metals, including the laser parameter below the ablation
threshold were discarded. The sheets shouldn’t have any large deformations or reliefs once
they are stacked to form the core of a transformer core. An example of the first parameters
selection according to optical images is listed in Table 2 where different configurations were
tested on the GO 23MOH sample using the nanosecond to select the set of parameters.
The line spacing is fixed and laser lines were done in a direction perpendicular to the sheet
rolling direction and the spot size is fixed at 50 um. The mean powers tested between 1
and 10 W. The configurations giving a high relief (> 3 um) were rejected (colored in red).

Configurations Groove width Groove depth Heat Affected Zone Relief (um)
(Hm) (Hm) (Hm)

Conf_1 59 19 351 14.8
Conf_2 56 2.5 488 3.1
Conf_3 48.5 1.9 334 1.4
Conf_4 36 1.7 138 1.5
Conf_5 35 0.9 119 0.8
Conf_6 0 0.9 98 0

Table 2 Quantitative Results of the Impact of the Laser Parameters on the Surface, in Red the
Eliminated Parameters are According to the Optical Images.

For each laser processing test, a configuration is defined by a set of parameters (Figure
8):

- Pulse width T

- Average power (Pw in Watt)

- Scanning speed (v in mm/s)

- Spot size (Sp in pm)

- Repetition frequency (fr in kHz)

- Angle between the laser lines and the rolling direction of the sheet (in °)

- Laser lines spacing (d in pm)
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Figure 8 Schematic of the Laser Beam and Pulse Characteristics.

To give physical meaning and reduce the number of laser parameters, we preferred to
characterize a laser configuration in the term of energy quantities that include all these
parameters. Thus, for each configuration, we calculated the corresponding values of the
pulse energy (E,us.), the pulse energy density (e,.;s.), the peak power density (?) and the
cumulative energy density (e..,) which represents the amount of energy received along
an area of the sample equal to the laser spot size taking into account the overlap, or
equivalently the number of pulse per single spot (n) and the number of laser passes (Npass)
using the following equations:

Pw

Equation 23 Pulse Energy E,uise = = [J]
Equation 24 Pulse Energy density or laser fluence ey = n:’;% [J/cm?]
- . = _ Pw 2
Equation 25 Peak power density 2 = T frr x Gt [W/cm?]
Sp x fr

Equation 26 Number of pulses on any single spot N =

Equation 27 Cumulative energy density ecum = Npgss X N X Epyise  [3/Ccm?]

According to the influence of each configuration on the sample surface visualized by the
optical images, we defined an operating area for each type of laser treatment defined by
a range of peak power density values as a function of the energy density or the laser
fluence.

From the above equations, the peak power density is proportional to the fluence where the
pulse duration is the proportionality coefficient. Hence, it is logical that irradiation is
standardly obtained with long pulses, scribing with shorter pulses, and ablation with ultra-
short pulses. Therefore, for the same fluence, irradiation corresponds to a peak power
lower than scribing which itself has a peak power much lower than ablation.

These areas are presented in Figure 9. The irradiation effect corresponds to laser fluence
lower than 2.7 J/cm?for a peak power density up to 100 MW/cm? or a fluence between 2.7
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and 4 J/cm? for a peak power between 30 and 100 MW/cm? or a fluence higher than 4
J/cm? for a peak power below 25 MW/cm?. Then, the scribing effect corresponds to laser
fluence lower than 1 J/cm? with a peak power density higher than 100 MW/cm? or a fluence
higher than 2.7 J/cm? with a peak power density above 25 MW/cm?2. The limit of the
irradiation zone is superimposed by the beginning of the scribing zone.

The ablation fluence threshold is about ~ 0.5 J/cm?2. Correspondingly, the peak power
density of the ablation effect is greater than that of the irradiation and scribing effect by
an order of magnitude of 4.

The analysis and comparisons between these different energy quantities can be understood
as follows:

- The peak power density determines the strength and speed of the laser impact as it is
inversely proportional to the pulse duration and the spot size. At equal fluences, it permits
the estimation of the degree of physical impact and phase change on the sample surface:
the lowest peak power density corresponds to irradiation (heat-fusion effect). Gradually,
by increasing this density, the phenomenon of scribing (fusion-evaporation effect) takes
place. Finally, with the highest peak power density, an ablation (evaporation-sublimation
effect) occurs.

- The fluence (pulse energy density) determines the amount of matter impacted and the
phase change per pulse. At equal power densities, this allows measuring the area affected
either by heating (case of irradiation) or by a phase change above a certain threshold (case
of scribing and ablation) during each pulse.

- Lastly, the cumulative energy density represents the sum of the energies of all the
delivered pulses at a single point taking into consideration the overlap. At equal energy
densities, this enables counting the number of the equivalent pulses seen by each laser-
treated spot.
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Figure 9 Irradiation, Scribing and Ablation Zones Defined by the Peak Power Density as a Function
of the Pulse Energy Density (on the Left) and as a Function of the Pulse duration (on the Right),
Markers Correspond to Laser Configurations Effectively Tried in the Experimental Plan.
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C) Modeling and Correlations

In this chapter we presented theoretical models and parameter identifications based on
the experimental results in order to understand the physical phenomena that can lead to
and thus explain the obtained results.

First, to understand the influence of the surface laser treatment on the material properties,
we have established the relationships between the laser energy parameters and its effects
on the surface; in terms of the thermal affected zone, the groove depth, the induced
thermal stress (nanosecond pulse duration creates significant thermal effects), and the
plasma electron temperature and peak pressure (femtosecond pulse duration) according
to each treatment type. We used simple models to estimate the impact of each type of
treatment on the surface of the sheet as a function of the amount of energy delivered by
the laser:

- Irradiation: Induced Thermal Stress (o,) and thermally Heat Affected Zone (HAZ).
- Scribing: Induced thermal stress (o;,), Heat Affected Zone (HAZ), and groove depth (p).

- Ablation: Groove depth (p) and electron temperature (7¢) or/and peak wave pressure
(Pr).

These models are detailed in the first paragraph of this chapter and the evolution of each
impact is presented as a function of the laser energy quantities.

Secondly, to interpret the origin of the change due to the magnetic observables we used
the Bertotti model based on loss separations. The behavior of the Bertotti coefficients under
different laser treatment helps to explain the physical phenomena that occurred as a result
of the laser treatment.

Finally, the estimated impacts are used in the rest of the chapter to study their direct
influence on the magnetic properties in order to determine optimal values that can be used
to control and improve the effect of the laser treatment.

(i) Reviewing the Modeling of Laser Impacts

Researchers considered mechanical scratching among the first techniques to refine
magnetic domains in grain-oriented steel sheets. They demonstrated that techniques such
as ball-point scratching induced stress on the surface of the sheet, resulting in a refinement
of the magnetic domains due to local surface deformation [37]. They proved the existence
of compressive stress in the vicinity of the scratch and a tensile stress perpendicular to the
scratch line. With the same analogy, Imafuku and Suzuki [38] presented a comparison
between the impact of a laser-irradiation and a gear-rolling on grain-oriented Fe-3% silicon
samples. They measured the stress distribution in the sheet using the X-Ray technic.
Besides, they measured the tensile residual stress only near the laser-irradiated line
resulting in a magnetic domain refinement.

This residual stress was released after annealing at 1027 K for 2 hours in a pure hydrogen
atmosphere when the domain-refining effect vanished; the magnetic domain width
returned to its initial value in the standard sample. In the case of gear rolled samples, they

6 ESSIAL

31



observed complex states of compressive and tensile stresses in the vicinity of the groove.
Therefore, after the same annealing, the residual stresses around the groove were released
but the domain refinement was maintained. When we assimilate the groove effect resulting
from laser ablation and laser scribing with the one resulting from the mechanical
scratching, we realize that each type of laser treatment behaves uniquely on the metal
surface.

A shock wave model developed by Peyre and Fabbro [39] to estimate the change in a sheet
under laser ablation illustrates that the pressure generated by the plasma in the metallic
substrate during the laser treatment induces superficial residual stress. They assumed that
the plasma layer formed during the ablation process induces compressive pressure and a
shock wave resulting in local plastic deformation and a residual stress field in the localized
volume of the sheet. The value of the pressure generated is proportional to the power
density of the laser. Plastic deformation and the creation of dislocations in the material
only occur if the amplitude of the primary shock wave is greater than the dynamic yield
point called the Hugoniot limit. During the propagation of the wave, the affected volume is
plastically strained. Post the interaction, the surrounding material induces biaxial
compressive residual stresses in the plane parallel to the surface, which only counteracts
the deformation if the value of the peak stress exceeds the Hugoniot limit. In addition to
this condition, the pulse duration has to be in a few nanoseconds to allow the propagation
of the generated wave throughout a certain depth in the material. Taking an example of
the laser treatment with a femtosecond pulse duration, the pressure generated is quite
high, but since the pulse duration is very short, the pressure generated should not
propagate through any significant depth in the material.

