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Abstract

The magnetic properties of electrical steel sheets, such as those typically used in
electric machines, are adversely affected by cutting. Different cutting techniques
are available, such as mechanical (punching, guillotining), laser, wire and water-jet
cutting. The last two are are rarely used for reasons of time and thus cost. Punching
is the most common cutting technique in industry. However, laser cutting has
been increasingly used, too. The degrading effect of laser cutting on the material’s

magnetic characteristics is much less understood than that of mechanical cutting.

The degrading effect of the cutting process on the magnetic properties is still
difficult to determine theoretically and depends on many parameters, notably the
material investigated (chemical composition and grain size) and the settings of the
cutting technology (clearance, blade radii, tool wear, cutting speed, cutting mode,
power). The statements differ on the degrading effect of a specific cutting technique
in literature and how the effects of different cutting techniques compare. Many
statements are derived from a select number of investigations of only one material
and/or operating point/frequency and hence generalizations are difficult to make.

For design applications, a model is desirable to describe the degrading effect due to
different cutting techniques in an easy and straightforward way which is applicable
to arbitrary geometries and which considers, at least indirectly, the influences of dif-
ferent materials and settings. Additionally, this model should be based on input data
which are relatively easy to obtain (wide-spread, standardized and fast-to-perform
measurement methods and easily manufactured test samples in contrast to custom-
designed setups and/or time-consuming and cost-consuming sample preparation
(e.g. annealing, winding)).

This work presents a systematic analysis of the degrading influence of mechanical
and laser cutting on the magnetic properties of the cut steel sheets. The anal-
ysis includes three non-oriented steel sheet materials commonly used in electric
machines (M270-35A, M400-50A and M800-65A), different frequencies (quasi-static,
50Hz, 250 Hz and 500 Hz) and cut geometries (steels strips, stator lamination stacks).
Notably, the influences of the cutting techniques are compared among each other.
Furthermore, a new modeling approach is presented which meets the desired re-

quirements.
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Abstract

Chapters 1-3 give an overview of the state of knowledge of the degradation effect,
the materials investigated and the measurement series carried out: Chapter 1 re-
views the existing results and opinions on the degradation effect due to mechanical
and laser cutting. Chapter 2 summarizes the test samples investigated and presents
the measurements carried out and the respective setups. In Chapter 3, the chem-
ical composition and the average grain size diameter of the electrical steel sheets
investigated are analyzed.

Chapters 4-6 examine the degrading effects of mechanical and laser cutting on the
magnetic properties (specific losses, magnetization curves and relative permeabil-
ities): Chapter 4 shows results of quasi-static measurements of strip samples with
different widths and cutting directions obtained by a remagraph. A significantly
different shape of the hysteresis curve of small laser-cut in contrast to mechanically-
cut samples is found. In Chapter 5, the same steel strips are further investigated in
an Epstein frame at different frequencies. Chapter 6 analyzes the magnetic behavior
of stator lamination stacks which originate from the same mother coils and are cut
by the same cutting methods as the strip samples. All these Chapters highlight
that a point of intersection (POI) may occur. Above this POI magnetic behavior
of the laser-cut samples is better than that of the mechanically-cut samples. This
applies for all magnetic characteristics investigated, the specific losses as well as for
the magnetization curves and the relative permeabilities. The POIs of the specific
losses are shifted to lower magnetic flux densities with increasing frequency and
material thickness (here, also with decreasing grain size). Thus, the operating point,
the material and also the cut geometry influence which cutting technique is the most
appropriate for a given case.

Chapters 7 and 8 concern the modeling of the degradation effect due to cutting:
Chapter 7 classifies the previously proposed modeling approaches to describe the
degradation effect induced by cutting, studies their differences and analyzes the
respective implementation efforts. Subsequently, Chapter 8 proposes a new Epstein
frame based modeling of the degradation effect for arbitrary geometries and without
needing to know the exact deterioration depth. This method is validated for dif-
ferent materials and at different frequencies, leading to sufficiently accurate results.
Furthermore, the Epstein frame technique provides a simple and straightforward

way to quantify the input parameters.
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Zusammenfassung

Die magnetischen Eigenschaften von Elektroblechen, die typischerweise in elektri-
schen Maschinen und Transformatoren zum Einsatz kommen, werden durch den
Schneidprozess negativ beeinflusst. Fiir das Schneiden von Elektroblechen kon-
nen unterschiedliche Schneidtechnologien eingesetzt werden, z. B. mechanisches
Schneiden (Stanzen, Schlagschere), Laserschneiden, elektroerosives oder Wasser-
strahlschneiden. Die beiden letztgenannten werden, aufgrund zeit- und somit auch
kostenintensiver Faktoren, eher selten eingesetzt. Das Stanzen ist die in der Indus-
trie meistverwendete Schneidtechnik. Allerdings gewinnt auch das Laserschneiden
zunehmend an Bedeutung. Dabei ist der verschlechternde Einfluss des Laserschnei-
dens auf die magnetischen Eigenschaften lange noch nicht so gut verstanden und

untersucht worden wie jener des mechanischen Schneidens.

Es ist schwierig, die Verschlechterung der magnetischen Eigenschaften aufgrund
des Schneidens theoretisch zu beschreiben oder darzustellen, da sie von verschie-
denen Parametern abhédngt, z. B. vom geschnittenen Material (chemische Zusam-
mensetzung und mittlerer Korngroéflendurchmesser) oder den Schnitteinstellun-
gen (Schneidspalt, Klingenradius, Werkzeugverschleif$, Schneidgeschwindigkeit,
Betriebsart, Laserleistung, etc.). Die Meinungen dartiber, welche Schneidtechnik den
grofiten nachteiligen Einfluss auf die magnetischen Eigenschaften hat, gehen ausein-
ander. Viele der hierbei zugrunde gelegten Schlussfolgerungen basieren jedoch auf
vereinzelten Untersuchungen, in denen beispielsweise nur ein bestimmtes Material
und/oder ein bestimmter Betriebspunkt oder eine bestimmte Frequenz untersucht

wird. Deshalb ist es schwierig, ein allgemeingtiltiges Verhalten abzuleiten.

Fiir den Entwurf elektrischer Maschinen ist ein Modell notwendig, das den nega-
tiven Einfluss unterschiedlicher Schneidtechniken auf die magnetischen Eigenschaf-
ten auf einfache und schnelle Weise berticksichtigt. Zudem sollte es auf unterschied-
liche Geometrien anwendbar sein und die Unterschiede aufgrund unterschiedlicher
Materialien oder Schnitteinstellungen implizit beriicksichtigen. Des Weiteren sollte
es moglich sein, die Eingangsdaten schnell und einfach zu ermitteln. Eine weit-
verbreitete, standardisierte und schnell durchzufithrende Messmethode mit einfach
herzustellenden Materialproben ist somit gegeniiber sonderangefertigten Messauf-

bauten und/oder zeit- und kostenintensiven Probenvorbereitung (z. B. Spannungs-
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Zusammenfassun g

armgliihen, spezielle Wicklungen) von Vorteil.

Die vorliegende Arbeit prasentiert eine systematische Analyse der Verschlech-
terung der magnetischen Eigenschaften von Elektroblechen, hervorgerufen durch
mechanisches sowie Laserschneiden. Im Falle des Laserschneidens werden sowohl
die Auswirkungen der Carbondioxidlaser- als auch der Festkorperlaserschneidtech-
nik analysiert. Die Untersuchung umfasst drei nichtkornorientierte Bleche, die ty-
pischerweise in elektrischen Maschinen eingesetzt werden (M270-35A, M400-50A,
MB800-65A), verschiedene Frequenzen (quasi-statisch, 50 Hz, 250 Hz und 500 Hz)
und unterschiedlich geschnittene Geometrien (Blechstreifen, Standerblechpakete).
Grofles Augenmerk wird auf den Vergleich der verschlechternden Einfliisse auf
die magnetischen Eigenschaften aufgrund unterschiedlicher Schneidarten gelegt.
Abschliefiend wird ein neuer Modellansatz vorgestellt, der die oben genannten An-

forderungen erfiillt.

Die Kapitel 1-3 geben einen Uberblick iiber den derzeitigen Stand der Technik be-
ziiglich der Verschlechterung der magnetischen Eigenschaften aufgrund des Schnei-
dens und prasentieren die untersuchten Materialien und die verwendeten Messauf-
bauten: In Kapitel 1 werden die bereits existierenden Ergebnisse und Meinungen, die
mit dem verschlechternden Einfluss durch mechanisches und Laserschneiden zu-
sammenhingen, zusammengefasst. Kapitel 2 stellt die untersuchten Materialproben
und die durchgefiihrten Messungen sowie deren Aufbau vor. Anschlieffend werden
in Kapitel 3 die chemische Zusammensetzung und der mittlere Korngréfendurch-

messer der hier untersuchten Materialien ermittelt.

Die Kapitel 4-6 untersuchen den zerstorenden Einfluss des mechanischen sowie
des Laserschneidens auf die magnetischen Eigenschaften (spezifische Verluste, Ma-
gnetisierungskurven und relative Permeabilitit): Kapitel 4 prasentiert die Ergeb-
nisse quasi-statischer Messungen, die mittels eines Remagraphen ermittelt wurden,
an unterschiedlich breiten Blechstreifen. Zusétzlich wurde der Einfluss der Schnit-
trichtung analysiert. Bei den schmalen lasergeschnittenen Blechstreifen wurde eine
erhebliche Beeinflussung in der Form der Hysteresekurve festgestellt, verglichen
mit denen der schmalen, mechanisch geschnittenen Materialproben. In Kapitel 5
werden die gleichen Blechstreifen in einem Epsteinrahmen und bei verschiedenen
Frequenzen untersucht. Kapitel 6 analysiert das magnetische Verhalten der Stan-
derblechpakete, die von der gleichen Elektrobandrolle (Muttercoil) fiir das jeweilige
Material stammen und mit den gleichen Schneidtechniken geschnitten wurden wie
die in Kapiteln 3-5 untersuchten Blechstreifen. All diese Kapitel zeigen, dass ein
Schnittpunkt (engl. “point of intersection”, POI) aufteten kann, oberhalb dessen das
magnetische Verhalten der lasergeschnittenen Proben besser ist als das der mecha-

nisch geschnittenen. Diese Charakteristik wurde bei allen untersuchten magneti-
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schen Eigenschaften beobachtet, sowohl bei den spezifischen Verlusten als auch bei
den Magnetisierungskurven und relativen Permeabilitdten. Die Schnittpunkte der
spezifischen Verluste treten mit zunehmender Frequenz und Blechdicke (in dieser
Arbeit setzten sich die dickeren Materialien auch aus kleineren mittleren Korngro-
lendurchmessern zusammen) bei immer kleineren magnetischen Flussdichten auf.
Somit bestimmen Parameter der Anwendung wie z. B. der Betriebspunkt, das ver-
wendete Material und die geschnittene Geometrie, welche Schneidtechnik fiir eine
bestimmte Anwendung am besten geeignet ist.

Kapitel 7 und 8 beschéftigen sich mit der Modellierung des verschlechternden Ein-
flusses auf die magnetischen Eigenschaften, der durch das Schneiden hervorgerufen
wird: Kapitel 7 unterteilt die bisherigen vorgeschlagenen Modellierungsansétze, um
den Schneideffekt zu beriicksichtigen, untersucht deren Unterschiede und analysiert
den jeweiligen Implementierungsaufwand. Anschlieffend wird in Kapitel 8 ein neu-
er, auf einfachen Epsteinmessungen beruhender Modellierungsansatz vorgestellt,
der auf unterschiedliche Geometrien anwendbar ist und fiir den kein exakter Wert
der Zerstorungstiefe bekannt sein muss. Diese Methode wurde fiir verschiedene

Materialien und Frequenzen mit hinreichender Genauigkeit verifiziert.
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Chapter 1

State of the art

1.1 Electrical steel sheets

For most electric machines both the stator and the rotor core are made from stacks
of thin electrical steel sheets. Worldwide the manufacturing of electrical steel sheets
and strips has been increasing (see Fig. 1.1). Most of the production is located
in Asia, particulary in China (Fig. 1.1). Between 2005 and 2014, the World Steel
Association [209] reported an increase of about 150 % in the electrical steel sheet
production. According to the standard DIN EN 10106 [52], the material designation
contains the following information: the letter M indicates an electrical sheet, the first
number is a hundred times the maximum loss at 1.5 T and 50 Hz in W/kg, the second
number is a hundred times the nominal thickness of the sheet in millimeters and
a letter A depicts a non-oriented electrical steel in the final annealed condition. In
addition to non-oriented electrical steel sheets, grain-oriented electrical steel sheets
are also used, most commonly, in (distribution) power transformers. These sheets
have a magnetically preferred direction. In contrast, non-oriented electrical steel
sheets can be identified by their uniformly distributed magnetic characteristic. Thus,

these steels are the clear choice for electric machines.

Table 1.1: Structure of an electrical steel sheet’s designation [52].
Name M 270 35 A

Identifying | electrical sheet lossat1.5T and sheet thickness final annealed
50Hz condition

1.1.1 Texture, domain walls and magnetization

Texture
As soon as molten iron has cooled, crystallites with crystal lattices form, built from
multiple small unit cells (see Fig. 1.2) [177]. Iron crystallizes in a cubic structure (see

Fig.1.3) [177]. At the beginning of the solidification process, disordered atoms begin
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Figure 1.1: Annual production of electrical steel sheets and strips [209]. Note, the
bar of 2014 does not include Germany, as no data was available.

to form which give rise to further crystals, until all atoms are set (see Fig. 1.2) [177].
From these crystals, grains are formed which are bound to each other (the crystal
lattices of each grain are tilted against each other), Fig. 1.2 [177], until solidification
is finished. The final grain size depends, among other factors, on the cooling rate
and the presence of high-melting compounds, such as aluminum and nitrogen or
aluminum and oxygen [177]. The entirety of the crystallites” orientation is called
texture [14]. In the case of electrical steel sheets, the Goss and the cubic texture arises
(Fig. 1.3). The Goss texture is found in grain-oriented steels with the magnetically
easy axis parallel to the rolling direction [23,140]. Non-oriented steel sheets with the
cubic texture have two magnetically preferred directions in the sheet plane [23,140].
Note, the magnetically easy axes are the cube edges; the cubic diagonal is the mag-
netically hard axis or worst direction [10, 23], see Fig. 1.3. The surface diagonal is
magnetically situated between the cube edges and cubic diagonal and is called the

magnetically medium axis [26].!

!Using terms of material sciences, the cube edges are denoted with the Miller indices e.g. “[100]”,
the cubic diagonal with e.g. “[110]” and the surface diagonal with “[111]”. The family of all
cristallographic equivalent directions is denoted as “<100>, <110>, and <111>" respectively. [130]
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1.1 Electrical steel sheets

(a) Started solidification from the molten (b) Finished solidification

iron

Figure 1.2: Started and completed solidification, from [177].

Goss texture Cubic texture

rolling
direction

0' o"'
L <100> .

Figure 1.3: Orientation of the crystallites of Goss and cubic texture, from [23,140].
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Grain
boundary

Figure 1.4: Grains and their domains, from [10].

Magnetic domains

The microstructure (size and distribution of crystal lattice domains [14]) of the steel
sheets “superimposes with the magnetic domain structure” [10]. The model of
magnetic domains was first introduced by the French physician Pierre Weiss, after
whom these domains are named (Weiss domains). According to this model, the
grains of a ferromagnetic material consist of several magnetic domains? (small atomic
magnets [26]), see Fig. 1.4. In each domain, “the atoms are aligned [in] parallel and
the domain is thus saturated, even when no [external] field is applied” [26]. This
effect is called 'spontaneous magnetization” [26]. The structure of these domains
(e.g. domain width, number of domains) results of the minimization of the total
free energy, consisting of the energy of exchange, anisotropy energy and magnetic
energy (including magnetoelastic energy, magnetostatic energy, magnetic potential
energy) [10]. (More detailed explanations are given in [10,111].) Therefore, a crystal
with magnetic poles (high magnetostatic energy) does not consist of one domain
only (Fig. 1.5, left), but is partitioned into several domains (Fig. 1.5) and forms flux
closure domains (Fig. 1.5, right) to minimize stray field energy and thus the magnetic
energy [10,78].

The individual domains are separated by walls. In these walls, the atomic mag-
nets change their orientation gradually from the direction of the first to the second
domain [23] (Fig. 1.6, left). Bloch and Néel walls are distinguishable (Figs. 1.6, left
and 1.7). However, the latter only occur below a defined critical layer thickness
(see [47]). Above this layer thickness, only Bloch walls occur [47]. The thickness of
these domain walls results from “the equilibrium between the exchange energy and

2The size of one domain is in the range of 0.1 ym — 1 mm and contains from millions up to hundreds

of billions of atoms [78].
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1.1 Electrical steel sheets

> Decrease of magnetostatic energy

Figure 1.5: Minimization of magnetostatic energy, from [10,198].

Magnetic Bloch Magnetic 180° Bloch wall 90° Bloch wall

1 Q)

Figure 1.6: Bloch walls, from [23,78].

v

=Tl

the energy of magnetic anisotropy” [10]. The Bloch walls are further distinguishable
according to the angle between the magnetization direction on both sides, for exam-
ple 90° or 180° domain walls [23], see Fig. 1.6.

Magnetic domain behavior in an external field

If an external field is applied to a ferromagnetic material, the Bloch walls of the
magnetic domains begin to move. Bloch walls are pinned on e.g. impurities, defects
or faults inside the lattice [23]. Thus, a certain magnetic energy, correlating with a
specific magnetic field, is necessary to overcome these pinning defects. Below this
energy, the Bloch wall movement is defined as reversible motion of domain walls
(The Bloch walls return to their starting position when the magnetic field is turned
off.) (see Fig.1.8). Above this energy, the Bloch walls break away until they reach pin-
nings that can only be overcome with a higher energy [23]. These Bloch wall jumps
are called Barkhausen jumps [23]. Here, the irreversible motion of domain walls
begins (see Fig. 1.8). Magnetic domains which are already oriented in the direction

of the applied external field, grow through domain wall motion at the expense of the
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Magnetic Neéel Magnetic
domain wall domain

.
.
.
.

1]

Figure 1.7: Néel wall, adapted from [55].

other domains [23] (Fig. 1.8). Considering the whole material, the global magnetiza-
tion increases further [23]. After the Bloch wall motion is completed (“unfavorably
oriented domains have disappeared” [78]), the reversible domain rotation begins at
higher magnetic fields [23,78]. The magnetic moments of the domains rotate into
the final direction of the external applied field [23]. The material is saturated: all

magnetic moments are parallel to the magnetic field.

Magnetostriction and Villari effect
Applying an external field to a ferromagnetic material results, once the movement
of the Bloch walls vanishes, in a rotation of the magnetic domains, which in turn
changes the dimensions of the material [198]. This is called magnetostriction A(H),
characterized “by longitudinal changes in length” [ [198] (see Eq. (1.1) and Fig. 1.9).
This effect is attributed to the rotation of magnetization, but not associated with
the 180° domain wall movement [78]. The magnetostriction itself depends on its
direction. For FeSi electrical steel sheets it applies3: Apoo: positive; Ap1gp: positive up
to H >> 40000 A/m, then negative; A[111): negative [122]. Thus, the magnetostriction
isatensor [78]. In the case of a cubic lattice, the saturation magnetization A, is derived
from Eq. (1.2). Consequently, electrical steel sheets with medium silicon content have
positive saturation magnetostrictions: A sire32%si = +9- 107 [198]*. However, FeSi
steel sheets with high silicon contents (SiFe 6.5 % Si) have A ~ 0-107° [7], [198]*.

Al
T

1
As = 5(2/\100 + 3A411) (1.2)

A (1.1)

The Villari effect is the inverse effect of the magnetostriction [198]. Here, the domains
which are oriented in the direction of the applied mechanical stress o change their
size [198].

3For the notation indices “[...]”, see footnote P2,

4Referring to [129].
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Figure 1.8: Domain wall behavior with increasing external magnetic field, from [23,
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Figure 1.9: Schematic presentation of the magnetostriction effect, from [75].

O



Chapter 1 State of the art

1.1.2 Iron losses

The specific losses of electrical steel sheets ps, comprise static hysteresis loss p, and
dynamic eddy current loss p.. The latter can be further distinguished between the
classical eddy current loss pe. and the anomalous p, or excess loss pex. [16] (see
Eq. (1.3) and Fig. 1.10). The hysteresis losses result from the energy required for the
Barkhausen jumps and the irreversible rotation of the domains [140]. The classical
eddy currents (macroscopic eddy currents) originate from the change of the mag-
netic flux density in time which, in turn, induces a voltage and results in an eddy
current (Faraday’s law) [140] (Fig. 1.11 a)). This loss depends on the magnetic polar-
ization J, frequency f, steel sheet thickness w, as well as on the material’s density p
and specific electrical resistance pg (Eq. (1.4)). The anomalous losses are microscop-
ical eddy current losses: When the externally applied field causes magnetic domain
wall motion, local changes in magnetization and then local eddy currents in the area
of the moved domain wall occur [140] (Fig. 1.11 b)). However, in contrast to the
classical eddy current loss, the anomalous loss depends on the magnetic structure
of the material (in particular the domain wall spacing 2L in the demagnetized state®
and the steel sheet thickness w,) [16,24,25].

static losses
dynamic losses Ps = PntPe (1.3)
ph + pec + pa

ph + pec + pexc

(] fw.)?
Pec = —6ppE . (1.4)

Figure 1.10: Hysteresis curve includ-
ing static and dynamic

losses, from [23].

SFurther information is given in [16,24].
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Figure 1.11: Principles of classical and anomalous eddy currents, from [140,198].
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Figure 1.12: Different loss components as a function of average grain size diameter
(material thickness: 0.5 mm, Si+AlI> 3%), from [24]; n = 2L/w,.
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Chapter 1 State of the art

1.2 Influence of grain size, material composition and

temperature on the magnetic characteristics

1.2.1 Grain size

Fig. 1.12 shows the specific losses versus averaged grain size diameter d, of an
electrical steel sheet [24]: The hysteresis losses decrease, but the anomalous losses
increase with increasing grain size. Thus, a minimum of total losses occurs for grain
sizes around 100 um® [24]. The author of [127] presented a very similar diagram,
including the total loss, hysteresis loss and eddy current loss in relation to the grain
diameter. He identified an optimal grain size diameter of about 150 um [127]. The
results of [24,127] are also confirmed by the results presented in [112]: The larger
the grain size is, the smaller the quasi-static hysteresis loop and thus the losses and
the coercive field strength. Note, for small frequencies the hysteresis dominates,
whereas for high frequencies the eddy current losses dominate [25,115]. At 50 Hz
hysteresis and eddy current losses are within the same range [25]. All grains produce
“localised losses around their boundaries” [185]. Therefore, small grains cause an
increase in hysteresis losses [196,210]. With larger grain sizes, the magnetic domain
widths increase, which, in turn, results in higher eddy currents [35,144]. Hence, low
loss steels are usually characterized by large grain sizes [185]. The ideal grain-texture
for a non-oriented electrical steel sheet is a polycrystalline structure with grain-sizes
between 20 and 200 ym, without impurities and imperfections [210], as these impede
the Bloch wall movements. Furthermore, considering e.g. [196], “the optimization

of grain size relative to the sheet thickness is important,” due to the anomalous loss.

1.2.2 Contents and alloys

The magnetic properties of electrical steel sheets can be improved by adding several
alloys in a specific quantity. Commonly used alloys include silicon, aluminum,
manganese and phosphor [81]:

Silicon (5i) is the most important alloy when it comes to electrical steel sheets [24].
As highlighted in [25], adding silicon to steel led to the largest improvement in the
losses of electrical steel sheets between 1890 and 1980. Silicon reduces the hysteresis
losses [25] as a larger content of silicon increases the grain size [170] and thus
reduces the grain boundaries responsible for localized losses (see Chapter 1.2.1).
Furthermore, the silicon content has also a beneficial effect on the eddy currents [24]:

with increasing silicon content, the resistivity of the material increases, thereby

®The occurrence of the loss minimum at around 100 um is independent of the alloy grade [24].
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1.2 Influence of grain size, material composition and temperature

Processing step Low silicon Medium silicon  High silicon
grades grades grades
Cutting low medium high
Pressing (coated) none none none
Pressing (uncoated) none very low low to medium
Welding very low low medium

Table 1.2: Comparison of the influence of different manufacturing steps on material
degradation; different grades of non grain oriented steel; adapted from
[172,210].

suppressing the classical eddy currents (see Eq. (1.4)) [10,23,79,115,211]. The author
of [153] mentions that this increase in resistivity also leads to a decrease in excess
losses. Note, the investigated anomalous losses for silicon steel sheets after box
annealing in [81] decreased with increasing silicon content at 1.5T, but increased at
1T. However, considering the total iron losses, electrical steel sheets with 6 % (mass
percentage rate) silicon are desirable. Applications exist which use materials with
silicon contents of up to 6.5 % [105]. At this silicon content “the magnetostriction
is almost zero” [7]. Other induced characteristics which result from adding silicon,
include the increase of the maximum permeability” (significantly in the range of
3-6.5 % silicon [23]P*") and the decrease of the anisotropy constant, which is desired
for non-oriented steels [23]P°72, [79,153]. However, by increasing silicon the cold
formability is reduced (the material ductility is reduced, so the material becomes
brittle), wherefore the silicon content in steel sheets is mostly limited to 3.5 % [7, 10,
24,25]. Thus, commonly used electrical steel sheets have a silicon content between
0.5 — 3% [105] or less than 3.2 % [210]®. Furthermore, the increasing silicon content
decreases the magnetic saturation and the magnetostriction [7,23,26,115,189].

In the extensive studies of [173,210] the authors exemplarily analyze the influence
of the silicon content on the material degradation for different manufacturing steps
(Table 1.2): The lower the silicon content, the less susceptible the material is to the
manufacturing steps.

Aluminum (Al) is a further alloy which decreases the losses of steel sheet [24].
Adding aluminum in the range of 0.3 — 0.4 % induces a well grain growth which re-

duces again the hysteresis loss [10]. In general, Al influences the magnetic properties

’Silicon, as well as, aluminum increases the permeability at small magnetic flux densities, but

decreases the permeability at saturation (larger than 1.5T) [79,214].
8The authors of [120] propose a concentration gradient of Si alloys in electrical steel sheets, de-

creasing the Si content from the surface (where the eddy currents occur) to the center, reporting
on a 50% reduction of iron loss at acceptable magnetic saturation for lamination material with a

concentration gradient from 6.5 wt% Si at the edge to 3 wt% Si in the center of the steel sheet.
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Chapter 1 State of the art

similarly to silicon relating to e.g. losses, crystalline anisotropy constant, resistivity
and saturation magnetic flux density [127]. When compared to silicon, the influence
of aluminum on the resistivity and ductility is greater [7]. According to [27] the
losses, the polarization at saturation as well as the thermal conductivity all decrease
and the hardness increases with elevated Si+Al content. The statement on the first
two aspects are in line with the findings for increasing silicon content presented
in [23]P3°, [127]. To ensure a good cold workability (e.g. cold rollability, puncha-
bility) the total alloy degree of Si+Al should be smaller than 4.2 % [24] or 4 % [127].
The author of [27] mentions alloys of Si+Al of up to 5% in electrical steel sheets.
However, according to [10] the aluminum content should be less than 0.5 % due to
its affinity with oxygen.

Next to the silicon content, also the alloys of aluminum, manganese and phosphorus
increase the resistivity of the material [11,81], contributing to smaller eddy current
losses. The main function of manganese is to “increase the ductility and hence aid
in fabrication,” but concerning the magnetic properties, manganese has a negligible
influence [26]. Small contents of “steel hardening phosporus” are used to improve
the mechanical cutting process [214].

Impurities
The magnetic properties of an electrical steel sheet are also affected by impurities,
such as carbon, sulfur, nitrogen, oxygen, titanium and zirconium [81], [127]°. These
“readily form carbide, nitride, sulfide and oxide inclusions” [81], which in turn
impedes the Bloch wall movement !° and grain growth [127] and thus the adjustment
of the ‘optimal” grain size [24,81,115]. Thus, the width of the hysteresis loop, the
coercive field strength and the hysteresis loss increase [115], see also Table 1.4.

The author of [127] classified the effects due to the impurities into three categories:
1. Inhibition of grain growth: fine precipitates (e.g. MnS, AIN) obstruct grain growth.
An example for the sulfur content and the grain diameter is given in [127], which
seems to decrease linearly with increasing sulfur content (decrease of d; about 33 %
when changing the sulfur content from 10 to 30 ppm). The results in [144] confirm
that with low sulfur content (4 ppm), the grain growth is improved, as this includes
a reduction of MnS.
2. New magnetic domains produced by impurities lower the magnetostatic energy and inhibit
domain wall movement: domain walls are pinned (unmovable) by the inclusions.
3. Recrystallized texture is negatively influenced by the impurities: during the process of

annealing crystals with a plethora of orientations settle around the inclusions. For

Referring to [181].
0Next to inclusions, also further defects and barriers such as dislocations, grain boundaries and

precipitations lead to an impairment of the bloch wall movements [115].
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1.2 Influence of grain size, material composition and temperature

Table 1.3: Exemplary contents of several elements in conventional electrical steel

sheets.
Element Content in ppm or %
Silicon 0.5 —3.5% [215]
Aluminum < 0.8% [215]
Carbon < 0.02% [215]
Sulfur 30 — 50 ppm [144], < 0.02 % [215]
Manganese 0.1 —0.4% [215]

Table 1.4: Options to influence the resulting loss characteristics of non-oriented elec-

trical steel sheets during material manufacturing, from [25].

Material characteristic Affecting Influenceable by
Degree of purity hysteresis loss ™\, steel production: annealing
Precipitates ,/* hysteresis loss ™\ steel production: hot rolling, annealing
Grain size hysteresis loss ™\, steel production: cold forming, annealing
Grain size N\ eddy current loss \ | steel production: cold forming, annealing
Mechanical stresses “\ hysteresis loss ™\ annealing, further manufacturing steps
Crystal anisotropy hysteresis loss ™\ alloy grade
Magnetostriction hysteresis loss ™\ alloy grade
Specific electric resistance ,* | eddy current loss ™\ alloy grade
Steel sheet thickness eddy current loss

example, the “nucleus with (222) orientation increases” as the content of impurities
rises. This texture detriments the magnetic properties (e.g. produces higher losses
than other textures), thereby leading to higher losses.

Thus, smaller contents of impurities result in better magnetic properties [210].
The acceptable content of carbon in non-oriented electrical steel for use with electric
machines is in the range of 20 to 50 ppm, depending on the overall composition
of the alloy [48]. If the carbon content remains in this range, then the resistance to
aging is additionally ensured [48]. Further conventional contents of impurities are

presented in Table 1.3.

1.2.3 Temperature effects

Temperature may also influence the magnetic properties of electrical steel sheets.
During operation, the material temperature within an electric machine deviates
from the ambient temperature. The author of [36] reports that the coercive force, the
remanence, and the losses decrease with increasing temperature (see Fig. 1.13), but

the effect ceases above a certain temperature (in [36] above 300 °C) which depends
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Chapter 1 State of the art

Figure 1.13: Schematic drawing of the influence of temperature on the hysteresis
loop, from [23,176].

on the maximum magnetization. Furthermore, as the temperature increases, the
magnetic flux density increases at low fields, but decreases above the knee point
area [36]. Additionally, the maximum relative permeability increases with tem-
perature. The author of [36] investigated his samples in the temperature range of
30 —700°C. Electrical machines are commonly operated below 150 °C (depending
e.g. on the temperature stability of all used materials inside the machine). However,
also in this range, the author of [36] obtained a decrease up to 6 % in total core
loss, 15 % in hysteresis loss, both respectively at 1.2 T, and a maximum permeability
increase of 9 %. Except for the ceasing of the effect above a certain temperature,
these findings are all confirmed by the study of [195] who investigated 6.5 % Si steel
(10JNEX900) and by [135] who studied non-oriented silicon steel. The measurement
results of [105] confirm that with increasing temperature the coercive magnetic field

strength, the loss and the saturation magnetic flux density decrease.

The author of [195] showed with loss separation that both hysteresis as well as
eddy current losses are reduced as the temperature increases. For the eddy current
loss, this is attributed to the almost linear increase of the material’s resistivity or
rather the decrease of the conductivity [185,195] with temperature (compare with
Eq. (1.4)). Thus, the temperature has a similar effect on the eddy current loss as
alloying elements (see Chapter 1.2.2). The hysteresis loss decreases as the atomic
motion increases with temperature and thus “less polarization energy for the Weiss

domains is needed” [176].
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Figure 1.14: Flowchart of manufacturing process and corresponding conditions of

laminations; expanding a schematic proposed in [211].

1.3 Magnetic material degradation during

manufacturing process

1.3.1 Processing of the laminations during electric machine

manufacturing process

Fig. 1.14 illustrates the manufacturing process of an electric machine, focusing on the
processes the magnetic material is subjected to: The laminations of electric machines
are made from electrical steel usually delivered in rolled strips that are unrolled and
flattened before the strips are cut into individual electrical steel sheets. A number
of these laminations are stacked. The stack is typically compressed and welded
together, and possibly submitted to stress-relief annealing. Then, the windings
are inserted, the machine is assembled, and the assembly is impregnated and/or
submitted to epoxy treatment. All of these manufacturing steps may influence —and
likely degrade — the steel’s magnetic characteristics, evidently with varying intensity
and depending on the details of the process applied.

1.3.2 Overview of cutting techniques

Different cutting techniques are available, such as mechanical cutting (punching!!,
guillotine), laser cutting, chemical etching, electric discharge machining, water-jet
cutting and photocorrosion [51,66,110,119,157,171]. Electric discharge machining,
water-jet cutting and photocorrosion are known to be less detrimental on the mag-
netic properties when compared with mechanical and/or laser cutting [51,110,171].
However, these three cutting techniques are rarely ever used, if at all, for research
purposes, and even then, only for prototypes. This is mostly due to the extremely

slow cutting speed (e.g. in the case of water-jet cutting 800 mm/min for a material

Different forms of punching can be distinguished, e.g. die stamping, single stage stamping and
single slot notching [210].
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thickness of 0.5 mm [171]) and hence due to the very high cost.

Punching is frequently reported as the most widely used approach due to low
cost [5,110,153,157] (although initial investment is high, production cost is low
and the production is fast, resulting in its use for high production volumes [66]).
However, laser cutting, which is more time consuming [59], is commonly used for
prototyping as well as for small series production. Nevertheless, the advantage to
laser cutting is the possibility of rapidly changing or modifying the cut geometry
at low cost. (Initial investment is low [66].) In contrast, the punching machine
requires a new manufactured cutting tool as soon as the geometry changes and is
thus not flexible with respect to a change of geometries. Further disadvantages of
punching includes the bluntness of the cutting tool which increases with the number
of punched samples, as well as the burr evoked at the cut edge [153]. With increasing
clearance and a more worn-out cutting tool'?, the height of the burr increases as
well [153,169]. These shearing burrs must be kept small or be removed (implying
an additional processing step and, as a consequence, additional costs), as such burrs
may damage the isolation on the lamination surface and lead to short circuits (hot
spots) between the individual sheets in the lamination stack [69,180]. Furthermore,
due to the burrs the stacking factor is reduced [45].

