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This paper investigates the impact of surface Ultra-Short-Pulsed-Laser ablation process (USPL), mainly the groove depth, shockwave
pressure and pattern, on magnetic characteristics of Grain-Oriented Electrical Steels (GOES) by using the Tensor Magnetic Phase
Theory (TMPT). A sensitivity analysis to key laser parameters helps specifying the process thanks to a relative control of the surface
magnetic structure (Magneto-Optical Indicator Film (MOIF)), dynamics and the behaviors (Single Sheet Tester (SST)) that follow.
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1. Context and State of The Art

Surface laser treatment, first with Long Pulsed Lasers (LPL > 10 ns) or continuous Wave Lasers (CWL), appeared as an elegant non-
contact method [1-3]. Finally, different kinds of lasers in various pulse regimes were used more or less successfully [4, 5]. Recent
research investigated advanced Short Pulsed (SPL < 10 ns) and Ultra-Short Pulsed Lasers (USPL < 10 ps) rather than LPL [6, 7]. The
USPL process, called Ablation, creates deep grooves by vaporizing the coating and metal particles [8, 9]. Because each pulse is ultra
short, its peak power is very high and this contributes to the generation of a plasma and a Laser Induced Shock Wave (LISW)
underneath the groove [10]. The process control starts with models that estimate key pulsed laser impacts; and correlations with loss
properties [11]. Reference [12] identified the LPL, SPL and USPL impacts on the Bertotti loss coefficients [13]. The present work
contributes to the definition and optimization of key process parameters. Several specimens processed with various laser
configurations are characterized thanks to both measurements and the TMPT model [14, 15].

2. Description of the Experiments
2.1. Specimens: grades and dimensions

One conventional grade of Siw4sFewosrs GOES named 23MXX with thickness £'= 0.23 mm, mass density y= 7400 kg.m™, saturation
polarization J; = 2.1 T, specific losses Pr=0.95 £ 0.05 W/kg @1.5T50Hz measured with the SST, electrical conductivity =2 MS.m
!, ®carlite type coating of thickness 2 pum, will be investigated. Specimens used are squares with size 150%150 mm?, laser treated on
one or two sides with Np passes. One 1% experiment that aims at optimizing the process parameters uses 9 samples in (§3) and a second
experiment dedicated to the laser pattern optimization uses 6 samples in (§4).

2.2. Laser treatments and parameters

The laser treatment is an USPL process performed with an Ytterbium Amplitude Laser at a wavelength of 1.03 um with an adjustable
pulse width 7, [ps] between a few hundreds of fs and 10 ps with fixed spot diameter § [um] but various average powers, scanning
speeds and repetition frequencies. This process also called laser ablation has been studied in references [8-12]. The main laser impacts
necessary to qualify an USPL ablation in magnetics are the groove depth p [um] and the LISW peak pressure P [MPa] both relatively
to mid reference values p, and P,, called nominal values close to optimal ones. Another important laser impact parameter is the product
between p, the number of passes Np and P, called pP [N.m'] and homogeneous to a mass acceleration [kg.s2], similar to a recoil
effect of the particles ejected by the laser beam. One pattern with parallel lines perpendicular to the RD is investigated. The line
spacing d [um] will be specified relatively to its nominal value d, as well.

2.3. Methodology (MOIF, TMPT, SST)

o  MOIF observations — magnetic structure analysis
First, the magnetic domains at the samples surface are observed with the MOIF technique. More than 16 Images per configuration are
analyzed with the 2D Fast Fourier Transform (FFT) to give the distribution probability density as a function of the space frequency £,
inversely proportional to the domains width w.

o  TMPT Modeling — magnetic domains and properties
The control of the process must connect the laser impacts with the magnetic domains’ structure. The TMPT [14] has been proposed
to statistically describe the domains and walls through a competition between a minimum of four energy terms at the mesoscopic
scale. The total energy balance involves four material properties: the surface domains size, density and walls mobility lumped in Ay
[um], a coercive reluctivity v. [m.H™'] related to the grain boundaries and defects (giving the local static coercive field as a function
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of flux density B), an anisotropic exchange characteristic £ [mm] (ratio between magnetic anisotropy plus magneto-striction and
exchange properties) and finally the dynamic damping characteristic z[us] (closely dependent on the walls mobility and magnetization
damping in the volume).

o SST Magnetic measurements and identifications

Identifications are possible by fitting the measurements along the Rolling Direction (RD), providing an accuracy better than 0.5% at
high induction and 3% at low induction. The results include the changes in material characteristics versus the process parameters
relatively to nominal values. Topological (domains size w, Ap and structural « ...), static and dynamical (coercive reluctivity v., walls
mobility/damping delay 7 ...) properties of the magnetic structure are finally analyzed versus the same process parameters.