In their studies, Li et al.[18] revealed two types of lasers used for surface treatment: a
continuous laser and a pulsed laser. They explained that during laser treatment a small
amount of plastic deformation and high-density dislocation is produced in the heat-affected
zone. Then, due to subsequent heating and cooling, the magneto-elastic energy of the
specimen changes, and the width of the domain walls is reduced. Thus, the residual tensile
stress produced by plastic deformation refines the domains and reduces core loss. For the
estimation of the residual stress induced during a laser surface treatment, they first
calculated the temperature variation as a function of the heating time by considering the
laser as a pulsed heat source, then solved the simplified classical heat transfer equation.
Accordingly, for ultra-short laser pulses, these models lost their validity. To describe the
heat transfer, it is substantial to use the two-temperature model distinguishing between
lattice temperature and electron temperature [36]. This model is explained in the
paragraph below.

Further, Nagavi and Yilbas[40] studied the heat transfer and stress distribution during laser
irradiation they explained the mechanism of heating during laser irradiation. The laser
irradiation is controlled by the process of absorption. The absorption of the laser energy
occurs through the interaction between the lattice and the free electrons, during which the
energy of these electrons is raised to high energy levels.

The energy transfer from excited electrons to the lattice occurs due to successive collisions.
The average free collision time is 10°!%s. Since the duration of the interaction is short
compared to the irradiated time, the energy transport between the electrons and the
atomic site mesh is unbalanced. Thus, the temperature of the electron is higher than that
of the lattice sites. The absorbed laser energy is converted instantaneously by heating to
the point where absorption occurs.
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To understand the effect of surface laser treatment on the sample properties, we sought
to first analyze the impact of laser parameters of each configuration on magnetic properties
(loss separation), then on macroscopic magnetic observables (especially the losses and
apparent permeability) of the sample. The best way was to start expressing laser
parameters in terms of energy quantities and relating them to main physical effects on the
sample: the Heat-Affected Zone (HAZ), the groove depth (p) and the induced thermal
stress (o) or peak wave pressure (Pr) for each kind of laser process [39] [18] [41]. Using
main considerations partly found in the literature, we presented simple adjusted models to
estimate the impact of each type of treatment on the sheet surface as a function of energy
quantities delivered by the laser: more precisely the induced thermal stress and heat-
affected zone due to laser irradiation, the induced thermal stress and groove depth due to
laser scribing and the groove depth, plasma maximum temperature or/and peak surface
wave pressure due to laser ablation. Then these new physical parameters describing the
impacts of laser pulses will be correlated to local magnetic properties presented afterwards.

(ii) Irradiation Process: Estimation of the Induced Thermal Stress
and the Heat-Affected Zone

The laser beam forms a heat source that will locally heat up the surface of the sample and
the temperature variation in the material will generate thermal stress, a zone is thermally
affected with located and partial coating melting for some delivered quantities of energy.
All values of temperature variations reached during the laser treatment depend on the
laser setting parameters (peak power density, cumulative energy density, pulse energy,
the scanning speed...) used during the laser process. We presented the variation of the
thermal-induced stress, the heat-affected zone, and the affected depth and area as a
function of the energy quantities involved during each laser irradiation and laser scribing.
Inspired by the work of Li et al.[18], we developed a simple model estimating the local
thermal-induced stress under a laser irradiation process. In this model, the total thermally
conducting area in the metal is considered defined by the space between two coaxial
cylinders with a height that equals the sheet thickness: one represents the area affected
directly by the laser spot of radius r and the other represents the area affected by
conductive heat transfer of radius that equals r plus the thermal diffusion length
(considered isotropic in plane and cross-section) calculated below.
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Figure 10 Equivalent Electrical Diagram and schema of the Thermal Model of Laser Irradiation (h
convection heat transfer coefficient, Am thermal conductivity of silicon iron and Aithermal
conductivity of the insulating layer).

The variation in the metal of the spot area temperature (AT) is estimated by the linear
thermal Equation 28 which is written per unit surface:

Equation 28 C 0.AT + (G; + G,) AT = A, - q

where C [J.K't.m™2] is the heat capacitance per unit surface (product of the mass-specific
heat [J.K'.kg!], the density of the metal [kg.m3], and the metal thickness em [Mm]), g
[W.m™2] is the laser heat flux per unit surface which corresponds to the peak power density
of the laser pulse (#), Gi1 [W.K1.m™2] is the thermal conductance per unit surface due to
heat transfer by convection (between the air, the coating layer, and the metal layer, and
G2 [W.K1.m™2] is the thermal conductance per unit surface of the heat transfer by
conduction between the two cylinders with a height em equal to the metal thickness; the
internal radius equals the radius of the laser spot and the external radius equals the radius
plus the thermal diffusion length. The laser heat flux q equals the peak power over the disc
surface of radius r. The laser absorption coefficient used in the irradiation case is Ao equal
to 0.35 [35]. The first values of Gi1 and Gz are calculated using the following equations (the
value of Gi (order of magnitude ~ 10) is negligible compared to the value of Gz (order of
magnitude ~ 10°):

Equation 29 G =

2:Am" ém

(r+6q)? - In (220

Equation 30 G, =
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where h is the convection heat transfer coefficient per unit surface between the surface
and the ambient air [W.Kt.m™2], 1,, is the thermal conductivity of silicon iron [W.Kt.m™],
Ai is the thermal conductivity of the insulating coating [W.K1.m™], em [m] and e [m] are
respectively the metal and the coating thickness, and 6o [m] is the thermal diffusion length
in frequency domain determined by the following equation [42]:

Equation 31 Oa1 = knaz

where knaz is a fixed constant equal to 24 (coefficient adjusted empirically to maintain
consistency for the groove depth engraved in the scribing case between the observations
and the measurements, refer to the following), Cpv,m [W.K1.m™3] is the volume heat
capacity of the metal (it equals the product between the specific heat per unit mass in [J.K"
'kg'] and the mass density of the metal [kg.m=3]) and f- [Hz] is the laser repetition
frequency.

The solution of the thermal equation allows us to express the temperature following the
heating and cooling process for each pulse as follows:

Equation 32 AT(t) = ATc - (1 — exp(—k - 7) ) exp(—k - tgown)

with ATc = (4,-9) 7/ (G1 + G2) and k = (G1 + G2) / C, using this equation we calculate the
temperature variation of the metal. The first value of the insulating coating temperature
variation is considered extremely close to the metal temperature variation.

The heating duration (tup = T) is the duration of one laser pulse and the cooling duration
(tdown = (1 / fr) — tup) is the duration between two successive pulses. Then, to include the
dependence of the thermal conductivity coefficient of the metal on temperature, this
conductivity is recalculated according to the following relationship as well as the
recalculation of all other conductivity-dependent parameters[43]:

Equation 33 An(AT) = Ay - (1- oy - AT)

Where aat equals -0.00075 is the metal conductivity constant. The calculation of AT is
repeated using the same equation considering that the temperature after each pulse is the
new initial temperature of the metal to account for the overlap.

The cumulative energy density (ewm) is calculated using the following equation (N is the

number of laser line passes):
Equation 34 ecum = Ao -q - N -ty

If the calculated coating temperature is below its softening and melting temperature (<
600°C), then there is no visible change occurring in the coating layer except an induction
of an isotropic thermal stress in-plane (ow, tangential to the surface) during the process
(not necessarily maintained after the process) calculated in the following equations:

Equation 35 oy = (a; - AT; — a,, - ATy, ) - E

where E is the quasi-linear Young modulus of the metal and a; and am are the thermal
expansion coefficient of the insulating coating and the metal respectively. It is important
here to mention that neither viscous nor plastic mechanical properties are taken into
account in case the thermal stress exceeds the yield stress with nonlinear behaviour. As a
consequence, this equation only gives an estimation of the thermal equivalent stress
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induced very locally during the process and not the permanent residual stress effectively
maintained after the process. In order to estimate both the effective mechanical stress
during the process and the residual stress after the process, a nonlinear behavioral for E(c)
is required.