Considering laser-cut samples, the statements are not consistent: some authors re-
port that no burr occurs e.g. [10,13,59], others state that even for such samples burrs
exist [43,45]. However, these burrs are normally smaller than those of mechanically-
cut samples (laser induced burr < 30 um; 35 um < mechanically induced burr <
95 um (see [45])). Dickmann [45] further reports that solid state laser cutting leads
to smaller burrs than COs-laser cutting. Furthermore, the occurrence and size of
the laser-induced burrs depend on the laser settings (e.g. gas quantity, gas pressure,
laser beam output, cutting speed) [45,164]. In general, the cutting process induces
mechanical and/or thermal stresses, especially close to the cut edges [146,151,169],
influencing, and generally degrading, the magnetic properties in the affected zones.
The degrading effects of laser cutting are optically less obvious than those of me-

chanical cutting.

1.3.3 Mechanical cutting

Mechanical cutting includes guillotining and punching. According to [153] “punch-
ing is a [...][special] case of guillotining, i.e. when cutting is conducted without rake

angle.”

2The harder the material (again depending on the material’s composition and alloys, see Chap-
ter 1.2.2), the larger the wear of the cutting tool; however, the burr size decreases as harder

material is more fractured than teared by punching, [214] referring to [137].
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Figure 1.15: The clearance influences the degradation effect on the material,
from [10].

residual elastic
stresses

» (.-
> N

plastic deformation
|

0 h<200
punching element electrical steel sheet [] 200 <h<210
210<h <220
220 <h <240
240 <h <260
h>260

g
YL (

X

EEEO

Figure 1.16: Area of influence of plastic and elastic degradation, based on [82];

h = Vickers microhardness.

Electrical steel sheet samples which are cut mechanically, obtain inhomogeneous
stresses inside the material which results in plastic deformation along the cut
edge [105,153]. However, both plastic as well as elastic stresses are induced in
the material due to cutting [57,148], see Fig. 1.16. Through the mechanical cutting,
the lattice absorbs the mechanical energy which results in a movement of the neigh-
boring layers and micro-structural defects [154]. These “further operate as pinning
sites for the domain walls.” [154]. These changes, in turn, degrade and influence the

magnetic as well as the mechanical properties of the steel sheets [154].

Referring to [50], [169] explains the change of the magnetic properties as a result
of the tensions induced within the material as follows: First, elastic deformation
occurs at the moment the tool is applied to the sheet. As the tool further enters
into the material, increased localized plastic deformation occurs. The increasing
pressure leads to a consolidated zone with a high deformation ability because of the
high compression the material is subjected to. Once the tension within the material

exceeds the shear strength of the material, cracks are initiated, running towards the
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Figure 1.17: Regions of the cut edge, from [12,110].

perpendicular cut edges. Several authors report that the punching process further
results in a change of grain morphology near the cut edge (e.g. [4,51, 110, 170]).
In Fig. 1.17 the characteristic areas of the cut edge due to mechanical cutting are
presented [12]. The respective proportions depend on the settings of the cutting
technique (see e.g. [153]).

Previous experiments to identify the deterioration depth induced by cutting
In the literature a variety of different measurement methods have been used to
determine the deterioration depth along the cut edge which is induced by mechanical
cutting®®. These methods are [64]:

e microhardness measurements (e.g. [146]),

e microscopy (e.g. crystallographic or Kerr microscopy), e.g. [178],

e method of drilled holes, e.g. [134,138,148,170],

e needle probe method, e.g. [39],

e neutron gratering interferometry with neutron dark field image [183,184],

e investigation of samples with different widths and additional measurement of

the magnetic properties e.g. [178].

Results of the deterioration depths presented in literature

1) Microhardness measurements

Several authors e.g. [4,12,146,154] have performed microhardness measurements
to obtain the deterioration depth due to mechanical cutting: [146] investigated a
non-oriented electrical sheet (M330-50A) and calculated the plastic strain from the
microhardness. He divided the degraded region into an obviously damaged region

13A detailed summary of experimentally investigated magnetic flux density distributions within cut
samples is presented in Chapter 7.
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(smaller than 0.4 mm) and a region with small strains (0.4 -1 mm) [146]. The authors
of [154] investigated samples (FP800-65A) which are cut with and without com-
pression. They found out that the deterioration depth is decreased with additional
compression (guillotine-cut without compression: until 10 mm; with compression:
< I mm or respectively smaller than the sample’s thickness) [154]. The authors of [12]
investigated several steels. They came to the conclusion that the “large deformation
affected zone [...] can extend as far as 8mm” with a very large deformed area of
500 — 1000 um from the cut edge [12]. In the paper of [4] larger microhardnesses
are observed until 1000 um or higher. In [153], the author presents microhardness
measurements for different electrical steel sheets and obtained deterioration depth
ranges of 0.4—0.8 mm, 1-2.8 mm and < 1 mm (depending on the respective sample).
This author of [153] concludes that the degraded zone due to punching correlates
with the thickness of the sheet. According to [57] the plastically deformed zone
correlates with half the thickness of the electrical steel. The author of [170] found out
that the hardened zone for low silicon steel is smaller (0.2 — 0.4 mm in width) than
that for high silicon steels (with up to 2mm). This is in line with [167] who stated
that with increasing grain boundary density, the plastic deformation decreases™.
The results of [169] showed a degraded zone of 0.35mm for a material with 1%
silicon content (this deterioration depth is in line with that of the low silicon material
presented in [170]). Interestingly, this degraded zone width was found to be inde-
1

pendent of the quality of the cutting tool [169]°. However, the hardnesses of these

degraded areas, which had been induced by a sharp and a blunt cutting tool, differed.

2) Microscopes

The authors of [178] investigated the domain patterns of the electrical steel sheet
(50A400) by Kerr effect microscopy to draw conclusions on the depth of the deterio-
rated area due to shearing (guillotine). As a reference probe they further investigated
a stress-relief annealed sample [178]. With this method they determined an affected
area of 1 — 1.4mm. The authors of [64] analyzed the investigated material also by
measuring the crystallographic structure. They observed smaller grain sizes along
the cut edge in contrast to those in the middle part. They stated the area with such
smaller grains of about 500 ym from the cut edge [64].

3) Method of drilled holes
Nakata et al. [138] applied a measurement technique presented in [126] on silicon
steel sheet samples (35A250'%) to investigate the change of flux distribution due to

14With increasing silicon content the average grain size increases [170]P 4°.

>Probably materials with small grain sizes (derivating from the low silicon content [170]) are less
sensitive to the settings of the cutting technique as e.g. the wear of the cutting tool.
16This corresponds to material M250-35A.
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mechanical cutting. He reports on two different measurement techniques, the first
of which is a method with search coils which are placed through holes inserted in
the test sample [138]. The disadvantage is that the holes affect the flux distribution in
their vicinity [138]. Therefore, he modified this measurement technique by inserting
conical holes in the surface of the sheet which are filled with a conducting paste
and twisted magnet wires [138]. The measurements were carried out at 50 Hz [138].
He observed that the deteriorating effect on the magnetic flux density distribution
concerns a region of up to 10 mm [138]. However, he also mentions that the rapid
deterioration occurs within 5 mm from the cut edge. [138]. The author of [119] also
examined several non-oriented steel sheets with the method of drilled holes. He
determined a degradation depth of 5 — 6 mm (strongly influenced) and a small or
negligible influence of mechanical cutting in the range of 5/6 — 10 mm from the cut
edge [119]. From the results presented in [148] it can be assumed that the zone
affected by cutting is smaller than 4 mm, as in the case of M800-50A, at 1.5T and
50Hz. According to [163] the degraded area of large grain and high silicon material
reaches up to 15 mm and in the case of low silicon and small grain material is smaller

than 10 mm'. The measurements were performed at 50 Hz.

4) Needle probe method

In contrast to the method of drilled holes, the needle probe method is a non-
destructive method [39,150] and bases on the patent of [206]. The author of [153]
investigated punched samples with this method and determined the affected zone
to about 5 mm [153]P- 18,

5) Neutron grating interferometer combined with neutron dark field image

Siebert [183,184] used the neutron grating interferometer in combination with the
neutron dark field image method to obtain the distribution of the magnetic flux
density across the width of the investigated sample. He achieved a parabolic dis-
tribution for his mechanically-cut samples [183,184]. According to [184] the width
of the affected zone due to mechanical cutting extends half of the sample, in the
respective case 5 mm (sample width: 10 mm). This is also backed up with the results

presented in [183] for smaller sample widths.

6) Samples with different widths and magnetic property measurements
The authors of [178] measured samples (50A400) with varying widths at 50 Hz in

a single sheet tester, at different magnetic field strengths and flux densities. From

7This fits again with the results of [170] that the degraded zone of high silicon material is larger than
that of low silicon material.
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the flux density, they determined degraded depths of < 1 —5mm, depending on the
respective magnetic field strength [178]. From the iron losses, the degraded region
is estimated to be 1.5 — 2.5 mm at 1.5 T. Again this depth changes with smaller flux
densities. The variation of degradation depth with considered parameter illustrates
well the challenge of proper definition.

7) Combination of magnetic property measurements and simulation

The authors of [64] derived the deterioration depth due to punching from experi-
mental data to 1.87 mm, for their respective material [64]. Using an analytic model
they obtained a depth of 1.4 mm [62].

8) Further investigated deterioration depths with no exact allocation

According to [134], the author of [33] mentions a 1 mm wide degraded area due
to mechanical cutting. Wilczynski [207] presented a model based on measurement
data to obtain the width of the stressed zones induced by cutting. In the case of the
punched non-oriented sample (EP330-50A) he calculated a depth of 0.6 mm [207].

Reasons for the differences of detected deterioration depths
As seen above, the determined deterioration depths presented in literature differ.

This may be explained by several reasons:

1. Measurement method: Some of the measurement methods determine an indi-
rect characteristic/property from which the magnetic deterioration depth is
derived. Some methods might induce further internal stresses which might in-
fluence the result obtained for the magnetic deterioration depth. An example:
In the work of [178] the deterioration depth of a given sample is investigated
with three different approaches: in regard to the magnetic flux density, the iron
losses, and by Kerr microscopy. The first approach led to < 1-5mm depending
on the magnetic field strength, the second approach estimated 1.5 — 2.5mm at
1.5T, and the microscopy suggested 1 — 1.4mm. Since the deterioration ob-
served by microscope mirrors only the plastic deformation [64], the difference
between the deterioration depth determined by microscope and by analysis of
magnetic properties reflects the existence of elastic residual stresses [153]. Also
other authors state that the results of investigated deterioration depth differ
depending on the measurement method: E.g. Schoppa [170] mentions that the
investigated depth by the method of drilled holes is larger than that obtained
by microscopy.

2. Definition of deterioration depth: Some authors present the depth at which the
investigated material property changes significantly. However, others define
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the deterioration depth as the depth at which the material property is again
the same as that of the reference (non-deteriorated) sample (see e.g. [12]: large
deformation affected zone and very deformed area). Furthermore, some meth-
ods only represent the depth of plastically deformed areas (e.g. microhardness
measurements; sheared zone = magnetically deteriorated zone) in contrast to
others which also represent the zone of residual elastic stresses'® , but this un-
sheared area may also be affected by the mechanical cutting process (Fig. 1.16).
According to [128] residual stresses “may spread over the whole lamination.”
These residual stresses only have a small local influence on the permeability
in comparison to plasticity, but the residual stresses affect a larger volume of
the material [128]. The plasticity dominates directly at the cut edge “whereas
at some distance residual stresses do” [128], and are stated to be of equal rel-
ative influence on the global magnetic influence as the plasticity. The degree
of degradation due to residual stresses or plasticity depends on the magnetic
tield strength [128]: the former has the larger influence at fields up to a certain
tield strength and the latter is the main factor of influence beyond that field
strength. In the material analyzed (non-oriented FeSi steel with 3 % silicon and
0.5 mm thickness) in [128], this crossover takes place at around H = 400 A/m.

The material investigated: The chemical composition as well as the material
texture influence the deterioration depth. For example, cutting has a larger
adverse influence on the deterioration depth and the magnetic properties of
materials with large grain sizes and high silicon contents [64,148,163]. How-
ever, the author of [163] states that the silicon content influence is smaller than
that of the grain size’. Also Schoppa [170] refers to the dependence of the
size of the magnetically deteriorated zone on the grain size and silicon content.
In [172] he further states that the effect of cutting on the magnetic properties is
greater for materials with large grains. Additionally considering Chapter 1.2.2,
the alloy affects the ductility of the material. This in turn influences the degree
to which the material is sensitive to deterioration during the mechanical pro-
cessing and hence, the difficulty to exactly predict the degree of deterioration

for a given process. (This fits also with Table 1.2.)

Sample width and geometry: The smaller the sample width is, the higher the
possibility that the degraded zones of the different cut edges might overlap
and thus “falsify” the deterioration depth determined, assuming a cutting effect

on one side only. Furthermore, the more ‘complicated’ the sample geometry

8Compare e.g. the results of [153]

p- 198 and p. 62

Note, the silicon content, in turn, influences the average grain size diameter of the material [170].
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4

Figure 1.18: Punched edges at slot bottom and tooth tip, from [43].

is (deviating from long straight lines e.g. small edges, notches), the more
the deterioration depth might vary (see e.g. the punched laminations of [43]
in Fig. 1.18).

5. The cutting method and its settings: Although both guillotine as well as punch-
ing are mechanical cutting techniques, they (slightly) differ with respect to the
deterioration effects. Furthermore, the settings of each cutting technique influ-
ence the degrading effects on the material, as for example clearance size, blade
radii, frictional contact, tool wear, blank holder force/additional compression
to the sample [10,124,154,169]: For example, the authors of [12] showed that
with increasing clearance, the deformation, the hardness, the bended volume
as well as the degradation of the magnetic properties increase (the remanent
magnetic flux density and relative permeability both decrease, while the co-
ercive magnetic field strength and the specific losses increase). Again, the
optimum clearance depends on the chemical composition of the material, e.g.
silicon content [12]. The results of [71] showed that with decreasing punch
velocity and increasing clearance, the losses of the material increased. Thus,
this confirms the results of [12]. However, according to [153] the difference
in cutting parameters “affect stronger the height of burr than the size of the
deformation affected zone.” The author of [169] states that worn-out tools lead
to increased pressure and material hardening. Other researchers also confirm
the effect of the wear of the tool and/or the sharpness of the punch [5,185,210]
and the increase of the punching burr with increased wear of the punching
element [210].

6. Operation point: The point of operation (magnetic field strength/magnetic flux
density, frequency) also influences the experimentally determined deteriora-
tion depth. For example, the authors of [178] stated that the width of the
degraded area decreases with increased magnetic field strength H. This be-

havior is also reflected in the mathematical modeling of [170]. Also the results
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presented in [119,138] show that the deterioration depth decreases with in-
creasing magnetic flux density. This is attributed to the degree of saturation:
with increased saturation “the difference between the permeabilities in areas
where the characteristic is deteriorated and where it is not is no longer large,
and flux flows uniformly through both types of region” [deteriorated and
non-deteriorated zones] [138]. The author of [153] further showed, that the
magnetic flux density, which is forced to the middle of the sheet at low fre-
quencies due to the cut edge degradation, is “pushed backed to the cut edge”
with increasing frequency due to larger eddy currents and thus in turn due to
the skin effects. As already seen in Chapter 1.2.3 also the temperature of the
material investigated may affect the results. The temperature of the material
again depends on the point of operation and on the measurement method (see
e.g. [192]).

1.3.4 Laser cutting

Laser cutting is a thermal separation technology for cutting e.g. metals [164]. The
laser cutting technology cuts with focused beams and is free of wear [164]. The
laser beam heats up the material locally and transforms it into a liquid or gaseous
form [164]. Caused by the relative motion a cutting kerf occurs [164]. In the case
of laser beam fusion cutting, an assisting cutting gas, e.g., nitrogen blows the fused
material, slag and its vapors out of the gap (Fig. 1.19) [164,207]. Thus, laser cut-
ting induces a thermal shock wave into the material, resulting in residual thermal
stresses within the affected material [4,153,207]. This is due to the rapid heating to
high temperature® followed by a fast cooling which results in a large temperature
gradient [148,207]. This leads to dislocations in grains along the cut edge [207]. Fur-
thermore, it may happen that “grains slide over one another” which may introduce
micro-cracks [207]. This may further lead to an increase of “dislocations and stresses
at the material edge, [to an] decrease of crystallites and, consequently, [to a larger]

deterioration of magnetic properties.” [207].

Different types of laser cutting technologies exist. In the following, the solid state
as well as the carbon dioxide laser are shortly explained. These two types are com-
monly used in industry for cutting electrical steel sheets and are further investigated

in this work?!.

2The authors of [207] mention a temperature gradient of about 5000 °C.
ZI'When the expression ‘in this work’ is used, the results of this dissertation are referred to.
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Figure 1.19: Schematic representation of the laser beam fusion cutting technology,
from [31,61].

Solid state laser

The active medium of a solid state laser is a solid (glass or host crystal) [31]. This
host crystal is doped with foreign ions, commonly neodymium (Nd) or ytterbium
(Yb) [31]. Considering Nd:YAG laser (neodymium-doped yttrium aluminum garnet
laser): With light of arc lights or diode lasers, the electrons of the neodymium ions
are brought up to a high energy level [31]. By returning from the upper to the lower
energy level, laser light with 1.06 um is emitted [31]. Note, here a four energy level
system (high, upper, lower, ground) is considered. During the transition between
the other levels (high to upper and low to ground energy state), heat is emitted to the
crystal. The emitted photons have the same physical properties and thus the same
wavelengths, same directions of propagation and their electromagnetic radiations
are in phase [164].

Carbon dioxide laser

The laser-active medium of the CO,-laser is a gas mixture of carbon dioxide (CO,),
helium (He) and nitrogen (N) [31,164]. Electrical gas discharges (caused by direct
voltage or high-frequency alternating voltage) induce free electrons, which “excites
the nitrogen molecules by pushing them” [31,164]. These molecules start to oscillate
and release their energy to the CO,-molecules by pushing them (indirect excita-

tion) [31,164]. Thus, the latter are raised from the ground level to the high energy
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Figure 1.20: Continuous wave and pulsed laser mode, from [31].

level [31]. By moving to the lower laser level, the CO,-molecules emit light of a
nominal wavelength of 10.6 um [31]. By returning to the ground energy state, heat
is emitted [31].

Pulsed or continuous wave(cw)-mode

By now, most lasers are able to operate in continuous wave (cw) or in pulsed mode.
Thus, in the case of cw-mode, the active medium is continuously excited and a
continuous laser beam is generated [31]. In the quasi-cw-mode, the active medium
is excited with pulses but with high frequency (a multiple of 10 kHz) [31]. The pulse
break is so short that the laser beam is still continuous. During the pulsed mode the
active medium is excited with short pulses [31]. Duration, power and frequency of
these pulses define the average laser power which is smaller than that of the laser
pulses [31].

Results of the deterioration depths presented in literature

1) Microhardness measurements:

Araujo et al. [4] investigated the microhardness of not only mechanically-cut samples,
but also that of laser-cut samples. They found no significant change of microhard-
ness from the cut edge to the middle of the sample. Thus, they concluded that
laser cutting does not induce a change of hardness inside the material. Considering
the hardness profiles of laser-cut samples investigated by [110], the hardness does
again not change significantly in the zone of the cut edge in contrast to that of the
mechanically-cut sample. However, the authors of [110] explain the small increase
observed in hardness at the cut edge with thermal strains. The authors of [2] cite [200]
that a solid state laser-cut sample resulted in an increased microhardness within a
depth of 0.1 mm from the cut edge. The authors of [2] state the same width for the
thermally influenced zone of CO,-laser cut samples. This supports the results of the
author of [45] who analyzed the microhardness of CO,-laser and FKL-laser as well
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as mechanically-cut samples: In the case of laser-cut samples, the microhardness
at the cut edge increases not as much as that of mechanically-cut samples. The
maximum reported increase in hardness is about 14 % for the CO,-laser cut sample,
28.5 % for the FKL-laser cut sample and 86 % for the mechanically-cut sample [45].
In general, changes in the microhardness for laser-cut samples are observed within
100 ym from the cut edge [45]. This increase in microhardness is also explained by
stresses in the lattice structure, but now due to the thermal gradient [45]. The authors
of [13] showed a microhardness increase of up to 1600 um from the cut edge in the
case of the fully processed non-oriented steel sheet, depending on the laser settings

(e.g. cutting speed, power, gas pressure).

2) Microscopes:

Most researchers agree that laser cutting does not change or deform the grain mor-
phology of the material in the cut edge area (e.g. [2,4,51,110]). They state that
the grain morphology remains unchanged by laser cutting and is the same near
the cutting line [4] and inside the material far away from the cut edge. Neverthe-
less, the author of [148] expects that laser cutting may cause grain growth at the
cut edge due to the thermal treatment. Dickmann [45] investigated CO,-laser cut
samples (V940-65A) using a magneto-optical procedure based on the Kerr-effect for
the visualization of the Weiss domains [23]. He determined a deteriorated magnetic
zone (more degraded mobility of the domains) of up to 400 um from the cut edge
at magnetic field strengths of 1 A/cm. With larger magnetic field strengths this zone
decreases [45].

3) Method of drilled holes

The method of drilled holes is also applied to laser-cut samples in [119]. Magnetic
flux density distributions from the cut edge to the middle of the sheet are presented
for four different materials, which are commonly used in electrical machines at 1T
and 1.5 T at 50 Hz. In contrast to the mechanically-cut samples, the laser-cut samples
(in particular a laser-milling machine with slow cutting speed and low power) of
all materials investigated showed no significant deterioration of the magnetizing
condition in the vicinity of the cut edge [119]. Thus, it is difficult to determine a

deterioration depth from these measurements.

4) Neutron grating interferometer combined with neutron dark field image
Siebert [183] presented the distribution of magnetic flux density of both mechani-
cally-cut samples and laser-cut (solid state laser) samples (M330-35A), at several

magnetic field strengths, obtained with the neutron grating interferometry. In con-
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trast to the mechanically-cut samples, “no such [...] decrease at the cut [...] edge” of
laser-cut samples is observed, but a decrease of the magnetic flux density “over the
total [sample] width” is recognized [183]. Thus, no symmetric parabolic distribu-
tion with a maximum in the middle of the sample is found; however, an asymmetric
distribution with its maximum at the first and its minimum at the second laser-cut
edge is found. This applies to both sample sizes investigated (10 mm and 5 mm).
The difference of the flux densities at both cut edges decreases with increasing field
strength and larger sample width [183]. Thus, no specific deterioration depth can be
given, as the magnetic flux density distribution of the whole sample is affected. A

similar behavior is observed for CO,-laser cut samples, presented in [184].

5) Further investigated deterioration depths with no exact allocation

The authors of [207] applied the same model as used for the mechanically-cut sam-
ples (see p. 21) to CO,-laser cut samples for determining the deterioration depth. In
the case of the laser-cut non-oriented sample (EP330-50A), they calculated a depth
of 4mm [207].

The previous investigations showed that it is more complicated to determine a dete-
rioration depth for laser-cut than for mechanically-cut samples: No radical decrease
in the vicinity of the cut edge is found for laser-cut samples, but rather a decrease
of magnetic properties which spreads over the whole sample width. Furthermore,
the results of literature show that not every measurement method used to identify
the degradation depth known from mechanically-cut samples may be applicable to
laser-cut samples. For example, the determination of the changed grain sizes (mi-
croscopy) is not evident, as according to some authors e.g. [2] laser cutting does not
change the grain size of the material.

Further reasons of differences of detected deterioration depths
Most of the aforementioned reasons in the abstract for the mechanically-cut samples
apply also to laser-cut samples. Here, additional aspects applying to laser cutting

are given.

1. Laser method: The investigations of [45,46] showed that the laser cutting meth-
ods might differ with respect to their deteriorating effects on the magnetic
properties. For example, according to the investigations of [45,46] the CO,-
laser technology degrades the relative permeability of the material investigated

more intensely than solid state laser cutting.

2. The material investigated: In addition to the chemical composition, other factors

may also influence the deterioration effect due to laser cutting. For instance,
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the author of [46] states that laser cutting has a more detrimental effect on the
magnetic properties in the case of grain oriented steel sheet samples in contrast
to non-oriented steel sheets. Furthermore, note that it has not yet been possible
to manufacture non-oriented materials with perfect isotropic properties [210]:
Non-oriented ferromagnetic materials have shown to still exhibit slightly better
magnetic behavior into the rolling direction”?. For example, it has been found
that the power losses are lowest if the sheets are cut in parallel to the rolling
direction [79,172]. According to [210] this is at most 10 %.

3. Sample width and geometry: Considering Fig. 1.21 (which has been obtained
optically), the deterioration edge seems to be more uniform and independent
of a more 'complicated” geometry, as is the case with mechanically-cut samples
(Fig. 1.18). However, the thermally induced stresses may vary in their distri-
bution. Furthermore, the observed uniform cut edge may also result from a
special laser method or setting. According to [30,164], small curves may cause
additional deterioration as small edges must be cut with a loop (no abrupt

change of direction possible).

4. Laser settings: In [45,46] the influence of different settings on the deteriora-
tion effect of the magnetic properties is presented. Thus, with increased laser
cutting speed, the increase of specific losses decreases [46]. The measurement
results of [40,171] confirm the less detrimental effect on the magnetic properties
with increasing cutting speed. The slower the cutting speed is, the larger the
affected material zone, as “more thermal stresses are introduced [per material
volume] when cutting [...] at low speed” [39]. The microhardness measure-
ments of [13] showed that the zone with increased microhardness shrinks with
e.g. increasing cutting speed. However, the maximum possible cutting speed
depends again on the thickness of the material (the thicker the material, the
slower the possible cutting speed) and on the geometry to cut (at small or
complicated curvatures, the cutting speed has to slow down). A smaller laser
power in combination with a smaller laser beam diameter leads to a smaller
thermal load on the material and thus to a smaller increase of losses [46]. By
increasing gas pressure, the increase of specific losses is reduced [46]. Ad-
ditional parameters as, for example, the pulse duration and pulse frequency
are further discussed in [45,46]. The authors of [59] investigated different
detrimental effects on the magnetic properties by comparing two different as-

sisting gases as air and nitrogen. They conclude that laser cutting with air

22Gome manufacturers rotate the individual sheets around the axis of the machine, into circumferen-

tial direction, to reduce the effect of this remaining anisotropy.
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Figure 1.21: Fiber laser-cut edges at slot bottom and tooth tip, from [43]. Fiber laser

is a special kind of solid state laser.

deteriorates the magnetic properties more than with nitrogen [59]. Also, the
author of [45] investigated the different influence on the magnetic properties
of laser-cut samples by changing the gas.

Varying opinions about laser and mechanical cutting
Today, no general agreement exists as to whether laser or mechanical cutting has
a less degrading effect on the magnetic properties of steel sheets. The authors
of [2,13,51,59,157] conclude that the detrimental effect on the magnetic properties is
greater for laser-cut samples than for mechanically-cut samples, whereas the authors
of [119,148] state that laser cutting deteriorates the magnetic characteristics less than
mechanical cutting. The authors of [5] mention that losses in laser-cut samples are
higher for low, and are lower for high inductions when compared with samples cut
on a metal sheet cutting machine. The same authors report on similar behavior for
the permeability [5]. This suggests that the operating point of the electric machine
affects which cutting technique is to be preferred. Furthermore, a difference might
occur between semi-processed and fully-processed steel: the studies reported in [13]
(referring to the results for semi-processed steel mostly) also contain a few results
on fully-processed electrical steel in which the degradation due to laser cutting is
smaller than that due to mechanical cutting. Further, the grain orientation might
also lead to another result: considering the work of [114], laser cutting leads to
smaller coercive magnetic field strengths and smaller hysteresis losses compared
to mechanical cutting. However, [114] investigated grain-oriented Fe-Si ribbons.
In [119], further differing results of other authors concerning mechanical and laser
cutting are presented.

Since it is reasonable to expect that the specific laser cutting technique and its pa-
rameters, in particular the laser cutting speed and energy, as well as the other stated
‘reasons of differences’ (see above) will influence the effect on the material, such

parameters/reasons will also affect the comparison with the punching technique.
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Influence of mechanical and laser cutting on the magnetic domains

The authors of [114] report that mechanical cutting generates compressive stresses
along the cut edge, which results in a changed domain orientation within the com-
pressionregion. In particular, the 90° domain walls are increased at the cutedge [114].
According to [59,207], both mechanical as well as laser cutting induce compressive
stresses inside the material which result, for both cut samples, in an “expansion of
90° [...] at the expense of 180° domains” [207]. As previously mentioned, mechanical
cutting as well as laser cutting induces stresses, defects and dislocations inside the
material [207], which again results in a worse domain movability (e.g. [45]).

1.3.5 Other cutting methods

As previously mentioned, in addition to mechanical and laser cutting, other cutting
methods concerning the magnetic properties of steel sheets are investigated in the
literature, as for instance water-jet cutting and electric discharge machining (wire
cutting). A main reference for water-jet cutting is given by [171]: The authors point
out that water-jet cutting degrades the magnetic properties less than mechanical
cutting. The largest difference between these two cutting techniques is found in the
range of 0.5 to 1.6 T. With water-jet cutting, the ferromagnetic material suffers from a
smaller deformation at the cut edge than with mechanical cutting. Furthermore, the
cooling effect of the water reduces the degree of deterioration. The main disadvan-
tages of water-jet cutting are cited to be the slow cutting speed and the “limitation
in segment shape” [171].

The electric discharge machining (EDM) technique is, if at all, only used for “small-
lot production” [110], prototyping [43], or for scientific studies. An exemplary cut
edge of EDM is presented in Fig. 1.22. The work reported on in [110] states that steel
sheets cut by wire electric discharge machining have a lower hardness at the cutting
edge than the samples cut by laser cutting or punching. According to [146], in ref-
erence to [116], the hardness of a material “can be used to determine an equivalent
plastic strain.” Thus, considering only the hardness, wire electric discharge machin-
ing has a less detrimental effect on the cut material than laser cutting or punching.
(Note that in this case, no reference is made to residual stresses.) Considering the
detrimental effect on the magnetic properties due to different cutting techniques,
the iron losses and the magnetizing force (i.e. the permeability) at 1.5T, 50 Hz were
the lowest for wire electric discharge machining when compared to laser as well
as mechanical cutting [110,211]. The results of [157] confirm better magnetic char-
acteristics for EDM-cut samples than for laser-cut samples. According to [153] the
material which is cut by electroerosion is “free of any stresses.” However, the author

of [110] investigated his samples after cutting and further after stress relief anneal-
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Figure 1.22: Wire-cut edges at slot bottom and tooth tip, from [43].

ing. He obtained, even in the case of EDM, differences of the magnetic properties
before and after stress relief annealing. This indicates that also the electroerosion
technique induces stresses inside the material and deteriorates the magnetic prop-
erties. Nevertheless, the author of [43] investigated three PM motor types with
differently cut stators. The best agreement between measurements and simulation
was achieved for the motor with the wire-cut stator. The authors attribute this to
the smaller material deformation and smaller burr size as compared to the laser-
cut and mechanically-cut stator samples [43]. Thus, the advantages of this cutting
method are the smaller detrimental effect on the magnetic properties and smaller
burrs. However, the disadvantages are the slow cutting speed [153] as well as the

possibility of a burned coating due to “high local temperatures” [43].

1.4 Further (possible) manufacturing steps

1.4.1 Stacking and interconnecting

Following the cutting process, the individual sheets are stacked, compressed and
connected by e.g. welding, clamping, riveting, gluing and screwing/bolting (see
also Fig. 1.14). All these mentioned manufacturing steps lead to further degraded
magnetic properties [5,106,110,132,133,145,170,173]. The respective extent of this
degradation depends, among other factors, on the sample geometry and size, inter-
connecting method (e.g. placement, size and number of bolts or welding seams [105,
110,170, 174]), point of operation (e.g. [5]) and material investigated (e.g. materials
with large grains and high silicon contents are more sensitive to welding than those
with small grains and without silicon [170]).

Again, the degradation of the magnetic properties is caused by the introduced
mechanical stresses inside the material due to the interconnecting method and, as in
the case of welding, also as a result of the thermal stresses [105,173]. Furthermore, the

interconnection might further introduce short circuits between the laminations due
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to burrs at the lamination edges or destroyed insulation, leading to small contacts
between the sheets and thus an increase in eddy current losses [174,211]. Note, the
welding seam itself is a connection between the laminations which leads to short
circuits [105,170].

1.4.2 Stress relief annealing

After the manufacturing step of stacking and interconnecting, stress relief annealing
may be performed to reduce or remove already induced internal stresses and local
plastic strains due to the manufacturing process inside the material [80,99,110, 138,
149, 211], leading to an improvement of magnetic properties, e.g. decrease of iron
loss and increase of permeability and remanent magnetic flux density [13,22,110,
158,183,207,211]. Considering the mechanically-cut samples in [110], the annealing
forwards grain growth in the previously plastically deformed area due to cutting
and thus induces a recrystallized structure”. However, with stress relief annealing
adding a further step to the manufacturing process, its positive effects evidently

come at additional cost and time [171].

The measurement results reported in [22] show that such an annealing process can
decrease iron losses by up to 60 %. This change is mainly attributed to the hysteresis
contribution with the eddy current contribution evaluated as constant. However, the
loss reduction reported for a finished machine (a conventional 4-pole 380V, 11 kW
induction machine) is only 15 %. This is explained, among others, by the additional
no load losses, which modify the percentage reduction due to annealing [22]. Also
the author of [80] reports on an improved efficiency of the motors investigated due
to annealing. The fully-finished samples investigated in [13] achieved a decrease
in losses of 40 % in the case of laser-cut samples and about 33 % in the case of
mechanically-cut samples after stress relief annealing. However, the author of [114]
reports no significant effect on saturation magnetization M of laser-cut samples due
to annealing. In [110] and [211] the beneficial effect of annealing is also presented

for wire-cut samples.

After the manufacturing step(s) of stacking and interconnection (and stress relief
annealing), the wires are inserted inside the lamination package, which induces

stresses and strains around the slots [211].

BThe extent of grain growth and microstructural recovery depends on the settings of the annealing

as e.g. the temperature and duration of the annealing [113].
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1.4.3 Shrink fitting/housing

Typically, the last manufacturing step is the housing or shrink fitting process: the
core is fitted into the motor frame by heat shrinkage or press fitting [211]. The inner
diameter of the frame is slightly smaller than the outer diameter of the core [65].
Thus, large compressive stresses are introduced in radial and tangential directions
along the circumference of the core [170,211].

Several studies have shown that the compression of shrink fitting and/or com-
pression inserted in longitudinal or transverse direction to the rolling direction in
steel sheets?* lead to an increase of the iron loss and to a decrease of the material’s
permeability and remanent magnetic flux density [57,118,127,133,192-194,212]. The
respective degrading effect due to shrink fitting again depends on several conditions
as for example the material of the cylinder in which the lamination package is shrink
titted in (see e.g. [212]).

1.4.4 Relative influence of different manufacturing steps

In [170], the different manufacturing steps are evaluated due to their degrading influ-
ence on the magnetic properties. Table 1.5 shows an extract of the results presented
in [170]. In light of Table 1.5, cutting is the most detrimental part of the manufactur-
ing steps presented in Fig. 1.14. This is also confirmed by the authors of [38] who
identified the increase of the specific power losses through punching to be larger than
that due to compression and welding. Nevertheless, the respective relative influ-
ence of different manufacturing steps might again vary with the samples” geometry,
number of welding seams, etc. However, as the cutting is mostly presented as the
step introducing the largest material degradation on the steels’ magnetic properties,
this work focuses on different cutting techniques and their degrading influence.