3. Impact of Groove depth p and Laser Induced Shock Wave peak pressure P

3.1. Samples and process parameters

Fig. 1 : definition of groove depth p & LISW pressure parameters P (left), confocal normalized image of one groove example (right)

In the first experiment we keep constant the laser spot size ¢ and line spacing d and vary the process parameters such that it leads to
various groove depth p. The groove depth has been measured and compared to an ablation estimation model [11, 12]. The way the
groove is obtained also varies due to the energy of each single pulse Ep.. [1J] that determines its peak power. The cumulative energy
that drives the quantity of material removed, i.e. the groove depth p, is given by NxE,.i., where N is the number of pulses [8, 9]. The
pulse peak power that drives the LISW peak pressure P, is given by Epuise/ Zouse [MW]. Taking into account simultaneously the result
of the engravement process (groove depth p [pum]) and the way the groove is obtained (LISW peak pressure P [MPa] [10]) can be
done by looking at the change in ablation speed of material mass removal per unit time: the ablation acceleration pP [kg.s2]. The list
of samples used with the corresponding relative value of depth (p/p,) and stress (P/P,) is given in Table 1. Results associated to sample
pO correspond to an average of 16 standard samples with no laser.

Table 1 : Samples list for 1% (left) and 2" (right) experiments

pl25 0,125 | 0,61 i
p187 | 0,187 | 026 0 0
p230 020 084 d167 0,167
375 | 0375 1

B i d333 0,333
p625 | 0,625 1

d667 0,667
pl500 1.5 3,06

d1000 1
pl625 | 1,625 | 1,53
2000 2 175 d1333 1,333
p3000 3 3,06 d1667 1,667

3.2. MOIF observations and analysis

Fig. 2 : MOIF imaging of one representative location without/with a 2-sides, 1 or 2-passes Ablation varying the depth p and pressure P.
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Fig. 3 : relative change of spatial probability density (left) and domains® width <w> (right) versus groove depth p.

Fig. 2 shows that the finest regular 180° domains are obtained for samples p1500 and p1625. This is confirmed with the probability
density spectra of the domains’ size in the Transverse Direction (TD) centred at higher space frequencies k (Fig. 3). The highest k
values of those samples correspond to spike-like domains at the laser lines. Otherwise, the highest frequencies contain also Lancet
and small 90° domains. The average width <w> is obtained with the median value k of spatial frequency (w) = 1/(n.S) = 1/ (ZE).
The average domains width <w> reported in Fig. 3 shows a minimum value as a function of the groove depth p, when 1< p <2.
However, due to the LISW peak pressure effect, the optimal conditions for the iron losses does not depend only on this minimum
domains’ width with the groove depth but also on the impact of P on the domains and walls properties.

3.3. Magnetic measurements

The whole nine samples of first experiment plus the 16 standard ones are measured with the SST to provide: g, [H.m™']: the apparent
magnitude permeability, i.e. the ratio between the maximum induction level B and the corresponding magnetic field H; P, [W.kg']:
the quasi static loss density measured as a function of B @ f= 3 Hz; P, [W.kg']: the dynamic loss density measured at various B and
frequencies f; and Py = Py + Pg4: the total iron losses. The relative variations found for the observables between laser treated and
reference sample with no laser (average of 16 standard samples) as a function of the relative process parameter
(PP)(puP)=(p/ps)(PIP,) are reported in Fig. 4 for the specific working conditions B = 1.5 T and f'= 50 Hz. The four parameters of the
TMPT model detailed in [ 14, 15] can also be identified by fitting zi,, Ps and Pg. The results of Fig. 4 show that a compromise between
the static loss Py and the dynamic loss P, reduction factors is required. Providing 1 < p <2, the best reduction for P, occurs at low or
high pP values when the best for P, is found for intermediate pP. Therefore, for B =1.5 T and f= 50 Hz, the minimum of total iron
loss is found for pP from 2 to 5. Very low values of pP (<< 0.5) can provide significant reduction of P, but not of P, while decreasing
Mapp- This case altermg the coating only looks like an irradiation or a scribing process [ 7, 11, 12]. 4, can be increased only for average
values of pP (0.5 < pP < 2) and then quickly weakened while using stronger pulses with pP > 2. Except for the limitation enforced by
the sheet deformation above pP > 10; deep grooves obtained with strong pulses can help only at sufficiently high frequencies /> 50
Hz for which P; is negligible and with a sufficiently low flux density B < 1.9 T when g4, is not critically damaged.
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Looking at Fig. 5, tendencies are clarified with an increasing laser stress induced anisotropic exchange « at high pP values. The
compromise between P; and P is reproduced between v, and A,. High values of pP are beneficial to reduce A, but also generate
walls pinning spots which increases v.. The lowered property Ay is due to the surface domains refinement and dynamics. The damped
magnetization in the volume involves a delay driven by the domains shape, size and 7 which shows an optimal weakening, probably
thanks to walls nucleation and multiplication sites, still for mid pP values (2 < pP < 5).
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In the second experiment, a very classical and well known pattern is studied (see Fig. 6): equidistant lines parallel to the Transverse
Direction (TD) are engraved at both sides of each squared sample. We keep constant the laser spot size ¢ and the process parameters
such that it leads to a fixed groove depth (p/p,)=1.625 and a fixed LISW peak pressure (P/P,)=1.53. We vary the pattern line spacing
d to analyze its impact on the magnetic losses and separate domains and walls properties. The list of samples used with the
corresponding relative value of line spacing (d/d,) is given in Table 1. The sample dO is the same as sample p0 (§3.1).