From the literature, in the absence of any coating,; during the heating process the part of
metal located in the HAZ tends to expand along the three directions of space (perpendicular
and parallel to the plane). Due to the cold metal around, the thermal expansion of the
metal generates compression stresses in the in-plane or radial direction (parallel to the
plane) and tensile stress in the out-of plane or axial direction (perpendicular to the
plane)[40]. The magnitude of the normal or axial stress decreases as it propagates along
the volume. The tangential or radial stress component is compressive near the axis of
symmetry of the cylindrical HAZ and it becomes tensile, then compressive again and
vanishing away from this axis. In the presence of a coating, and if and only if this coating
doesn’t become soft or melt, then the relative induced equivalent stress located at the
interface between the metal and the coating can be radial tensile (in-plane) or axial
compressive (out-of plane) at the laser spot and radial compressive (in-plane) and axial
tensile (out-of-plane) away from the spot due to the thermal expansion of coating, before
vanishing further again from the spot. In the following we estimated the tensile respectively
compressive equivalent thermal stress induced parallel the plane by the long or short pulse
located within the laser spot and only during the process. The question relative to the
residual stress effectively maintained after the process can’t be solved with such simple
models (elastic mechanical behaviour, constant thermal and mechanical properties with
temperature ...).. However, what we know from the literature on laser welding is that
usually:

i) The generation of residual stress after a process inducing a thermal stress is
possible if and only if the stress induced during the process is higher than the
yield stress (~300 MPa).

i) The actual value of residual stress is much lower than the process stress but its
absolute value increases when the induced thermal stress increases during the
process. Even low values of stress (tens of MPa) can have an extremely
significant effect on magnetic properties.

iii) When the stress induced during a process is compressive (respectively tensile),
then the residual stress that is maintained after the process will probably be
tensile (respectively compressive) on the same locations.

If the calculated temperature variation of the coating layer achieves the softening
temperature or melting point (600°C), under this circumstance the coating layer became
soft or melted and then redeposited on the surface. The thermal conductance G: is replaced
by Gi’; the heat transfer by convection is considered only between the air and the metal
layer in this case. Part of the delivered laser energy corresponds to the coating melting
enthalpy and the rest to the energy that heats the metal. The coating softening
temperature is fixed at 600°C, the metal temperature variation and the thermal-induced
stress are recalculated.

(i
Equation 36 G, = ——~
(h+ 22))
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For both cases, we measured the value of the heat-affected zone HAZ under laser
irradiation from the optical images (visual estimation, corresponding to a slight coating
deformation). The behavior of the measured HAZ (Figure 11) as a function of the
cumulative energy density is presented in Figure 12.

The laser parameters with their corresponding energy quantities studied in the case of
laser irradiation are listed in the table below (Table 3):

Symbol ( MWSl/)cmZ) ep”’secmz) g/ Uicc“r’r"lz) Npass
Irr_1 12.73 2.55 509.3 1
Irr_2 12.73 1.27 509.3 1
Irr_ 3 12.73 1.27 50.93 1
Irr_4 16.98 0.51 509.3 1
Irr_5 16.98 0.51 50.93 1

Table 3 Laser Parameters and Energy Contributions Used in the Case of Laser Irradiation for a
Fixed Pattern Perpendicular to the Rolling.

For each irradiation configuration, we estimated the values of the induced thermal stress
and the heat-affected zone. The results of the heat affected zone are presented in Figure
12. The heat-affected zone increased by increasing the cumulative energy density.
Moreover, we limited the cumulative energy density (e«wm) of the laser by keeping constant
the spot size Sp, the scan velocity v, the repetition frequency fr, the pulse duration t and
the total number of pulses N with the corresponding overlap. In the x-axis of each curve,
we vary the laser average power Pw, from 0 to its nominal value and thus we vary the peak
power density and energy density of each pulse and finally the cumulative energy density
ecwm after N pulses. At higher cumulative energy density, the HAZ exceeds the thickness of
the sheet, which can lead to sheet deformation and magnetic deterioration. The values of
the induced thermal stress estimated are listed in Table 4. Irr_2 and Irr_1 correspond to
cases with softening or/and melting of the coating whereas in Irr_3, Irr_4 and Irr_5 the
coating is kept cold enough.

Configuration Induced thermal stress oy, (MPa)
Irr_1 -1285.7
Irr_2 -508.8
Irr_3 373.4
Irr_ 4 913.4
Irr_5 328.7

Table 4 The Estimated Thermal Stress Induced for Each Irradiation Configuration.
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Figure 11 Optical Image Using a Confocal Microscope Showing the 2D Images presenting the
measured HAZ on naked SiFe samples with equivalent thermal properties (NGOES), respectively
and approximately 100 and 350 um.
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Figure 12 Heat Affected Zone as a Function of the Cumulative Energy Density ecum in the case of
Laser Irradiation.

(iii) Scribing Process: Estimation of the Induced Thermal Stress and
the Groove Depth

To estimate the induced thermal stress, the heat-affected zone and the groove depth due
to laser scribing, we used the same estimation model as the one for laser irradiation
explained in the previous paragraph but with some modifications to include the engraving
effect. First, due to quite higher laser power and metal phase transformations, an
adjustment of the probably non-linear absorption coefficient Ao close to 98% has been
considered, by fitting the groove depth measured with the present estimation.

38

ESSIAL



Then, the temperature variation of the metal increases and exceeds either the coating
softening/melting temperature or/and the metal melting point in case of scribing leading
to small grooves into either the coating only or/and both the coating and the metal. Some
of the scribing cases that do not theoreticaly lead to a groove because the temperature
achieved is not high enough should only lead to thermal stresses and be reclassified at the
limit between irradiation and scribing.

To adjust the model, when the temperature achieved is high enough, the temperature of
the coating layer is fixed at its melting temperature (600 °C), the temperature of the metal
is fixed at its melting temperature too (1535 °C) and the radial compressive stress (Ot =
or) induced during the laser scribing process is calculated using Equation 35.

Below 600 °C, none engravement is possible, the scribing can only lead to a tensile thermal
stress. The whole energy is used for the heating process. Between 600 and 1535 °C at the
laser spot, the scribing process removes the coating layer and can also lead to a tensile
thermal stress in the heated metal in the HAZ around the laser spot still below 600 °C.
Part of the delivered laser energy corresponds to heating process of the coating and metal
from ambient up to 600 °C for the coating and up to a temperature between 600 °C and
1535 °C for the metal, part corresponds to the coating melting enthalpy (AHfi = 12 kJ/kg)
and the last part corresponds to the heating process of metal in the HAZ from the ambient
up to a temperature below 600 °C. Above 1535 °C at the laser spot, the scribing process
removes the coating layer, engrave the metal by removing some droplets of metal, but
can now lead to a compressive thermal stress in the heated metal in the HAZ around the
laser spot with a temperature between 600 °C and 1535 °C. The process used two
additional energies which are the metal melting enthalpy (AHfnm = 180 kJ/kg) and the
energy used to engrave the metal by melting. For this last case, involving the metal
engraving process, considering the volume of a cylinder of radius R (R = r + 84, ) and height
p (the total groove depth: coating + metal), we estimated the value of the groove depth
p in the metal thanks to the Equation 37.

0 AT < 600°C
Equation 37 p = € 600°C < AT < 1535°C
- T2\ . cum - €cumTh o
e + (Rz) AH ) AT > 1535°C

Where ej is the coating thickness and ewmth is the cumulative energy density threshold
corresponding to the sum of the total energy used for the heating process from the ambient
to 600 °C and from 600 °C to 1535 °C plus both the coating melting enthalpy (AHfi) used
to melt the coating at 600 °C and the metal melting enthalpy (AHfm) used to melt the
metal at 1535 °C and p is the mass density of the metal. The scribing parameters
considered are listed in Table 5. The depth estimated presented in Figure 13 increases with
the increase of cumulative energy density; for a cumulative energy density between 0 and
1 MJ/m? the estimated depth is smaller or equal to the coating layer thickness (2 um). On
this account, for higher cumulative energy density, the metal layer is attacked and some
metal particles are engraved. The metal starts to melt and to be engraved, some droplets
of material can be removed. It should be noted that due to the non-reliability of optical
measurements (irregular grooves) and the non-reproducibility of the nanosecond laser and
the random laser-material interactions in the case of scribing due to the melting of the
coating and/or the metal and its redeposition on the surface after cooling, the error
between the measured and calculated values is important. For this reason, we decided to
use the theoretical model for the parametric of study magnetic parameters as a function

6 ESSIAL

39



of the theoretical depth behavior (dependent on the laser energy).On the other hand, the
estimated induced thermal stress during laser scribing also increased as a tensile stress (>
0) with the increase of the cumulative energy density to a maximum of 1000 MPa and then
decreased to become a compressive stress (< 0) when the metal scribing took place due
the change in the remaining constraint when the coating is engraved (Table 6).