ANote, considering the radial compression of shrink fitting at the teeth of the core, this stress is once
longitudinal and then perpendicular to the rolling direction (depending on the respective teeth).
Hence, the average of these two characteristics may provide an estimate of the influence of shrink
fitting (see e.g. [194]).
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Magnetization Operating range Operating range Operating range
Processing step J<05T 05T<J<15T J>15T
Cutting low high very low
Pressing none low to medium none
Welding low medium none
Housing very low low to medium very low
Loss Operating range Operating range Operating range
Processing step J<05T 05T<J<15T J>15T
Cutting low medium high
Pressing none very low low to medium
(uncoated)

Welding very low low medium
Housing low low medium

Table 1.5: Comparison of the influence of the different manufacturing steps on the

magnetization and loss behavior; adapted from [170].
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Chapter 2

Experimental work

2.1 Introduction

The influence of three different cutting techniques on the magnetic properties of

electrical steel sheets is studied. The investigated cutting techniques are:

e Mechanical cutting (guillotine or punching)
e Carbon dioxide laser cutting (CO,) and
e Solid state laser cutting (FKL).

The following aspects have been of particular interest:

e What are the main differences between the deteriorating effects of mechanical
and laser cutting concerning the magnetic properties and losses of electrical
steel sheets?

e Do the degrading effects on the magnetic properties and losses of CO,-laser
and FKL-laser cutting differ?

e Is it possible to state which cutting technique is best?

e To what extent does the effect of aging have an influence on the magnetic

properties and losses of mechanically-cut and laser-cut samples?

This dissertation is amply supported by measurements. Sections 2.1.1 - 2.1.3 report
on the test samples, the cutting techniques used and the measurements carried out.

Chapters 2.2 — 2.6 present the different measurement methods and setups in detail.

2.1.1 Test samples

The measurement samples consist of three different non-oriented steel sheet ma-
terials, which are typically used in electric machines: M270-35A, M400-50A and
M800-65A. The samples are cut from three mother coils (MC) for the Epstein and

FaE/ 37 Ty



Chapter 2 Experimental work

Figure 2.1: Cross sectional area of the analyzed stator cores. (For the dimensions see
Chapter 2.6, p. 53.)

stator specimens. Thus, each specimen of a given material derives from the same
mother coil (three materials — three mother coils). This is important as “the variation
from MC to MC is much larger” than “the variation caused by the manufacturing
process” as Clerc [38] stated.

The dimensions of the first set of Epstein samples are in accordance with the
standard IEC 60404-2 [86] with a width of 30mm and a length of 305mm. The
second set has only a width of 7.5 mm for samples cut by guillotine and by FKL-laser
and a width of 7 mm for specimens cut by CO,-laser. The length of 305 mm remains
unchanged. The smaller samples are thus modified Epstein specimens. All Epstein
specimens are cut in rolling (LL) and transverse (QQ) direction.

The stator samples consist of a length of about 100 mm composed of stacked and
pressed laminations. The cross-sectional area of the stator is shown in Fig. 2.1.

The specimen nomenclature in the following chapters (can) contain the infor-
mation below: sheet material, specimen width, cutting technique (SS = guillotine,
punched, CO, = carbon dioxide laser, FKL = solide state laser), cutting direction
(LL = rolling direction, QQ = transverse direction), signal frequency of measure-
ment and additional variations of the measurement setup (e.g., power amplifier

with or without sense lines, see Fig. 2.2).

2.1.2 Cutting techniques

The Epstein specimens are cut by guillotine, CO,-laser and FKL-laser. The stator
sheets are cut by CO,-laser and FKL-laser as well, however for the mechanical
cutting, a punching machine is used. In contrast to the Epstein specimens, the

stator steel sheets are packaged, pressed and glued after cutting, at a pressure of
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M270-35A-30-50Hz-LL-FKL
sample sample frequency cutting cutting

material width direction technique

Figure 2.2: Specimen nomenclature.
about 0.3 MPa. For a better comparison of the behavior of the laser-cut samples of

this study and also with results already investigated by other researchers, the laser

settings of the two lasers used are presented in Table 2.1.

Table 2.1: Laser settings.
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pulsed,
Ised 3.75"0.15
Co, prise 2000 12 12 N, | 10bar mm
frequency (at cutter head)
5000 Hz
32
(for 0.35 mm
FKL approx. and 0.5 mm
(Nd-YAG) cw-mode | 6000 32 thickness) 150 ym
' (20kHz) 15
(for 0.65 mm
thickness)

2.1.3 Types of measurements

To analyze the influences of the different cutting techniques on the magnetic behavior

of the electrical steel sheets mentioned above, five different types of measurements

are carried out:

1. With the help of optical emission spectrometry (OES), the chemical composition
of the material is analyzed (see Chapter 2.2).

2. The average grain size diameter d, is determined for each type of material by
electron backscatter diffraction (EBSD, Chapter 2.3).
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3. The quasi-static hysteresis curves of the Epstein specimens are measured by a

so-called remagraph (for more detailed information, see Chapter 2.4).

4. The Epstein frame measurements (see Chapter 2.5) are carried out to identify

the magnetic properties and iron losses of the Epstein specimens.

5. The stator measurement setups (see Chapter 2.6) determine the magnetic prop-
erties and iron losses of the stator yoke (due to the way the windings are

inserted, only the losses of the stator back/yoke are measured).

An overview of all measurements is provided in Tables 2.2, 2.3 and 2.5.

2.2 Optical emission spectrometry

Optical emission spectrometry, also called spark emission spectrometry, is a method
for measuring the chemical composition of metals and electrical steels in particu-
lar. While energy is supplied by electric spark discharges, atoms of the material
investigated, and thus electrons, are excited and emit radiation with defined wave-
lengths [121]. Each element emits an element-specific line spectrum and is thus
allocatable [121]. Most of the metallic elements emit spectral lines in the wavelength
range of 0.36-0.80 ym [121].

The chemical compositions of electrical steels is left to the manufacturer’s discre-
tion. Standards (IEC EN 60404-8-6 [89] and IEC EN 60404-1 [84]) do not require
the compositions to be explicitly stated. However, for the analysis carried out in
this work, it is important to know its chemical composition as each element and
its relative volume and mass may influence the properties, including the magnetic
properties (see Chapter 1.2.2).

A selection of the measured samples was degreased, ground and investigated with
OES (see Table A.1 in Appendix A.1). Three or four areas were ground in the middle
of the strip. Afterwards, measurements were carried out on each of the ground areas
and averages as well as standard deviations were calculated’. The corresponding
bar charts show the mean of these measurements with their standard deviations

(Chapter 3). The results are discussed in Chapter 3.

2.3 Electron backscatter diffraction (EBSD)

The EBSD technique is used to obtain and analyze the microstructure of, e.g., metallic

samples based on a crystallographic analysis [3,74]. “A scanning electron micro-

!These measurements were performed by [72].
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Peltier cooled Lead glass
CCD camera radiation shield

Phosphor [
screen

Beam
control

Sample

-----
a8

Digital stage and
beam control unit

Figure 2.3: EBSD system, from [3, 74].

scope (SEM) fires a [stationary,] tightly-focused beam of electrons at” [74] the tilted?
specimen to be investigated (Fig. 2.3). According to the crystalline structure of the
sample, “some of the electrons in the beam are diffracted [...] and hit a phosphor
screen [...], generating patterns of light that are detected and recorded by a digi-
tal camera” [74] (Fig. 2.3). Among others, these patterns provide information of
crystal orientation, grain sizes, grain boundary misorientations and local crystalline
perfections [3].

In this work?!P2*, the EBSD technique was mainly used to determine the (average)
grain size diameter(s) of all three investigated materials and to gain insight into
the arrangement of the grains. The samples were investigated in a Zeiss Ultra 55
FEG SEM with the EBSD system from EDAX (Mahwah, USA) [56]. The scanning
electron microscope was operated at 20 kV [56]. Before the investigation, the samples
were prepared by “mounting in conductive resin, mechanical grinding, diamond
polishing [using a 0.25 ym diamond paste] and final polishing” [91] using a 0.04 ym
SiO, emulsion. Thus, a smooth surface of the sample was obtained.

Since EBSD samples were mounted in electrically non-conductive material, a con-
ductive adhesive tape or the coating with, e.g., carbon was necessary to avoid elec-
trostatic charging. The first option was used for the samples extracted from the
surface at the middle of the sheet, the latter for those extracted from the cross sec-
tion (including the cut edge area) (see Fig. 2.4). Furthermore, the coating thickness
must be taken into account, as with increasing coating thickness, the pattern quality

decreases (see e.g. [108])°.

2The sample is tilted at 70° from the horizontal so that most of the diffracted electrons reach the

phosphor screen.
3The preparations of the samples as well as the measurements with the EBSD were performed by
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EBSD sample extracted
from the surface at the
middle of the steel sheet

5

EBSD sample extracted
along the cut edge

SI EBSD sample extracted
from the cross section
30 mm including the cut edge

Figure 2.4: EBSD samples extracted.

2.4 Remagraph/Permeameter

The remagraph (in IEC 60404-4 [88] also called permeameter type B) measurement
setup according to IEC 60404-4 [88] and as used in the measurements reported
herein, is used for measuring the (quasi-static) hysteresis curve of magnetically
soft materials [60]. It consists of a yoke, two coils for the magnetization of the
samples and two for the measurements of the magnetic field strength H and flux
density B: a J-compensated surrounding coil and an H-potential coil (see Fig. 2.5) [60].
The measuring coils are respectively connected to a fluxmeter [60], in this case to
a fluxmeter from Brockhaus Messtechnik [103]. Various measurement coils are
available for different kinds of specimens, e.g., for flat or round specimens.

The following measurements were made on a subset of the electrical steel strips
which are also used for the Epstein tests. The number of strips in the remagraph is
smaller than the number in the Epstein frame. The number was chosen to obtain
nearly the same cross-sectional area for all steel strips in the remagraph which are of
the same width (detailed numbers see Table 2.2). These strips were stacked together,
taped at the ends to avoid shifting, and clamped between the yoke. The measurement
method refers to the standard IEC 60404-4 [88]. All measurements were performed
at a frequency of 1 Hz. As this frequency is smaller than the Wolman frequency* for
all three investigated materials, the obtained hysteresis curves are 'quasi-static” [23].

the Institute for Electron Microscopy and Nanoanalysis at TU Graz [56].
“Hysteresis curves measured with a frequency below the Wolman frequency differ only slightly from

the static curves, therefore they can be defined as 'quasi-static’ [23]. Beyond this frequency, eddy
current losses need to be taken into account. Thus, the Wolman frequency is a cut-off frequency
for eddy currents [208].
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D: J-compensated surrounding coil G: connection H-Fluxmeter

Figure 2.5: Composition of remagraph, based on [60].

Table 2.2 gives an overview of the measurements carried out.

Before each measurement, the samples were demagnetized by an AC magnetic
field with continuously decreasing amplitude down to zero [23,60]. Afterwards,
the hysteresis loop was measured. Two measurements were taken for each sample.
The second measurement differs in that the vertical specimen is turned upside-
down (top and bottom are reversed). This was done to ensure that the material
behaves magnetically similarly in both directions. As seen in Fig. 2.6, the steel
strips mostly show a very good reproducible magnetic behavior, independent of the
clamping direction. This different clamping direction is defined by an additional
“u” (clamping downwards) or “0” (clamping upwards) at the measured samples’
names (see diagrams in Chapter 4.1).

To facilitate the comparison between the results in Chapter 4 and to provide a tool
to better describe the observation, the common hysteresis loop has been divided into
different parts, as shown in Fig. 2.7.

For the calculation of the relative permeability, the initial magnetization is used,

as this curve is nearly identical to the commutation curve [23,73].
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Figure 2.6: Reproducibility of Epstein specimens in the remagraph clamped in two

directions.
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Table 2.2: Overview of remagraph measurements.
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5 .5 @
Small specimens
M270-35A-7.5-SS-LL 9 23,625 30V w = 207 Sw = 1036¢~* mm?
M270-35A-7.5-55-QQ 30V R=11Q R=965Q
M270-35A-7-CO,-LL 9 2205 30V w =207 Sw = 10364 mm?
M270-35A-7-CO,-QQ 30V R=11Q R=965Q
M270-35A-7.5-FKL-LL 9 03605 30V w = 207 w = 1036e~* mm?
M270-35A-7.5-FKL-QQ 30V R=11Q R=965Q
M400-50A-7.5-SS-LL 6 s 30V w = 207 Sw = 1036¢~* mm?
M400-50A-7.5-55-QQ 30V R=11Q R=965Q
M400-50A-7-CO,-LL 6 ” 30V w =207 Sw = 10364 mm?
M400-50A-7-CO,-QQ 30V R=11Q R=965Q
M400-50A-7.5-FKL-LL 6 s 30V w =207 Sw = 10364 mm?
M400-50A-7.5-FKL-QQ 30V R=11Q R=965Q
M800-65A-7.5-SS-LL s 24375 30V w = 207 Sw = 1036¢~* mm?
M800-65A-7.5-55-QQ 30V R=11Q R=965Q
M800-65A-7-CO,-LL s 2075 30V w =207 Sw = 10364 mm?
M800-65A-7-CO, — QQ 30V R=11Q R=965Q
M800-65A-7.5-FKL-LL s 21375 30V w =207 Sw = 10364 mm?
M800-65A-7.5-FKL-QQ 30V R=11Q R=965Q
Wide specimens
M270-35A-30-SS-LL ; 735 30V w =184 Sw = 1700e~* mm?
M270-35A-30-55-QQ 30V R=675Q R=1641Q
M270-35A-30-CO,-LL ; 35 30V w =184 Sw = 1700e~* mm?
M270-35A-30-CO,-QQ 30V R=675Q R=1641Q
M270-35A-30-FKL-LL
; 735 30V w =184 Sw = 1700e~* mm?
30V R=675Q R=1641Q
M270-35A-30-FKL-QQ
M400-50A-30-SS-LL 5 - 30V w =184 Sw = 1700e~* mm?
M400-50A-30-55-QQ 30V R=675Q R=1641Q
M400-50A-30-CO,-LL s - 30V w =184 Sw = 1700e~* mm?
M400-50A-30-CO,-QQ 30V R=675Q R=1641Q
M400-50A-30-FKL-LL s - 30V w =184 Sw = 1700e~* mm?
M400-50A-30-FKL-QQ 30V R=675Q R=1641Q
M800-65A-30-SS-LL . 78 30V w =184 Sw = 1700e™* mm?
M800-65A-30-55-QQ 30V R=675Q R=1641Q
M800-65A-30-CO,-LL . 78 30V w=184 Sw = 1700e~* mm?
M800-65A-30-CO,-QQ 30V R=6750Q R=1641Q
M800-65A-30-FKL-LL A 78 30V w =184 w = 1700e~* mm?
MB800-65A-30-FKL-QQ 30V R=675Q R=1641Q
w = number of turns; S,, = total winding cross-sectional area
Ty,
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Figure 2.7: For a better description, the hysteresis loop is divided into several parts.

2.5 Epstein frame

The Epstein frame measurement setup (Fig. 2.8) is used for measuring the magnetic
properties of electrical steel sheets, e.g., the specific losses for different magnetic
polarizations J. The whole setup is composed of the Epstein frame, a power amplifier
(PAS 5000, Spitzenberger + Spies, detailed data in Appendix F.1) and a wide band
power analyzer (Norma D 6100, LEM NORMA GmbH) and bases on the wattmetric
procedure of [86]. The frame itself consists of four coils and of a mutual inductance M
for air magnetic flux correction [86]. Each coil contains a primary and a secondary
winding [86], each with N; = N, = 700 windings. The Epstein frame measurements
were conducted according to the standards IEC 60404-2 [86] for frequencies up to
400 Hz, and IEC 60404-10 [85] for frequencies between 400 Hz and 10 kHz.

According to the standard IEC 60404-2, the number of strips in an Epstein frame
must be a multiple of four [86]. All measurements presented in Chapter 5 were
carried out for 16 strips for the 30 mm wide samples (4 strips per coil) and for 64
strips for the small samples (16 strips per coil). The exact arrangement of the strips
in the Epstein frame is shown in Fig. 2.9.

The measurements were taken at an ambient temperature of 23°C + 5°C [86].
Before the samples were measured in an alternating field, they were weighted and
demagnetized by an AC magnetic field. The primary voltage was then adjusted by

a ramp function to the set value and after a few seconds, the primary voltage was
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Power
amplifier C

M... mutual inductance

Figure 2.8: Electric circuit of Epstein frame measurement setup based on [86] with

amperemeter and voltmeter of the power analyzer.

(b) standard samples

(c) small samples (d) small samples

Figure 2.9: Equipped Epstein frame.
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samples cut [ samples cut  coil with primary

in transverse  in logitudinal ,and secondary

direction direction winding
Figure 2.10: Arrangement of steel strips in the Epstein frame, based on [86].
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again decreased by the ramp function. After each measurement, the samples were
once again demagnetized.

According to the standard [86], the form factor of the secondary voltage must be
1.111 £ 1 %. To ensure this, the measurement setup was amended by two sense lines
(plus and minus) of the power amplifier on the secondary winding of the Epstein
frame (method 1: "Epsteinframe” method = with sense lines).

Additionally, some samples were measured without sense lines; consequently,
the form factor no longer meets the requirements of the standard with increasing
polarization | (method 2: 'modified Epsteinframe’ method = without sense lines).
The sample name is extended by ‘without sense lines” for the samples measured
without sense lines.

With the power analyzer the root mean squares, the average rectified values as
well as the peak values of the primary and secondary voltage, primary current,
power derived from primary current and secondary voltage, primary power derived
from primary current and primary voltage and the frequency are measured. For
redundancy against measurement errors, the primary current is measured by three
channels; two channels are equipped each with a 10 A shunt and one channel with
a 30 A shunt. The secondary voltage is measured by two channels. The input
impedance of the voltage channel is 10MQ. Thus, its influence on the measured
values of I; and U, can be neglected.

When both cutting directions are investigated, it is to ensure that the longitudi-
nally-cut specimens take place in two opposite coils of the Epstein frame and also the

transversely-cut specimens are placed in two opposite coils [86], see Fig. 2.10. The
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2.5 Epstein frame

identifier name of these measured samples then consists of "Mix’, instead of "QQ’ or
"LL’ (compare with Chapter 2.1.1, Fig. 2.2).

All Epstein samples were measured at three frequencies: 50 Hz, 250 Hz and 500 Hz,
with a few samples also at 800 Hz (see Table 2.3). The specific loss ps, the magnetic
tield strength H and the magnetic polarization | were calculated from the measure-
ment data in accordance with the standards IEC 60404-2 and IEC 60404-10 [85, 86].

Table 2.3 gives an overview of all performed Epstein measurements.
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Table 2.3: Overview of the performed Epstein measurements.

Overview of Epstein measurements with and without sense lines on the secondary winding
[}
T < gw 5 .éoé': 553&0 3855 w
5 S£E ST £f% EF sfEYE EFsrs
= £3 8 g .5 :'3 3 5 '§§8.s 3"3.58_5
S S =g & ©5 g g = T gk
M270-35A 30.0 50 Mix SS X X
M270-35A 30.0 250 Mix SS X X
M270-35A 30.0 500 Mix SS X X
M270-35A 30.0 800 Mix SS X
M270-35A 7.5 50 Mix SS X
M270-35A 7.5 250 Mix SS X
M270-35A 7.5 500 Mix SS X X
M270-35A 7.5 800 Mix SS X
M270-35A 30.0 50 Mix CO, X X
M270-35A 30.0 250 Mix CO, X X
M270-35A 30.0 500 Mix CO, X X
M270-35A 30.0 800 Mix CO, X X
M270-35A 30.0 50 LL CO, X
M270-35A 30.0 250 LL CO, X
M270-35A 30.0 500 LL CO, X
M270-35A 7.0 50 Mix CO, X X
M270-35A 7.0 250 Mix CO, X X
M270-35A 7.0 500 Mix CO, X X
M270-35A 30.0 50 Mix FKL X X
M270-35A 30.0 250 Mix FKL X X
M270-35A 30.0 500 Mix FKL X X
M270-35A 30.0 800 Mix FKL X
M270-35A 30.0 50 LL FKL X
M270-35A 30.0 250 LL FKL X
M270-35A 30.0 500 LL FKL X
M270-35A 30.0 50 QQ FKL X
M270-35A 30.0 250 QQ FKL X
M270-35A 30.0 500 QQ FKL X
M270-35A 7.5 50 Mix FKL X
M270-35A 7.5 250 Mix FKL X
M270-35A 7.5 500 Mix FKL X
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Overview of Epstein measurements with and without sense lines on the secondary winding
S & -

g ETE §5 FF 55 E55F £325%
= B = g 3 U3 © g =T g5 =g ¥

M400-50A 30.0 50 Mix SS X

M400-50A 30.0 250 Mix SS X

M400-50A 30.0 500 Mix SS X X

M400-50A 7.5 50 Mix SS X X

M400-50A 7.5 250 Mix SS X X

M400-50A 7.5 500 Mix SS X X

M400-50A 30.0 50 Mix CO, X

M400-50A 30.0 250 Mix CO, X

M400-50A 30.0 500 Mix CO, X X

M400-50A 30.0 50 LL CO, X

M400-50A 30.0 250 LL CO, X

M400-50A 30.0 500 LL CO, X

M400-50A 30.0 50 QQ CO, X

M400-50A 30.0 250 QQ CO, X

M400-50A 30.0 500 QQ CO, X

M400-50A 7.0 50 Mix CO, X

M400-50A 7.0 250 Mix CO, X

M400-50A 7.0 500 Mix CO, X

M400-50A 7.0 50 LL CO, X

M400-50A 7.0 250 LL CO, X

M400-50A 7.0 500 LL CO, X

M400-50A 7.0 50 QQ CO, X

M400-50A 7.0 250 QQ CO, X

M400-50A 7.0 500 QQ CO, X

M400-50A 30.0 50 Mix FKL X

M400-50A 30.0 250 Mix FKL X

M400-50A 30.0 500 Mix FKL X X

M400-50A 30.0 50 LL FKL X

M400-50A 30.0 250 LL FKL X

M400-50A 30.0 500 LL FKL X

M400-50A 30.0 50 QQ FKL X

M400-50A 30.0 250 QQ FKL X

M400-50A 30.0 500 QQ FKL X

M400-50A 7.5 50 Mix FKL X

M400-50A 7.5 250 Mix FKL X

M400-50A 7.5 500 Mix FKL X
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Overview of Epstein measurements with and without sense lines on the secondary winding
S & -
3 L. Fy £5 £FF §§§§° £355 s
3 ESE §s5 FF 35 ESEE E£8E5F
= B = g 3 U5 © g S - =g ¥
MS800-65A 30.0 50 Mix SS X
M800-65A 30.0 250 Mix SS X
MS800-65A 30.0 500 Mix SS X X
MS800-65A 7.5 50 Mix SS X X
MS800-65A 7.5 250 Mix SS X X
MS800-65A 7.5 500 Mix SS X X
MS800-65A 30.0 50 Mix CO, X
MS800-65A 30.0 250 Mix CO, X
M800-65A 30.0 500 Mix CO, X X
MS800-65A 30.0 50 LL CO, X
MS800-65A 30.0 250 LL CO, X
M800-65A 30.0 500 LL CO, X
M800-65A 30.0 50 QQ CO, X
MS800-65A 30.0 250 QQ CO, X
M800-65A 30.0 500 QQ CO, X
M800-65A 7.0 50 Mix CO, X
MS800-65A 7.0 250 Mix CO, X
MS800-65A 7.0 500 Mix CO, X
MS800-65A 7.0 50 LL CO, X
M800-65A 7.0 250 LL CO, X
MS800-65A 7.0 500 LL CO, X
MS800-65A 7.0 50 QQ CO, X
M800-65A 7.0 250 QQ CO, X
MS800-65A 7.0 500 QQ CO, X
MS800-65A 30.0 50 Mix FKL X
M800-65A 30.0 250 Mix FKL X
MS800-65A 30.0 500 Mix FKL X X
MS800-65A 30.0 50 LL FKL X
MS800-65A 30.0 250 LL FKL X
MS800-65A 30.0 500 LL FKL X
MS800-65A 30.0 50 QQ FKL X
MS800-65A 30.0 250 QQ FKL X
M800-65A 30.0 500 QQ FKL X
M800-65A 7.5 50 Mix FKL X
MS800-65A 7.5 250 Mix FKL X
M800-65A 7.5 500 Mix FKL X
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2.6 Stator lamination stacks

The stator measurement setup is used for analyzing the magnetic properties of
‘cores made of soft magnetic materials’ [90]. Three different approaches are taken to
determine the losses of the different cut stators. These methods are further explained
in the section below.

The electrical steel sheets of all stators belong to the same mother coils as the
Epstein and remagraph specimens (see Chapter 2.1.1). After cutting, the steel sheets
are stacked, glued manually and compressed with 0.3 N/mm? [165].

In general, all setups consist of the stator with primary and secondary winding,
a power amplifier (PAS 5000, Spitzenberger + Spies, further data in Appendix F.1)
and a wide band power analyzer (Norma D 6100, LEM NORMA GmbH), again
with three current shunts in the current measurement path to increase measurement
accuracy: two channels equipped with a 30 A shunt and one channel with a 100 A
shunt. As for the Epstein frame measurements, the input impedance of the voltage
channel is large (10MQ)), and thus the influence on the measured values of I; and
U, are negligible. The respective circuit diagram is presented in Fig. 2.11. Both the
primary and the secondary winding are wound around the stator yoke. Thus, the
magnetic flux is located in the yoke region. The number of windings for the primary
winding is N1 = 43 and for the secondary winding N, = 50. The winding of the
primary coil has a cross-section of 4 mm?. Before and after each measurement, the

stators are demagnetized, as required for the Epstein samples (see Chapter 2.5).

I
282020
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arcr)lvgfi;er D Ull ‘ lU2 luz

Figure 2.11: Electric circuit of the stator measurement setup.

Eight different stators are investigated (Table 2.4). All stators have the same
dimensions: an outer diameter of D, = 135 mm, a yoke height of /.. = 12mm, and
an iron length /g, of about 100 mm (see Chapter 2.1.1, Fig. 2.1). The only differences
are the material and the cutting techniques used. At the outer diameter of the stator,
a temperature sensor is attached to control the temperature behavior.

Three different measurement methods are carried out.
1. The first method is in accordance with standard IEC 62044-3 [90].

2. As the first method differs slightly from the Epstein procedure (see paragraph
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Chapter 2 Experimental work

Figure 2.12: Stator under test with primary and secondary coil.

Table 2.4: Investigated stators.

M270-35A | M400-50A | M800-65A
Punched X X
CO,-laser X X X
FKL-laser X X X

x = available stators for measuring the losses at different operating points.

‘Measurement method: ‘IEC 62044-3”), a further measurement method based
on the Epstein frame procedure [86] is performed (see paragraph ‘Measurement
method: ‘Epsteinframe”) to allow a better comparison with the Epstein results
of Section 2.5.

3. For the sake of complete comparability, the stators are also measured based
on the second method but without sense lines (see paragraph ‘Measurement

method: ‘modified Epsteinframe”).

1) Measurement method: 'TEC 62044-3’
This method follows the standard IEC 62044-3 [90]. The setup consists of two sep-
arate windings, the primary coil (field excitation) and the secondary coil (voltage
measuring winding). The windings are close to and distributed equally around the
core [90]. In contrast to the Epstein standards [85,86] the primary voltage must con-
tain a harmonic content smaller than 1 % if the output is sinusoidal [90]. Therefore,
the sense lines of the power amplifier are connected to the primary winding.
Another difference to the Epstein standards is the exact procedure required for
the measurement of the individual points. Within the time of 2 + 0.5 seconds, the

output source must be set to the time dependent parameters (frequency, waveform

e/ 54 Ty



2.6 Stator lamination stacks
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Figure 2.13: Applied voltage amplitude over time to comply with the standard [90].

and output amplitude) [90]. At the time t,, the measurement must be taken [90].
Then, the output source must be turned off immediately [90]. In total, the field
must not be excited longer than ten seconds [90]. This is to avoid self-heating of the
core [90]. Corresponding to this requirement, the measurement points are adjusted
with an output voltage ramp of two seconds to obtain the desired measurement
point (see Fig. 2.13). After a further three seconds, the measurement is taken. Shortly
thereafter, the output source is turned off with a ramp. The voltage over time of the
measurement setup is shown in Fig. 2.13.

The temperature of the stator is monitored by a sensor. Before the next reading
is taken, the sample must reach ambient temperature: 25+3°C ( [84]). Thus, the
influence on the measurement data by self-heating of the stator is almost excluded.

The specific losses are calculated based on IEC 62044-3 [90].

2) Measurement method: "Epsteinframe’

This measurement method follows the Epstein standard [86], the secondary voltage
is required to be a pure sine wave (see Chapter 2.5). Thus, the sense lines of the power
amplifier are connected to the secondary winding. Furthermore, the measurements
of the series are taken in succession, in contrast to IEC 62044-3 [90] in which each
measurement point is aimed at individually. Apart from that, the measurement
setup is identical to the method of IEC 60404-2 (see Chapter 2.5). The "Epsteinframe’
measurement method is applied for a better comparison with the Epstein results of

the Epstein specimens.

3) Measurement method: ‘'modified Epsteinframe’

As the Epstein specimens are also measured without sense lines on the secondary
winding (see Chapter 2.5), the stator specimens are also measured according to the
"Epsteinframe” method, the only difference being that no sense lines are used, either
on the primary or on the secondary winding. This approach is chosen to determine

the effect of the secondary sense lines on the specific losses.
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Figure 2.14: Effect of sense lines on the shape of voltages and current.
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Figure 2.15: Effect of sense lines on the secondary winding.

600

The influence of sense lines on the primary current and both voltage shapes is
shown in Fig. 2.14. The effect of secondary sense lines applied or not applied to the
harmonics of the secondary voltage is presented in Fig. 2.15. Ideally, the "Epstein-
frame” method only produces the first harmonic, as the sense lines are connected to
the secondary winding. This is mostly ensured for small frequencies, e.g., 50 Hz.
With higher frequencies and saturated materials, harmonic components may occur,
too. Thus, in this area no pure sinusoidal of the secondary voltage is producible.
Note, the form factor of the secondary voltage of 1.111 + 1% is an indicator for the

quality of the sinusoidal shape of the secondary voltage.
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2.6 Stator lamination stacks

For the ‘modified Epsteinframe” method, additional harmonics are expected as
this method measures without sense lines. Hence, the harmonics already occur at
small frequencies (50 Hz). Of course, these harmonics have a higher amplitude at
higher frequencies compared with those produced by the "Epsteinframe” method.
With increasing order, the amplitudes of the harmonics decrease.

The signals produced by the method "IEC 62044-3" show a similar harmonic con-
tent as those of the ‘'modified Epsteinframe” method. The primary voltage of the
‘modified Epsteinframe’ method is nearly sinusoidal, as supplied by the power am-
plifier (Fig. 2.14). Table 2.5 gives an overview of all performed stator measurements.

Table 2.5: Overview of the stator measurements.

o 4 4 S
L8 $ 5 :
g & g § ¥ S
$ s s | e o8 L&
§ & s 58 §¢ s & &
$ § s g & ZF § &8
# 5 & | 5¢ 5 & SEE

) C & & & V&
M270-35A CO;,-laser 50Hz X X X
M270-35A CO,-laser 250Hz X X X
M270-35A CO,-laser 500Hz X X X
M270-35A | FKL-laser 50Hz X X X
M270-35A FKL-laser 250Hz X X X
M270-35A | FKL-laser 500 Hz X X X
M400-50A punched 50Hz X X X
M400-50A | punched 250Hz X X X
M400-50A | punched 500Hz X X X
M400-50A CO,-laser 50Hz X X X
M400-50A CO,-laser 250Hz X X X
M400-50A CO,-laser 500Hz X X X
M400-50A FKL-laser 50Hz X X X
M400-50A FKL-laser 250Hz X X X
M400-50A | FKL-laser 500 Hz X X X
M800-65A | punched 50Hz X X X
M800-65A | punched 250Hz X X X
M800-65A | punched 500Hz X X X
MS800-65A CO,-laser 50Hz X X X
MS800-65A CO,-laser 250Hz X X X
MS800-65A CO;,-laser 500Hz X X X
M800-65A FKL-laser 50Hz X X X
M800-65A FKL-laser 250Hz X X X
M800-65A FKL-laser 500Hz X X X

x = performed measurements
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Chapter 3

Experimental results: chemical

composition and grain size

3.1 Optical emission spectrometry

For each investigated sample, three measurements were taken (see Chapter 2.2).
The standard deviation of each measurement is indicated in Fig. 3.1 and listed in
Appendix A.1, Table A.1. As Fig. 3.1 shows, the largest relative standard deviation
was found for material M270-35A, especially for the measured carbon and aluminum
contents. However, considering all results of one material (e.g. M270-35A, carbon

content, first four bars), all bars are in the same range (see Fig. 3.1).

3.1.1 Results

The optical emission spectrometry was carried out by [72]. As the ground and
measured areas are placed in the middle of the strips (see Chapter 2.2), the different
cutting techniques have no effect on the spectrometry results, wherefore this aspect

is not discussed in this section.

The results by optical emission spectrometry show no unexpected characteristics
for the electrical steel sheets. They reveal the differences of material compositions of
the three studied materials M270-35A, M400-50A and M800-65A. The complete set
of results is listed in Appendix A.1.

M270-35A is characterized by a higher carbon (0.0075 wt%/0.003 wt% — 250 %),
silicon (2.83 wt%/1.58 wt% — 179 %) and aluminum (1.03 wt%/0.13 wt% — 792 %)
content than M400-50A and M800-65A whereas the manganese content is the low-
est for M270-35A (see Fig. 3.1 and Appendix A.1). The materials M400-50A and
M800-65A differ primarily in their manganese contents (see Figs. 3.1).
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Figure 3.1: Results measured by optical emission spectrometry (+ = content is smaller

than the value specified in the diagram, compare with Table A.1 in Ap-
pendix A.1).

Conclusions:
e Material M270-35A has higher contents of carbon, silicon and aluminium
than materials M400-50A and M800-65A.

e Materials M400-50A and M800-65A differ primarily in their manganese
contents.

3.2 Grain size identification

The EBSD measurements were performed by [56]. To obtain the average grain
size dg of the non-deteriorated material, EBSD samples were extracted from the
surface at the center of the electrical steel sheets and investigated as described
in Chapter 2.3. Thus, it is expected that the sample obtained from the center is
unaffected by the respective cutting technique (virgin material). Since all samples
of a given material derive from the same MC, the average grain size diameters
determined from the center of several sheets of one material are assumed to be in the
same range. This is confirmed by the measurement results obtained (see Table A.2
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3.2 Grain size identification

Table 3.1: Grain size diameter determined in the center and at the cut edge of the steel
sheets. The rounded values of all respective measurements (see Tables A.2

and A.3 in Appendix A.2) are presented.

Average grain size Average grain size
Material diameter in the sample’s diameter at the samples’s
center in um cut edge in um

M270-35A 81

M270-35A_SS 57
M270-35A_CO, 64
M270-35A_FKL 52
M400-50A 54

M400-50A_SS 45
M400-50A_CO> 46
M400-50A_FKL 47
MB800-65A 27

MB800-65A_SS 29
M800-65A_CO> 26
MB800-65A_FKL 30

in Appendix A.2). For these measurements, the 30 mm wide Epstein samples were
used. Subsequently, further EBSD samples are taken from the cut edge area for
determining the potentially changed grain size due to the cutting process. This was
carried out for all different cut samples. In Table 3.1 the rounded average grain size

diameters of the respective measurements of Tables A.2 and A.3 are presented.