4.1. MOIF observations and analysis
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Fig. 8 : relative change of spatial probability density (left) and domains width w (right) v.s. the line spacing d.

MOIF images of Fig. 7 show that the smallest domains are obtained for sample d167, i.e. for the smallest line spacing d. This is
confirmed by analysing the average domains width <w> reported in Fig. 8 (right). <w> shows a monotonous increasing behaviour
as a function of d. As expected, it will be shown in Fig. 9 that <w> is not the only criterion for the loss reduction: The walls mobility
and damping, dependent on its density, plays an important role (Fig. 10). Logically, the median space frequency k of the probability
density spectra for the domains’ size in the (TD) given in Fig. 8 (left) is also an increasing function of d. However, the median &
values of samples with the smallest line spacing d are those of usual spike-like, Lancet and 90° domains. The latter imply laser induced
stresses that for dense patterns can damage the permeability and lower the walls mobility with too high damping delays.



25th SMM Conf., Grenoble may 2022 — JMMM, vol. 580, 2023, 170279 - sciencesconf.org: SMM25: 372031.

4.2. Magnetic measurements and identifications

The whole six samples of second experiment plus the 16 standard ones are measured with the SST to provide tup, Ps, Pa and Py. The

best relative variations found for these four observables between each laser treated sample and the reference sample (average of 16

standard samples) as a function of the relative pattern parameter (d/d,) are reported in Fig. 9 for the specific working condition B =

1.5 T and /= 50 Hz. The results obtained in Fig. 9 confirm that the size of domains cannot be the only criterion. For the smallest line

spacings (d/d, < 0.75) and therefore the smallest magnetic domains, both the quasi static hysteresis losses P; and the apparent
magnitude permeability g4, are critically increased and damaged respectively. As a consequence, even if this fine patterns are able
to reduce the dynamic losses Pg, it does not reduce but rather increases the total iron losses P;. At the opposite situation with the
highest line spacings (d/d, > 1.25), i.e. the largest domains, it is still possible to increase 4, and reduce the quasi static part of losses
Py, but the reduction of dynamic P, and total Prlosses becomes less efficient. To sum up, for B =1.5T and f= 50 Hz, the minimum of
total iron loss is found for (d/d,) between 0.75 and 1.25, so close to the nominal 1. This area is the one with the maximum total loss
reduction and the best compromise between the permeability and the loss improvements. As mentioned previously, this optimal
configuration has been found for a process parameter pP range. A change in the process parameter might lead to more losses inside
the optimal area defined for d, optimal area that should be shifted accordingly (see perspectives in §5). Except for the limitation
enforced by the sheet deformation below d < 0.25; closer lines can help only at sufficiently high frequencies /> 50 Hz for which the

static part is negligible and with a sufficiently low flux density B < 1 T before the saturation knee.
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Looking at Fig. 10, tendencies are clarified on the increasing laser stress induced anisotropic exchange x at small line spacings d. The
compromise between P, and Py is reproduced between v. and Ay. Small line spacings d are beneficial to reduce Ay but it also generates
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more walls pinning spots which make v. bigger. At small line spacings, the lowered property Ay is accompanied by a more damped
magnetization in the volume related to an increase of the delay 7 probably due to congestion of walls at close grooves and between
small domains not always well oriented. At optimal and higher line spacings d the surface property Ay can still be refined while
keeping unaffected the delay 7, meaning that the magnetization reversal mechanisms aren’t damped with grooves sufficiently far from
each other.

5. Conclusion and Perspectives

The optimal process and pattern parameters found thanks to the work of this paper are: p/pa = 1.63; B/Py = 1.53 and d/dn = 1.

Practically, this configuration allows to save an average maximum of 0.19 W/kg @1.5T@50Hz, reducing the total iron losses

(basically the specific losses) from the average maximum 0.95 W/kg to the average minimum 0.76 W/kg. This technical solution is a

compromise between:

* The inclusion of located laser spots — lines, that leads to : altered and stressed areas with reduction of polarization inside the
affected zone (P = xand ) / an increase of pinning — nucleation processes at engraved defects (p = v, and Py).

* The induction of located closure domains or/and magnetic poles that defines the width of magnetic domains and the multiplication
and mobility of walls driven by the total energy minimization (d = Ay, 7 and Pa).

These results naturally lead to the following perspectives:

First, three process and pattern parameters have been studied either combined (pP=(p/p,)(P/P,)) or separated (d/d,) in order to find

one optimal solution in a certain search space area. Not all the possible combinations have been reported in the present work and

above all the next step consists in specifying the shifting rule of the optimal d-pattern area as a function of the p-process parameters.

Then, among the process parameters, one has been put aside because it is not possible today either experimentally or theoretically to

estimate correctly its value. In fact, the LISW penetration depth, named p’, has not been specified yet. This study will be the topic of

another publication. Finally, The complete faithful microscopic description of magnetization reversal mechanisms requires to analyse

further the dynamics of walls and domains in between and at the vicinity of the laser spots at the microscopic and the nanoscopic

scales.
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