Symbol ( MWj/)cmZ) Ue/pc"r’;ez) eawm (J/em?) | Npass
Scr_1 127.32 0.51 509.3 1
Scr 2 127.32 0.51 50.93 1
Scr_3 38.20 7.64 30.56 1
Scr 4 127.32 12.73 50.93 1
Scr 5 38.20 3.82 15.28 1
Scr_ 6 169.77 5.09 101.8 1
Scr 7 169.77 5.09 50.93 1

Table 5 Laser Parameters and Energy Contributions Used in the Case of Laser Scribing for a Fixed
Pattern Perpendicular to the Rolling Direction.
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Figure 13 The Estimated Depth (p) as a Function of the Cumulative Energy Density (€cum) During

Laser Scribing.

Configuration Induced thermal stress o, (MPa)
Scr_1 -1285.7
Scr_2 917.5
Scr_3 840.7
Scr_4 263.4
Scr_5 420.1
Scr_6 -862.1
Scr_7 534.7

Table 6 The Estimated Induced thermal stress for each Scribing Configuration.
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(iv)Ablation Process: Estimation of the Groove Depth, the Plasma
Electron Temperature, and the Peak Surface Pressure

Considering the femtosecond laser-matter interaction, the energy accumulated by the free
electrons is transferred to the lattice by collisions, causing it to heat up to the sublimation
point. Free electrons absorbs the laser energy very quickly, it lasts a few tens of
femtoseconds, while their relaxation in the lattice varies between 1 and 10 ps. The pulse
duration is shorter than the cooling time of the electrons. The use of ultrashort pulses
shorter than these transfer times implies a decoupling between the thermal behaviour of
the electrons at the temperature T. and the thermal behaviour of the lattice at the
temperature T . Thus, the classical approach to estimate a temperature is not valid. This
non-equilibrium temperature state is expressed by the two-temperature model that
involves both the electrons’ temperature T, and the temperature of the lattice T; [41],[46].
aT,

Equation 38 peCe(Te) at V[Ke(Te)V(Te)] —k(T, —T))

oT,
PG (Ty) a_tl = VIK,(T)V(T)] + k(T, — T})

with p the density, C the heat capacity , e refres to the electron, [ refers to the matrix, A
the thermal conductivity, k the constant of electron-phonon coupling.

Based on the literature[41], we used the expressions estimating the impacts of ablation to
calculate the electron temperature and the ablation depth from the energy quantities of
each laser configuration used. First, the electron temperature achieved during the laser
ablation process, is estimated using the equation:

1
2+-Ao " epulse” “)E
Ce

Equation 39 T, =~ (

C, is the electron heat capacity coefficient per unit volume (C, = C.T,, C, ~ 84].m™3.K~2).

Further, the ablation depth of N pulses (Npass=1 for single pass and Npass=2 for double pass)
as a function of the laser fluence is estimated using the following expression:

Equation 40 P = e+ NNy * @ tIn (Ag * epyise/€cn)

epuise is the laser fluence, et is the threshold fluence for ablation (it equals approximately
p-AHfe
h

0.5 J/cm? for FeSi [36]) and a is an optical penetration depth a = =——= [m™!] with p the

et
metal density and AHfe. is the specific heat of evaporation.
The behavior of the groove depth and the electron temperature is presented in Figure 14
and Figure 15, it is shown that these parameters increased as function of the cumulative
energy density and the pulse energy.

~

Symbol M /ijmZ) Ue/pc"r'jfz) ecum (J/cm?) | Npass N
Abl_1 23.4 e® 11.71 1171.3 1 100
Abl_2 23.4 e 11.71 2342.7 2 100
Abl_3 23.4 e 5.09 509.30 1 100
Abl_4 10.2 e® 5.09 50.93 1 10
Abl_5 30.5 e® 15.28 1527.8 1 100
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Table 7 Laser parameters and energy contributions used in the case of laser ablation for a fixed
pattern perpendicular to the rolling direction.

Depth Calculated (um)
30
# Reference
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Figure 14 The Calculated Groove Depth as a Function of the Cumulative Energy Density (€cum) in
the Case of Laser Ablation.
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Figure 15 The Electron Temperature as a Function of the Cumulative Energy Density (ecum) in the
Case of Laser Ablation.

The estimation model for the ablation can also be compared to accurate numerical
prediction performed by implementing the two-temperature model of equation 38. The
definition of the problem can be simplified as in Figure 16.
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Figure 16 Definition of the ablation problem with the Finite Element Method

Results obtained for both the electrons temperature (Figure 17) and the groove depth
measured and previously estimated (Figure 18) are in complete accordance one to each
other.
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Figure 17 Computation of the electrons and lattice temperatures.
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Figure 18 Computation of the groove depth with the numerical ablation model (2 T model).

Besides the groove depth and the electron temperature, we estimated the surface peak
pressure as a function of the laser peak power with a shock wave model. A simple model
of shock waves is developed by Peyre and Fabbro[39] to estimate the residual stress
induced in the sheet submitted to laser short pulse with specified laser power density, pulse
width, and spot size. In this model, they estimated the pressure generated by the plasma
in the metallic substrate during the laser ablation process. And then they deduced the
superficial residual stress assuming that the plasma layer formed during the ablation
process induces a shock wave and a compressive pressure resulting in local plastic strain
and residual stress field in the localized volume of the sheet.

High Pressure Plasma Laser Beam

Inertial Tamping

Layer or -
Transparent Overlay Ablative Layer
(Paint or Tape)
Pressure wave

Figure 19 Schematic of Laser Shock Wave Principle[39].
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In their experiment (Figure 19), the laser beam passes through a layer of confinement
medium (water or glass to eliminate the thermal effect), the value of the pressure (Pr)
generated is proportional to the square root of the laser peak power density (P):

1
Equation 41 Pr = BC « Pz

Prin kbar and P in GW.cm™%, BC is a constant depending on the confinement layer (BC=10
for water confinement). The pressure generated in the case of ablation with a confinement
layer is greater than one order of magnitude than for direct ablation. In our case, the laser
beam is applied directly on the material surface, so the value of BC is considered equal to
1.

The plastic deformation and the creation of dislocations in the material occur only if the
magnitude of the primary shockwave is higher than the dynamic yield strength or the
Hugoniot Limit. During the propagation of the wave, the volume affected is plastically
strained, thus after the interaction, the surrounding material induces biaxial compressive
residual stresses on the plane parallel to the surface, to oppose the straining only if the
value of peak stress exceeds the Hugoniot limit. To estimate the residual stress induced in
the material, they calculated the value of the plastically affected zone (L,) depending on
the pressure Pr and P, the Hugoniot limit (the yield strength under uniaxial shock
condition). The plastically affected zone (L,) is the distance covered by the shock wave
before its peak stress value decreases to a value lower than the Hugoniot Limit.

Using the femtosecond laser with high peak power induces a peak pressure that exceeds
the Hugoniot limit but the theoretical value of the plastically affected depth is very low and
not significant due to the very short pulse duration. Thus, the shock wave created does
not propagate into the material. While we still can estimate the surface peak pressure and
study its behavior as a function of the laser peak power density (Figure 20). In the next
paragraph we studied the behavior of the magnetic parameters as a function of this peak
pressure.

Pr (GPa)
20
# Reference
15 - mADbI 1
Abl 2
10 4 > 3 XAbl 3
Abl 4
> ] Abl'5
0 . . . P (MW/cm?)
0 10 20 30 40 x10¢6

Figure 20 The Peak Pressure as a Function of the Peak Power Density in the Case of Laser
Ablation.
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Symbol Te (K) x 103 p (Lm) Pr (GPa)
Abl_1 96.1 13.2 15.3
Abl_2 96.1 24.4 15.3
Abl_3 63.3 4.3 10.1
Abl_4 63.3 2.2 10.1
Abl_5 109.7 16.0 17.5

Table 8 The Estimated electron temperature, groove depth and peak pressure under a laser

ablation.
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The chief parameters of Bertotti’s model are the hysteresis loss coefficient kn, the eddy
current coefficient k¢, and the excess loss coefficient ke. Bertotti suggested that the eddy
current coefficient kcis a constant that is identified by the material properties and thickness
known from the manufacturer's datasheet (see Equation 2). We deduced the hysteresis
loss coefficient kn by measuring the losses at a very low frequency (3 or 5 Hz) for which
both the classical eddy current loss and the excess loss are negligible.

Then with the equation of loss separation Equation 1, we identified the excess loss
coefficient ke depending on the induction level and frequency using the corresponding
power loss provided by the from experimental data.

In Table 3, Table 5 and Table 7 of the previous paragraphs, we have listed several laser
configurations for each type of treatment tested on GO 23MOH sheets. The impact of these
configurations on the identified Bertotti coefficients is presented in the next paragraph. In
this paragraph, we focus on the comparison between one irradiation (Irr_2), scribing
(Scr_1) and two ablations (Abl_1 and Abl_2(1side)) configurations that are mostly
recommended for certain induction and frequency levels. The contribution of each loss
component varies according to the level of induction and frequency. Respectively, to know
at a given level of induction and frequency which component among hysteresis loss and
excess loss is in the majority, it is required to compare the products k»V/B to ke\/7.