3.2.1 Results

Grain size diameter
Table 3.1 presents the average grain size diameters d;, for the determined investigated
materials'. At first, it is obvious that the non-affected material of M270-35A has the
largest grain size diameter with a mean of 81 ym, followed by material M400-50A
with 54 um and subsequently material M800-65A with 27 um. This difference in
grain size is also reflected in Fig. 3.2.

When comparing the average grain size diameters at the cut edges with those at
the center, it is apparent that the sizes of the grains at the cut edge are decreased,
especially for materials M270-35A and M400-50A. This applies for all cutting tech-

niques investigated. The smaller the grain size of the virgin material, the smaller is

'In Appendix A.2 more detailed information is provided.
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Chapter 3 Experimental results: chemical composition and grain size

the decrease of the grain size at the cut edge due to the cutting. In the case of the
material with the smallest grains (M800-65A), no apparent change in grain size is
found. This suggests that the materials’ sensitivities to change the grain size due to
cutting decreases with decreasing grain size (see Table 3.1).

Furthermore, no significant difference of grain size reduction between mechanical
and laser cutting is observed. The image quality figures (non-published) show that
in the case of mechanically-cut samples, no diffraction information is obtainable from
some areas at the cut edge. This is due to the grains which are strongly deformed
or frayed. The larger the deformation of a grain is, the more difficult it is to obtain a
diffraction information of this specific grain. Hence, grains with which no diffraction
information are obtained, are not used in the determination of the grain size. Thus,
the evaluated cut edge grain size diameters of mechanically-cut samples have to be
used with caution. In contrast, the image quality figures of the laser-cut samples
indicate better reliability, as the grains at the cut edges are less deformed (see also

next Subsection “Grain images”).

Grain images

Different images were taken: IPF (inverse pole figure) and GOS (grain oriented
spread) images. The IPF images depict “the distribution of a selected direction
in the specimen, in relation to the crystal axes” [191]. The GOS figures represent
the average misorientation to the average orientation, both originating from all
measurement points within one grain [191] and are thus a measure for the uniformity
of orientations within one grain.

Fig. 3.2 shows the images resulting from the EBSD samples obtained from the sur-
face at the center of the steel sheet (see Fig. 2.4). These images mirror the differently
sized grains in the respective material.

The cut edges of differently cut samples are presented in Figs. 3.3 and 3.6. Those
of mechanically-cut and laser-cut samples differ significantly in their appearance:
Those mechanically-cut are more frayed and plastically deformed in contrast to the
laser-cut samples with a more uniform cut edge (Figs. 3.3 and 3.6). Furthermore,
Fig. 3.3 shows that the mechanical cutting induces larger misorientations inside the
respective cut edge grains compared with those of the laser-cut samples, which
in turn mirrors the intensity of stress and dislocations within the grain due to the
cutting. These larger misorientations for grains in mechanically-cut in contrast to
laser-cut samples is also obvious along the cut edge (Figs. 3.4 and 3.5). The cut edges
of FKL-laser and CO,-laser cut samples look almost identical. For all samples, it
applies: The larger the distance from the cut edge is, the smaller the deviations are

from the average orientation within a grain (Fig. 3.3, indicated by blue color).
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M400-50A M270-35A

M800-65A

Figure 3.2: Examples of grains at the surface of all three materials investigated (IPF).
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Guillotine CO,-laser FKL-laser
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Figure 3.3: Grains at the cut edge for all materials and cutting techniques investigated
(GOS).
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M270-35A

M400-50A

M800-65A

300 um

grain orientation spread: Il Min: 0; Max: 16

Figure 3.4: Examples of grains along the cut edge for mechanically-cut materials

(GOS).
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Figure 3.5: Examples of grains along the cut edge for FKL-laser cut materials (GOS).
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3.2 Grain size identification

Guillotine CO,-laser FKL-laser

M270-35A

£
i
3

M400-50A

T ——

M800-65A

Inverse Pole Figure [001]

001 101

Figure 3.6: Grains at the cut edge for all materials and cutting techniques investi-
gated (IPF). The very small colored dots are ascribed to impurities caused

during EBSD sample preparation.
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M270-35A

M400-50A

MS800-65A

Inverse Pole Figure [001]

001 101

Figure 3.7: Examples of grains along the cut edge for mechanically-cut materials
(IPF).
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M270-35A

M400-50A

MS800-65A
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Figure 3.8: Examples of grains along the cut edge for FKL-laser cut materials (IPF).
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Conclusions:

e The material with the originally largest grains is most sensitive to the cut-
ting, resulting in the largest decrease of grain size in the cut edge area.
Thus, it applies: the smaller the grains are in a material, the smaller the
change in grain size is due to cutting. This applies to mechanical as well as
laser cutting.

¢ Below a specific small grain size of the virgin material, no significant change
in grain size at the cut edge is observed.

e Mechanical cutting leads to frayed cut edges and to larger misorientations
within the grains placed at the cut edge. This suggests larger stresses and
dislocations inside the edge grains.

e The cut edges of both laser-cut edges are more uniform, with less pro-
nounced misorientations within the grains compared with mechanically-

cut samples.

3.3 Discussion

As previously presented in Chapter 1.2, the respective grain size of a material de-
pends, among other factors, on the chemical composition of the steel sheet. Thus, it
is reasonable that material M270-35A has the largest average grain size diameter, as
this material contains much more silicon and aluminum, which in turn enhance grain
growth, compared to materials M400-50A and M800-65A. The last two materials only
differ significantly in the content of manganese. However, manganese is “relatively
inert in its effect on magnetic properties” [26]. Thus, the difference in grain size of
these two materials may be attributed to other grain size influencing factors (e.g.
manufacturing steps? or its respective performance (annealing treatment)).

The investigations in Chapter 3.2 revealed that the material with the largest grains
is most sensitive to the cutting methods. This is in accordance with results presented
in literature: According to [170], the author of [167] states that with increasing grain
boundary density (and thus decreasing grain size), the extent of deformations is
smaller. The authors of [118] showed that materials with larger grains are more
sensitive to compressive stress. According to [207], all cutting methods presented
in this work induce compressive stresses inside the material. Thus, the statement
of [118] confirms the results presented in this work.

Furthermore, it is shown in Chapter 3.2 that the grain size is decreased at the cut

ZHere, only manufacturing steps are referred to which are performed until the MC is finished.
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edge for both mechanically as well as laser-cut samples. However, the measurement
data of the grain size diameter of the mechanically-cut samples have to be used with
caution, as the cut edge does not provide diffraction information entirely. Thus, the
grain reduction might differ from that obtained with measurements. The effect of
decreasing grain size at the cut edge is also confirmed for mechanically-cut samples
by, e.g., [63,64]. However, most authors report that the grain size did not change at
the cut edge of laser-cut samples [4,51]. Furthermore, the author of [148] expects
that laser cutting may even cause grain growth at the cut edge due to the thermal
treatment. Both of these assumptions contrast the findings of this work, where the
change of grain size due to the cutting (including laser cutting) depends on the grain
size of the virgin material.

In principle, the cut edge shapes identified here of mechanically-cut and laser-cut
samples in Chapter 3.2 (Figs. 3.3 and 3.6) are in accordance with those presented
in [128], [153]P- %°, [110]° (e.g. frayed edges for mechanically-cut samples). The same
applies to the images presented in [4,51].

3.4 Excursion: grain size and specific losses

In this work, three different materials are investigated which differ in their thick-
nesses w, and their average grain size diameter d,.* The grain size influences the
hysteresis as well as the anomalous loss (see Fig. 1.12). However, the thickness only
affects the classical eddy currents (see Eq. (1.4)). Thus, the grain size influences the
quasi-static® hysteresis curves (see Chapter 4). In the case of the Epstein and stator
measurements (Chapters 5 and 6), both the thickness and the grain size (might) lead
to differences in the magnetic behavior of the different materials investigated. For
higher frequencies, the influence of the grain size on the total losses is expected to be
limited, as the eddy currents increase with the square (classical eddy currents) and

with % (anomalous loss) of the frequency (see [16]).

3Compare with Fig. 4 a, b.
“Due to the respective material composition, also further properties such as the resistivity might

change from material to material. However, the main differing parameters are the thickness and

grain size (also influenced by the material composition (see Chapter 1.2.2)).
>No eddy currents must be considered (see Chapter 2.4).
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Experimental results: remagraph

In the following, the investigated samples are analyzed with respect to the influence
of cutting technique, cutting direction and ratio Vi, /(Vpng + Vgg). This ratio illustrates
the relation between the volume of material deteriorated due to cutting and the total

material volume of the sample.

4.1 Influence of cutting technique

In addition to selected results in this Chapter, illustrating the main findings, com-

prehensive sets of measurement results are presented in Appendix B.1.

4.1.1 Small specimens

The analyzed samples are rather small (7.0 or 7.5mm in width, see Chapter 2.1.1).
Based on the assumption that the deteriorated volume induced by cutting has a
constant deterioration depth 6 (e.g.about 2mm, see Chapter 1), the ratio of the
deteriorated volume to the total material volume, V4,/(Vihg + Vi), is rather large.
Therefore, the deteriorating effect of the individual cutting techniques is expected to
show a more significant influence on these small samples than on the wide samples

(compare with Subsection 4.1.2).
Hysteresis curve

Laser versus mechanical cutting

The laser cutting technique (mainly thermally induced stresses) deteriorates the
magnetic properties in a different way than mechanical cutting (mechanically in-
duced stresses; here guillotine cutting); see, for example, the hysteresis loops in
Fig. 4.1. In Fig. 4.1 the material (M270-35A) was cut in rolling direction. The loop
center of the B-H curve of the guillotine-cut sample is thinner than its middle parts
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Figure 4.1: B-H curves for small samples of M270-35A-LL-u, all three investigated
cutting techniques.

(see also Fig. 2.7). This characteristic is reduced with increasing material thickness!
(here, also with decreasing grain size). The slope of the initial curve (representing
the differential permeability) in the loop center area and in the middle parts is steep.
For example, the gradient % of the initial curve in the loop center area is up to
four times higher in the case of guillotine-cut samples than the same gradient of
the FKL-laser cut sample, see Fig. 4.1. This factor varies of course with the type of
material, sample size and thus ratio Vgg/(Vaq + Vgg) and cutting direction.

The B-H curves of the laser-cut samples behave differently: The loop centers of
the laser-cut samples are expanded and wider than the other parts of the hysteresis
curve, leading to larger coercive field strengths H. when compared to those of the
guillotine-cut samples (see legends in Fig. 4.1). The loop centers of all measured
small laser-cut samples are in the area of +0.20 T and +0.45T (see Appendix B.1). In
addition, the B-H curves are shifted into a clockwise direction in relation to those
of the guillotine-cut samples (Fig. 4.1), wherefore the remanent flux densities B,

of the laser-cut samples are smaller than those of the guillotine-cut specimen (see

INote that in this work three different materials, each of a different thickness, are investigated.
However, these three materials also differ in their grain size (see Chapter 3.2), which, in turn,
influence the hysteresis losses (see Chapter 1.2.1 and Fig. 1.12). Thus, when it is stated that some
characteristics increase or decrease with material thickness, this relationship may originally result
from the material compositions and/or the different grain sizes of the materials. This applies to
all Chapters.
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Figure 4.2: B-H curves of M270-35A-LL-u including the high saturation area, all three

investigated cutting techniques.

legends in Fig. 4.1). Considering [26]* and [100], this larger shifting may indicate
that laser cutting induces larger internal stresses than mechanical cutting inside the
material samples®. The remanent magnetic flux densities B, of both small laser-
cut samples differ much less than those of the small laser-cut and guillotine-cut
specimens, even though both small laser-cut samples have different widths (see
Tables in Appendix B.2). Thus, the loop center areas of the small laser-cut samples
do not change sharply with further increasing ratio V4, /(Vng + Vgg). Hence, the
following applies: B, gyiliotine-cut > Brlaser-cut-

Until around 1 T, the B/H-slope of the initial curves of the laser-cut samples is lower
than that of the guillotine-cut samples (Figs. 4.1 and 4.3). Then, up to the end of the
knee-point area (in this case around 1.5T), it is larger. In the (high) saturation area,
the small laser-cut samples reach a higher magnetic flux density B than the small
guillotine-cut samples for the same magnetic field strength H: B(Hgaturation)laser >
B(Hsaturation)guillotine (Figs. 4.1 and 4.2). This applies to all investigated small samples.

The thicker (here, also smaller grain size of) the material is, the less the B-H curves

of the laser-cut samples shifted in relation to those of the guillotine-cut samples*

pp. 625-626.
*Note, the internal stresses by laser cutting are thermally induced whereas those of mechanical

cutting are mechanically induced (see Chapters 1.3.3 and 1.3.4).
*Considering the work of [100], the shifting reflects the internal sate of internal stresses. Thus, the

smaller shifting might suggest, that materials with many, small grains are less sensitive to stresses
induced by laser cutting than those with large grains.
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(see Appendix B.2). Furthermore, the thicker (here, also smaller grain size of) the
material is, the more the B-H curves increase in width and thus the characteristic of
the ‘laser-effect’ is less obvious®.

The shape of the hysteresis loop of the small laser-cut specimens differs evidently
from that of the guillotine-cut samples. Thus, in this work?!P?, this distinctive curve
with a wide loop center area and thin, strongly inclined middle parts and knee point areas
is referred to as the "laser-effect’. This effect is triggered by the stresses which are
induced by the laser and which might differ (in type and/or extent) from the stresses
induced by mechanical cutting. This definition might differ from other definitions
used in literature (compare Chapter 4.3). Furthermore, it is important to mention
that some of these characteristics can also be caused by stacking compression [179]
or tensile deformation mechanism [93]. According to [59,207], stresses induced by
different cutting techniques (punching, laser cutting) are compressive stresses. Thus,
the compressive components of laser-cut induced stresses must be larger than those

induced by guillotine cutting.

Comparison of the two laser cutting techniques

The hysteresis curve of the CO,-laser cut sample is more shifted than that of the
FKL-laser cut sample (see Fig. 4.1), because the ratio V4g/(Vng + Vgqg) of the CO,-laser
cut sample is larger (different widths of laser-cut samples, see Chapter 2.1.1).

The characteristic parameters for the loop center area, B, and H,, are still in the
same range. The remanent flux density B, is smaller®, and the coercive magnetic field
strength H., is equal or larger for the CO,-laser cut samples, due to the larger ratio
Vag/(Viaa + Vgg): The thicker (here, also the smaller the grain size of) the material is,
the more H.co, ~ Herk” (see Appendix B.1). At high saturation the FKL-laser cut
samples reach higher magnetic flux densities B for the same magnetic field strength H
than the CO,-laser cut specimens: B(Hsaturation)rkt. > B(Hsaturation)co, (see Fig. 4.2).

Overall, the hysteresis loops of the two laser cutting techniques have very similar
shapes. This suggests that the curves would be nearly identical if the samples had
the same widths and that the deterioration effect of the two laser cutting techniques
on the hysteresis loop and consequently also on the characteristic parameters and
the specific losses can be considered rather similar. This assumption is further

investigated in Chapter 4.1.2, "Hysteresis curve’.

>Note, in this Chapter only the quasi-static hysteresis losses are studied. These losses decrease with
increasing grain size (see Fig. 1.12). Eddy currents (classical and anomalous) can be neglected

because quasi-static measurements are carried out (see Chapter 2.4).
®Whether this difference only depends on the difference in sample width is further investigated in

Chapter 4.1.2.
7 As concluded before, materials with small grains might be less sensitive to cutting and thus less

sensitive to small differences of the laser cutting technologies.
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Figure 4.3: Relative permeability for different cutting techniques.

Relative permeability

Laser versus mechanical cutting

The relative permeability u, computed from the measurement data of Fig. 4.1 is
presented in Fig. 4.3. At low magnetic field strengths H, the relative permeability is
larger for guillotine-cut samples. Later, a point of intersection (POI) occurs (for the
investigated samples here in the range of 450 to 1000 A/m, depending on difference in
sample width®, type of material and cutting direction) and the relative permeability
of mechanically-cut samples is smaller than those of the two laser-cut samples (see
also Fig. B.21).

By considering the maximum permeabilities (see e.g. Fig. 4.3) the following ap-
plies: pr, max, small, guillotine > {r, max, small, laser- Fig. 4.3 also shows that the relative per-
meabilities of laser-cut samples loose the distinctive maximum with increasing ra-
tio Vg /(Ving + V).

For most investigated samples the following applies: The smaller the maxi-
mum relative permeability i, max is, the more i, mayx shifted to higher magnetic field
strength H. This behavior disappears for samples with lost distinctive maximum
(discussed in more detail in the following Subsections).

8Note, the mentioned difference in sample width here refers only to the investigated samples in this
work. Of course, with smaller or wider sample sizes this POI may occur at other magnetic field

strengths H.
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Comparison of the two laser cutting techniques
For all small laser-cut samples, the following applies: iy, max, small, FKL > U, max, small, CO, -
This difference is especially significant in the range of 0 to 800 A/m. Above 800 A/m,
the difference of relative permeabilities of FKL-laser and CO,-laser cut samplesis less
than 50. As the small CO,-laser cut samples have a smaller width than the FKL-laser
cut samples (see Chapter 2.1.1), the relative permeability of the small CO,-laser cut
samples is more deteriorated. However, further study of the wide samples shows
that this order also exists for samples of same width (see Chapter 4.1.2).

The POIs of guillotine-cut with CO,-laser cut samples are always at larger
magnetic field strengths H than those with the FKL-laser cut specimen. This is

mainly associated with the difference in sample width.
Specific losses

Laser versus mechanical cutting
As the area enclosed by the hysteresis loop is proportional to the specific losses [16],

the latter can be computed from the hysteresis loops by

E =
7 SE HdB. (4.1)

From the hysteresis loop results (see Figs. 4.1 and 4.7), it can be derived that the
specific losses of the laser-cut samples in the loop center area are larger than that of
guillotine-cut samples, as the area enclosed is larger. Thus, for low magnetic flux
densities Plaser-cut > Pguillotine-cut (tirst assumption) applies. However, the widths of
the middle parts of the laser-cut specimens are smaller compared to those of the
guillotine-cut samples. Especially for materials with higher thicknesses (here, also
smaller grain size, e.g. M800-65A) this effect is recognized. The specific losses of the
differently cut samples may thus approach each other with increasing magnetic flux
density and that of the laser-cut samples may also become the smaller one. Thus,
at medium and/or high magnetic flux densities (depending also on the respective
material [e.g. composition and grain size]), it may apply plaser-cut ¥ Pguillotine-cut OF
eVen Plaser-cut < Pguillotine-cut (S€cONd assumption).

Both assumptions are confirmed by the stepwise computed specific losses (see
Figs. 4.4 and 4.5). At low magnetic flux densities B the laser-cut samples have a
larger energy density than the guillotine-cut samples (see Figs. 4.4 and 4.5). Then,
the gradient of the energy density for laser-cut samples decreases, at high mag-
netic flux densities it increases again’. In contrast, in the case of longitudinally-cut

samples, the gradient of the guillotine-cut samples increases continuously; thus, at

°In this work, this characteristic is defined as ‘'wave’ shape.
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moderate to high magnetic flux densities a POl may occur (see Figs. 4.4 and 4.5, com-
pare guillotine-cut with FKL-laser cut samples, as the CO,-laser cut samples have
smaller widths). In the case of transversely-cut samples, the gradient of guillotine-
cut samples increases much more sharply from about 1/1.2T, wherefore the POI
occurs'. This POI does not occur for all investigated samples. It should be noted
that the computation of the energy densities is based on approximation only and
may introduce inaccuracies due to the filtering method and the subsequent com-
putation of the losses. The filtering is used to smooth the read hysteresis loop i.e.
eliminate nonsmoothness due to the barkhausen jumps. A more precise evaluation
of the occurrence of the POl is performed with the results of the Epstein and stator
measurements (see Chapters 5 and 6).

The "wave’ shape is observed for the specific losses of all small laser-cut samples in-
cluding both transverse and longitudinal cutting direction (see Subsection “Cutting
direction - Specific losses”P-%). The losses of the small guillotine-cut samples have
continuously increased behavior in the case of longitudinally-cut samples. Note, for
transversely guillotine-cut samples the ‘'wave’ shape also occurs, but at large it is less
pronounced compared with the laser-cut samples. However, for guillotine-cut sam-
ples, in the case of material M800-65A, both effects (continuous increasing, ‘'wave’

shape) are less pronounced and might result in a more 'linear” behavior (see Fig. 4.6).

Comparison of the two laser cutting techniques

The two curves of the two laser cutting techniques indicate a similar degrading effect
on the loss behavior of the investigated samples: The curves themselves have the
same characteristics (compare with Figs. 4.5 and 4.6). The differences between the
results is primarily explained by the difference in sample widths (7.5 versus 7 mm,
compare Chapter 2.1.1) and thus the different ratios Vg /(Vig + Vag)-

As mentioned in Subsection “Hysteresis curve”, the loop centers of both laser-cut
specimens seem to be in the same range and consequently depend, only to a small
extent, on the small difference in samples widths. Thus, the energy densities of both
laser-cut samples at small magnetic field strengths H overlap, or are closely related.
This is confirmed for almost all investigated samples (see for instance Fig. 4.6, low

magnetic flux densities).

Conclusions - small samples:
e Laser cutting deteriorates the magnetic material properties in a different

way than mechanical cutting (compare hysteresis loops, relative perme-

0This stronger increase is observed for material M270-35A and M400-50A. Thus, this behavior is
reduced for material M800-65A.
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Figure 4.4: Energy densities of the hysteresis curves over magnetic flux density B,
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Figure 4.5: Energy densities of the hysteresis curves over magnetic flux density B,
M400-50A-75-QQ-u.
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Figure 4.6: Both laser-cut samples show similar behavior with respect to the energy
density of the hysteresis curve. The difference between the curves is
mainly explained by the difference in sample widths.

ability and loss behavior).

e Laser-cut samples differ from guillotine-cut samples by more shifted mid-
dle parts and knee point areas.

e The hysteresis curves of laser-cut samples are characterized by wide loop
center areas and thin, strongly inclined upper and lower middle parts and
knee point areas (here designated as ’laser-effect’).

e The thicker (here, also smaller the grain size in) the material was, the less the
B-H curves of the laser-cut samples shifted in relation to the guillotine-cut
samples.

e It applies: B;guillotine-cut > Brlaser-cut aNd H guiltotine-cut < He laser-cuts
but B(Hsaturation)guillotine-cut < B(Hsaturation )laser-cut-

e Considering the maximum relative permeabilities, it applies:

Hr, max, small, guillotine = Hr, max, small, FKL = Hr, max, small, CO, -

e A POI for the relative permeabilities of laser-cut and guillotine-cut samples
occurs at the knee point areas of the laser-cut specimens.

e It applies: i co, < Uy, FKL-

e A POI may occur at the energy densities of guillotine-cut and laser-cut

samples.
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e Due to the larger loop center, the laser-cut samples have larger energy
densities than the guillotine-cut samples in the loop center area.

e The energy density shapes of both laser-cut samples lead to the assumption
that the CO,-laser as well as the FKL-laser degrade the specific losses of

electrical steel sheet in a similar way.

Cutting direction - Hysteresis curve

Laser versus mechanical cutting

Fig. 4.7 shows the same measurement as Fig. 4.1 with samples of the same material
but cut into the transverse direction. Here, the loop center of the hysteresis curve
of the guillotine-cut sample is wider than the middle parts of the curve (Fig. 4.7).
Again, this characteristic disappears with increasing material thickness (here, also
with decreasing grain size). The width of the loop center (w)) is closer to the width of
the laser-cut samples (Awi,0Q,ss — laser < AWic 11,55 - laser). 1hus, the coercive magnetic
tield strength H. is closer to those of the laser-cut samples (see legends in Fig. 4.7).
This is in contrast to the longitudinally-cut samples (Fig. 4.1). The loop center sizes of
longitudinally guillotine-cut and laser-cut samples differ significantly and thus also
the coercive magnetic field strengths H.. The hysteresis loop area of the transversely
guillotine-cut sample in total is increased compared with that of the longitudinally
guillotine-cut sample (compare also with Subsection “Cutting direction - Specific
losses”P-8).  The increase of the loop center area for transversely-cut specimens
decreases for thicker material (here, also with decreasing grain size).

The B-H curve of the transversely guillotine-cut sample is shifted into a clockwise
direction to higher magnetic field strengths H and smaller magnetic flux densities B
when compared to that of the longitudinally-cut specimen. Thus, the relative per-
meability is worse than in the case of the sample cut in rolling direction (see Fig. 4.8
and Subsection “Cutting direction - Relative Permeability”P-%). Through this shift-
ing and the larger loop center area, the remanent magnetic flux density B, of the
guillotine-cut sample changes strongly (see Table B.1). Comparing, for example, the
material M270-35A presented in Figs. 4.1 and 4.7, it is about 50 % (see Table B.1 in
Appendix B.2). With increasing material thickness (here, also with decreasing grain
size), AB; guillotine, small, LL — Q@ decreases (see Table B.1 in Appendix B.2). Thus, the
influence of the cutting direction on the relative shifting of the hysteresis curve is
reduced. The change from the 0.35 mm to the 0.5 mm thick steel sheet is smaller than
that from the 0.5 mm to the 0.65 mm thick steel sheets (see Table B.1 in Appendix B.2).

The hysteresis loops of transversely and longitudinally laser-cut samples are partly

different: The loop center area remains unchanged, independent of its cutting di-
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rection (no shifting of the loop center observed between both samples, see Figs. 4.9
and 4.10). Thus, the remanent magnetic flux density B, and the coercive mag-
netic field strength H. are almost independent of the cutting direction (see legends
in Fig. 4.9). It follows that AB; jaser, small, L1 — @Q 15 much smaller than those of the
guillotine-cut samples (see Appendix B.2, Tables B.2 and B.3). Presumedly, the degra-
dation induced by the laser seems to be already so high for the small longitudinally-
cut samples that a further degradation induced by the transverse cutting direction
has little or no impact. The loop center size'! of the laser-cut samples seems to be
material-specific. M400-50A has the largest loop center area interval (magnetic flux
density). However, the influence of the cutting direction is certainly apparent in the
middle parts, in the knee point and saturation areas, as these parts are more shifted
to lower magnetic flux densities B and higher magnetic field strengths H in the
case of the transversely-cut samples compared to the longitudinally-cut probes (see
Figs. 4.9 and 4.10). Overall, the hysteresis curves of small laser-cut samples (without
considering the loop center) are more shifted into a clockwise direction with respect

to the vertical axis than those of the small guillotine-cut samples.

It is observed that the transversely-cut specimens have higher magnetic flux den-
sities B at high saturation than the longitudinally-cut probes. This applies espe-
cially for laser-cut samples (for guillotine-cut samples this is only true for material
M270-35A). Thus, a POI might appear and the behavior might reverse. With in-
creasing material thickness (here, also with decreasing grain size), the POI is shifted
to higher magnetic flux densities (exception CO,-laser cut samples from M400-50A
to M800-65A). However, these POls are at high saturation (32000 A/m-50000 A/m)
which are less important, as the differences of magnetic properties of samples with

different cutting directions are small.

Comparison of the two laser cutting techniques

By comparing the hysteresis curves of both laser-cut samples with respect to the cut-
ting direction, no significant difference is obvious, except the larger shifting of the
upper and lower middle parts as well as the knee point and saturation areas of the
COs,-laser cut samples (compare Figs. 4.9 and 4.10). This larger shifting is associated
with the smaller sample width of these samples (see Chapter 2.1.1) and thus a larger
ratio of V. /(Vihg + Vgg), wherefore the assumption is made that both laser cutting
techniques have almost the same influence on the hysteresis curve considering dif-
ferent cutting directions if they have the same sample width. This assumption is to

be verified further by examining “wide specimens” (see Chapter 4.1.2).

'Here, the range of magnetic flux density is referred to.
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Figure 4.9: B-H curves of small longitudinally and transversely CO,-laser cut sam-
ples: M270-35A-7.5-CO,-u.
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Figure 4.11: Relative permeabilities of small guillotine-cut samples cut into two

directions.
Cutting direction - Relative Permeability

Laser versus mechanical cutting

It has already been mentioned that the hysteresis curve of the transversely guillotine-
cut samples is shifted into a clockwise rotation compared to that of the longitudinally-
cut samples. Thus, the relative permeability is also influenced. The computed rela-
tive permeability of small guillotine-cut samples in rolling and transverse direction
is presented in Fig. 4.11. It is apparent that the maxima of the relative permeabil-
ities of longitudinally guillotine-cut samples are significantly higher (exact values
depend on the type of material and ratio Vgg/(Vng + V4g)) than those of samples cut
in transverse direction. For both cutting directions a distinct extrema of p, is visible.
Furthermore, the maxima of the relative permeability of the transversely guillotine-
cut samples are shifted to larger magnetic field strengths H compared with those of
the longitudinally-cut samples. This applies to all guillotine-cut samples.

As mentioned in Subsection “Cutting direction - Hysteresis curve” the hysteresis
curves of the laser-cut samples are more shifted to the vertical axis than those of the
guillotine-cut samples. Thus, also the relative permeabilities of the small laser-cut
samples are obviously smaller below the knee point area than those of guillotine-cut
samples (compare Figs. 4.11 and 4.12).

The influence of cutting direction on the relative permeability . of the small laser-
cut samples is presented in Fig. 4.12. As with the guillotine-cut samples, the largest
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reduction of relative permeability is in the area of small magnetic field strengths H.
However, the decrease of relative permeability caused by the different cutting direc-
tions is significantly smaller for laser-cut samples. In the case of material M270-35A
a reduction of up to 33 % occurs for small laser-cut samples in contrast to small
guillotine-cut samples with a reduction of up to 64 % (see Figs. 4.11 and 4.12). With
increasing material thickness (here, also with decreasing grain size) this reduction
of maximum relative permeability as a function of the cutting direction for the small
guillotine-cut samples is decreased (for example M400-50A reduction of up to 49 %,
M800-65A reduction of up to 33%). Of course, the relative permeability of the
small longitudinally laser-cut samples is already many times lower than that of the
longitudinally guillotine-cut sample (compare Figs. 4.11 and 4.12). Thus, at small
magnetic field strengths H, laser cutting deteriorates the relative permeability more
than guillotine cutting, whereas the further influence due to the cutting direction is

smaller.

The relative permeability of the longitudinally laser-cut specimens still show dis-
tinct extrema, in contrast to those of the transversely laser-cut small samples which
exhibit more of a plateau. Thus, the relative permeabilities of the laser-cut samples
loose the distinctive maximum with increasing ratio Vag/(Vna + Vgg) (see conclusion
above in “Relative permeability”) and additionally with the cutting direction devi-
ating from the rolling direction. This is explained by a larger extent of compressive
stresses (see Chapter 4.3). This behavior is most pronounced for the thinnest mate-

rial (here, also the material with the largest grains)'?.

Comparison of the two laser cutting techniques

Also in the case of relative permeability, the two different laser cutting techniques
influence the material in a similar way. The difference in absolute values which is
also reflected by more shifted middle parts and knee point areas of the hysteresis
curves (see Subsection “Cutting direction - Hysteresis curve”) is mainly attributed
to the difference in sample widths (Chapter 2.1.1) and thus to the influence of the
ratio Vqg/(Vna + Vag). This needs to be clarified finally with the wide samples.
However, the distinct extrema pi;, max 0f the CO,-laser cut sample is shifted to higher
magnetic field strengths H (see Fig. 4.12). However, this behavior does not apply
for all investigated samples. It is observed that this behavior disappears as soon
as the characteristic of a lost distinctive maximum becomes more apparent (see

e.g. Fig. 4.12, transversely-cut samples).

2Thus, materials with large grains may be more sensitive to compressive stresses than those built

up of small grains.
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Figure 4.12: Relative permeabilities of small laser-cut samples cut into two directions.

Cutting direction - Specific losses

Laser versus mechanical cutting

The losses (computed according to Eq. (4.1)) of the small guillotine-cut samples are
higher for transverse cutting direction (see Fig. 4.13). This applies for all cutting
techniques (Fig. 4.14). The difference of guillotine-cut samples starts right from the
beginning (loop center, see Fig. 4.13, remember the difference in loop center size
(Fig. 4.8)). This is in contrast to the laser-cut specimens (see Fig. 4.14) in which the
differences of cutting direction is, if at all, first obvious at magnetic flux densities
above the loop center. In Subsection “Cutting direction - Hysteresis curve” it is
mentioned that the hysteresis curves of the transversely guillotine-cut specimens
have a larger width in the loop center than in the middle parts. This is reflected
in Fig. 4.13, as the gradient of the transversely-cut specimen first increases (at low
magnetic flux densities), then decreases (at medium magnetic flux densities) and
subsequently again increases (at medium to high magnetic flux densities)’®. In
contrast, the gradient of the longitudinally guillotine-cut specimen increases rather
continuously; as for longitudinally guillotine-cut samples the middle parts of the
hysteresis curve are wider than the loop center (see Fig. 4.13). Furthermore, as
mentioned above, the width of the loop center of the transversely small guillotine-

cut samples is closer to the width of the transversely laser-cut specimen. This is also

13’wave’ shape behavior, see p. 78.
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Figure 4.13: The difference in energy densities for small longitudinally and trans-
versely guillotine-cut samples is apparent from the beginning (loop

center).

confirmed by comparing Figs. 4.4 and 4.15.

The specific loss curves of the laser-cut samples have a similar characteristic as
those of the transversely guillotine-cut samples (compare Figs. 4.13 and 4.14)

The ‘wave’ shape of the specific losses is observed for the small longitudinally
and transversely laser-cut samples, as well as the small transversely guillotine-cut
samples, as the loop centers of the hysteresis curves are larger than the middle
parts (Figs. 4.13 and 4.14). Furthermore, the loss curves of the laser-cut samples in
longitudinal and transverse cutting directions overlap at low magnetic flux densities
(see Fig. 4.14). This again reflects the compliance of these two loop centers which
are unaffected by the cutting direction (Fig. 4.9). The difference of energy densities
between the two cutting directions of one cutting method is more pronounced for
guillotine-cut samples.

Again, as for the longitudinally-cut samples, a POI of the specific losses of laser-

cut and guillotine-cut samples may occur for the transversely-cut samples (Fig. 4.15).

Comparison of the two laser cutting techniques

In the loop center area, the computed energy densities of both small laser-cut spec-
imens are almost identical (see Figs. 4.15 and 4.16). At medium magnetic flux
densities, the energy densities of both laser-cut samples differ, but still have the

same shape. Once again, it is assumed that this difference is mainly due to the
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Figure 4.14: The difference in energy densities for small longitudinally and trans-

versely laser-cut samples is first apparent for magnetic flux densities

above the loop center.
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Figure 4.16: Energy densities for small transversely-cut samples, M800-65A, all cut-
ting techniques .

different sample widths of the small laser-cut specimens. Whether this difference is
also affected by the different laser cutting techniques will be investigated further in
“wide samples” (see Chapter 4.1.2). The larger slopes of the small laser-cut samples
at low, in contrast to medium, magnetic field strengths H, again reflect that the loop

center area of laser-cut samples is larger than the middle parts.