We calculated the rate of change in percentage of the hysteresis loss coefficient k» and the
excess loss coefficient ke of the treated sample compared to the sample itself before laser
treatment, then we displayed the results in Figure 21.

Notably, the use of laser irradiation configuration “Irr 2” reduced significantly the hysteresis
loss coefficient kn at different induction levels for frequency 50 Hz whereas it slightly
decreased the excess loss coefficient. It must be pointed out that the scribing configuration
behaves in a like manner as the irradiation configuration with a higher reduction for the
excess loss coefficient. However, for ablation, we deduced that if the treatment is done on
both sides with one pass the effect on the hysteresis loss and the excess loss coefficients
was similar at high induction, both were reduced. While, the ablation in two passes on one
side resulted in the highest decrease in both coefficients, especially that of excess loss.

The variation of the hysteresis and excess loss coefficients is dependent on the type of
laser treatment. Which asserts that a laser treatment acts differently on the sample surface
depending on the laser type and its pulse duration:

The long pulses of the order of nanoseconds with small grooves and located induced
thermal stresses could allow the generation of misoriented 90° closure domains at the
vicinity of the laser spots which shows a significant reduction of the hysteresis loss
coefficient without a significant impact on the excess loss coefficient related to the
dynamics and mobility of the wall. The hysteresis loss coefficient is proportional to the
defect density responsible for the wall pinning effect, partly due to the magnetic poles and
demagnetizing effect around these defects. In the cases of irradiation and scribing,
magnetic poles and demagnetizing effect are minimized thanks to the misoriented 90°
closure domains appearing due to the thermally induced stress anisotropy.
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On the other hand, ultra-short pulses of the order of a few hundred femtoseconds with an
ablation effect that produces a deep groove in the sheet (especially in the case of two-pass
treatment) can create different kinds of defects with magnetic poles that can pin the walls
which is not favourable to the hysteresis coefficient especially at low induction levels.
However, it can help the domain wall nucleation and 180° closure domains multiplication
at the vicinity of the laser lines and facilitate the process of magnetization at higher
induction levels. The most typical effect is also the 180° magnetic domain refinement and
a change in the wall's mobility. The excess loss coefficient is proportional to wall density
and mobility and therefore shows a greater reduction after ablation. Finally, it must also
be mentioned that the ablation process can increase the permeability at low induction
levels but reduce it significantly at high induction levels, effects that are stronger for the
ablation than for the irradiation and scribing processes. The orientation of domains at the
vicinity of the laser spots is closer to the rolling direction in case of ablation in comparison
to the irradiation and scribing processes, it may lead to a significant increase of the
permeability at a low induction level. In the case of ablation, this same orientation will
generate large magnetic poles at high induction levels; whereas they are reduced and
minimized in the case of irradiation and scribing. As a consequence, the demagnetizing
effect added due to the laser process, which reduces the permeability at high induction
levels, will be stronger for ultra-short pulses rather than for simply short or long pulses.

Irradiation Scribing
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Figure 21 Variation of Bertotti’s Coefficient kn and ke as a Function of Peak Induction Level at
frequency 50Hz for Different Laser Treatment on GO 23MOH Samples.
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In this paragraph, we presented a correlation between the estimated laser impacts
(topography, temperature, stresses...) and the identified magnetic properties (Bertotti
coefficients) in order to study their behavior and to determine their optimum as a function
of the laser impacts, the latter being directly related to the energetic quantities of a laser
configuration.

In the case of laser irradiation, we related the identified Bertotti coefficients to the
thermally affected zone and the induced thermal stress. Similarly, in the case of laser
scribing, we related these loss coefficients to the groove depth and the induced thermal
stress. Finally, in the case of laser ablation with an ultra-short ablation time, we presented
the behavior of the Bertotti coefficients as a function of the groove depth, the electron
temperature or/and the shock wave peak pressure generated during the process.

(i) Irradiation: Bertotti Loss Coefficients v.s. HAZ and Induced
Thermal equivalent Stress.

Once the thermal affected zone and the thermal-induced stress were estimated as a
function of the cumulative energy density for each laser irradiation configuration, we
correlated these quantities to the magnetic properties. We should mention that the
estimated induced stress is tensile when the temperature of the coating stays below the
softening/melting temperature. Whereas, this stress is compressive when the temperature
of the coating becomes higher than its softening/melting temperature, meaning that the
coating becomes soft or melts and is partially removed or/and redeposited.
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Figure 22 The variation of Bertotti’s Coefficients kn and ke as a function of the Heat-Affected Zone
(on the left) and the Induced Thermal Stress(on the right) During the Irradiation Process for
1.5T@50Hz.

Since the initial residual stress was not known, the residual stress couldnt be deduced.
The stress presented was only the thermal equivalent stress induced locally during the
irradiation process. We just can say that if this induced thermal stress has got an absolute
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value higher than the yield stress of the metal, then it will add permanent residual stress
with a lower value and the opposite sign after the process. Therefore, a compressive/tensile
thermal stress during the process will add a tensile/compressive residual stress after the
process.

The variation of Bertotti coefficients as a function of the heat-affected zone and the
thermal-induced stress is presented in Figure 22 and Figure 23. At the peak induction 1.5
T for frequency 50 Hz, it is shown that by increasing the HAZ, the behavior of the loss
coefficients kn and ke are contradictory. Thus, the need to find a compromise between the
two values resulting in an optimum total loss result. This optimum was reached for a HAZ
that equals 100 um. This value corresponds to half of the sheet thickness, which seems
coherent with the conclusion presented in the experimental part, recommending a laser
treatment at both sides of the sheet in the case of an irradiation process so that the impact
of the treatment can propagate throughout the whole volume of the sheet.

Meanwhile, the hysteresis and excess loss coefficients showed a similarity in their behavior
as a function of compressive thermal-induced stress; the increase in compressive stress
decreased both coefficients up to an optimal value around -500 MPa at peak induction 1.5T
for frequency 50 Hz and at 0.1 T for 5000 Hz. This could refer to the persistence of a
specific local tensile residual stress on the laser spot, and a specific compressive residual
stress at the vicinity, acting on the energy state of domains through a magnetostrictive
induced stress anisotropy which allow the nucleation of various differently shaped domains:
90° in-plane or out-of-plane closure domains within the laser spot and Lancet out-of-plane
domains at the vicinity (see next chapter).
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Figure 23 The variation of Bertotti’s Coefficients kn and ke as a function of the Heat-Affected Zone
(on the left) and the Induced Thermal Stress (on the right) in the Case of Laser Irradiation for
0.1T@5000H:z.

The first lead the material to minimize its total energy by refining the domains’ structure,
especially at low and mid induction; and the second improve the static reversal
mechanisms especially at high induction. When the thermal-induced stress is tensile, the
behaviour of k» and ke are contradictory. At high induction, this stress is interesting to
reduce kn but not ke, whereas at low induction and high frequency, it is more interesting
to ke rather than kn. A good compromise is more difficult to find in this case and the most
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favorable situation rather corresponds to a compressive thermal-induced stress during
the process.

(i) Scribing: Bertotti Loss Coefficients v.s. the Groove Depth and
Induced Thermal Stress

In the case of laser scribing, we have also presented the correlation between the hysteresis
and excess loss coefficients and the estimated scribing impacts in terms of measured
groove depth and the induced thermal stress. When the temperature achieved is sufficient
to melt the coating but not the metal, the groove depth corresponds to the coating
thickness, and the thermal stress induced in the HAZ where the temperature stays below
the softening temperature of the coating still be tensile stress during the process.

When the temperature achieved is sufficient to melt the metal in addition to the coating,
the groove depth corresponds to Equation 46, and the thermal stress induced in
the HAZ where the temperature is between 600 °C and the metal melting point is
necessarily compressive during the process.

Figure 24 gives the variation of coefficients k» and ke as a function of the measured groove
depth at induction level 1.5 T for 50 Hz. At this induction level, it showed that deep grooves
with depth higher than the coating thickness can be viewed as defects that pinned the
walls and which are detrimental to the quasi-static behavior. Even if the hysteresis loss
coefficient slightly decreases for grooves depth below 2 mm, it becomes higher than the
reference for deeper grooves. Increasing the groove depth makes it possible to decrease
more the excess loss coefficient which is related to the dynamic losses. This is probably
due either to the size of closure and main domains near the laser lines, to the domains’
walls mobility, or the proximity of the magnetic poles after treatment. Besides, the
inclusion of laser lines may form a kind of new edge for the magnetic domains that promote
the dynamic walls” mobility, nucleation or multiplication near the groove. However, the
improvements become less significant for a depth greater than 2 um for ks and
approximately 5 um for ke. In a scribing process, grooves are always accompanied by
a HAZ and various thermal induced stresses. It might then generate closure domains that
are not optimal for the refinement effect and wall mobility at this induction level.

Thus, it is necessary to study the dependence of magnetic properties on the thermal stress.
In most of the cases, the behaviors of k» and ke are contradictory, meaning that it is not
possible to choose a stress configuration that can minimize both ks and ke at the same
time, except at low induction and high frequency for which a strong but located
compressive thermal-induced stress up to -1500 MPa seemed to be beneficial. At high
induction, when the hysteresis loss coefficient kn shows two maxima, the excess loss
coefficient ke seemed to show two minima (Figure 24 and Figure 25) as a function of the
thermal-induced stress, both correspond to a tensile stress value or a compressive stress
value between 700 and 1000 MPa. ke can decrease regardless of the sign of the stress as
long as the stress is not too high (between 250 and 1000 MPa for the stress induced during
the process, which could indicate that a local perturbation of the mechanical state gives
birth to closure of any kind to refine the main magnetic structure and reduce excessive
dynamic losses, but also to walls pinning centers. Having more stress might turn these
pinning centers into nucleation centers in the quasi-static working conditions, but it also
apparently jeopardize the excess loss reduction in the dynamic working conditions. An
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optimum can be found around 1000 MPa for intermediate frequencies like 50 Hz. However,
it has been shown in the previous paragraph, that the optimum for the loss coefficients
requires a groove in the metal, which is necessarily accompanied by a compressive thermal
induced stress, to be specified now not too far from -1000 Mpa.
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Figure 24 The Variation of Bertotti’s Coefficients kn and ke as function of the Measured Depth (on
the left) and the Induced Thermal Stress (on the right) in the Case of Laser Scribing for

1.5T@50Hz.
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Figure 25 The Variation of Bertotti’s Coefficients kn and ke as a function of the Measured Depth (on
the left) and the Induced Thermal Stress (on the right) in the Case of Laser Scribing for

0.1T@5000Hz.

(iii) Ablation: Bertotti Loss Coefficients v.s. the Groove Depth,
Plasma Electron Temperature and Shock-Wave Peak Pressure
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In the case of laser ablation, we presented the variation of Bertotti coefficients as a function
of calculated groove depth (p), the plasma electron temperature (Te) and the shock wave
peak pressure (Pr).

Since the electron temperature is proportional to the square root of the fluence and the
peak pressure is proportional to the square root of the peak power density, i.e. also the
fluence, the study as a function of these two parameters is similar and the magnetic
properties showed the same behaviour as a function of these physical impacts (Figure 27
and Figure 28). This observation has been physically coherent since there might was a
close relationship between the temperature and the pressure even within a plasma gaz.
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Figure 26 The Variation of Bertotti’s Coefficients kn and ke as a function of the Measured Depth for
1.5T@50Hz (on the left) and 0.1T@5000Hz (on the right) in the Case of Laser Ablation.

However, at 0.1 T induction for higher frequencies, both hysteresis and excess loss
coefficients decreased as a function of groove depth without showing an optimal value. For
a peak induction of 1.5 T at a frequency of 50 Hz, the groove depth dependent excess loss
coefficient seemed to be monotonously decreasing function (Figure 26), but the hysteresis
loss coefficient has got a minimum at 13 ym and so increased for deeper grooves. Grooves
in the metal previously meant defects and wall pinning effects with always an increase of
hysteresis loss coefficients. On the contrary, in the case of ablation, grooves in the metal
can act in this case as nucleation centers rather than pinning centers, probably thanks to
the engravement done with ultra-short pulses and without thermal effect. Such “clean”
grooves might give birth to located magnetic poles and 180° spike-like domains rather
than various misoriented 90° closure domains and Lancet domains.

Therefore, deep grooves in the metal refine the magnetic domains significantly while
reducing the dynamic losses, while the inclusion of such deep grooves adds defects
increasing the hysteresis losses. As a consequence, a compromise with a specific optimal
depth between 18 and 21 um for the grooves must be found. At this level of induction, the
behavior of the Bertotti loss coefficients was similar for the three laser processes studied.
The main advantage of the ablation process seems to be the minimization of thermal effect
which permits to reduce further and more significantly the excess loss coefficient. For the
same reasons, the main corresponding drawback is that the permeability at high induction
is also more significantly weakened.

However, at 0.1 T induction for higher frequencies, both hysteresis and excess loss
coefficients decreased as a function of groove depth without showing an optimal value.
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Figure 27 The Variation of Bertotti’s Coefficients kn and ke as a function of the Electron
Temperature for 1.5T@50Hz (on the left) and 0.1T@5000Hz (on the right) in the Case of Laser
Ablation.
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Figure 28 The Variation of Bertotti’s Coefficients kn and ke as a function of the Peak Pressure for
1.5T@50Hz (on the left) and 0.1T@5000Hz (on the right) in the Case of Laser Ablation.

It should always be possible to engrave two identical grooves with two different ultra-short
pulses. Therefore, the dependence of the magnetic properties should be studied not only
on the groove depth but also on the electronic plasma temperature Te or the peak pressure
of the shock wave. It showed an optimal value for a temperature around 90000 K and a
peak pressure close to 15 GPa beyond which thermal and mechanical induced effects start
to appear increasing the hysteresis loss coefficient higher than the dynamic losses at 50
Hz. Having higher temperature or pressure may be interesting only at lower induction and
higher frequencies for which the static hysteresis loss is negligible in front of the dynamic
losses. In this case, the limitation is either the necessity to magnetize the material up to
1.5 T because the permeability can be then lower than initially or the mechanical weakening

or deformation of the sheet.
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Conclusion

The laser-matter interaction using a laser with a long or short pulse duration of the order
of nanoseconds means melting and ejection of metallic droplets phenomena, once the
temperature reached, exceeds its melting temperature. This interaction can be simulated
with a classical heat transfer model. Using this model, we have estimated the thermal
affected zone, the induced thermal stress, and the groove depth (if any).

However, in the case of an ultrashort pulse laser, the interaction is no longer in the classical
domain due to the short pulse duration of the order of femtoseconds. This interaction is
estimated by a two-temperature model allowing to deduce the groove depth and the
electron temperature. All these impacts were presented as a function of the laser energy
quantities.

On the other hand, using the Bertotti loss separation model, we identified the loss
coefficients based on the experimental results. The results show a difference in the impact
of each type of laser treatment (irradiation, scribing, and ablation). Laser ablation showed
the highest reduction rate for the dynamic loss component.

Finally, a correlation between the estimated impacts and the identified coefficients is made
resulting in optimal values ensuring a reduction of the total losses: For the case of
irradiation the optimal thermal affected zone value is 100 pm (half the thickness), and the
optimal induced thermal stress value is tensile around 500 MPa for induction level 1.5 T at
50 Hz. For scribing, the optimal value of the groove depth is between 2 and 4 um (coating
layer mainly), and the optimal induced thermal stress value is compressive around -1000
MPa for induction level 1.5 T at 50 Hz.. For ablation, however, For ablation, however, the
optimal depth for one pass is between 8 and 16 um (between 16 and 24 um for two passes,
only one side) without thermal effect as long as the pulse duration is shorter than 1 ps,
the plasma electron temperature is close to 90000 K, and the shock wave peak pressure
to 15 GPa at the metal surface.
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D) Modeling and Correlations: Lambda’s Model

(i) Lambda’s Model Vs. Laser Treatments

To determine A and u, we applied the values of the dynamic power loss and the apparent
permeability from the results measured by the SST. The dynamic power loss (Pms) is
deduced from the experimental data; its value is the difference between the value of the
total power loss and the static power loss.

Furthermore, the apparent permeability (Mapp) is deduced from the experimental data: the
value papp is equal to the ratio between the maximal induction level and its corresponding
value of the applied magnetic field at the specified frequency. By solving the system of two
equations with two unknowns, we attained the values of A and p that give the same power
loss and apparent permeability at specified frequency f and induction Bmax.

Another method could also be used to identify A and y which requests identifying p as the
apparent permeability at very low frequency from static hysteresis and then deducing
lambda using the experimental value of the dynamic loss. Both methods provide the same
values of the parameter lambda. Whereas the value of the property pu depends steadily on
the selected method, the second one describes only the losses and not the apparent
permeability in dynamics.

In summation, we have studied the variation of the dynamic magnetization property A and
the internal static permeability p as a function of the frequency and the induction level on
one hand, plus the impact of each laser treatment on these properties on the other hand.
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Figure 29 The Dynamic Magnetization Property N (on the left) and the Internal Static Permeability
U (on the right) as a Function of Peak Induction Level for Different Types of Laser Treatment on GO
23MOH Samples.