The disparity mentioned between guillotine and laser-cut samples with respect to
the changed cutting direction show the different deterioration effects on the magnetic

material.

Conclusions - small samples:

e The thicker (here, also the smaller the grains of) the material is, the
smaller the shifting of the hysteresis curves between transversely and
longitudinally-cut specimens.

e Guillotine-cut samples: The hysteresis curves of the transversely-cut spec-
imens are shifted into a clockwise direction in relation to those of the
longitudinally-cut samples. Additionally, the transversely-cut probes have
a wider loop center area than the longitudinally-cut specimens.

e The remanent magnetic flux densities of the guillotine-cut samples change

strongly from the longitudinal to the transverse direction.
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e The loop center areas of the small laser-cut samples remain unaffected by
the cutting direction, but it leads to more shifted lower middle and upper
middle parts as well as knee point and saturation areas.

e For small laser-cut specimens the following applies: B; 11, *® B;qo.

e It applies: Auy, max, guillotine, small, LL — QQ > Alr, max, laser, small, LL — QQ-

e Thedistinctive maximum of u, of laser-cut samples disappears with increas-
ing ratio Vqg/(Vna + Vqg) and increasing deviation from the longitudinally
cutting direction.

o The specific losses of transversely-cut guillotine probes are larger than those
of longitudinally-cut specimens.

e As the loop center area of laser-cut samples is unaffected by the cutting
direction, the specificlosses of transversely-cut as well as for longitudinally-
cutspecimens are rather the same atlow magnetic flux densities (loop center
area).

e A POI of guillotine-cut and laser-cut samples may also occur for

transversely-cut samples.

4.1.2 Wide specimens

Assuming that the deterioration depth 6 of one cutting technique remains constant,
the wider specimens consist of more non-deteriorated volume compared to the small
samples. Therefore the ratio Vyy/(Ving + V) is smaller and the properties of the
non-deteriorated volume (e.g. stress state, grain size, cutting direction) have more
influence on the overall magnetic behavior, and the influence of cutting becomes,
in relative terms, smaller. It can therefore be concluded that the influence and the
difference between the different cutting techniques is not as clearly seen as for the
small specimens.

Hysteresis curve

Laser versus mechanical cutting

The "laser-effect’ defined in Chapter 4.1.1, is no longer apparent as was the case with
the small specimens (see Fig. 4.17), as expected from the smaller ratio Vg, /(Ving +
Vqg). If at all, these characteristics are only slightly noticeable for transversely-cut
samples (for example Fig. 4.18), as the middle parts become thinner in comparison
to the loop center and are shifted to the right, whereas the hysteresis curve of the

guillotine-cut sample has a smoother transition between the hysteresis loop parts.
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Figure 4.17: B-H curves for different cutting techniques, wide samples M400-50A-
30-LL-u.

For longitudinally-cut wide samples no influence on the hysteresis curve of the
"laser-effect” is observed (Fig. 4.17), thus guillotine-cut as well as laser-cut samples
have a more similar magnetic behavior.

However, the loop centers of the guillotine-cut samples are still thinner (in a few
exceptional cases of the same width) than those of the laser-cut samples, even if not
as obvious as for small samples (compare the coercive magnetic field strengths H.
in the legends of the diagrams in Appendix B.1). Also, the differences between
the remanent magnetic flux densities B, of guillotine-cut and laser-cut samples
strongly decreased. It applies: AB; small, guillotine — laser > ABy wide, guillotine — laser (COM-
pare with the tables in Appendix B.2). As for the small specimens it still applies
B, guillotine-cut > By, laser-cut (s€@ Appendix B.2). The middle parts of the guillotine-cut
samples are smaller than those of the laser-cut samples. The hysteresis loops of the
laser-cut samples are still, albeit slightly, shifted to those of the guillotine-cut samples,
which may indicate that for laser-cut samples the internal stresses are still higher
(compare with [26]'* and [100]). Among other characteristics, this is reflected by the
remanent flux densities B, (compare with Tables B.4, B.5 and B.6 in Appendix B.2).
Furthermore, the gradients of the initial curves of the differently cut samples still
differ in the loop center area, but considerably less than those of the small sam-

ples (for example, the gradient 22 of the wide guillotine-cut sample of material

Bpp. 625-626.
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Figure 4.18: B-H curves for different cutting techniques, wide samples M400-50A-
30-QQ-u.

M270-35A-30-LL-u is higher than the same gradient of the wide laser-cut samples
by a factor of about 1.15; it is thus essentially smaller than the investigated factor for
the same material but in small samples (see Chapter 4.1.1))'°. Even at the middle
parts and knee point areas, a larger gradient is expected for guillotine-cut than for
laser-cut samples (further clarification in Subsection ‘Relative permeability”). This
larger gradient also contributes to the fact that B; guiliotine-cut > Br, laser-cut-

The hysteresis loops are widened with increasing material thickness (here, also
with decreasing grain size)'*(see Appendix B.1). For M800-65A at (high) saturation
areas, the wide FKL-laser cut specimens reach higher magnetic flux densities for
the same magnetic field strengths H as the guillotine-cut or CO,-laser cut samples.
This is in accordance with the small samples (see Chapter 4.1.1). However, for
material M270-35A the guillotine-cut samples reach higher magnetic flux densities B
at high saturation than the laser-cut samples. This is in contrast to the results of
the small samples (Chapter 4.1.1), in which guillotine-cut samples always approach
the smallest magnetic flux density B at high magnetic field strength H compared
to laser-cut samples. As will be discussed in Chapter 4.2, the effect of increasing
ratio Vgg/(Vng + V) leads, in the case of guillotine-cut samples, to a decreased
magnetic flux density in the saturation area. This is in contrast to laser-cut samples

(Chapter 4.2). Therefore, it might occur that some wide guillotine-cut samples reach

I5For transversely-cut samples this shifting is larger than for longitudinally-cut samples.
16Smaller grains provide larger hysteresis losses (see Fig. 1.12) and thus the hysteresis loop is widened.
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larger magnetic flux densities than the FKL-laser cut samples and in the case of
small samples, lower magnetic flux densities B compared to those of the laser-cut
specimens. For M400-50A, the longitudinally FKL-laser cut samples reach higher
magnetic flux densities B at high magnetic field strengths H than the guillotine-cut
samples. This behavior reverses for the transversely-cut samples. The CO,-laser
cut samples always reach smaller magnetic flux densities than the guillotine-cut and
FKL-laser cut samples. This applies to all three investigated materials. Overall,
for both wide and small samples it applies: B(Hsaturation)rKL, B(Hsaturation)guillotine >

B (Hsaturation)COZ .

In the case of material M270-35A, the hysteresis loops of wide laser-cut and
guillotine-cut samples differ least. Especially in the case of the wide transversely-cut
samples of M400-50A, the largest differences are observed (Fig. 4.18).

Comparison of the two laser cutting techniques

A closer look at all measured hysteresis loops of both wide laser-cut samples shows
that the hystersis curves of the CO,-laser cut samples are slightly more shifted to
those of the the guillotine-cut samples than those of the FKL-samples. With one
exception (M800-65A-30-LL-0), this applies to all wide measured samples (compare
with Appendix B.1). Thus, the remanent magnetic flux densities B, of CO,-laser
cut samples are smaller than (or equal to) those of FKL-laser cut samples, although
both laser-cut samples have the same width (see Chapter 2.1.1). Thus, the larger
shifting of the hysteresis curves of the wide CO,-laser cut samples indicates that this
behavior is not only due to differences in sample width, as previously assumed in
Chapter 4.1.1, but also due to the cutting technique itself. However, for the most
part, the difference between guillotine-cut and laser-cut samples is much higher.

In most cases, the coercive magnetic field strengths H, of the wide FKL-laser and
CO,-laser cut samples are about the same. Thereafter, the coercive magnetic field
strengths of the CO,-laser cut samples are rather larger than those of the FKL-laser
cut samples. The same behavior of B, and H. was observed with the small laser-cut
samples (compare with Chapter 4.1.1). However, for small laser-cut samples this was
still attributed to the difference in sample width. As the same characteristic is now
observed for the wide laser-cut samples (identical sample width!), it is attributed to
the different cutting techniques.

The FKL-laser cut samples reach higher magnetic flux densities B for the same
magnetic field strength H than the CO,-laser cut samples at high saturation areas.
This is in accordance with the results of the small samples. Thus, this observation is

also attributed to the difference in cutting technique.
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Figure 4.19: Relative permeability for different cutting techniques.

Relative permeability

Laser versus mechanical cutting

The following applies to the maxima of the relative permeability (see Fig. 4.19):
M, max, guillotine > fr, max, laser-  1his is in line with the results of the small samples
(Chapter 4.1.1). Also a POI occurs in the range of 160 to 800 A/m (again depending
on the type of material and cutting direction), where the relative permeability of
guillotine-cut samples is smaller than that of the laser-cut samples. However, the
POI of guillotine-cut and COs-laser cut samples occurs at larger magnetic field
strengths H than those with the FKL-laser cut specimens (in line with small samples),
but near to the POI of guillotine-cut and FKL-laser cut samples. In most cases with
wide samples, it appears at lower magnetic field strengths H than with small samples
(hysteresis curves of the small samples are relatively more shifted to those of the
guillotine-cut samples as in the case of the wide samples).

Furthermore, (i, max is shifted to higher magnetic field strengths H, the smaller the
extrema (see Figs.4.19 and B.22). This behavior is in line with the small samples, as
long as a distinctive maximum exists.

Both, for wide laser-cut as well as for wide guillotine-cut samples, distinctive
maxima of the relative permeabilities occur (Fig. 4.19). This distinctive maximum for
laser-cut samples disappears with increasing ratio Vyg/(Vaa + V4g) and with cutting
direction deviating from the rolling direction (see small samples in Chapter 4.1.1).

The relative permeabilities of laser-cut and guillotine-cut samples at smaller mag-
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4.1 Influence of cutting technique

netic field strengths H (maximum area) differ significantly’”. The field strength H
where both relative permeabilities of wide laser-cut as well as guillotine-cut samples
only differ less than 50 is above 500 A/m for all three investigated materials. The
same applies for the small samples (see Chapter 4.1.1): above the range of 700 A/m,
hardly any difference for the relative permeabilities (Au, < 50) is observed.

Comparison of the two laser cutting techniques

The following applies for all measured wide samples: iy, max, KL > U, max, cO,- Ad-
ditionally, the extrema of the CO,-laser cut samples occur at higher magnetic field
strengths H than those of the FKL-laser cut samples. In Chapter 4.1.1 the order of
the maximum permeabilities was referred to as the difference in samples widths.
Here, all samples have the same width, wherefore the different degrading effects
on the relative permeability are additionally attributed to the cutting techniques
themselves. Thus, the CO,-laser cutting technique has a larger degrading impact on
the relative permeability than the FKL-laser technique. This difference is especially
significant in the range of 0 to 500 A/m.

Specific losses

Laser versus mechanical cutting

The computed energy densities of the wide guillotine-cut samples are smaller than
those of the wide laser-cut samples (Fig. 4.20). The POlIs of the guillotine- and the
laser-cut curves occur only in some cases, in contrast to the case of the small speci-
mens. With increasing ratio Vg, /(Ving + V) the occurrence of these POls increases.
In Fig. 4.4, a significant difference between the loss curves of longitudinally laser-cut
and guillotine-cut samples was obvious, as the loop center area of small laser-cut
specimens is wider than the rest of the curve. The same material, but with larger
sample width, is now presented in Fig. 4.20. Here, this previously observed 'wave’
shape characteristic for the small laser-cut samples is hardly observed for the wide
samples (see Figs. 4.20 and 4.22, compare with Chapter 4.1.2, Subsection "Hysteresis
curve’), as the dominant "laser-effect’ has disappeared on the longitudinally wide
samples (see Chapter 4.1.2, "Hysteresis curve’). Instead of the ‘'wave’ shape on the
longitudinally laser-cut samples, a more ‘linear” shape occurs at moderate flux den-
sities (Figs. 4.20 and 4.22). For transversely-cut samples (see Fig. 4.21) this ‘'wave’
shape characteristic still exists (slightly) and is in accordance with Chapter 4.1.2, Sub-

section "Hysteresis curve’??>. However, in the case of longitudinally-cut samples,

7Note, each difference Ay, > 50 is considered “significant” here. Of course, this definition depends

on the application.
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Figure 4.20: Energy densities of the hysteresis curves over the magnetic flux den-
sity B, wide samples M270-35A-30-LL-o.

the loss behavior between the guillotine-cut and the laser-cut samples still differs:
The shape of the loss curves of the longitudinally guillotine-cut samples is still more
curved (Figs. 4.20 and 4.22).

Comparison of the two laser cutting techniques

The characteristics of the energy densities of the wide CO,-laser and FKL-laser cut
samples are again very similar (same shape), in line with the results obtained for the
small samples.

However, in most cases (concerning all measurements of the wide samples) the
COs-laser cut specimens have (slightly) larger energy densities and thus specific
losses than the FKL-laser cut samples (see Figs. 4.20 and 4.22). The few exceptions
(three exceptions in total from all measured wide samples) are contributed to the
fault tolerance of the filtering and calculation method of the hysteresis curve areas.
This difference concerning the different cutting technique is in most cases relatively
small (see Figs. 4.20 and 4.22).

Thus again, the difference in specific losses of CO,-laser and FKL-laser cut samples
is not only a consequence of different sample widths (as assumed for the small sam-
ples), but also a consequence of the cutting technique itself. Thus, the different laser
cutting techniques degrade the specific losses to a different extent. It is expected that
this difference due to the cutting technique will disappear with higher frequencies

(to be investigated in Chapter 5).
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Figure 4.21: Energy densities of the hysteresis curves over the magnetic flux den-
sity B, wide samples M400-50A-30-QQ-u.
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Conclusions - wide samples:

o The laser-effect is not as clearly visible as for the small specimens, as this
effect reduces with increasing ratio Vg /(Vina + Vag).

e It applies: B;guillotine-cut > Brlaser-cut-

e The following applies: B,co, < Byrxi and H.co, ® Hepki-

o The hysteresis curves of the CO,-laser-cut samples are slightly more shifted
than those of the FKL-laser cut samples.

o It applies: pr max, guillotine > Hr, max, FKL > Hr, max,CO,- In the same order the
maximum is shifted to higher magnetic field strengths H.

e The energy densities of the guillotine-cut sample are smaller than those of
the laser-cut samples. POIs occur only rarely.

e The characteristics of the energy densities of both laser-cut samples are
rather close, but in most cases these energy densities are larger for CO,-
laser-cut samples.

e Overall, the CO,-laser cutting technique deteriorates the magnetic proper-
ties more than the FKL-laser technique. The relative permeability at small
magnetic field strengths H is affected most. The influence on the losses and

the characteristic data of the hysteresis curve is much smaller.

Cutting direction - Hysteresis curve

Laser versus mechanical cutting

The wide guillotine-cut as well as the laser-cut samples show a larger loop center area
for transversely-cut samples in contrast to longitudinally-cut samples (see Figs. 4.24 —
4.26). Thus, the transversely-cut specimens have a larger loop center and in reference
to this a thinner middle part and the longitudinally-cut samples have a thinner loop
center part than the lower knee point areas (see Figs. 4.23, 4.24 and 4.26). Overall,
the hysteresis loops of both guillotine-cut as well as laser-cut samples become more
similar with decreasing ratio Vqs/(Vng + V4g) (the influence of laser-effect disap-
pears). Thus, the differences in loop center size of laser-cut and mechanically-cut
samples are in the same range for longitudinally-cut as well as transversely-cut sam-
ples. This is in contrast to the small samples, in which a significant difference of
the loop center widths of the laser-cut and guillotine-cut samples is observed for the
investigated longitudinally-cut strips (see Chapter 4.1.1). Therefore, it also applies:
AB;, guillotine, LL, wide — small < ABy, laser, LL, wide — small- Furthermore, the loop center area of
laser-cut samples no longer remains unchanged for different cutting directions as
with the small samples (see Chapter 4.1.1). Thus, the change of remanent magnetic
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4.1 Influence of cutting technique

flux density B, of wide samples from longitudinal to transverse direction is consider-
ably larger than that of the small samples (AB; 1aser, small, LL. - QQ « ABj 1aser, wide, LL — QQ
see as well Appendix B.2). This is again explained by the small ratio Ve /(Ving + Vgg):
The deterioration introduced by the laser reduces the influence of the cutting direc-

tion.
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Figure 4.23: The longitudinally-cut wide samples have a thinner loop center than the

width at the lower knee point areas.

As for the small samples, the hysteresis curves of the transversely-cut samples
are shifted into a clockwise direction to those of the longitudinally-cut samples
(see Figs. 4.24 and 4.26). This shifting is less pronounced for material M800-65A and
more pronounced for M400-50A (absolute values are compared). Furthermore, the
shifting with regard to the vertical axis is larger for the small than for the wide sam-
ples, notably for the laser-cut samples. This behavior is again explained by the ratio
Vag/(Vaa + Vag). With this shifting also the remanent magnetic flux density B; de-
creases for both laser-cut as well as guillotine-cut samples (see Appendix B.2). This is
in contrast to the small laser-cut samples in which the remanent flux density is not in-

fluenced by the cutting direction, as the loop center area is “fixed” (see Chapter 4.1.1).

Comparison of the two laser cutting techniques

The hysteresis curves of the transversely wide CO,-laser cut samples are slightly
more shifted into a clockwise direction, in contrast to those of the wide FKL-laser cut
specimens. Therefore, the remanent flux densities B, of the FKL-laser cut samples
are larger for both cutting directions than those of the CO,-laser cut samples, see

Appendix B.2.
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Figure 4.26: Comparison of wide longitudinally and transversely FKL-laser cut sam-
ples, M270-35A-30-FKL-o.

Cutting direction - Relative Permeability

Laser versus mechanical cutting

As for the small samples, the maximum relative permeabilities of the wide sam-
ples decrease from longitudinal to transverse cutting direction for both guillotine-
cut as well as laser-cut samples (see Figs. 4.27 and 4.28). Again, it applies:
ALy, max, guillotine, LL — QQ > Allr, max, laser, LL - 0Q (absolute values), but with less inten-
sity than for the small samples. The relative permeability still shows a maximum,
even for the transversely laser-cut specimens, even if not as obvious as for the
longitudinally-cut samples (see Fig. 4.28), but also no plateau (compare with Chap-
ter 4.1.1, small specimens). This confirms the assumption that the distinct extremum
disappears with increasing ratio V4g/(Vng + V4g) and additionally with cutting di-
rection.

Again, the maxima of the relative permeabilities of the transversely guillotine-cut
samples are shifted to larger magnetic field strengths H compared to those of the
longitudinally-cut samples. This is in line with the small samples and applies to all
guillotine-cut samples.

Comparison of the two laser cutting techniques
In the case of M400-50A (see Fig. 4.28), the relative permeabilities of CO,-laser
cut samples are rather an image of the relative permeabilities of the FKL-laser cut
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4.1 Influence of cutting technique

samples with the difference that they are shifted to smaller relative permeabilities
ur and larger magnetic field strengths H. This is observed for all investigated wide

samples.

For the wide laser-cut samples it also applies that with larger deviation from the
longitudinal cutting direction, the maxima of the relative permeability are shifted to
larger magnetic field strengths H, as long as a distinctive maximum exists (compare
with small samples). However, in the case of the small transversely-cut samples, the

distinct maximum is lost.

Both wide laser-cut samples consist of the same sample width. As the maxima
of the relative permeabilities of the two laser-cut samples still differs significantly,
this difference is attributed to the cutting technique itself and not only to the sample

width as postulated in Chapter 4.1.1.
Cutting direction - Specific losses

Laser versus mechanical cutting

As with the small specimens, the energy densities of the wide transversely-cut sam-
ples are larger than those of the wide longitudinally-cut samples for both guillotine-
cut as well as laser-cut samples (see Figs. 4.29 and 4.30), for all magnetic field
strengths H. Especially, in the case of laser-cut samples, this is in contrast to the
small samples (see Chapter 4.1.1) in which the energy densities of both cutting di-
rections are the same at small magnetic flux densities B (loop center area). The
wide transversely-cut specimens have a wider loop center than the width at the
middle parts (see Subsection “Cutting direction-Hysteresis curve”? 100) “wherefore
the energy density at low magnetic flux densities B first increases more, then, at
medium magnetic flux densities, increases less and finally increases again more
(‘'wave’-shape, see Figs. 4.29 and 4.30). This applies to all investigated cutting tech-
niques of wide transversely-cut samples and is in line with the behavior of the small
samples (see Chapter 4.1.1). However, this effect decreases with increasing material

thickness (here, also with decreasing grain size).

Comparison of the two laser cutting techniques

In contrast to the small specimens, the loop centers of the wide longitudinally and
transversely laser-cut samples do not remain constant (see Fig. 4.26), wherefore also
the energy densities of these samples differ from the beginning (see Fig. 4.30). This

applies for all wide investigated samples.
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Conclusions - wide samples:

e Wide longitudinally-cut specimens: loop center is thinner than the width
at the lower knee point areas; wide transversely-cut specimens: loop center
is wider than the rest of the hysteresis loop.

e For wide laser-cut specimens it applies: B,11 # B:qq.

e The loop center part of wide laser-cut specimens depends on the cutting
direction.

e The whole hysteresis loop of the transversely laser-cut specimens is shifted
into a clockwise direction compared to the longitudinally-cut sample, in
contrast to the small specimens.

e Comparing wide samples to the small specimens, the hysteresis curves of
the small laser-cut specimens are more shifted into a clockwise direction
and a specific laser-effect is observed which influences the hysteresis loop
dramatically.

e It applies: Auy, max, guillotine, LL - QQ > AUy, max, laser, LL - QQ-

e The differences of relative permeability p, of small laser-cut samples for
longitudinally and transversely-cut samples is smaller than for wide laser-

cut samples at smaller magnetic field strengths H. Thus, for small samples,

at small B, the effect of cutting direction is impaired by the laser-effect.

4.2 Influence of the ratio Vgg/(Viha + Vgg)

In the following, the particular influence of the ratio V4, /(Vinq + Vi) is investigated
in further detail.

Hysteresis curve

Laser versus mechanical cutting
The larger the ratio Vag/(Vaa + Vgg) is, the more the knee point and saturation areas
of the hystersis curve of the guillotine-cut samples are shifted to lower magnetic flux
densities B and the remanent flux densities B, decrease as well (see Figs. 4.31 and B.23
in Appendix B.4). Furthermore, the knee point areas experience a slight shift-
ing to higher magnetic field strengths H, which comes along with the increasing
relative amount of internal stresses. The loop center slightly increases with in-
creasing ratio Vqg/(Vng + V) (compare the coercive magnetic field strengths H. in
Figs. 4.31 and B.23 in Appendix B.4) but is not shifted.

In contrast, the increasing ratio Vg, /(Vhg + Vgg) induces a shifting of the knee
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Figure 4.31: Effect of ratio Vg /(Vna + Vy4g) on the magnetic flux density of longitudi-
nally guillotine-cut samples.
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point areas to higher magnetic field strengths H on the laser-cut samples (see
Figs. 4.32 and B.24 in Appendix B.4), but(!) not to (remarkably) smaller magnetic
flux densities B (compare with Figs. B.23 and 4.31). Thus, the B-H curve at high
saturation (and thus the last part of the domain rotation region) is unaffected by the
ratio Vg /(Vaa + Vi) for laser-cut samples. This applies to all investigated materials
and cutting directions. The increasing ratio V4, /(Ving + Vgg) also affects the middle
parts (strongly) as well as the loop center areas by a shifting (see Figs. 4.32 and B.24).
For all investigated samples, the loop center area is more shifted for longitudinally
laser-cut samples, whereas the middle parts are more shifted for transversely laser-

cut samples with increasing ratio Vg /(Vng + Vag)-

For both guillotine-cut as well as laser-cut samples it applies: B, wide > Brsmai-
However, this effect is most pronounced for longitudinally-cut samples.

Comparison of the two laser cutting techniques

The previously mentioned characteristics are observed for both FKL-laser and CO,-
laser cut samples (see Figs. B.25, B.26, 4.32 and B.24). The middle parts and knee
point areas of the small CO,-laser cut samples are more shifted to higher magnetic
field strengths H than those of the FKL-laser cut samples mainly due to the differ-
ence in width of small laser-cut samples. Apart from that, no further differences are

observed.

Relative permeability

Laser versus mechanical cutting

The relative permeability u, of guillotine-cut samples is decreased at low magnetic
field strengths H. In the area of saturation, the effect of the ratio Vs /(Ving + Vy4g) on the
relative permeability is negligible (compare Figs. 4.31,4.33 and B.23). This difference
is smaller for transversely-cut than for longitudinally-cut samples (see Fig. 4.33).

The relative permeability p, strongly decreases with increasing ratio Vgg/(Vng +
Vgg) for laser-cut samples at low magnetic field strengths H (see Fig. 4.34). The
relative permeabilities of wide and small laser-cut samples approach faster at
smaller magnetic field strengths H than those of the guillotine-cut samples (see
Figs. 4.33 and 4.34).

With increasing ratio Vyg/(Vaq + Vgg) the difference of transversely and longi-
tudinally-cut samples decreases (see Figs. 4.35 and 4.36). This effect is stronger for
laser-cut than for guillotine-cut samples. Furthermore, the change of u, of wide
to small transversely guillotine-cut samples is smaller than in the case of laser-cut
samples (Figs. 4.35 and 4.36).
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Figure 4.32: Effect of ratio Vg /(Vna + V) on the magnetic flux density of longitudi-
nally FKL-laser cut samples.
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Comparison of the two laser cutting techniques

No further differences of the two laser cutting techniques on the relative permeabil-
ity concerning the ratio Vys/(Vaq + Vgg) are observed in addition to those already
previously stated.

Specific losses

Laser versus mechanical cutting
With increasing ratio Vgg/(Vaa + Vgg) the specific hysteresis losses also increase
(Fig. 4.37). The difference of these energy densities in the case of longitudinally
guillotine-cut samples increases more continuously than that of the laser-cut speci-
mens (see Fig. 4.37). Thus, the largest difference in the case of longitudinally laser-cut
samples is at moderate flux densities.

In the case of the laser-cut samples, especially for the transversely-cut samples,
the two curves of samples with different ratios V4, /(Vihg + Vg4g) may converge or
reverse their behavior (POI) at medium or high magnetic flux densities B (see for

instance Fig. 4.38). This is not observed for the guillotine-cut samples.

Comparison of the two laser cutting techniques

Concerning the ratio Vs /(Vina + V4g), the energy densities of both laser-cut samples
have the same shape. In addition to those already stated, no further differences be-
tween the two laser cutting techniques on the specific losses concerning the different

sample sizes are observed.

Conclusions:

e The effect of increasing ratio Vqg/(Vna + Vag) on guillotine-cut samples in-
duces a shifting of the knee point and saturation area to smaller magnetic
flux densities B with a slight movement to higher magnetic field strengths H.
The loop center area remains (almost) unaffected.

e The effect of increasing ratio Vqg/(Vna + V) on laser-cut samples induces
a shifting of the knee point area to higher magnetic field strengths H, but
not to smaller magnetic flux densities B. Thus, the (high) saturation area
remains nearly unaffected. However, the loop center area is shifted.

e The relative permeability of the laser-cut samples decreases with increasing

ratio Vgg/(Vna + V4g) predominantly in the loop center area and the middle

parts.
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Figure 4.38: The energy densities of wide and small sample width may converge or
a POI may occur.

e Therelative permeability of guillotine-cut samples decreases with increasing
ratio V4g/(Vng + Vgg) both in the loop center area and in the middle parts
as well as in the knee point areas. The difference of both permeabilities is
negligible in the saturation area.

e It applies: B, wide > Brsma-

e The energy densities of the small samples are larger than those of the wide

samples.

4.3 Discussion

In this section the results of the measurements presented in Chapters 4.1 and 4.2 are
analyzed further and compared with results from literature which have primarily

been obtained from hysteresis curve measurements.

"Laser-effect’ on the shape of B-H curves

As discussed in Chapter 4.1 the ’laser-effect” (definition in Chapter 4.1) is mainly
apparent in the small laser-cut samples. For the wide specimens this influence is less
or not at all significant. This is due to the ratio V4z/(Vng + V) and the respective

cutting direction.
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Dickmann [46] also studied the effect of laser cutting on the magnetic properties on
V940-65A at 50 Hz, including the effect on the B-H curves, investigating ring samples
with a width of 15 mm and Epstein samples with a width of 30 mm. A ’"laser-effect’
according to the definition in Chapter 4.1 is not observed or mentioned. Probably
the "laser-effect” is not yet visible for these two sample sizes, since the damaged area
induced by cutting is relatively small. This confirms the result of this work, i.e. that
the "laser-effect’ is rarely noticeable for wide specimens. Furthermore, Dickmann [46]
analyzed the samples at 50 Hz, in contrast to the quasi-static measurements reported
on in this Chapter. Thus, additional eddy currents may have reduced the here
observed characteristic 'laser-effect’” on the B-H curves of [46]. However, in the
work of [46] a deformation of the B-H curve induced by all cutting techniques
which is characterized by a so-called "shifting” and/or "shearing’” (compare also with
Chapter 4.1) of the complete loop is shown. Such a shifting is also illustrated in [32]
and [131]. The shifting is explained by the influence of external stresses [131], e.g.

‘“" 7

stresses by mechanical cutting [105]. According to [113] “ 'shearing” must be related
to the compressive component of the residual stress.” Considering [26,100] the

shifting also reflects the amount of internal stresses inside the material.

Ryckebusch [162] studied the difference of guillotine-cut and laser-cut Epstein
strips with widths of 10 mm and 15mm. No further information of the used laser-
technique and its settings is given. The B-H curve of the probes, consisting of
material M680-50A, were measured by an Epstein frame at a frequency of 100 Hz.
The Epstein frame is equipped half with strips cut in rolling direction and half with
transversely-cut samples [162].

As in this work, also the author of [162] noticed a ’laser-effect’ on the measured
B-H curves. This effect is defined by a more shifted B-H curve of the laser-cut samples
compared to those of the guillotine-cut samples and by the need of a higher magnetic
tield for a specific flux density [162]. The laser-effect is identical for the 10 mm as
well as for the 15 mm specimen, but with the difference that the effect is larger for
the smaller samples [162]. The latter is in line with the findings of this work and also
with [4]: The authors of [4] defined a "dimensional effect” for the larger influence of
cutting on smaller samples [4]. As these authors investigated laser-cut samples, this
‘dimensional effect’” on small medium silicon content steel samples also reflects the

characteristics of the "laser-effect” as presented in this work.

The definitions of the laser-effect in the work of [162] and this work differ in
some points. The definitions agree on the shifting of the B-H curve of the laser-cut
samples into a clockwise direction (compare e.g. Fig. 4.1). But, as observed in this
work, for small transversely-cut samples this shifting is mainly recognized for the

upper and lower middle parts and the knee point and saturation areas (compare
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e.g. Fig. 4.7), but not for the loop center. In the case of longitudinally-cut samples,
a shifting is also observed in the loop center area (see e.g.Fig. 4.1). However, the
author of [162] measured transversely-cut and longitudinally-cut samples together in
one measurement (see above), wherefore the characteristic of the transverse cutting
direction is overlapped by that of the longitudinally-cut samples. Thus, both results

do not necessarily contradict each other.

However, the samples investigated in [162] show no significant loop center, which
differs from the rest of the B-H curve, and no special body shape for laser-cut speci-
mens is identified. This is in contrast to the findings from this work. Furthermore,
the author of [162] stated that “a higher magnetic field is needed to reach a given
value of the induction” [162] for laser-cut samples, whereas in this work this does
not apply to all parts of the B-H curve (compare e.g. parts of (high) saturation and
knee-point areas of guillotine-cut and FKL-laser cut samples in Figs. 4.1, 4.2 and 4.7).
These differences to the results of this work are possibly due to the following reasons:

1. Possibly different laser-techniques and settings!'®.

2. Measurement frequency (100 Hz vs. quasi-static measurement): Additional
eddy current losses may reduce the distinctive "laser-effect’ on the hysteresis
shape.

3. Material (M680-50A vs. M400-50A) and its composition and thus grain size.

4. Different width of the samples and thus different ratios Vs /(Ving + Vgg) (15 mm
and 10 mm vs. 30 mm and 7.5 mm/7 mm).

5. Measured samples (combination of longitudinally-cut and transversely-cut
samples vs. only longitudinally-cut or transversely-cut samples).

6. Measurement method (Epstein frame vs. remagraph).

Regarding the hysteresis shape, results of Araujo et al. [4] (measurements taken
at 50Hz) the ’laser-effect’” according to the definition presented in Chapter 4.1 is
confirmed for conventional FeSi samples. For samples with a higher silicon content,
FeSi 6.5 samples (6.5 wt% silicon), the degrading effect by the laser equals the shape
presented in [162]. Thus, according to [4], the material composition, the Si-content
in particular, influences the degrading effect on the hysteresis shape. The author
of [4] explains this with magnetostriction: The higher silicon material has a lower
magnetostriction than the medium silicon material. Consequently, the material
composition would be one possible explanation for the laser-effect” differences of
Ryckebusch [162] and this work. However, the silicon content of the analyzed
material M680-50A (Surahammars Bruks AB) by [162] is 1 wt%, according to the
information provided by [1]. Therefore, this material does not belong to the high

8Influences on the B-H curve caused by different laser settings on ring samples (yoke width: 15 mm)

are shown in [46].
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silicon materials and thus the different hysteresis shape found by [162] must have
another explanation than the silicon content (possibly one of those listed in the

enumeration above).

However, the results of this work show that laser-cut electrical steel sheets with a
silicon-content smaller than 3 wt% (precise information is given in Chapter 3) contain
a 'laser-effect’ on the quasi-static hysteresis shape which dominates with increasing
ratio Vyg/(Vnga + Vqg). For sample widths of 30mm, the ratio Vyg/(Vinga + Vgg) is
already so small that this 'laser-effect” is not visible. This explains why no laser-
effect is detectable in the results of [51]. Typically steel sheets in electric machines
contain less than 3.5 wt%, wherefore the studied FeSi 6.5 sample of [4] is not of real

interest in this case.

Schoppa [170,173] found that with increasing silicon content in steel sheets, the
sensitivity of effects induced by cutting increases. He explains this by the larger grain
growth of high-silicon iron [170]. With high grain boundary density the deterioration
depth of cutting is smaller ( [170] from [167]). This conclusion of [170] contradicts
with the results of [4], in which the high-silicon material showed less influence of
the cutting technique concerning the shape of the B-H curves. However, the author
of [170] investigates this behavior at mechanically-cut probes. According to the
results of this work (e.g. differences in hysteresis shapes) and those of other authors
(e.g. [183,207]), laser cutting deteriorates the magnetic properties differently than
mechanical cutting, and therefore it is also possible that the sensitivities of effects by
laser cutting at high-silicon content behave differently.

However, it should be noted that Araujo’s high silicon content material (FeSi 6.5)
has a thickness of 0.2 mm, in contrast to his second investigated sample, a conven-
tional FeSi steel sheet of 0.5 mm thickness [4]. The question arises as to whether or
not the laser cutting speed and hence energy volume introduced into the material
was the same for both sample types (see for example [46] for the influence of different

cutting speed on the B-H curve of electric steel ring samples).

In [207] different hysteresis curves of punched and laser-cut material are pre-
sented. The sample width is 16 mm and is thus between the widths of the wide and
small samples investigated in this work. Thus the "laser-effect” should be stronger
compared to the wide samples and less pronounced compared to the small samples.
This is the case, since the loop center of the laser-cut sample is wider than that of
the guillotine-cut samples (compare with small samples above) and the upper and
lower middle parts are thinner than the loop center. Furthermore, the hysteresis
loop of the laser-cut sample is more shifted into a clockwise rotation compared to
those of the guillotine-cut samples. This is congruent with the results of this work.

Of course the "laser-effect” is smaller than in the case of the small samples.
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The characteristics of the 'laser-effect’ (defined in Chapter 4.1) are identical or
similar to characteristics caused by compression [118,166] or tensile deformation
mechanism [93]. Therefore, it might be concluded that the ‘laser-effect’” induces
internal stresses inside the material which may also arise in the material as well
for compression and tensile deformation. Considering [59] and [207] the stresses
induced by different cutting techniques (punching, laser cutting) are compressive
stresses. Thus, the results of this work suggest that the compressive component of
laser-cut induced stresses is larger than that of guillotine-cut samples.

Since the shape of the hysteresis curve depends on the magnetic domains and their
movement [168], and both again depend on the microstructure, material composi-
tion, texture and the stress state of the material, the results of this work confirm that
the (thermal) degradation by laser cutting changes the magnetic domains differently

and/or to a different extent than mechanical cutting.

Remanent flux density and coercive field strength

In this work, it has been observed that B, guiliotine-cut > Brlaser-cut- This behavior occurs
mostly for small, longitudinally-cut samples and least for wide, transversely-cut
samples. The author of [183] examined longitudinally-cut samples with different
widths of up to 30 mm at a frequency of 50 Hz and for all samples obtained smaller
remanent magnetic flux densities B, for laser-cut than for guillotine-cut samples.
Thus, this confirms the results of this work. Emura et al. [51] also studied the
difference of different cutting techniques on normal Epstein strips (30 mm width).
These authors also mention a lower remanence B, and higher coercive force H. for
laser-cut specimens [51]. However, in this work an increased coercive force H.
for laser-cut samples compared to guillotine-cut samples first appears significantly
for the small specimens (compare Chapter 4.1). According to the authors of [114]
laser-cut samples (in their case samples with 4 mm width) have smaller coercive
field strengths H. compared to mechanically-cut samples. This contrasts with the
tindings in this work. However, these authors [114] investigated grain-oriented steel
sheets.

The author of [4] stated that the coercive magnetic field strength is “practically the
same” for all analyzed laser-cut samples of different widths (from 5 mm to 30 mm).
However, no exact values of the magnetic field strengths H are given, but a diagram
including four hysteresis curves of different sample sizes is provided. This does not
tit with our observation (see e.g.Fig. 4.39). The smaller the strip is, the larger the
difference of H. to wider samples. The latter is also confirmed by the results of [183].
Taking these results into account, this difference becomes already obvious for laser-

cut samples smaller than 10 mm when comparing to 30 mm wide samples. In this
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Figure 4.39: Dimensional effect on the coercive magnetic field strength H. of FKL-
laser cut sample of M400-50A.

work, this increase of H. with increasing ratio V. /(Ving + Vgg) is larger for laser-
cut than for guillotine-cut samples. The results of [183], where longitudinally-cut
samples are analyzed, confirm this behavior. However, this characteristic is smaller
for the transversely-cut samples (see e.g. Figs. 4.32 and B.24). Considering [168], the
coercive field strength H. depends on the residual stress state inside the material,
the magnetostriction and the microstructure of the material (e.g. grain size). With
increasing local stress and magnetostriction, the coercive magnetic field strength H.
increases [168]". With the assumption that the grain size remains constant for
both the laser-cut as well as the guillotine-cut samples (considering one material),
the larger coercive magnetic field strengths H. of the laser-cut samples would thus
indicate that the internal stress inside the respective material for laser-cut samples

is larger®. Of course, this is more pronounced for small samples (see e.g. Table 4.1).

Relative permeability

The relative permeabilities of laser-cut samples decrease with increasing ra-
tio Vag/(Va + Vgg), with the smallest influence on the knee point or (high) saturation

area. Thus, the loop center as well as the middle parts are affected most, especially

YNote, this relationship is also shown in [45], which refers to [101,102].
2Certainly, the grain size may change in the cut edge area, depending on the respective cutting

technique (see Chapters 1.3 and 3.2).
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for small samples. The exact magnetic flux density range depends on the material.
Also Araujo [4], who studied laser-cut samples, mentions a decreased permeability
of conventional FeSi samples with decreased sample width. However, Araujo [4]
limits this decreasing behavior to the range of 0.5T and 1.5T, what corresponds
to the middle parts and the knee point area of the hysteresis loop for the material
analyzed. Thus, this is not completely in line with the findings presented in this

work.

Furthermore, it is also observed that the maxima of the relative permeabilities of
different cutting techniques are in the following order: i, max, guillotine > {r, max, FKL >
Uy, max, cO,- In the same order, the maxima are shifted to higher magnetic field
strengths H. This applies to all investigated materials (see Chapter 4.1.1), as long as
a distinctive maximum occurs. Dickmann confirms this order in [46], although the
laser settings differ from the laser settings used in this work (e.g. large differences in

cutting speed).

It is observed that the relative permeabilities of the small laser-cut samples are
worse in the middle parts of the hysteresis loop than those of the guillotine-cut
samples of the same width. This order can change in the knee point and/or saturation
area, a POI occurs (see Figs. 4.3 and B.21). For the wider specimens this effect
is not nearly as relevant (see Figs. 4.19 and B.22). This applies to all analyzed
materials. [162] also state that the difference of permeability between laser-cut and
guillotine-cut samples depends on the polarization. He found the largest difference
in the range of 1.1 T and 1.3 T for samples with widths of 10 mm and 15mm. This

range correlates with the knee point area.

Dickmann [46] states that the cutting process has a more significant influence on
the permeability than on the loss behavior. This is confirmed by the results of this
work. At high magnetic field strengths H, no difference in relative permeabilities
can be observed between differently cut samples [46]. This assumption concurs with
the results of the samples investigated in this work. However, the permeabilities
at high magnetic field strengths H of guillotine-cut and laser-cut samples converge
less strongly for the small samples than in the case of the wide samples (see e.g.
Figs. B.21 and B.22).

The results of the previous Chapters showed that with increasing ratio Vg /(Vng +
V4g) and deviation from the longitudinal cutting direction, the permeabilities of
laser-cut samples loose their distinctive maxima. Considering, for example, the
results of [192], this behavior may be associated with larger compressive stresses
in the case of laser-cut compared with guillotine-cut samples. This characteristic is

further investigated in Chapter 5.
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Specific losses

The hysteresis curves of the small laser-cut samples consist of a wider loop center
area than those of the small guillotine-cut samples. Thus, the laser-cut samples have
higher losses for small magnetic flux densities. However, it is also observed that
the area widths of the middle parts of the laser-cut samples are (slightly) smaller
compared to those of the guillotine-cut samples, wherefore it is assumed that the
specific losses of the differently cut samples approach each other and/or reverse their
order (POI occurs) with increasing magnetic flux density. The reversing behavior of
losses can also be observed in [46] and [162]. Dickmann [46] shows that the laser
settings, as e.g. the cutting speed, have an influence on the loss behavior induced by
the laser cutting technique. In this respect, it is possible to obtain lower losses for
laser-cut samples by choosing the most appropriate settings [46]. This also results in
lower losses at some magnetic flux densities compared with guillotine-cut samples,
whereas a POI occurs (see diagram 9 in [46]). The author of [182] concludes, from
his investigated Epstein strips, that for high flux densities solid state laser cutting
produces better results than mechanical cutting. This finding supports the existence
of a PO, even for the wide samples.

Cutting direction

In this work it has been established that the loop center area of small laser-cut speci-
mens remains unaffected by the cutting direction, and it applies B, = B;qq. How-
ever, the cutting direction leads to more shifted lower middle and upper middle
parts as well as knee point and saturation areas (Figs. 4.9 and 4.10). This shifting
results in higher magnetic field strengths H and lower magnetic flux densities B.
In contrast, the small transversely guillotine-cut hysteresis shapes are completely
shifted (the loop center area included) into a clockwise direction when compared
to the small longitudinally guillotine-cut hysteresis shapes (Fig. 4.8). Note, that the
shifting of the knee point for the transversely-cut guillotine samples in relation to the
small longitudinally-cut guillotine samples results in lower magnetic flux densities B
in contrast to the shifting of the transversely laser-cut samples, which is character-
ized by higher shifting to magnetic field strengths H than to lower magnetic flux
densities B (compare Figs. 4.8, 4.9 and 4.10). The thicker (here, also the smaller the
grain size of) the material is, the smaller the relative shifting of the hysteresis curves
between transversely and longitudinally-cut samples?.

As the hysteresis curves of the transversely guillotine-cut probes show a wider loop

21 Again, this may suggest that materials consisting of small grains are less sensitive to influences

which further degrade the magnetic properties, e.g. the cutting direction.
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center area than those of the longitudinally guillotine-cut specimens, it follows that
the specific losses of transversely-cut guillotine probes are higher for low magnetic
flux densities than the specific losses of longitudinally-cut guillotine specimens.
Afterwards these specific losses approach each other with higher magnetic flux
densities B. The difference between these losses decreases with increasing thickness

(here, also with decreasing grain size) of the material.

The loop center area of small laser-cut samples is independent of the cutting di-
rection. Thus, it follows that the specific losses of small transversely-cut as well as
for small longitudinally-cut specimens tend to be very similar, even at low magnetic

flux densities.

As the “laser-effect’ is not significant for the wide samples, it applies B 11 # Brqq.
This is also confirmed by the results of [182]. In this work, the hysteresis loops of the
wide transversely guillotine-cut and laser-cut samples are completely shifted into a
clockwise direction compared to those of the longitudinally-cut samples (Figs. 4.24
and 4.25). The loop center area for samples cut in transverse direction is wider
compared to the samples cut in rolling direction. This behavior is also reflected by
the investigated samples of [182]. As shown in this work, this behavior decreases
with increasing material thickness (here, also with decreasing grain size). This
applies for guillotine-cut as well as for laser-cut samples. Thus, the specific losses
of the wide transversely laser-cut specimens are supposed to be higher at low flux
densities compared to the wide longitudinally-cut samples (this is in contrast to the
small laser-cut samples). This difference in specific losses decreases with higher

magnetic flux densities B and thicker (here, also with smaller grains of the) material.

Also Ryckebusch [162] stated that the losses at low magnetic flux densities differ
significantly, comparing 30 mm wide Epstein samples in transverse and longitudinal
cutting direction. This difference decreases with increasing frequency and polariza-
tion [162]. Thus, the results of this work extend the knowledge that the specific losses
of small longitudinally and transversely laser-cut samples do not differ significantly,
even at low magnetic flux densities. Furthermore, for small guillotine-cut samples
this difference reduces with increasing material thickness (here, also with decreasing

grain size).

The maximum relative permeabilities decrease more sharply from longitudinal
to transverse cutting direction in the case of guillotine-cut samples, in contrast to
laser-cut samples (Aply, max, guillotine, LL — QQ > Apr, max, laser, LL - QQ)- Additionally, the
reduction of relative permeability at small magnetic field strengths H of laser-cut

samples caused by the cutting direction decreases with decreasing sample width

(A[-lr, laser, wide, LL - QQ > A[Jr, laser, small, LL — QQ)-
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Ratio Vdg/(Vnd + Vdg)

The studies of this work showed that the specific losses increase with increasing
ratio Vg /(Vnga + Vgg) and thus with decreasing sample width. Many other authors
refer to the "specific cutting length” (cutting length referred to the mass of the sample
(CL)). Thus, the small samples in this work have a larger specific cutting length than
the wide samples. For instance, Ryckebusch [162] points out that with increasing
specific cutting lengths the specific losses increase as well. This is mostly in line with
the results of the previous Chapters. Many other authors investigated the specific
loss behavior vs. the specific cutting length. As they measured the losses, e.g. by an
Epstein frame, these findings are discussed in Chapter 5.5.

For all samples, the larger the ratio Vqg/(Vng + Vgg) is, the more the B-H curve
shifted, whereas the shifting from the laser-cut differs from the shifting of the
guillotine-cut samples (see Chapter 4.3). Emura [51] also states that cutting in
general creates a ‘shearing’-effect on the hysteresis curve to “lower remanence and
permeability” [51]. According to [182], which refers to [112] and [32] “a sheared loop
is an evidence for induced stress” [182]. As the relative extent of induced stresses
is larger for smaller samples, the curves of the small samples are more shifted. This
‘shifting” of the B-H curve with increasing ratio Vg /(Vng + V) can also be observed
in the diagrams presented in [183,192] and [197]. Dickmann [46] studied Epstein
probes with 30 mm width and compared them to an annealed specimen, defining this
reference sample as a non-deteriorated sample, thus the ratio Vg, /(Vinq + Vgg) moves
towards zero. He previously mentioned a shearing behavior for all cut samples,
independent of the cutting technique. Hence, the results of Dickmann [46] support
the results of this work. The results in this work show that the ratio Vg /(Viaa + Vg)
according to Chapter 4.2 reduces the knee point area from guillotine-cut samples to
lower magnetic flux densities B and slightly to higher magnetic field strengths H.
In contrast, the knee point area of laser-cut samples is shifted predominantly to
higher magnetic field strengths H. This behavior can also be seen in the diagrams
of [4] and [183], where laser-cut samples with different widths of conventional FeSi
material are presented.

A similar shifting behavior of laser-cut samples is presented in [51], but only for
laser-cut samples which had been annealed before they were cut. The shifting of the
B-H curve of the presented normal (without annealing before or after cutting) laser-
cut sample [51] leads to knee-point areas which are shifted to smaller magnetic flux
densities B. These different characteristics must thus result from residual stresses
inside the material which have already been caused from previous manufacturing
steps.

Baudouin et al. [11] also analyzed the influence of two sample sizes and thus
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different ratios Vyg/(Vina + V4g), on the characteristic magnetic properties B;, y and
H.. Additionally, they compared mechanical and laser-cut samples. According
to their measurements, H. of the fully processed materials is more deteriorated,
and thus increased by mechanical cutting, than by laser cutting when considering
wide versus small samples (in their case 20mm to 5mm width) [11]. This is not
in agreement with our findings (see Table 4.1). The authors of [11] further report
a reduced influence on H, for SC samples, cut with a continuous laser. However,
these samples only contain 0.31 % Si, which might influence the change of magnetic
properties due to the cutting technique. In this work, no case is found where the
coercive field strength H. decreases with increasing ratio Vg, /(Vng + V4g) neither for
the mechanically-cut nor the laser-cut samples. However, here, samples with larger
silicon contents are investigated compared to the SC sample in [11]. Thus, possible
reasons for this different influence on H. might be differences in laser settings and the
material investigated. Baudouin et al. [11] conclude on the base of the characteristic
magnetic properties (B,, 4 and H,) that “laser cutting appears more appropriate for
the smaller samples” [11]. However, in this work, it is shown that each magnetic
property is influenced by the different cutting techniques to another extent and that
the point of operation (of the final devices/ electric machine) is important to evaluate

which cutting technique is the best for the respective case (remember POls).

Table 4.1: Change of coercive magnetic field strength from wide to small

longitudinally-cut samples.

M270-35A_SS_LL_o M270-35A_CO,_LL_o M270-35A_FKL_LL_o
wide — small wide — small wide — small
Hc.in & 50 — 60 70 — 100 60 — 90
M400-50A_SS_LL o M400-50A_CO,_LL_o M400-50A_FKL_LL_o
wide — small wide — small wide — small
H.in ﬁ 80 — 80 80 — 110 70 — 110
MS800-65A_SS_LL_o M800-65A_CO,_LL_o MS800-65A_FKL_LL_o
wide — small wide — small wide — small
H.in ﬁ 90 — 100 100 — 130 100 — 130
Conclusions:

e All materials investigated in this work (Si-content always smaller than
3wt%) reflect with increasing ratio Vyg/(Vag + Vgg) the “laser-effect” (ac-
cording to the definition in Chapter 4.1) on the hysteresis shape.

e In the case of laser-cut samples, the distinctive maximum of the relative

permeability disappears with increasing ratio and larger deviation from
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the longitudinal cutting direction.

The characteristics of the 'laser-effect’ on the hysteresis curve and perme-
ability indicate that laser cutting induces more compressive stresses than
guillotine cutting.

With increasing ratio Vg /(Vng + V) the relative permeability of laser-cut
and guillotine-cut samples is decreased, but with less impact in the knee
point or (high) saturation area.

With increasing ratio Vg /(Vng+V4g) the knee point area of laser-cut samples
is shifted to higher magnetic field strengths H. This is in contrast to the
behavior of guillotine-cut samples, in which the knee point area is shifted
to lower magnetic flux densities B and, if at all, slightly to higher magnetic
tield strengths H.

With larger ratio Vg /(Ving + V4g), He increases and B, decreases.

The loop center area of small laser-cut samples is unaffected by the cutting
direction. Therefore, it applies B, ® B;qq and pr1. ® pqq at low magnetic
flux densities. This is in contrast to the guillotine-cut samples.

The additional decreasing influence of cutting direction on the maximum
permeability is smaller for laser-cut than for guillotine-cut samples.

Both investigated laser cutting techniques degrade the magnetic properties
very similarly (compare e.g. shapes of hysteresis curves and permeability),
with the difference that the magnetic properties of CO,-laser cut samples

are degraded to a larger extent.
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Chapter 5
Experimental results: Epstein frame

Measurements performed with the Epstein frame supply the magnetic polarization |
due to the mutual inductance of the frame which compensates the air flux (see Fig. 2.8
and [86]). However, the measurements presented in Chapters 4 and 6 provide the
magnetic flux density B. For a better comparison of all measurements, the magnetic
polarizations | obtained with the measurements reported on in this Chapter are

converted to and presented for the corresponding magnetic flux densities B.

The diagrams of the specific losses ps are presented up to B = 1.6 T. Above this
value, uncertainties of the measurement results may occur due to the following

reasons:

e The compliance of the form factor [86] may no longer be ensured (exact values
of the individual measurements are given in Appendix C.4). This leads to

further harmonics, which result in higher losses (see also Chapter 5.1).
Leakage flux:

e Leakage flux around the overlapping corners.

e A special characteristic of the losses at high magnetic flux densities occurs
due to the Epstein frame used here. An aluminum plate is mounted on the
frame of the air compensating area (see Fig. 2.9 a)). The more the material
is saturated, the more magnetic flux flows also through this plate, wherefore
the losses decrease at higher magnetic flux densities and falsify the measured
values.

e Assoon as the material is highly saturated, the relative permeability decreases
and approaches one, whereas the magnetic flux may also flow through the

surrounding air.

Comprehensive sets of measurement results (magnetization curves and specific
losses) are presented in Appendix C. Specific values such as the specific losses at 1 T
and 1.5T, are listed in the Tables in Appendix C.1.
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5.1 Measurement results with and without sense lines

As mentioned in Chapter 2.5, the Epstein frame measurements were performed with
and without sense lines on the secondary winding. The following observations were
made:

In general, the loss curves measured with and without sense lines do not show a
noteworthy difference below the form factor limitation. This limit is at 1.12211 [86]
and is the ratio of the root mean square and the average rectified value of the
secondary voltage. Thus, this limitation differs for each measurement series and
needs to be calculated individually (see Appendix C.4). This form factor limit occurs
at smaller magnetic flux densities B for the measurements taken without sense lines
compared to those with sense lines (compare Tables C.3 and C.4). Remarkable
differences between the results of these two measuring methods occur above this
form factor limitation (in most cases from 1.4T/1.5T onward, depending on the
individual measurement). From this point of high magnetic saturation onward the
power amplifier has to adjust the primary voltage forcing it to be non-sinusoidal
to achieve a sinusoidal secondary voltage. Thus with sense lines, the form factor is
ensured up to larger magnetic flux densities more than for the measurements without
sense lines. Because of the added harmonics, the measured losses without secondary
sense lines are higher at high magnetic flux densities B than those measured with
secondary sense lines (see Fig. 5.1).

The measurements with and without sense lines reflect the good reproducibility

below the form factor limitation of the investigated sample sets.

Conclusions:
e The difference between the loss curves measured with and without sense
lines on the secondary winding is only significant for magnetic flux densi-
ties above the form factor limitation. This limit varies with the investigated

material, sample width and frequency.
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Figure 5.1: Specific losses measured with and without sense lines on the secondary

winding.
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5.2 Influence of cutting technique

5.2.1 Small samples

Specific losses

Laser versus mechanical cutting

The results shown in Fig. 5.2 illustrate well that the deteriorating effect of the laser
cutting techniques on the specific losses differs from those of the mechanical cutting
(in this case, guillotine cutting).

As known from literature (e.g. [207]), both the mechanical and laser cutting pro-
cesses induce compressive stresses inside the material, leading to inhomogeneities,
dislocations and defects in the lattice structure [23]. The stresses due to mechanical
cutting result from cold forming [45]. In contrast, in the case of laser cutting, the
large thermal gradient between the melted material and remaining material induces
stresses inside the material [45]. Thus, the extent and the distribution of the induced
compression stresses and hence the loss characteristics, likely differ significantly
inside the differently cut samples (as shown in Fig. 5.2). The specific losses of the
guillotine-cut samples increase more with a square of the magnetic flux density (see
for instance Fig. 5.2). In contrast, the specific losses of the laser-cut samples show an
almost ‘linear’ behavior' at moderate flux densities (in case of Fig. 5.2 in the range of
about (0.4...1.2)T (domain wall movement area) at 50 Hz). This effect decreases with
increasing frequency (see e.g. Appendix C.2), material thickness? (see for instance
Fig. 5.3) and sample width (compare Fig. 5.2 with Figs. 5.7 and 5.8). All these pa-
rameters reduce the influence of the laser-effect and/or induced stresses by cutting
on the specific losses.

A POI between the loss curves of the guillotine-cut and laser-cut samples may
occur: At smaller magnetizations, the specific losses of laser-cut samples are larger
than those of guillotine-cut samples; however, these do increase more rapidly. Then,

!Note, this ‘linear’ behavior results from the already linear (see Fig. 4.20) or ‘'wave’ shape charac-
teristic (see for instance Fig. 4.14) of the quasi-static loss curves. The latter is now damped by the
eddy currents, therefore it also appears more ‘linear’. Whether the ‘linear’ or the ‘wave’ shape
behavior is present in Chapter 4 depends, in addition to the cutting technique, on the material,
sample size and cutting direction. It is assumed that this characteristic results from the internal
compressive stresses. The more intensive the ‘'wave’” shape, the more compressive stresses are
inside the material. Even in the case of guillotine-cut samples such a curve shape may occur (see
Fig. 4.13), but mainly for transversely-cut samples. However, this behavior is already reduced/e-
liminated by composing transversely-cut and longitudinally-cut samples (in this Chapter ‘mixed’
samples are measured) and by the additional occurrence of eddy currents when compared with

Chapter 4. Therefore, here (Chapter 5), this characteristic only appears for laser-cut samples.
2Possibly, here also with decreasing grain size, see Chapter 3.4.
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Figure 5.2: The laser-cut samples have the same curve shape. The CO,-samples have
higher losses because the sample width is smaller compared to FKL-laser

and guillotine-cut sample.

at a certain degree of magnetization, a POI may occur (see Fig. 5.3, the POI is
highlighted by the arrows in the diagrams)® after which the specific losses of the
guillotine-cut samples are larger. Thus, with higher frequency, the degrading effect
of guillotine cutting on the specific losses may be worse when compared to laser
cutting. This is in line with the results obtained in Chapter 4.1.1. The occurrence of
such a POI depends on the material itself, its width (ratio Vg5/(Vna + V4g)), and the
frequency of operation. With increasing frequency and increasing material thickness
(possibly here, also with decreasing grain size), this POl is shifted to smaller magnetic
flux densities B (see Table 5.1 and Fig. 5.3). These characteristics apply to both laser
cutting techniques analyzed.

Considering the shapes of the hysteresis curves and of the hysteresis losses (Chap-
ter 4), the compressive stresses are interpreted to be larger for the laser-cut than
for the mechanically-cut samples (compare the quasi-static loss curves presented in
Chapter 4 and [118]). With increasing frequency and material thickness, the eddy
current losses increase and thus the relative influence of the hysteresis losses, the
linear loss behavior, disappears more and more. The larger compressive stresses in
the case of laser-cut samples indicate more dislocations and defects inside the lattices

of the material. This, in turn, leads to a larger electric resistance [109,115] and thus

3Compare FKL-laser and guillotine-cut samples, as they have the same width (Chapter 2.1.1).
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5.2 Influence of cutting technique

Table 5.1: POlIs at different frequencies, seen here for the small samples in "Mix’-order.

Note: CO,-samples are smaller than FKL-samples.

M270-35A_75 M400-50A_75 MS800-65A_75

50Ty - (CO, - SS) - (CO, - SS) 1.42T (CO, - SS)
- (FKL - SS) 158 T* (FKL-SS) | 1.15T (FKL - SS)

250y B - (CO; - SS) 0.91T (CO; - SS)
1.07T (FKL-SS) | 0.72T (FKL - SS)

500y - (CO, - SS) 1.10T (CO, - SS) 0.88 T (CO; - SS)
1.22 T (FKL - SS) 0.95T (FKL-SS) | 0.72T (FKL -SS)

+ = to be considered with caution, see introduction of Chapter 5.

the degree to which the classical eddy currents increase with frequency and material
thickness (see Eq. (1.4)*). Thus, the POI is shifted to smaller flux densities B.

This finding is in contrast to a still wide-spread understanding that laser cutting
has a larger deteriorating effect on the specific losses of electrical steel sheets than
mechanical cutting. Asa matter of fact, at specific, rather low magnetizations, the de-

teriorating effect of laser cutting can be much smaller than that of mechanical cutting.

Comparison of the two laser cutting techniques

Considering for instance Fig. 5.2, the two curves of the FKL-laser and the CO,-
laser cut samples show a very similar curve shape and thus loss behavior. This is
confirmed for all small samples measured in the Epstein frame (see Appendix C.2)
and is consistent with the results presented in Chapter 4.1.1. However, the CO,-laser
cut samples show higher losses than the FKL-laser cut samples. As for the results of
the small samples obtained in Chapter 4, the distinction between the results is mainly
attributed to the samples’ difference in widths (7.5 versus 7 mm), since the specific
losses increase with the relative amount of degraded material of the overall sample.
Thus, it is concluded that both laser cutting techniques have a very similar influence
on the specific losses of the materials investigated. It might be assumed that the
loss curves of CO,-laser and FKL-laser cut samples would be almost “identical” if
they had the same sample width. This is investigated further with the wide samples
in Chapter 5.2.2. Furthermore, both obtained loss curves of the two laser cutting
technologies indicate that with increasing ratio Vg /(Vna + V4,) (difference in sample
size of small CO,-laser and FKL-laser cut samples), the specific losses increase as
well (for more detail, see Chapter 5.4).

4 . . . . . .
RESIS’flVl’fY PE, laser-cut > IESIS’HVI’CY pE,guillotine-cut — Pec, laser-cut < pec,guillotine-cut'
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Chapter 5 Experimental results: Epstein frame

Magnetization curves and relative permeability

Laser versus mechanical cutting

Fig. 5.4 shows an example of the measured magnetization curves of small guillotine-
cut and laser-cut samples. Figs. 5.5 b) and 5.6 depict the relative permeabilities from
these measurements.

The magnetization curves of guillotine-cut and laser-cut samples show signifi-
cantly different shapes. Fig. 5.4 a) represents the characteristics of the magnetization
curves of almost all investigated small samples: At lower magnetic field strengths,
up to the knee point, the guillotine-cut specimen has a larger gradient and thus a
higher permeability, as can be seen in Fig 5.5 b). Just, before the POI of the guillotine-
cut sample with the laser-cut sample (FKL), the gradient of the guillotine-cut sample
is smaller than the gradient of the laser-cut samples (Fig. 5.4 a)). Thus, also a POI of
the relative permeabilities occurs (see Fig 5.5 b)). At higher saturation, the magneti-
zation curves approach each other and also the gradients tend to converge from the
knee point area onward. Thus, at these magnetic field strengths H the permeabilities
are very similar.

Of particular interest is material M800-65A: At 50 Hz, the characteristic of the
B-H curveis almost identical to those presented in Fig. 5.4 a). However, at 250 Hz and
500 Hz, the gradient of the guillotine-cut sample is much closer to that of the laser-cut
sample® at low magnetic field strength H (in Fig. 5.4 b) in the range of 0T — 1.3 T; see
further Appendix C.2°). By considering the corresponding relative permeability (see
Fig. 5.6), this difference of guillotine-cut and FKL-laser cut specimens is still obvious
at low magnetic field strengths H. However, compared to the permeabilities in
Fig. 5.5 c), the total difference is smaller.

Again, the knee-point areas of the guillotine-cut samples starts at lower magnetic
flux densities B than those of the laser-cut samples (Fig. 5.4 b)) and the POlIs of the
relative permeabilities of guillotine-cut and laser-cut samples still exist (see Fig. 5.6).

Considering the POIs of the magnetization curves in Table 5.2, points of inter-
section for one material remain in the same range, so they are most likely almost
independent of the frequency. The different POIs for CO,-laser and FKL-laser cut
samples are attributed to the different sample widths.

Figs. 5.5 and 5.6 show that the maximum relative permeabilities of the small laser-
cut samples are smaller (considering e.g. Fig. 5.5 b), by about a factor of two) than
those of the small guillotine-cut sample. Thus, it applies: pimaxguillotine > Hmaxlaser
(consistent with Chapter 4).

For the materials M400-50A and M800-65A, the following applies: With higher

>Compare guillotine-cut with FKL-laser cut samples, as these samples have the same width.
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frequency the difference of the maximum relative permeabilities of laser-cut and
guillotine-cut samples decreases, and the maximum relative permeabilities (occur-
ring as a peak or as a plateau) themselves decrease, too (see Table 5.4). This effect
increases with the thickness (here, also with the decreasing grain size) of the mate-
rial. Only material M270-35A_75 shows an exception (see Fig. 5.5), as the maximum
permeabilities of the laser-cut samples stay almost in the same range, independently
of the frequency. Furthermore, the maximum permeability of the guillotine-cut sam-
ple is larger at 250 Hz than at 50 Hz. It can be assumed that this maximum must be
larger for the guillotine-cut samples of material M270-35A, at 50 Hz.

Considering Fig. 5.5, the maximum relative permeability of the laser-cut samples
is not well pronounced (losing the distinctive maximum (in accord with Chap-
ter 4.1.1)), and almost similar to a plateau, in contrast to that of the small guillotine-
cut samples. This "plateau’ is shifted to lower relative permeabilities with increasing
ratio Vg /(Ving + V) (compare CO,- and FKL-laser cut samples).

As with the specific losses, a POI of the laser and mechanically-cut samples for the
relative permeabilities occurs, which also seems to depend on the material investi-
gated (Table 5.3; these values of flux density B agree with the POlIs of the measured
B-H curves). This is in line with the results obtained in Chapter 4.1.1. This POI

occurs at the magnetic field strength of the knee point area of the laser-cut samples.

Comparison of the two laser cutting techniques
The measured difference between the magnetization curves of the two laser-cut sam-
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Table 5.2: POIs (magnetization curve) at different frequencies, seen here for the small

samples in "Mix’-order.

M?270-35A_75 M400-50A_75 MS800-65A_75
sop, | 1BT(C0O2-S5) | 134T (CO,-S5) | 133T(CO;-S9)
1.09T (FKL-SS) | 1.23T(FKL-SS) | 1.26T (FKL-SS)
psopr, | L2/ T(CO2-59) | 136T(CO,-S5) | 135T(CO,-SS)
1.16 T (FKL-SS) | 1.27T(FKL-SS) | 1.25T (FKL-SS)
s00, | 126T(CO2-S5) | 138T(CO,-SS) | 140T(CO,-SS)
1.17T (FKL-SS) | 1.32T(FKL-SS) | 1.12T (FKL-SS)

ples concerns mainly the area up to the knee point (see Fig. 5.4): The magnetization
curve of the CO,-laser cut sample is shifted to higher magnetic field strengths than
that of the FKL-laser cut sample. Thus, up to around 1000 A/m, the CO,-laser cut sam-
ples have a smaller relative permeability than the FKL-laser cut samples (Fig. 5.5 b)).
This shifting of the magnetization curve below the knee point and the resulting
lower permeability for CO,-laser cut samples at low magnetic field strengths H may
be mainly attributed to the difference in sample size (7.5 versus 7 mm width) and
thus larger ratio Vgg/(Vng + V4g). However, as known from Chapter 4, it may also
be due to the different cutting techniques used. This is investigated further with
the wide samples (Chapter 5.2.2). Concerning all results of the small samples, it
applies: maxguillotine > HmaxFKL > Hmax,cO,- This concurs with Chapter 4.1.1. Also this

behavior is investigated further with the wide samples.

Table 5.3: POIs for permeability at different frequencies, seen here for the small

samples in "Mix’-order.

M270-35A_75 M400-50A_75 M800-65A_75
sop, | 669 (122T)(CO,-S5) | 8054 (L34T) (CO, -SS) 708 £ (1.33T) (CO, - S9)
430 2 (1.09T) (FKL-SS) | 5022 (1.217T) (FKL - SS) 542 A (1.26 T) (FKL - SS)
os0pry | 098 (125T)(CO;-SS) | 8494 (135T) (CO; - S9) 8312 (1.35T) (CO, - S9)
478 2 (116 T) (FKL-SS) | 597 2 (1.27T) (FKL - SS) 577 & (1.25T) (FKL - SS)
s00, | 694 (126T) (CO;-SS) | 9904 (139T) (CO,-SS) | 10984 (145T) (CO; - S9)
480 2 (1.17T) (FKL-SS) | 6992 (1.327T) (FKL - SS) 709 2 (1.12T) (FKL - SS)

Conclusions - small samples:

e The losses of the mechanically-cut samples increase more with a square, in

/1,p.132

contrast to those of the laser-cut samples, which have a more ’linear

characteristic at moderate flux densities.
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5.2 Influence of cutting technique

Table 5.4: Maximum of permeability at different frequencies, as seen for the small

samples in "Mix’-order.

M270-35A_75 | M400-50A_75 | M800-65A_75
3498 (SS) 4527 (SS) 3610 (SS)
50Hz | 1513 (CO,) | 1880 (CO,) | 1910 (CO,)
2182 (FKL) | 2236 (FKL) | 2158 (FKL)
3587 (SS) 3073 (SS) 2041 (SS)
250Hz | 1485 (CO,) | 1596 (CO,) | 1495 (CO,)
1977 (FKL) | 1972 (FKL) | 1812 (FKL)
3404 (SS) 2329 (SS) 1536 (SS)
500Hz | 1542 (CO,) | 1366 (CO,) | 1180 (CO,)
2015 (FKL) | 1658 (FKL) | 1294 (FKL)

e This 'linear’ characteristic decreases with increasing frequency, material

thickness?P-132

and sample width.

e A POI occurs for the specific losses of guillotine-cut and laser-cut samples.

e This POI is shifted to lower magnetic flux densities with increasing fre-
quency and increasing material thickness?#132,

e The specific losses of both small laser-cut Epstein samples show the same
curve shape. The different absolute values are mainly attributed to the
difference in the samples” widths.

e With increasing ratio Vqg/(Vna + Vgg) the specific losses increase as well.

e Below the knee-point area, guillotine-cut samples have a larger permeabil-
ity than laser-cut samples. It applies: pimaxguillotine > Hmaxlaser-

e The knee-point area of guillotine-cut samples is at lower magnetic flux
densities B compared to those of laser-cut samples.

e Foragiven material, the POIs of the magnetization curves for small samples
seems to be independent of the frequency.

e The distinct extrema of the relative permeabilities flattens to a ‘plateau” in
the case of the small laser-cut samples.

o It applies: Lmaxlaser (FKL) > Hmaxlaser (CO,)- HHOWevet, this is mainly attributed
to the difference in sample widths of the two laser-cut samples.