First, we started by studying the behavior of the dynamic magnetization property A and
the internal static permeability p as a function of the induction level for specified frequency
50 Hz, as shown in Figure 29, the value of A decreased by increasing the induction level to
achieve a minimum value at mid-induction level (B ~ 1 T) then it started to increase at a
higher induction level. This outcome is due to the increase in the wall's density, surface,
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or mobility at mid-induction. In fact, at lower induction, the flux density variation is not
elevated enough to ease the walls bowing and multiplication. Conversely, the higher
induction near the saturation, the density of the wall decreases significantly. As a
consequence, this minimum value for A might depend on the product f-B. Therefore, the
internal permeability p increased by increasing the induction level to achieve a maximal
value at mid-induction level (1 T), then it decreased again near the saturation at a high
induction level.

A comparison between the Lambda’s model parameters A and p of treated samples and
that of the average of standards samples presented in Figure 30 showed that the laser
ablation decreased the dynamic magnetization property the most. This result was
consistent with the impact of ablation on the coefficient of excess loss as lambda is
inversely proportional to the density, surface, and mobility of the walls. Thus, it is related
to the dynamic losses, especially excess loss. Meanwhile, the scribing configuration (Scr_1)
didn’t show a significant change in the value of lambda A.

All laser treatment types improved the static permeability at different induction levels for
a frequency of 50 Hz except at induction 1.5T where the laser scribing and ablation
decreased the static permeability. This could refer to the addition of laser tracing lines in
the case of laser treatment with a metal engraving (ablation and scribing) that favors the
formation of narrow magnetic poles disturbing the magnetization near saturation. This
phenomenon is compromised in cases where the laser treatment favors the formation of
closure domains near the laser tracing lines.
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Figure 30 The variation in Lambda’s Model Parameters N\ and 1 as a Function of Peak Induction
Level @50Hz for Different Laser Treatment on GO 23MOH Samples.
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In this chapter, we have correlated the laser impact (topography, temperature,
constraints...) to the identified magnetic properties in order to study their behavior and
determine their optimum as a function of the laser impacts, the latter are directly related
to the energetic quantities of a laser configuration.

In the case of laser irradiation, we have related the magnetic parameters (lambda
coefficients and Bertotti's model) to the heat-affected zone and the induced thermal stress.
Similarly, in the case of laser tracing, we have related the groove depth and the induced
thermal stress to the magnetic parameters. Lastly, in the case of laser ablation, we studied
the behavior of the magnetic parameters as a function of the groove depth, electron
temperature, and peak pressure.

(i) Irradiation: HAZ and Induced and Thermal Stress Vs. Lambda’s
Model and Bertotti’s Coefficients

The increase in the heat-affected zone brought the static permeability to an optimal value
for a HAZ between 80 um and 120 um. A higher HAZ damaged the static permeability as
the heat-affected area increases the state of the induced and then residual stresses
changes. The variation in the dynamic magnetization property A at high induction was
negligible as a function of the HAZ. However, at low induction and for high frequency, A
decreased with the increase of the HAZ (Figure 31 and Figure 32). This may be due to the
formations of closure domains in the vicinity of the treated area facilitating the mobility or
increasing wall density.
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Figure 31 The variation of Lambda Model parameters as a function of the heat-affected zone (on
the left) and the induced thermal stress (on the right) in the case of laser irradiation for
1.5T@50Hz.

The estimated induced stress is tensile in cases where the temperature of the coating has
not exceeded its melting temperature, with no melting of the coating. Therefore, this stress
is compressive when the temperature of the coating becomes higher than its melting
temperature, the coating melts and begins to partially evaporate. Since the initial residual
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stress was not known, the residual stress couldn’t be deduced. The stress presented was
only the thermal stress induced locally during the irradiation. The decrease in induced
stress has reduced lambda at a low and high level of induction. Local induced stress has
altered the energy state domains which, in turn, tend to minimize their energy by refining
or creating differently shaped domains (closure or peak-shaped domains), resulting in
higher wall mobility or different density or wall surface.
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Figure 32 The variation of Lambda Model parameters as a function of the heat-affected zone (on
the left) and the induced thermal stress (on the right) in the case of laser irradiation for
0.1T@5000Hz.

The result is similar to the one deduced by analyzing the parameters lambda and p of the
Lambda model by relating the behavior of kn to that of y and the behavior of ke to that of
N including the notion of wall dynamics during magnetization. The increase in compressive
stress decreased both coefficients to an optimal value at -500MPa.

(ii) Scribing: Groove Depth and Induced thermal stress Vs.
Lambda’s Model

In the case of laser scribing, we presented the variation of A and p as a function of the
depth measured from the optical image of the laser pattern on the sheet (Figure 33). At a
peak induction of 1.5T for frequency 50 Hz, A showed a minimum value corresponding to
a depth of 5 mm. While, at a low-induction level, A showed a slight decrease with the
increase of the depth.

This result could refer to the domain refinement effect associated with the increase in
density and/or mobility of the walls. However, the engraved lines that are used to refine
the domains can induce significant changes in the configuration of the closure domains and
thus in the refinement effect and walls mobility, depending on the groove depth. A deeper
groove seems to generate closure domains that are not optimal for the refinement effect
and wall mobility at this level of induction. While, at a low-induction level, A showed a
slight decrease with the increase of the depth with an asymptotic behavior towards a limit
around A equal to 55 pm. Without considering the permeability, a deeper groove was more
suitable for reducing A in this case. However, improvements become weak for depth above
5um.
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Figure 33 The variation of Lambda Model Parameters as a function of the Measured Depth (on the
left) and the Induced Thermal Stress (on the right) in the case of Laser Scribing for 1.5T@50Hz.

The increase in the compressive stress reduced the value of lambda to an optimum for a

value of stress between 700MPa and 850MPa, but it also decreased the static
permeability.

(iii) Ablation: Groove Depth, Te, and Peak Pressure Vs. Lambda’s
Model

In the case of laser ablation, we presented the variation of A as a function of the depth
calculated, the electron temperature and the peak pressure.

A very deep groove between 10um and 20 um resulted in the best reduction of parameter
A for high induction level but the corresponding static permeability was damaged. While,

at low induction level and for high frequency A showed a slight decrease with the increase
of the depth (Figure 34).

A (pm) 1.5T 30Hz w/pd A (um) 01T 5000Hz w0
120 30 sul g
100 l. e - 25 0w . -
= B _ = 60 | W= e . -6 o
E , - L = L= - =
80 | 2“% L1 S - u F5 3
60 - L 15 10 4 4
* 30 1 -3
01w ABA - 10 3 m AbIA i
o Ablp P 20 1 At 2
- 10 - -1
Depth Depth
0 | Depth (um) | 0 | Depth (um) |
0 10 20 30 0 10 20 30

Figure 34 The variation of Lambda Model Parameters as a function of the Measured Depth for
1.5T@50Hz (on the left) and for 0.1T@5000Hz (on the right) in the Case of Laser Ablation.
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We decided to correlate the variation Lambda’s model parameters as a function of the
electron temperature and the peak pressure, both quantities are proportional to the peak
power density, thus they showed similar behavior. It showed that the increase in the
electron temperature decreased the value of lambda while the static permeability showed
an optimum for mean value of Te. Similarly, the increase in the electron temperature
decreased the excess loss and hysteresis loss and coefficient. The latter presented an
optimum for mean value of Te.
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Figure 35 The Variation of Lambda’s Model Parameters as a function of the Electron Temperature
for 1.5T@50Hz (on the left) and for 0.1T@5000Hz (on the right) in the Case of Laser Ablation.
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A) Bibliography — State of the Art

Reducing energy losses of electrical machines is a real need in the industrial world to
maintain more efficiency and financial economics. These electrical machines mostly
incorporate soft magnetic materials used as flux multipliers. Hence any reduction in iron
losses of these soft magnetic materials leads to saving the energy in electrical machines.
Nowadays, research on soft magnetic materials form an important issue with their different
classes, properties and structures. Among these classes, grain-oriented silicon steel
achieves a low core losses and high permeability very useful in some electrical machines
especially in transformers. The morphology of the magnetic domains is related to the
beneficial effects on permeability and coercivity produced by grain-oriented silicon steels
[1] . Therefore, we will focus our study on the refinement of magnetic domains by a scribing
laser under suitable conditions to reduce iron losses in grain-oriented silicon steel and
trying to understand the relationship between magnetic structures of these oriented grains,
unidirectional magnetization mechanisms and performance within a closed magnetic
circuit.