® limax decreases with increasing ratio Vg /(Vig + Vag)-

® Allmax, guillotine-cut — FKL-laser cut d€creases with increasing frequency and mate-

rial thickness?P-132,
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5.2.2 Wide samples

Specific losses

Laser versus mechanical cutting

Considering the wide samples, the laser-cut samples still follow a different loss
trend compared to the guillotine-cut samples (see for instance Figs. 5.7 and 5.8).
This concurs with the results presented in Chapter 4.1.1. The curve of specific losses
of guillotine-cut samples is still more curved than those of the laser-cut samples,
whereas the guillotine-cut samples show mostly lower losses at small and medium
magnetic flux densities (see Figs. 5.7 and 5.8). Beyond this area the losses of the
guillotine-cut and the laser-cut samples are almost equal (see Fig. 5.7,b)) or, a POI
occurs above which the guillotine-cut samples show higher losses (see Fig. 5.8). The
area of lower losses for guillotine-cut samples and thus the POI are shifted to lower
magnetic flux densities with increasing frequency (see also Figs. 5.9 and 5.10) and for
thicker material (possibly also with decreasing grain size) (see Table 5.5 and Figs. 5.7
to 5.10). Thus, at higher frequencies the laser cutting technology becomes a viable
alternative to mechanical cutting, when the specific losses p; are of interest.

Furthermore, the POI is moved to lower magnetic flux densities with smaller
sample widths (compare only wide with small samples with Tables 5.1 and 5.5). This
applies for both laser cutting techniques investigated. However, this assumption is
not true when comparing the POIs of the small FKL-laser with the smaller CO,-laser
cut sample. Under the assumption that both laser cutting techniques degrade the
specific losses to almost the same extent, if they had the same sample width (see
next Subsection - ‘Comparison of the two laser cutting techniques’, p. 147), the small
CO,-laser cut samples, which have a larger ratio Vg /(Ving + V4g) than the small FKL-
laser cut samples, should have their POIs at smaller magnetic flux densities than the
small FKL-laser cut samples. This, however, is not the case (see Fig. 5.11).

Additionally, Tables 5.1 and 5.5 indicate that the interval of the points of intersec-
tion from 50 Hz to 250 Hz is larger than the interval from 250 Hz to 500 Hz. Thus,
the shifting of the POIs to lower magnetic flux densities B with increasing frequency
is non-linear.

The 'linear’ characteristic of the specificlosses of the laser-cut samples, as observed
for the small samples at moderate flux densities, is strongly reduced for the wide
samples and only slightly seen for material M270-35A at low frequency (see Fig. 5.7).
Thus, this characteristic disappears with decreasing ratio Vg /(Ving + Vi), as well
as with increasing material thickness and frequency. Both material thickness and
frequency increase the eddy currents, whereas the characteristic properties of the

hysteresis losses are reduced (see also Chapter 3.4).
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Figure 5.10: Specific losses of M800-65A wide samples produced by different cutting
techniques.
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Figure 5.11: POI versus ratio V4, /(Ving + V4g) under the assumption that both lasers
deteriorate the material in the same way. Ratio Vg /(Vnq + Vgg) bases on

a deterioration depth of 2 mm.

Table 5.5: POlIs (loss curves) at different frequencies, seen here for the wide samples

in "Mix’-order.

M270-35A_30 M400-50A_30 MS800-65A_30
1.48T (CO, - SS)
50 Hz -- --
1.54 T* (FKL - SS)
1.25T (CO, - SS) 1.05T (CO, - SS)
250 Hz -
1.20T (FKL - SS) 1.11T (FKL - SS)
soors, | 132T(CO2-59) 1.14T (CO, - SS) 1.00T (CO, - SS)
Z
134T (FKL-SS) | 0.99T (FKL - SS) 0.99 T (FKL - SS)
121 T (CO, - SS
800 Hz (CO, -55) N/A N/A
1.20T (FKL - SS)

+ = to be considered with caution, see introduction of Chapter 5.

Comparison of the two laser cutting techniques

Both laser-cut samples have (almost) the same curve shape and gradients (see
Figs. 5.7 to 5.10). This applies to all investigated wide samples, measured in the
'Mix” arrangement (see Chapter 2.5). It can therefore be concluded that both laser
cutting techniques deteriorate the material, in terms of the specific losses, in the
same way. This is apparently in conflict with the results of Chapter 4, where the

wide CO,-laser cut samples still have slightly higher losses than the FKL-laser cut
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samples. However, it is assumed that this difference in losses due to the different
laser cutting techniques disappears with increasing eddy currents and thus becomes
more and more negligible (Note that in Chapter 4 only hysteresis losses were mea-
sured in contrast to the Epstein frame measurements presented here).

However, differences in the specific losses are observed with the following
samples: M270-35A_30_50Hz_LL (from about 1T: psrxi < psco,), M400-
50A_30_50Hz_LL (pspxi < PpPsco,), M800-65A_30_500Hz_QQ (from about 1T:
PsFKL > Ps,co,)- These differences may be due to the following reasons: measurement
errors, the sample set of one cutting direction includes (a) sample(s) with a deviating
characteristic®, and/or both differences of the laser-cut specimens measured in one

cutting direction overlap and cancel each other in the case of the mixed samples.
Magnetization curves and relative permeability

Laser versus mechanical cutting

Fig. 5.12 shows a representative B-H curve for material M270-35A (further diagrams
are presented in Appendix C.3). The magnetization curves of the guillotine-cut sam-
ples differ from those of the laser-cut samples most obviously in the knee point area.
The knee-point area of the guillotine-cut samples still occurs at smaller magnetic flux
densities B than those of the laser-cut samples. This is in line with the results of the
small samples. The gradients below the knee point area of all three curves are closer
together than those of the small samples. The corresponding relative permeabilities
are shown in Fig. 5.13 ¢). According to this diagram, the largest differences are in
the range below 200 A/m.

Considering all results of the wide samples at large, the guillotine-cut samples
have the largest maximum relative permeabilities compared to those of the laser-cut
samples (see Table 5.7). This is in accord with the results obtained by the small
samples and those of Chapter 4. Furthermore, the maximum permeabilities are
shifted to higher magnetic field strengths H with decreasing amplitude (Figs. 5.13
a), b)). This is in line with the results of Chapter 4.

With increasing frequency the maximum permeability decreases and is less pro-
nounced but still distinct. However, a "‘plateau’, as observed for the small laser-cut
samples, is not visible. Thus, the latter laser characteristic only occurs for samples
with large ratio Vg /(Vng + Vgg). This is in accord with Chapter 4.

POIs of the relative permeability of wide guillotine-cut and laser-cut samples

®As the 'Mix” arrangement of wide samples only contains eight samples of each cutting direction,
it may be possible that a sample strip with deviating characteristic is present in the measurement
of one cutting direction (16 samples), but not in the mixed measurement.
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Figure 5.12: Exemplary B-H curve of M270-35A_30_500Hz_Mix.

also exist. However, these mostly occur where the difference between the relative
permeabilities of both cutting techniques is small and thus are not of further interest
here.

The POIs of losses and permeability do not occur at the same magnetic field
strengths H and hence not at the same magnetic flux densities B. This applies both
to the small and the wide samples. This is also an indication that the degradation

induced by cutting on the permeability differs from that on the loss behavior.

Comparison of the two laser cutting techniques

According to Fig. 5.12 the curve shapes of the laser-cut samples are nearly the same.
Considering the related relative permeability (Fig. 5.13), the significant differences
of FKL-laser and CO,-laser cut specimens occur at magnetic field strengths H below
300 A/m (exact values depend on the material and frequency).

Again, the CO,-laser cut samples have the lowest maximum permeabilities (see
Table 5.7). Thus, it applies Umaxguillotine > HmaxFKL-laser > Hmax,CO,-laser (Fig 5.13), al-
though the wide samples of CO,-laser and FKL-laser cut samples have the same
width. Especially in the range below the knee point area (magnetic domain moving
region), FKL-laser cutting deteriorates the relative permeability less than CO,-laser
cutting. This can be seen clearly by the location of the maxima and their amplitudes,
independent of the sample width. This is in agreement with the results presented
in [46] and with the results obtained in Chapter 4.

The difference of the influences of the two laser cutting techniques may be at-
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Figure 5.13: Relative permeability of M270-35A wide samples produced by different

cutting techniques.

FaE/ 150 iy
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tributed to the different laser settings as, for example, the cutting speed (see Ta-
ble 2.1). A further explanation may be that the relative permeability is more affected
by the laser cutting process than the specific losses [45], wherefore a difference be-
tween the two laser cutting techniques still occurs for the relative permeability, but
for the specific losses it is negligible.

Table 5.6: POIs of permeability at different frequencies, seen here for the wide sam-

ples in "Mix’-order.

M270-35A_30 M400-50A_30 MS800-65A_30
sor, | 3% 4 (1.427T) (CO; - S9) 4122 (1.39T) (CO, - SS) 252 2 (1.31T) (CO, - SS)
387 2 (1.427T) (FKL - SS) 2952 (1.35T) (FKL - SS) 226 2 (1.3T) (FKL - SS)
250 Hy 247 £ (1.35T) (CO; - SS) 8752 (1.48T) (CO, - SS) 354 £ (1.14T) (CO, - SS)
223 4 (1.327T) (FKL - SS) 854 2 (1.49T) (FKL - SS) 329 2 (1.09T) (FKL - SS)
500 Hy 293 4 (1.38T) (CO, - SS) 5552 (1.44T) (CO; - SS) 236 2 (0.62T) (CO, - SS)
** (FKL - SS) 486 £ (1.36T) (FKL - SS) 213 2 (0.58T) (FKL - SS)

++ = X-laser cut samples always show a higher permeability than guillotine-cut samples.

Table 5.7: Maximum permeabilities at different frequencies, seen here for the wide

samples in "Mix’-order.

M270-35A_30 | M400-50A_30 | M800-65A_30
8865 (SS) 7557 (SS) 5969 (SS)
50Hz | 6901 (CO,) | 5220(CO,) | 5155 (CO,)
7947 (FKL) | 5892 (FKL) | 5549 (FKL)
6965 (SS) 4271 (SS) 2964 (SS)
250Hz | 5905 (CO,) | 3770 (CO,) | 2823 (CO,)
6433 (FKL) | 3978 (FKL) | 2907 (FKL)
5282 (SS) 4124 (SS) 2189 (SS)
500Hz | 5125 (CO,) | 3023 (CO,) | 2127 (CO»)
5520 (FKL) | 3116 (FKL) | 2189 (FKL)

Conclusions - wide samples:

e The losses of wide laser-cut and guillotine-cut samples still differ in their
curve shapes. This is in agreement with the findings obtained in Chapter 4.
However, the 'linear” characteristic is strongly reduced if compared with
the small samples.

e POlIs still occur for the loss curves of guillotine-cut and laser-cut samples.
These are shifted to lower magnetic flux densities B with increasing fre-

quency, material thickness*P1%* and ratio Vggy/(Vnq + Vgg) (compare small
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and wide specimen).

e The losses of both wide laser-cut samples show the same curve shape and
have (almost) the same values. Compared to the results of Chapter 4,
the additional eddy currents must have "eliminated’ the slight differences,
which are still apparent with the quasi-static measurements. Thus, it can
be said that both cutting techniques have the same degrading effect on the
material loss behavior.

e The knee point area of the guillotine-cut samples still occurs at smaller
magnetic flux densities B than those of the laser-cut samples. This is in
accord with the results of the small samples.

e For wide samples it still applies: pimaxguillotine > HmaxFKL > Hmax,cO,, although
both laser-cut samples have the same width. Thus, the relative permeabil-
ity is more affected by different laser cutting techniques than the specific
losses, whereas both laser techniques have a different degrading influence
on the permeability, especially in the magnetic domain moving region. The
difference in sample width, as it is the case with the small samples, addi-
tionally increases the difference of permeabilities between the two laser-cut

samples.

The maximum relative permeability is shifted to larger magnetic field

strengths with decreasing amplitude.

The wide investigated laser-cut samples still show distinct extremes.

POIs of the permeability still exist.

Bpoint of intersection, losses % Bpoint of intersection, permeability -

5.3 Influence of cutting direction

The influence of the cutting direction is only investigated for some laser-cut samples,
as for the guillotine-cut samples, not enough strip samples are available (see Table 2.3
in Chapter 2.5). Therefore, the results may only apply to laser-cut specimens and a

comparison with guillotine-cut samples was not possible.

The specimens cut in transverse direction (QQ) show worse magnetization curves
and relative permeabilities at low magnetic field strengths H than the measured
samples of LL-samples and QQ- samples (Mix) or the samples cut in rolling direction
(LL) (see Fig. 5.14 a) and b)). For example, a higher magnetic field strength H is
required to obtain the same magnetic flux density B compared to the other two

sample sets (Fig. 5.14 a)). However, the samples cut longitudinally obtain the best
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results concerning the magnetization curves and the relative permeability. This
behavior applies generally to all wide and small laser-cut samples, but to different
extents: E.g. the differences in relative permeability at low magnetic field strengths H
are reduced for small samples and with higher frequencies.

In many cases, the specimens cut in transverse direction (QQ) show higher spe-
cific losses than the measured samples of LL-samples and QQ-samples (Mix) or the
samples cut in rolling direction (LL) (see Fig. 5.14 c)). However, different behavior is
also observed for the wide samples of material M400-50A at 500 Hz and M800-65A
at 250Hz and 500Hz (for both laser cutting techniques) and for the small sam-
ples for M800-65A at 500 Hz: A POI for the specific losses of transversely-cut and
longitudinally-cut samples occurs (see Fig. 5.15: The POI occurs at 1.45T and 1.4 T,
respectively and Fig. 5.16). Thus, transversely laser-cut samples may have smaller
losses than longitudinally laser-cut samples at high magnetic flux densities B. In the
case of M270-35A no POl is observed, either for wide and small samples.

With increasing material thickness?P13, the POI occurs at smaller frequencies and
smaller magnetic flux densities. This conclusion derives from the wide samples; as
for the small samples, only a POI occurs for material M800-65A at 500 Hz. Further-
more, with smaller sample width the POI for M800-65A at 500 Hz is shifted to higher
magnetic flux densities B.

Considering the curves as a whole, the differences between the measured curves
arelarger for M270-35A and decrease with increasing material thickness. Astheeddy
currents are larger for increasing material thickness, the effect of the cutting direction
is reduced. For example, at 1 T and 500 Hz, the losses of the wide transversely FKL-
laser cut samples and those of the ‘Mix” samples compare as follows: M270-35A
-9 %, for M400-50A -6 % and for M800-65A -0.7 % decrease. The losses of the small
transversely CO,-laser cut samples and those of the 'Mix” samples show decreases
of M400-50A -3.6 %, M800-65A -0.4 %, again at 1 T and 500 Hz.

Conclusions:
e A POI of the specific losses of transversely and longitudinally laser-cut

2,p.132

samples may occur. It is primarily found for thicker material at high

frequencies and small ratios Vg / (Vg + V).

2p132 of the material, this POI occurs at smaller

e With increasing thickness
frequencies and smaller magnetic flux densities.

e With smaller sample width, the POI for M800-65A at 500 Hz is shifted to
higher magnetic flux densities B.

e The distances between the loss-curves QQ-samples, LL-samples and Mix-

samples decreases with increasing material thickness.
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Figure 5.14: Comparison of different cutting directions.
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5.4 Influence of the ratio Vg /(Vaa + Vag)

In this section, the influence of the ratio Vg /(Vng + V4g) on the magnetization curves,
the specific losses and the relative permeability are investigated. The calculated ra-

tios between small and wide samples base on the wide samples ( Snan ).

w1de

Specific losses

Laser versus mechanical cutting

Figs. 5.17 b) and 5.18 b) compare the ratios 2! of the specific losses of the small

SWl e

samples related to those of the wide samples. These result from the specific losses
shown in Figs. 5.17 a) and 5.18 a). The diagrams are presented from 0.4 T onward.

Ps,small

The shapes of these ratios —== . - of guillotine-cut samples differ from those of the FKL-

laser cut samples®: At low magnetlc flux densities B, the ratio Z:‘v‘:: of the FKL-laser
cut samples is larger than those of the guillotine-cut samples. Also, the FKL-laser
cut samples have a larger (negative) slope. This applies to materials M270-35A and

M400-50A, at all investigated frequencies.

Comparison of the two laser cutting techniques

The ratios 7;; smal

of both laser-cut samples show similar shapes, but differ with re-
spect to the absolute values and slopes in their extent (see Fig. 5.17 b)), which is again
mainly attributed to the difference in sample width. This applies to all investigated

materials and frequencies.
Magnetization curves

Laser versus mechanical cutting
In Figs. 5.19 and 5.20, the magnetization curves of the small and the wide guillotine-

cut and FKL-laser cut samples and their ratios 2 are presented. The additional

Hyide

influence of the ratio Vs /(Ving + V) differs for guillotine-cut and laser-cut samples.

In the case of guillotine-cut samples, the largest ratio 2! and thus most worsening

Hyide

influence affects the knee point area. In contrast, the magnetization curves of the
laser-cut samples are already deteriorated below the knee point area.
Thus, the guillotine-cut samples show an increased ratio Sma“ predominantly in

WIE

the range of 1-1.5T, whereas the large values of the FKL-laser cut samples extend

'y X!
FKL, small COy, small

T and - .

FKL, wide FKL, wide

8Here, only guillotine-cut and FKL-laser cut samples are compared, as the respective small samples

7Both laser-cut samples are referred to the wide FKL-laser cut samples:

have the same width.
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Figure 5.19: Magnetization curves of laser-cut samples.
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Figure 5.21: Computed ratios of magnetization curves of laser-cut and

guillotine-cut samples.

over a larger range of magnetic flux density. This applies to all investigated materials
and frequencies. Below 1.1T, the ratio % of FKL-laser cut samples is generally
larger than that of the guillotine-cut samples. The difference between both ratios %
reduces with increasing material thickness (possibly, here also with decreasing grain
size). However, considering all three frequencies and materials, the guillotine-cut
samples show higher extrema and more distinctive peaks than the FKL-laser cut
samples (Figs.5.19b) and 5.20 b)). These extrema decrease with increasing frequency

and material thickness*P13? (for the latter, only one exception is observed).

Furthermore, the ratio 2m of the guillotine-cut samples approaches 1 at higher

Hyide
magnetic flux densities B than that of the laser-cut sample (see Fig. 5.21: here,
all samples are compared to the wide guillotine-cut sample). This applies to all
investigated samples and is consistent with the results presented in Chapter 4.2.

This direct comparison (Fig. 5.21) highlights also the POI which might occur.

The shape of the ratio Iésw—m;le' of the guillotine-cut samples is similar for all three
frequencies and materials. Thus, also the maximum exists almost in the same range
of magnetic flux densities. However, the shape of the ratio % of the FKL-laser cut
samplesis similar at 50 Hz and 250 Hz (round curvature), but changes to a shape sim-
ilar to a plane (the ‘distinct” extrema disappear) in the case of 500 Hz (see Fig. 5.22).
The latter behavior is also observed for materials M400-50A and M800-65A at 250 Hz

and 500 Hz.
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Figure 5.22: Computed ratio ZL;“ of magnetization curves of laser-cut samples for
M270-35A at 500 Hz.

Comparison of the two laser cutting techniques

The small CO,-laser cut samples are smaller than those of the FKL-laser cut samples
(see Chapter 2.1.1). Thus, in the case of the CO,-laser cut specimens the ratio %
increases further, especially below and in the knee point area. This is in accord with
the results of Chapter 4.2. As expected, the shapes of the ratio % of both laser-cut
samples are very similar (see Fig. 5.19), but the absolute values and slopes differ. This
applies to all investigated materials and frequencies. This difference is negligible
above 1.6 T. Considering Fig. 5.19 in particular, the further decreased sample width
may increase the ratio % from about 3.25 to 4.25 at about 0.9 T. Thus, in the case
of the 7mm wide samples, a magnetic field strength H is needed to be about four
times larger and in the case of the 7.5 mm wide samples about three times larger, to

obtain the same magnetic flux density B as with the wide samples.
Relative permeablility

Laser versus mechanical cutting

With the computed ratios %, the difference of laser-cut and guillotine-cut samples

is again obvious. The most affected area is at small magnetic field strengths H. This
lines up with Chapter 4.2. In general, the relative permeabilities at low magnetic

field strengths H are less deteriorated with decreasing sample width for guillotine-
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Uy, small

cut than for laser-cut samples. However, the ratios === of the guillotine-cut samples

need a larger magnetic field strength H to approaztivll iche permeability of the wide
sample, than the FKL-laser cut samples do®P1>(compare Figs. 5.23 b) and 5.24 b)).
This is consistent with the results in Chapter 4.2 and applies to all investigated
samples. For example, the laser-cut samples reach the ratio ﬁ of 0.9 at 600 A/m,

whereas the guillotine-cut samples only reach this ratio at 1100 A/m.

Comparison of the two laser cutting techniques
My, small

Although, the samples differ in width, the shapes of the ratio === over the magnetic
tield strength H of both laser-cut samples are related (see Flg 5 23 b)). However,
the CO,-laser cut specimens need a larger magnetic field strength H to approach the

relative permeability of the wide sample.

Conclusions:

Specific losses

e Theratio ’;5 smal

of the laser-cut samples starts at low magnetic flux densities B
athigher Values and decreases more strongly with increasing magnetic flux
density than that of the guillotine-cut samples. This may lead to the POls,
observed in Chapters 5.2.1 and 5.2.2.

Magnetization curves

e The largest ratios *“Ta” of guillotine-cut samples occur in the knee point

w1e

area.
e In contrast, large ratios of laser-cut samples occur already below the knee
point area.

e The ratio 2l of the guillotine-cut sample shows a distinct maximum in the

Hyide

range of 1 to 1.5 T. In contrast, the maxima of the ratios Hi:;z of the FKL-laser
cut samples extend over a larger range of magnetic flux densities. This may
lead to the POIs, observed in Chapters 5.2.1 and 5.2.2.

Relative permeability

.ur small

e The ratio s of the laser-cut samples is more reduced at low magnetic

tield strengths H, but approaches the permeability of the wide sample at
smaller magnetic field strengths H than that of the guillotine-cut samples.
Remember again the POIs observed in Chapters 5.2.1 and 5.2.2.

Pr small

* The shapes of the investigated ratios 7 of both laser-cut samples are

1, wide

in most cases very similar. The differences are mainly attributed to their

difference in sample width.
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Figure 5.23: Relative permeability of laser-cut samples.
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5.5 Discussion

5.5 Discussion

In the following, the results of the measurements of Chapter 5 are analyzed further

and compared with results from literature 2P,

Specific losses

Differences due to different cutting techniques

The specificlosses of the guillotine-cut samples increase noticeably with the square of
the magnetic flux density. In contrast, the specificlosses of the laser-cut samples show
an almost ‘linear” behavior in the range of medium magnetic flux densities B. This
effect of "linear parts” decreases with increasing frequency, material thickness?P-132
and sample width (ratio Vs /(Vihg + V4g)). The relationship between the ‘linear parts’
and the sample width is also confirmed by the results presented in [205]. These
authors investigated sample strips with different widths which were cut by a CO,-
laser and investigated at 50 Hz. For the smallest strips (4 and 5 mm in width [205])
this ‘linear” and/or ‘'wave’ shape of the specific losses at moderate flux densities is
also recognizable. However, these authors do not mention or refer to this specific
characteristic.

Samples deteriorated by compressive stress show a similar effect: With increasing
compressive stress, the shapes of the specific losses presented in [192] also show
these ‘linear’ parts. This supports the conclusion from Chapter 4.3 that compressive
stresses induced by laser cutting are larger than those induced by guillotine-cutting.

In this work?P?*, the specific losses of samples cut by the two different laser
cutting techniques show the same curve shapes and gradient behaviors. The differ-
ence observed, albeit only slightly, in curves of these differently laser-cut samples in
Chapter 4 (only hysteresis losses measured) shows that this deviation is no longer
apparent or is overlapped when eddy currents are added (Epstein frame measure-
ments are performed with frequencies of 50, 250 and 500 Hz). Thus, it is concluded
that both laser cutting methods, with the laser settings from Chapter 2.1, deterio-
rate the loss behavior in almost the same way. This is supported by the losses for
CO,-laser and FKL-laser cut samples at 1 and 1.5T measured at 50 Hz, presented
in [182]. However, even if contradictory statements might be found in the literature,
the used laser settings and the used laser technology opportunities at the time the
measurements were performed, have to be considered before comparisons are made
and conclusions are drawn.

Baudouin [11] studied fully-processed and semi-processed steel sheets which were
cut by two different laser settings and by mechanical cutting. The measured spe-

cific losses showed that for 1.5T and 50 Hz the pulsed laser mode combined with
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less power leads to lower specific losses for the fully-processed material than the
continuous laser mode and the mechanical cutting [11]. The samples cut by con-
tinuous laser and by mechanical cutting reached the same losses [11]. This is in
agreement with the author [45] who showed that different laser settings result in
different deterioration of the material properties. Some authors conclude that laser
cutting is much worse for loss behavior than mechanical cutting, e.g. [2,207]. This
is mostly due to the choice of laser settings, sample sizes (ratio Vg /(Vng + Vgg)) and
measurement settings (frequency f, magnetic flux density B) and not in line with
the findings of this work, according to which no general statement can be made (see
also the discussions of the POls).

Point of intersection

The results in this work show that a POI of the specific loss curves of the mechani-
cally-cut and laser-cut samples may occur. For both the wide and the small samples,
it applies that this POI is shifted to lower magnetic flux densities with increasing

2,p.132

frequency and material thickness . This shifting depends non-linearily on in-

creasing frequency.

This observation of a POI agrees with the results published in [162] (or rather [5]),
where the POIs are also moved to lower flux densities with increasing frequency.
Note, the author of [162] refers to a ‘reversing trend’ instead of a point of intersection
(the latter is the designation in this work). In the diagram of Dickmann [46], an
indirect hint can be found which most likely suggests a point of intersection of
specific losses of mechanically-cut and laser-cut samples. [46] showed that at high
magnetic flux densities B, the percentage increase of laser-cut specimens is lower
than that of mechanically-cut probes. This behavior occurs at lower magnetic flux
densities B with better and more optimized laser settings, e.g. higher cutting speed
[46] (optimized laser settings means less deteriorating influence on the material
magnetic properties). Thus, depending on the absolute values of specific losses, a
point of intersection may also be possible at high magnetic flux densities for the

samples of [46].

2P132 5 the loss be-

This work observed an influence of the material thicknesses
havior of the material and on the position of the POI This contrasts with [170], in
which no significant influence of the material thickness on the magnetic behavior of

the electrical steel sheets is reported.

Ratio Vdg/(Vnd + Vdg)
As expected, the specific losses increase with increasing ratio Vg /(Ving + V). Fur-

thermore, the POlIs (losses) are shifted to lower (or equal) magnetic flux densities B
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with increasing ratio Vqg/(Vng + V4g) when comparing the POIs of mechanically-cut
samples with one type of laser cutting technique. Considering the POIs of small
samples (FKL-guillotine [sample widths of both: 7.5 mm] vs. CO,-guillotine [sam-
ple width of CO,-laser cut sample: 7mm)]), a shifting of the POI to higher magnetic
flux densities with increasing ratio Vag/(Vina + V4g) is observed (Fig. 5.11).

Previous investigations from other authors are based on the specific cutting length
instead of the ratio V. /(Vihg + V4g). Anincreasing specific cutting length also leads
to an increasing ratio Vg /(Vaa + Vgg). Hence, these results are often comparable.
According to several authors, the specific losses of an electrical steel sheet increase
with increasing specific cutting length [22,127,134,162,169,170,172]. Thus, these
observations are in agreement with each other. The results of Ryckebusch [162] also
confirm that the POI at specific losses of mechanically-cut and laser-cut samples
is shifted to lower magnetic flux densities B with increasing cutting length. This
is in accordance with the results in this work, when only comparing wide and
small samples. However, the author of [162] only investigated two different cutting
lengths. Hence, no statement can be made on the linearity or non-linearity of the
shifting of the POls.

The authors of [188] also investigated the increasing ratio of iron losses at 50 Hz
with decreasing sample width for one material containing 2.4 % silicon [188]. These
ratios are based on a quadratic sample with 120 mm in side length [188]. The sam-
ples are cut by CO,-laser and compared with guillotine-cut samples [188]. Precise
information on the investigated material and the used laser settings is not provided.

ps small

As with the results in this work, for small magnetic polarization, the ratios === of

s,wide
laser-cut samples are higher than those of the guillotine-cut samples. Considering

the whole polarization range in [188], the ratios ZS el

of the laser-cut samples have
a larger negative slope compared with those of the guﬂlotme -cut samples. This is
also in line with the findings of this work. This negative slope increases with de-

Ps,small

creasing sample width [188]. In contrast, the ratio == of the guillotine-cut sample

also increases with decreasing sample width, but d(;g‘senot change strongly over the
polarization range. This is confirmed by the results of this work. Also the author
of [169] studied the influence of the ratio Vgyg/(Vinq + Vgg) on the iron losses for
guillotine-cut samples with different clearances and with different qualities of the
cutting tool (sharp and blunt). This author references all results to a sample in which
the hardened edges due to cutting have been eliminated by grinding [169]. The ma-
terial investigated contains 1 % silicon [169]. However, the author also investigated,
in addition to other sample sizes, the same sample sizes as presented in this work,
but longitudinally-cut and transversely-cut samples separately. Considering and

calculating the mean of the percentage change of iron losses due to the change in
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cutting direction for samples with 30 mm and 7.5 mm width, no clear influence on the
ratio % over the magnetic flux density is obtained. This contrasts with the findings
in this work. Furthermore, the increasing ratio of losses due to the decreased sample
width is about 2.4 (mean), which is larger than that of the guillotine-cut samples
investigated in this work. These differences may be attributed to possible differ-
ences in guillotine settings (clearance and cutting tool quality), guillotine technique
(over 25years in difference), and/or also to the material itself (grain size, chemical

composition: e.g.1 % [169] in contrast to 1.5 to 2.8 % silicon content (see Chapter 3)).

Magnetization curves and permeability

Differences due to different cutting techniques

Considering the B-H curves of the wide samples, it is obvious that these curves
of different cut samples differ predominantly in the knee point area (Fig. 5.12).
With few exceptions, the small samples differ significantly in all parts (except high
saturation; Fig. 5.4). Taking the computed relative permeability into additional
consideration, the amplitudes of the differently cut samples have the following
order: Umaxguillotine > Hmaxlaser (FKL) > Mmaxlaser (COy) (Figs. 5.5 and 5.13). This agrees
with the results of Chapter 4. The largest differences of these permeabilities occur at
low magnetic field strengths H.

By just focusing on the relative permeability, the conclusion can be drawn that
COs-laser cutting deteriorates the magnetic material more than FKL-laser cutting,
predominantly at small magnetic field strengths H. However, as seen above, the
specific losses do not differ significantly. Thus, the different magnetic properties are
affected differently and to a different extent by the various cutting techniques. In
general, with increasing frequency the difference of relative permeability of laser-
cut and guillotine-cut samples at small magnetic field strengths H as well as the
maxima of the permeability decrease. Also, a POI of the permeability of differently
cut samples at higher magnetic field strengths H is observed (see next paragraph
"Point of intersection’, p. 172 and Figs. 5.5 and 5.6). Furthermore, the maxima of
the permeability are shifted to higher magnetic field strength H the smaller the
maximum of the laser-cut samples is (see Fig. 5.13). This behavior is observed as
long as a distinct maximum and no ’plateau” occurs. The difference of relative
permeabilities between the different cutting techniques depends on the respective
magnetic field strength H (see Figs. 5.13) and thus on the magnetic flux density B.
This is also in accord with Chapter 4.

Also Dickmann [46] obtained smaller maximum permeabilities for laser-cut than
for mechanically-cut specimens, with the amplitudes of the CO,-laser cut samples

being the smallest. Furthermore, the author observed a shifting of the maximum

FaE/ 170 iy



5.5 Discussion

permeabilities to higher magnetic field strengths H with decreasing absolute val-
ues [46]. According to his literature research, this is in accordance with the behavior
of soft magnetic material under machinable procedure, [46] referring to [147]. All
these results confirm the results in this work. The author of [46] further showed
that the maximum permeabilities of laser-cut samples vary with the laser settings.
With optimum laser settings (e.g. laser speed [40,45]) the maximum permeabilities
of laser-cut samples increase [46]. Furthermore, [46] points out that the relative
permeability is the magnetic property most sensitive to cutting. This most likely ex-
plains why differences between the relative permeabilites of both laser-cut samples
investigated in this work still exist, in contrast to the specific losses with the samples

investigated with the Epstein frame at different frequencies (Chapter 5).

Ryckebusch [162] states that the permeability is more deteriorated by laser than by
mechanical cutting and that the deterioration “depends on the polarization.” For low
magnetic field strengths H, this is in line with the results of this work. Considering
the diagram presented in [162], also a reversing behavior at higher magnetic flux
densities B is observed in which the permeabilities of laser-cut samples are larger
than those of mechanically-cut specimens. This fits with the POIs in this work.

However, no detailed analysis of this reversing behavior is given in [162].

Emura [51] determines the specific losses and permeabilities for differently cut
samples at 1.5 T and 60 Hz. The measured results of “JCUT”? samples also confirm a
different deterioration effect on the specific losses and on the relative permeability for
differently cut samples, as the percentage change of permeability of guillotine-cut to
laser-cut samples is larger than that of the total losses. The results presented in [51]
also show that the permeabilities of laser-cut samples may be better than those of
guillotine-cut samples. However, this depends again on the point of operation. The
author of [51] investigated the permeability at 1.5 T and thus at higher magnetic field
strengths H (see also next section "Point of intersection’).

The maximum permeability decreases with increasing ratio Vg /(Vag+Vyg) (see Ta-
bles 5.4 and 5.7). Comparing the shape of the relative permeability of the small laser-
cut samples with the wide laser-cut samples (see Figs. 5.5 and 5.13), the maximum
of the relative permeability of the small laser-cut samples is not well pronounced,
almost plateau-like, in contrast to that of the small guillotine-cut samples with a still
distinctive maximum. The plateau is moved to lower relative permeabilities, with
an increasing ratio of material degraded by the cutting process to non-degraded,

unaffected material. Therefore, it only occurs with the small investigated samples,

9JCUT signifies samples “just after cut” [51]. The author [51] further investigated samples which
are cut and annealed, before and/or after cutting. In this discussion only the behavior of JCUT

samples are of interest.
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in which the ratio Vyg/(Vina + V4g) between degraded material to the total material
volume is high.