For a logical study of the iron losses in grain-oriented silicon steel it is necessary to
understand each model of hysteresis and losses predictions. We will focus on the
parameters used in each model to relate it with the magnetic structures on the one hand.
Also, we will study the relationship between these magnetic structures and conditions of
laser-scribing on the other hand, to optimize parameters of the laser scribing process in a
way to control the parameters of magnetic structure responsible for the iron losses.

1. Models for prediction of losses:
Steinmetz’s Model:

Steinmetz [2] considered the core loss as a result of two components: hysteresis loss and
eddy current loss. The total loss is given by an empirical formula:

Piot= K, .f. B® + K, . f% B? (A.1)

where n is the Steinmetz hysteresis loss flux density exponent dependent on the type of
material, K, is the hysteresis coefficient experimentally calculated and K, is the eddy
current loss coefficient proportional to the electrical conductivity o and the lamination
thickness d by the following relationship:

K, = £re (A.2)

6

This model was limited because it only treats sinusoidal flux waveforms. Later on, many
improvements were suggested for the Steinmetz model to overcome different limitations
[3] [4] [5]. For several years the Steinmetz’s equation has been used for the prediction of
iron losses but the equations do not take into account the domain’s parameters within the
plate, so it will not help us to provide a relationship between the parameters on the
macroscale and the magnetic structure.

Bertotti’'s Model:

Bertotti [6] proposed a model of iron losses, which is widely used nowadays, based on the
separation of total losses into three categories: hysteresis losses (static losses), eddy
currents losses (classical losses) and excess losses as follows:

pP= P(hySt) + P(class) + P(exc) = khyst fBrfl + kclass fz BT%I + kexc fﬁ Brtrrl (A3)

The identification of the hysteresis parameter k,,,, and the exponent of the magnetic flux
density 6 are carried out by DC measurements (Epstein frame). The eddy current
parameter k.. is identified by the material properties known from the manufacturer's
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material sheet and the parameter of excess losses k., is determined from measurements
at very low frequency using the same configuration as for k.. He developed a statistical
model for interpretation of the eddy current losses [7]; he called Magnetic Objects (MO),
the characteristic group of active walls clustered by the effect of the internal wall-to-wall
correlation fields, so he considers the domain structure as 7 statistical independent
magnetic object and for grain oriented silicon steel, as our case, a single Bloch wall can be

considered as a MO.

Furthermore, Bertotti obtained that the excess power loss P©*) for most soft magnetic
materials (linear material behavior) can be described by the following equation:

P(exc) =8 (me) 1.5 ( IO.G(W)SHO ) (A4)

where S is the cross-sectional area of the material, G is the damping effect of the eddy
current pattern which surrounds the wall, Hydescribes the direct pinning effect of lattice
defects and o the conductivity. This model is important because it includes some
parameters of the microstructure in the equation to predict the dynamic losses.

Inspired by the model of Bertotti for prediction of losses, some researches tried to figure
out the influence of domain width on energy losses in soft magnetic materials [8].

Starting from the equation of dependency of energy losses on magnetic induction and
magnetic field frequency in a magnetic material:

P = a.BB.fV.e’ (A.5)

where q, pand y are deterministic parameters and ¢'is a random error. They noticed that
as the intensity of the field increases, the width of domains perpendicular to the field
decreases, while of those orientated along the field increases. Considering this fact, the
domain width D (expressed by the ratio of widths of domains, whose magnetic moment is
directed along the field vector, to total sample width D,) was chosen as the feature
characterizing them. They was based on a non-standard statistical analysis of experimental
data concerning energy losses in a Metglas 2605 TCA ribbon to express the domain width
expected value E(D | f,B) as a function of the magnetic induction and the frequency by the
following expression:

E(D|f,B) = (1.632 + 0.939 . B + 0.664 . B?) .f™°5 (A.6)
Thus, to link energy loss with domain they gave the expressions below for the coefficients
a, 8 and y depending on domain width expected value E(D) and the standard deviation of

domain width o (D)( the change of domain width at specified, fixed values of B and f) by
a nonlinear regression method:

a=a+ b.[E(DD)]? + c.[o(D)]® (A.6a)
B =1+ m.[E(D)]? + n.[c(D)] 1 (A.6b)
y=r+s.[E(D)]? + t[o(D)]%™ (A.6C)

where a, b, c,d, e, I, m, p,q,r s, t vand w are reel numbers to be determined.

To obtain the following relationship for each parameter:

a (E(D),6(D)) = 4.67 *1075 - 1.711*10~*.E(D) + 4.088*1073. o(D) (A.7)
B (E(D),o(D)) =2.54-2.5*JE(D) *0'0194%) (A.8)
Y(E(D),o(D)) = 3.278 - 2.557 * (¢(D))* (A.9)

So, they became able to predict the value of the loss based on these three parameters.
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2. Model of static hysteresis:
Jiles-Atherton’s Model:

The Jiles-Atherton’s model [9] is a static hysteresis model based on the physical behavior
of magnetic materials, in particular on the energetic considerations in connection with the
displacement and deformation of the Bloch walls. The total magnetization considered as
two contributions: reversible component M,,, due to domain wall bending and the
irreversible component M, due to wall displacement.

M = Myey + My, (A]-O)
The reversible magnetization can be written as function of the anhysteretic magnetization
Mg,, by the expression:

Mrev =cC (Manh - Mirr) (All)
Manh (He) = Ms -L(ﬁ) (A].Z)

with M, the saturation magnetization, H, the effective field: H, = H + aM_,,;, and L( ) the

Langevin equation. The variation of the irreversible magnetization is then given by the
following equation:

AMirr _ (Mgnh — Miry)
e — (A.13)

with & a coefficient of value +1/-1 depending on the evolution of the field. Finally, the
variation of the total magnetization is given by the following differential equation:

am

Mirr anh

d_M _ (1- c) aH. T aH, dH (A 14)

dH 1_QCM_Q(1 oy Mirr !
dHe dHe

To use this hysteresis model, 5 parameters, with some that are directly related to the
microstructure, should be determined:

a: mean field parameter representing interdomain coupling, affect the remanence
magnetization, Ms saturation magnetization of the material, a: parameter related to the

temperature: a = g c: coefficient representing the rate of

domaln wall bendlng, affect the initial magnetization, k: parameter representing the
“quasi-static” mobility of the walls (related to the number of pinning sites), affect the width
of the loop (coercive field and the remanence magnetization)

The coercivity is determined by the amount of pinning, and hence by the parameter k. For
this reason, the definition of this pinning parameter in units of A.m™! is preferred since the
pinning force acts like a field opposing the prevailing magnetic field H.

Jiles suggested a numerical method [10] for the determination of these parameters
calculated from experimental measurements of the coercivity, remanence, saturation
magnetization, initial anhysteretic susceptibility, initial normal susceptibility, and the
maximum differential susceptibility.

Researchers tried to figure out the influence of microstructure on the parameters of the
Jiles-Atherton’s model, they observed that a modification of the grain size (¢) or the
dislocation density (¢;)corresponds to a variation of parameters k and a. The latter must

vary both linearly with % and must both be proportional to \/(_d , the remaining parameters
Mg, c;and a; must remain constant.

The reason for assuming the parameter k as a parameter depending on grain size and
dislocation density is that k is proportional to the coercivity Hc, and the coercivity
predominantly depends on the grain size and the dislocations density. Also for the
parameter a the dependence is that the parameter a should be a constant of the material
dependent in part on the microstructure [11]. It should be proportional to the domain
density in the demagnetized state and the domain density in the demagnetized state should
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be proportional to the pinning site density, which, in turn, is proportional to k. This
dependence is given by the following equations [12]:

ki = kjo(Gr+ 2)\Ta) (A.15)
4 = a;o(Gr+ D)V ) (A.16)

were G, and G, are constants.

Furthermore, Szczyglowski developed a dynamic extension of Jiles-Atherton [13]; he
considered a field component H; added to the effective field caused by eddy current
reactions. The magnetic field of the reaction is calculated from the equation:

rotrotH; = — o 'Z—f (A.17)

where o is the material conductivity and B is the magnetic induction.
3. Models of dynamic hysteresis:
Loss Surface Model (LS):

The LS’s model comes from the work of Chevalier and Kedous-Lebouc [14] , it is a dynamic
behavior based on the knowledge of a surface response determined by a large number of
measures; it is based on three parameters to represent the magnetic behavior of the sheet:
the peak induction, the instantaneous value of the induction and its rate of evolution over
time. The measures allow us to build or draw a surface H(B, Bm, dB/dt) under triangular
induction with different magnitudes, knowing the couples (B, dB/dt) it is possible to draw
the cycle B(H). The next step was a deep analysis of the dynamic phenomena that gives a
physical interpretation for the expression of the dynamic magnetic field’s variation, the
h