Samples deteriorated by compressive stress show a similar effect: Above a certain
compressive stress the distinct maximum disappears (cf. with [192])'°. It may thus
be interpreted that the degrading effect of laser cutting on the material is caused by
induced compressive stresses. As for wide specimens the influence of laser cutting
is still small; this effect is predominantly seen with the small samples. According
to [59,207], the stresses occurring at the cut edge are compressive stresses, both for
punching and for laser cutting. As the guillotine-cut samples still show a distinct
extrema, even for the small samples, we interpret the laser-cut induced compressive
stresses to be larger than those induced by guillotine-cutting. This is in line with
Chapter 4 and also with [23] in which it is mentioned that the ‘main parameters for
the permeability are the crystal energy, magnetostriction, grain size, number and

type of lattice defects and impurities and the internal stresses’.

Point of intersection
Even for the permeability and magnetization curves, POIs between laser-cut
and mechanically-cut samples occur. These occur at other magnetic field
strengths H/magnetic flux densities B than those of the specific losses. These POls
occur for both FKL-laser cut and CO,-laser cut samples in the same range of mag-
netic field strength H and thus magnetic flux density B (see Table 5.6), but at different
magnetic field strengths H for different materials and/or frequencies investigated."!
The different positions (B/H value) of the POIs of losses and permeability are con-
tirmed by Dickmann [46], who also showed a different influence of (laser) cutting
on losses and permeability (see p. 171). In his diagram, also a POI can be identi-
tied where the permeability of the FKL-laser cut sample is higher than that of the
mechanically-cut sample. Depending on the laser settings, this POI occurs at lower
tield strengths H for more optimized laser settings, see [46]. Also [162] presents a
diagram where a POI also occurs for the permeability at higher polarizations [162].
With increasing specific cutting length this POI is shifted to lower magnetic flux
densities B, see [162]. At large, this is also confirmed by the results of this work.

Ratio Vdg/(Vnd + Vdg)
With increasing ratio Vg /(Ving + V4g), the permeability and its amplitude decrease.

10 1194] shows the change in relative permeability due to compression induced by shrink fitting.
There, the shape of the relative permeability of the sample with shrink fitting does not yet show

a plateau, but already the tendency to ‘loose’ its distinctive maximum.
1See POIs of the wide samples; the POIs of the small samples are not appropriate for this comparison

because of the difference in sample width (see Chapter 2.1.1).
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Schmidt [169] also showed this behavior by considering the specific cutting length.
Considering the ratio Vgz/(Vina + V) for the B-H curve, it is remarkable that for
guillotine-cut samples the largest change occurs predominantly in the knee point
area (Fig. 5.20 b)). In contrast, for laser-cut samples the strongest influence occurs
already in the linear range below the knee point area and extends over a larger
range of flux densities B (see Fig. 5.19 b)) compared to that of guillotine-cut samples.
Furthermore, it is observed for B < 1.1T that the ratio % of laser-cut samples is
larger than that of the guillotine-cut samples. However, in most cases the extrema of
the guillotine-cut samples are at higher values than those of the laser-cut samples.

In [68], magnetization curves of mechanically-cut samples are presented for dif-
ferent ratios Vgg/(Ving + V4g). Also in [68], the most significant difference of these
magnetization curves is in the knee point area [68], which is shifted to smaller mag-
netic flux densities B and larger magnetic field strengths H (see also [192]). The latter
is also in line with the results presented in this work.

The authors of [188] also investigated the increasing ratio II%:L‘ with decreasing
sample width. Here, the reference H,,i4. bases on a quadratic sample with 120 mm
in side length and the samples are cut by CO,-laser and guillotine [188]. The results
presented in [188] confirm the findings of this work, in that the ratio % of the
laser-cut samples extend over a larger range of magnetic flux density than those of
the guillotine-cut sample. However, the results in [188] show that the maximum
Hs

722 of laser-cut samples is a multiple larger than that of the guillotine-cut

wide

ratio
samples. This is in contrast to the findings in this work. This difference is mainly
attributed to different (probably concerning the magnetic properties worse) laser
settings. Unfortunately, no detailed information concerning the material or the
laser settings is provided in [188]. Thus, no further evaluation is possible. The
author of [169] analyzed the influence of decreasing sample width on the relative
permeability for guillotine-cut samples with different clearances and different quality
of the cutting tools (sharp and blunt). The hardened edges due to cutting of the
reference sample are removed by grinding [169]. The material investigated contains
1% silicon [169]. The author investigated, in addition to other sample sizes, the
same sample sizes as presented in this work. Considering just these two equivalent
sample sizes, the maximum relative permeability decreased in the range of 20 to
30 % (sharp and blunt cutting tool) [169]. However, the results in this work showed
larger degradations for the maximum relative permeability of guillotine-cut samples.
Again, this difference may be attributed to possible differences in guillotine settings
(clearance and cutting tool quality), guillotine technique (over 25 years in difference),
and/or to the material itself (grain size, chemical composition: e.g.1% [169] in

contrast to 1.5 to 2.8 % silicon content (see Chapter 3)).
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Conclusions:

The linear’ characteristic of the specific losses at moderate flux densities is
more pronounced for laser-cut than for guillotine-cut samples the larger the
ratio Vg /(Ving + Vgg) is. Thus, it is assumed that the induced compressive
stresses of laser cutting are larger than those induced by mechanical cutting.
This is supported by the results on the permeability.

Both laser cutting techniques show the same deteriorating effect on the spe-
cific losses, but different effects on the relative permeability at low magnetic
tield strengths H. Thus, the relative permeability is more sensitive to the
different laser cutting techniques than the loss behavior.

With increasing frequency and material thickness*P13?, the point of intersec-
tion (POI) of the specific losses is shifted to lower magnetic flux densities B.
No specific relationship between the position of the POI of the specific
losses and the ratio Vg /(Vagq + V) is observed.

With increasing frequency the difference of permeabilities of laser-cut
and guillotine-cut samples decreases notably at small magnetic field
strengths H.

In the case of small laser-cut samples, the maxima of the relative perme-
abilites flattens to a ‘plateau’. This is a further indication of larger compres-
sive stresses for laser-cut samples than for mechanically-cut samples.

The distinct maxima of the relative permeabilites as well as the "plateau’
decrease with increasing ratio Vg / (Vg + Vgg)-

The ratio % of the laser-cut samples starts at low magnetic flux densi-
ties B, at higher values and decreases more strongly with increasing mag-
netic flux density than that of the guillotine-cut samples.

The ratio % of the guillotine-cut samples show a distinct maximum in the
range of 1 to 1.5 T. In contrast, the maxima of the ratios % of the FKL-laser
cut samples extend over a larger range of magnetic flux densities.

The ratio % of the laser-cut samples is more reduced at low magnetic
tield strengths H, but approaches the permeability of the wide sample at
smaller magnetic field strengths H than that of the guillotine-cut samples.
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Chapter 6

Experimental results: stator

measurements

In this chapter the specific losses, magnetization curves and relative permeabilities
of the stator lamination stacks (explained in Chapter 2.1.1, see also Figs. 2.1 and 2.12),
are determined and analyzed with regard to the influence of different cutting tech-
niques (using the three different measurement techniques explained in Chapter 2.6).
These stator samples consist of the same materials and are cut from the same MCs
as the Epstein samples investigated before (Chapter 5). Subsequently, the effect of
aging on the magnetic properties due to different cutting techniques is investigated
as well.

In addition to the respective selected results presented in this Chapter, a more

comprehensive set of results is presented in Appendix D.

6.1 Results of "Epsteinframe’ method

The results of the "Epsteinframe’ method are discussed first. Subsequently, the
differences in results between this method and the two other techniques (‘'modified
Epsteinframe’” method and "IEC 62044-3") are worked out (Sections 6.2 and 6.3).

Specific losses

Laser versus mechanical cutting.

First, the results for material M400-50A are discussed in detail. The measured specific
losses are presented in Fig. 6.1 for the stator samples of material M400-50A for all
three measured frequencies. The specific losses of both laser-cut stator samples are
almost identical (see Fig. 6.1 and also Fig. 6.2 for material M270-35A; exception:
material M800-65A at 250 Hz and 500 Hz from 1T onward it applies prxi > pco,,
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see Fig. 6.3'), whereas those of the punched stack differ in shape and gradient.
(This applies for all investigated materials.) The latter shows a rather quadratic
relationship, whereas the specific losses of the laser-cut stacks seem to increase more
‘linearly’, notably in the range of (0.6...1.3) T at 50 Hz (see Fig. 6.1 a)). The ‘linear’
part of the laser-cut samples is reduced with increasing frequency and material
thickness*P3? (compare Fig. 6.1 and the Figures in Appendix D.2), see for example
material M800-65A: at 50 Hz only a slight influence of the ‘linear” part is noticeable,
and from 250 Hz onward, no influence is detected. All these findings are in accord
with the results obtained for the Epstein specimens (see Chapter 5).

Again, as with the Epstein frame measurements, points of intersection (POls) between
laser-cut and punched stator lamination stack samples occur after which the specific losses
of the punched samples are larger than those of the laser-cut samples. Once again, the
POl is shifted to lower magnetic flux densities as the frequency and/or the material

thickness?P-132

increases. This is illustrated in Fig. 6.1, as well as in Table 6.12. For
material M400-50A and at 50 Hz operation (see Fig. 6.1), the specific loss curves of
all different cut samples converge or are similar from 1.35T onward. At 250 Hz,
the POI occurs at 0.86 T and at 500 Hz, already at 0.71T (see Table 6.1). The POls
of CO,-laser cut and mechanically-cut samples are found to be in the same range
(compare Appendix D.3). Furthermore, the difference between the specific losses of
mechanically-cut and laser-cut samples in the area above the POl increases with the
supply frequencies (see the differences at 1.5T in Fig. 6.1). The same characteristics
are observed for material M800-65A. Unfortunately, no investigations on a stator
lamination with material M270-35A could be carried out (see Table 2.4 in Chapter 2.6).

Concerning the POIs of the specific losses of mechanically-cut and FKL-laser
cut samples (Table 6.1), the shifting of the POI to lower magnetic flux densities B
with increasing material thickness increases with increasing frequency. Thus, for
thicker>P'¥ material and increasing frequency, the laser cutting technology becomes
a viable alternative to mechanical cutting concerning specific losses.

Comparing the occurrences of the points of intersection (POIs) of the Epstein steel strips
and of the stator lamination stacks (Table 6.1 vs. Tables 5.1 and 5.5), these points occur at
lower magnetic flux densities B for the stator stacks than for the rectangular samples.
This was expected for the comparison of the wide Epstein samples with the stator
samples. However, since the stator yoke height (12 mm) is larger than the width of
the small Epstein samples (7.5 mm), this contrasts with the observation (considering
just the wide and small samples) that the POl moves to lower magnetic flux densities
with decreasing width of the cut specimen (see Chapter 5.2). Possible explanations

!Further explanation is given on p. 181.
2Table 6.1 illustrates the POIs for the FKL-laser cut and mechanically-cut samples. The points of

intersection for CO,-laser cut and mechanically-cut samples are shown in Appendix D.3.

FaE/ 176 iy



6.1 Results of Epsteinframe’ method

--M400-50A 50Hz FKL
~--M400-50A 50Hz CO2

€]

S

Specific losses p_ (W /kg)

4 —M400-50A 50Hz punched

3r ]
2r _
1r _
G0 0.2 0.4 06 08 1 1.2 1.4 1.6
Magnetic flux density B (T)
(a) 50Hz
50|~ M400-50A 250Hz FKL ' ' ' d
% [—M400-50A 250Hz punched
L
= 40r & 1
g /
o 301 e 1
=
g 20 1
%;-'q
L N ﬁ | |
G ] ] ] ] ]
0 0.2 04 0.6 0.8 1.4 1.6

Magnetic flux

1 12
density B (T)

(b) 250 Hz

—M400-50A 500Hz punched
-- M400-50A 500Hz FKL

—_
Qa1
o

S

—_
)
==

U1
=

Specific losses p_ (W /kg)

G Il

0 0.2 04 0.6 0.8

1 12
Magnetic flux density B (T)

1.4 1.6

(c) 500 Hz

Figure 6.1: Specific losses of the M400-50A stator lamination stack samples at differ-

ent frequencies.

FaL/

177



Chapter 6 Experimental results: stator measurements

30f---M270-35A 250Hz FKL| ' ' | L]
-+ M270-35A 250Hz CO2 e
s
25 "d; -
/b\D ,0'
4 R
~ L
£ 20F o _
Q.m '¢¢/
3 7
B 1
'-_8‘ ¢""‘
é-( o ",r"" |
9] ",a“
5 B v“"““ .
‘_-v"‘"““
0 T e i all 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Magnetic flux density B (T)
(a) Specific losses
1.6 T T T T T T T e
14f T .
Eqof 1
N !
2 /
T 1] —
= ]
) i
o] I
= 0.8 4 i
= }
& :
2 0.6F1 .
] !
o ¢
%D 0 4_;. -
= i
0-21 ---M270-35A 250Hz FKL
G: . . ] ] . = M270-35A 250Hz CO2
0 1000 2000 3000 4000 5000 6000 7000 8000
Magnetic field strength H (A/m)

(b) Magnetization curve

Figure 6.2: Specific losses and magnetization curves of both laser-cut stators, material

M270-35A. The laser-cut samples show a ’linear” influence on the loss

curve.

KL/

178
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Table 6.1: Stator lamination stack measurements ("Epsteinframe’” method): POls of

specific losses for the FKL-laser cut and mechanically-cut samples.

Reduction of B of POI from
M270-35A | M400-50A | M800-65A
M400-50A to M800-65A in %
50Hz N/A 1.35T* 1.06 T -
250Hz N/A 0.86T 0.65T —24.4%
500 Hz N/A 071T 051T -28.2%

* =no 'real’ PO, rather an area where the specific losses are similar.

for this may be:

1) The different type of mechanical cutting used (punching versus guillotine cut-
ting), the different geometries used (Epstein versus stator shape with teeth, notches,
etc.), and/or the additional stress due to the compression the stators have been sub-
jected to. The last factor mentioned may indeed be the most significant contributing
factor: The stresses inside the material induced by the laser cutting may be less
sensitive to additional compressive stresses into the thickness direction than those
introduced into the lattice structure by mechanical cutting. Thus, the POI measured
for the stator lamination stacks occurs at lower flux densities B than that measured
for the small Epstein samples, although the specific cutting length is smaller.

2) As shown in Chapter 5.2, even the POIs between the samples of 7.5 and 7 mm
width of laser-cut samples move to higher flux densities (see Fig. 5.11). Thus,
it may be assumed that the POI does not depend linearly on the sample width,
ratio Ve /(Vihg + Vgg), or specific cutting length (see Table 6.2 and Tables 5.1, 5.5,
6.1, or see for instance material M800-65A in Fig. 6.4; the calculation of the specific
cutting length is presented in Appendix E.2).

To summarize, the results suggest that for machines with the size of those in-
vestigated, laser cutting provides a useful option to mechanical cutting concerning

specific losses.

Table 6.2: Specific cutting lengths in m/kg of the investigated samples.

Epstein sample 30 | Epstein sample 7.5 | Epstein sample 7.0 | Stator yoke
M270-35A 249 99.6 106.7 50.65
M400-50A 17.3 69.3 74.2 35.2
M800-65A 13.2 52.6 56.4 26.8

By comparing Epstein with stator samples, with the same material and at the same

frequency, the specific losses of the stator specimens are higher than the specific

losses of the wide Epstein specimens (see Fig. 6.5). This applies to all measurements
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Figure 6.4: POIs as a function of the specific cutting length for material M800-65A.

performed. The specific losses of the stator specimens are closer to the small Epstein
samples. This again depends on the material thickness and frequency. For example,
for CO,-laser cut material M400-50A at 50 Hz it applies psstator < Ps Epstein small (S€€
Fig. 6.5). With increasing frequency a POI occurs which is again shifted to lower
magnetic flux densities B with increasing frequency and material thickness*P132.
Considering the specific cutting length, the specific losses of the stator should be
smaller than those of the small Epstein samples (see also Appendix F.2). Again, the
additional processing step of the stators, the gluing and pressing, may have an influ-
ence. The pressure induces elastic stresses which result in crystal lattice deformation
and thus in degraded magnetic properties [170].> Additionally, local short circuits
may be produced because of the pressing procedure [170] (due to burrs and defects
in the isolation), which increases the losses at higher magnetic flux densities and
frequencies. This may be one reason for the occurrence of a POI of the small Epstein
and stator samples. According to [170], the increase of losses induced by this addi-
tional processing step is rather small. However, the literature also contains accounts
which show a large influence due to the pressing into the thickness direction. This
is discussed in Chapter 8.3.3.

Comparison of the two laser cutting techniques

As previously mentioned, a slight difference, if at all, between the laser-cut probes

3The differently cut samples (laser vs. mechanical cutting), with different states of internal stresses
might differ in their further degradation due to additional stresses induced by pressing and gluing.
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Figure 6.5: Comparison of specific losses of stator and Epstein specimens.

has been recognized at medium to high magnetic flux densities for the thick??-132
material and at the higher frequencies (see Fig. 6.3). This may be explained by the
laser settings. According to Table 2.1, both lasers cut the stators of material M800-65A
at almost the same cutting speed. Thus, both laser methods only differ in power and
mode. In both cases, the FKL-laser may have introduced more destroying energy
per material volume (higher power and almost continuous mode) as the CO,-laser.

This, in turn, may have led to the higher determined specific losses.

Magnetization curves and permeability

Laser versus mechanical cutting.

Magnetization curves. Fig. 6.6 shows by way of example the magnetization curves of
the laser-cut and punched stator samples for material M400-50A, obtained from the
"Epsteinframe’ method, this time at 250 Hz and 500 Hz. Fig. 6.7 shows the relative
permeability computed from the measurements of Fig. 6.6 a).

As with the Epstein frame measurements, the shapes of the B-H curves of mecha-
nically-cut and laser-cut samples differ and thus indicate the different kind of mag-
netic deterioration: Again, up to the knee point of the mechanically-cut samples (see
Fig. 6.6), the relative permeabilities (gradient of the B-H curves) of the punched sam-
ples are larger than those of the laser-cut samples (see also Fig. 6.7). The knee-point
areas of the punched samples occur at lower magnetic flux densities B compared to
the laser-cut samples. This applies to all investigated materials and is in line with
the results of Chapter 5. For the chosen samples, the POI occurs at 480 A/m (Fig. 6.7).
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Figure 6.7: M400-50A at 250 Hz: Relative permeability p, for punched and laser-cut
samples, computed from the measured magnetization curves.

Considering the shape of the B-H curves of the stator specimens concerning the
comparison of the different cutting techniques (characteristics), the behavior is sim-
ilar to the qualitative comparison of the different cutting techniques of the small
Epstein specimens (see Fig. 6.8 or compare Appendixes C.2 and D.2), but not as
distinct as those of the wide Epstein specimens (compare Appendix D.2 with Ap-
pendix C.3).

In a direct comparison of the magnetization curves of the respective stator and
Epstein samples (see Fig. 6.9), the area below the knee-point area of the stator samples
is close to the magnetization curve of the small Epstein samples with a width of
7.5 mm, but the knee point and saturation area differ. This applies to all measured and
compared magnetization curves independent of the cutting technique. According
to the specific cutting length, the degradation effect on the magnetic property, in
this case the relative permeability, is assumed to be between the permeabilities
of the wide and the small Epstein specimens. This is confirmed up to the knee-
point area, although not with a linear decrease, as the difference of stator and small
Epstein samples is small. However, this is not true for the knee-point and saturation
areas. Here, the stator samples show larger material degradation for all cutting
techniques, as higher magnetic field strengths H are necessary to obtain the same
magnetic flux density B; thus the saturation is decreased for the stator samples.
These larger degrading effects on the magnetization curves of the stator samples

might be explained by:
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6.1 Results of Epsteinframe’ method

I) Sample geometry. The stator is round with smaller curvatures at the inner radius
caused by notches and teeth, in contrast to the simple rectangular Epstein design.
Therefore, the deterioration of the stator specimens may be worse because of the
more complicated shape of the cut edges. For samples with complex and small
geometries, stresses at corners submitted to several cutting processes may lead to
overlapping degraded zones, which increase the stresses on a distinct material cut
edge part.

IT) Further processing steps. As previously mentioned, the stator samples are glued
and pressed, in contrast to the Epstein samples (see Chapter 2.1.1) which induces
additional degradation (see Chapter 1). According to [170] the differences between
pressed and non-pressed steel sheets decrease with decreasing silicon content*. For
non-silicon material, only a small deviation in the knee-point area occurs at all. In the
saturation area, no difference is found for both high-silicon and non-silicon material.
Thus, according to [170], the pressing process may degrade the knee-point area and

the area below the knee-point. This is also in accord with the results presented in [98].

Permeability. For all investigated stator samples, the maximum relative perme-
abilities p;max Of the punched samples are larger than for the laser-cut samples (see
Fig. 6.7). The maximum relative permeabilities of the laser-cut samples occurs at
larger magnetic field strengths H than those of the punched stator samples (see
Fig. 6.7). As in the case of the investigations on the Epstein frame, the difference
between the laser-cut and the mechanically-cut samples in the area of the maxima
decreases (absolute values) with increasing frequency and material thickness*P132
(see also Fig. 6.6), as the influence of cutting reduces with increasing eddy currents.

Even for the relative permeability a point of intersection (POI) occurs for the differ-
ently cut samples (see Fig. 6.7). These POIs occur for all investigated materials at
all frequencies (see Tables 6.3 and D.5). As the CO,-laser and FKL-laser cut samples
have (nearly) the same relative permeabilities, also the POlIs are in the same range.

With increasing material thickness?#-13 the POl is shifted to lower field strengths H.

Comparison of the two laser cutting techniques.

Magnetization curves. For material M270-35A, the magnetization curves of both laser-
cut stacks are identical (see for instance Fig. 6.2). In contrast, for materials M400-50A
and M800-65A, larger magnetic flux densities B are reached from the second half of

the knee-point area for the CO,-laser cut samples than for the FKL-laser cut samples

4This author investigated high silicon and non-silicon material. Note, in this work medium-silicon
materials are studied. No detailed information is given in [170], as to which materials are inves-
tigated, which makes it difficult to evaluate, to what extent these results can be transferred to the

results presented in this work.
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Table 6.3: Stator lamination stack measurements ('Epsteinframe” method): POlIs of
relative permeability for the FKL-laser cut and mechanically-cut samples.
M270-35A M400-50A M800-65A
50Hz N/A 479 A/m (1.18T) | 370 A/m (1.09T)
250Hz N/A 483 A/m (1.18T) | 465 A/m (1.09T)
500 Hz N/A 620 A/m (1.25T) | 527 A/m (0.89T)

considering the same magnetic field strength H (see Fig. 6.6). This applies for all
investigated frequencies.

Permeability. In contrast to the investigations of the Epstein frame measurements,
the relative permeabilities of materials cut using different laser techniques are almost
identical (see for instance Fig. 6.7). Thus, for the stator samples the maxima of the
permeabilities are in the same range ({r, max, FKL = Ur, max, CO, ), in contrast to the Epstein
frame measurements (see Chapter 5.2). This may be attributed to the possibly smaller
difference in cutting speed between both laser cutting techniques in the case of the
cutting of the stators in contrast to that of the Epstein samples (complex vs. simple
geometry)°. This effect (same versus different effect of FKL-laser vs. CO,-laser) was
not observed for the specific losses (compare Figs. 5.7 and 5.13). This is in accordance

with the results presented in [45], whereby the relative permeability is most sensitive

>See Table 2.1 for the maximum cutting speeds reported. The exact cutting settings at each moment
are, however, unfortunately unknown.
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Chapter 6 Experimental results: stator measurements

to the thermal cutting techniques and their respective settings, whereas the specific
losses are much less [45] affected. This observation might also be influenced by the
additional manufacturing steps that the stators had been submitted to, pressing and
gluing, in contrast to the Epstein specimens. Presumably, this further step reduces
the difference attributed to the different laser cutting techniques. Thus, it may be
possible that the differences on the magnetic properties of the different laser-cut
samples become less significant with further degrading manufacturing steps.

In contrast to the case of the small Epstein frame measurements (see Fig. 5.5), the
calculated relative permeabilities show a distinct maxima for both laser-cut and the
punched samples. This is interpreted as follows: Since the yoke height is larger than
the width of the small steel strips, the compressive stresses induced by laser cutting
are not as strong as to reduce the distinct maximum to a plateau. (See Chapter 5.2 -
small samples, the maximum plateau instead of a distinct maximum only appears if

the sample width decreases.)

Conclusions:

e The main observations from the results of the Epstein frame in respect to
the different cutting techniques are also observed with the stator samples.

e Both laser-cut stators show almost equal effects on the specific losses (in-
cluding linear parts) of the material, whereas those of the punched spec-
imens differ. This is in agreement with the findings obtained from the
Epstein specimens (see Chapter 5).

e The findings on the POI of the specific losses are in line with those obtained
from the Epstein frame measurements.

e Comparing the results for a given material and frequency, the POlIs of the
stator samples occur at lower magnetic flux densities B than those of the
Epstein samples.

e The POI of laser-cut and mechanically-cut samples is shifted to lower mag-

netic flux densities B with thicker?P-132

material and higher frequencies.

e The B-H curves of the mechanically and the laser-cut samples differ. Even
the laser-cut samples differ from the second part of the knee-point area
onward (exception M270-35A).

e Itapplies: lmaxpunching > Hrmaxlaser ANA Lrmax FKL = Hrmax,CO, -

e The higher the frequency and the higher the material thickness, the lower
the difference of the relative permeabilities of the punched and laser-cut
samples at small magnetic field strengths H.

e The relative permeabilities of the laser-cut samples show a distinct maxi-

mum in contrast to the investigated small Epstein samples.
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e The relative permeabilities of CO,-laser and FKL-laser cut samples are
almost the same, even at low magnetic field strengths H.

e As with the Epstein strips, a POI of the measured relative permeabilities of
the mechanically-cut and laser-cut stators is observed, which is shifted to

lower magnetic field strengths H with increasing material thickness?#-132.

6.2 Results by ‘modified Epsteinframe” method

The "modified Epsteinframe’ measurements show almost the same results as those of
the "Epsteinframe’ method (Chapter 6.1) concerning the comparison of the influence
of the different cutting techniques on the magnetic material properties. The POlIs
listed in Table 6.4 are in the same range as those presented in Table 6.1. Furthermore,
no significant differences of these two measured magnetization curves are observed
(Fig. 6.10). This applies to all investigated magnetization curves.

Slight differences are observed for the specific losses at high magnetic flux den-
sities (range from 1.2/1.3T onward - consistent with the knee-point area of the
magnetization curves/start of saturation effects). The ‘modified Epsteinframe’ method
is performed without sense lines (see Chapter 2.6). Therefore, the sinusoidal wave-
form of the secondary voltage (and thus also of the magnetic flux density B) is

6., The more the

not ensured, which is notably relevant with increasing saturation
material is saturated, the more harmonics are added to the sinusoidal secondary
voltage/ magnetic flux density B. These harmonics further increase the losses, and
therefore the slope of the losses at high magnetic flux densities B are larger for the
measurement technique without secondary sense lines (see Fig. 6.11).

The punched samples reach the beginning of the knee point at lower magnetic flux
densities B than the laser-cut samples (see e.g. Fig. 6.8). Thus, also the difference in
specific losses between these two different measuring methods starts at lower flux
densities for the punched specimens when compared with the laser-cut specimens

(see Fig. 6.11 and Appendix D.5).

Conclusions:
e The 'modified Epsteinframe” method leads to the same conclusions con-
cerning the different cutting techniques as the 'Epsteinframe” method.
e Differences only occur with increasing saturation (above knee point) and
are explained by the additional harmonics in the case of the 'modified

Epsteinframe” method.

See Chapter 2.6.
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Figure 6.10: No significant differences between results of the ‘Epsteinframe” and the

‘modified Epsteinframe” method are observed.
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Table 6.4: Stator lamination stack measurements (‘'modified Epsteinframe’” method):

POIs of specific losses for the FKL-laser cut and mechanically-cut samples.

Reduction of B of POI from
M270-35A | M400-50A | M800-65A .
M400-50A to M800-65A in %
50Hz N/A 1.35T* 1.03T -
250 Hz N/A 0.86T 0.64T -25.6 %
500 Hz N/A 0.69T 053T -23.2%

* =no 'real’ POI, rather an area where the specific losses are similar.

6.3 Results by measurement method 'TEC 62044-3’

Method "IEC 62044-3" leads to the same results as the two '(modified) Epsteinframe’
methods ("Epsteinframe’ and ‘'modified Epsteinframe’ method) concerning the qual-
itative comparison of the different cutting techniques (characteristics) (see Ap-
pendix D.5): for example the 'quadratic” specific loss shape of the mechanically-
cut samples and the "quadratic-linear” specific loss shape of the laser-cut samples
(see Fig. 6.14). Even the measured POls, as shown in Table 6.5, are almost iden-
tical (compare with Table 6.1). Again, remarkable differences only occur at higher

magnetizations.

Table 6.5: Stator lamination stack measurements ('IEC 62044-3" method): POlIs of

specific losses for the FKL-laser cut and mechanically-cut samples.

Reduction of B of POI from
M270-35A | M400-50A | M800-65A
M400-50A to M800-65A in %
50 Hz N/A 1.35T* 1.05T -
250 Hz N/A 08T 066T -22.4%
500 Hz N/A 0.68T 051T —-25%

* =no real’ PO], rather an area where the specific losses are similar.

The measured specific losses (measured by all three different methods) deviate
from about 1.4T onward (correlating with the second part of knee-point area to
(high) saturation) for all stator materials and cutting techniques (see Figs. 6.12 a)-
c)). Considering this area at 50 Hz, the values taken by the ‘modified Epsteinframe’
method are the highest, followed by the method according to IEC 62044-3 and those
of the "Epsteinframe’ method (Fig. 6.12 a)). At 250 Hz, the specific losses of method
"IEC 62044-3" and of the ‘modified Epsteinframe’ method are almost equal (M270-35A,
see Appendix D.5) or swapped (Fig. 6.12 b)). At 500Hz, method IEC 62044-3
determines the largest specific losses (Fig. 6.12 c)).
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6.3 Results by measurement method "IEC 62044-3’

These differences in measured specific losses at large magnetic flux densities are
attributed to the following reasons”:

1) These three measurement techniques differ in terms of voltage supply and control
and thus deviations from the sinusoidal wave form of the magnetic flux density B
differ, too.

2) The different temperatures inside the stator, due to the respective measuring
technique:

Method 'IEC 62044-3" takes the loss values separately (see Chapter 2.6) to avoid
self-heating of the stator samples, the two "(modified) Epsteinframe” methods take the
reading of the different points one after another so that self-heating of the stator
occurs. The larger the frequency is and the larger the magnetic flux density B, the
higher the self-heating of the stator.

Fig. 6.13 shows: With increasing temperature of the electrical steel sheets, the
specific losses decrease as shown by the result for one operating point and stator
M270-35A_FKL, measured at a high magnetic flux density B of 1.5T, over a time
sequence of 15 minutes. During the measurement, the stator temperature increased
from 28°C to 50°C (measured at the outside diameter of the stator yoke®). In the
respective case, the specific losses reduced by 0.84 1‘<N—g within the 15 minutes of the
measurement, which corresponds to a reduction by 2.8 %. This loss behavior agrees
also with literature (see Chapter 1 and [36,185,195]). In [185], this is explained by
the increase of the material resistivity with increasing temperature.

This temperature dependence of the specific losses is (predominantly at high mag-
netic flux densities B) also reflected in the differences of the results obtained with
the 'IEC 62044-3" and the 'Epsteinframe’ methods (see for instance Fig. 6.12 a)-c)).
This applies for all investigated samples and frequencies. With increasing frequency
and material thickness, this difference between these two measurement methods in-
creases, as well as the temperature inside the stator material increases with frequency
and/or material thickness.

Comparing the measurement methods ‘modified Epsteinframe’ and "IEC 62044-3’ the
effect of temperature firstly dominates at 250 Hz. This applies for all investigated
materials. At 50 Hz the difference in temperature is still small (23 °C- 29 °C), so that
the difference is mainly attributed to the voltage supply and control.

The difference between the results of the "Epsteinframe’” and the ‘modified Epstein-
frame” method at high magnetic flux densities B (see Fig. 6.12 a)-c)) is explained by
the different voltage controls, as both measurement methods lead to the same range
of temperature inside the stator (see p. 193).

"The percentage each reason takes depends on frequency and the material investigated (e.g. thick-

ness).
8Note, the temperature inside the stator is even higher.
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Figure 6.13: One operating point measured at 250 Hz at high magnetic flux density
in a time sequence of 15 minutes for analyzing the effect of temperature
on the measured specific losses.

Because of the influence of temperature and voltage supply and control, method
"IEC 62044-3’ determines higher specific losses at high frequencies and large magnetic
flux densities than the other two methods.

As long as the form factor is 1.111 + 1 %, the different measurement methods show
a good correlation of the specific losses. Table D.8 in Appendix D.6 shows the form

factor limit of each measurement and its respective measurement method.

Concerning the different measured magnetization curves, small differences at
(high) saturation might be observed comparing the results of IEC 62044-3
and the two '(modified) Epsteinframe’ methods (M400-50A_500Hz (punched, CO,),
MB800-65A_250Hz (punched) and M800-65A_500Hz (punched, CO,, FKL)). With in-
creasing temperature, the saturated part of the magnetization curve is reduced to
smaller magnetic flux densities B, as the data obtained by the 'TEC-62044" method
(the stator samples have about room temperature for each measurement point) show
slightly larger magnetic flux densities at (high) saturation than the magnetization
curves of the other two methods. This is in line with the report of [195] (consider
the difference of magnetization curves for 100 °C and room temperature in [195],
as some of the investigated stators in this work?'P? (in particular the thick mate-
rial M800-65A) reached a temperature of about 100 °C with the ’(modified) Epstein’
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Figure 6.14: "Quadratic” and "quadratic-linear” specific loss shape of differently cut
stators.

methods at the outer diameter °). Altogether, this effect of temperature on the

magnetization curve is only observed for thicker material and higher frequencies.

Conclusions:

e The specific losses determined by method 'TEC 62044-3" are larger for sam-
ples at high frequencies and high magnetic flux densities in contrast to the
two ’(modified) Epsteinframe” methods. This is due to the temperature
effect and voltage distortion (voltage supply and control). The deviation
between the results obtained by the different measurement methods at high
magnetic flux densities B depends on frequency and the material investi-
gated (e.g. thickness).

e The influence of temperature is also seen for the magnetization curves for
thicker material and higher frequencies.

e The results obtained with the two ’(modified) Epsteinframe” methods and
the method following the procedure outlined in the standard concerning
the qualitative comparison of the different cutting techniques are almost

identical.

The respective temperature of the investigated stators depends on the material itself and on the
duration of the measurement. Therefore, the stator presented in Fig. 6.13 had only a temperature
of 50°C at the end of the measurement whereas stators of material M800-65A may reach about
100°C.
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6.4 Influence of aging

In this section, the effect of aging on the steel sheet material of the stators is in-
vestigated. To this end, the stator samples had been stored for almost one year
(11 months).

Some literature reported that the specific losses decrease as the material ages:
According to [143], the additional losses of electric machines are expected to decrease
when they are stored over several months. The effect of aging is said to depend on
the material. One possible explanation for this behavior may be burrs at the cut
edge [30]: Burrs (may) produce additional short circuits [110,214] in lamination
packages and thus increase the losses. After some time, these burrs may rust and
thus the burrs’ influence on the losses may decrease. This assumption is investigated
in the following.

According to [59], non-contact cutting, and thus laser cutting, avoids burrs at the
cut edge in contrast to mechanical cutting. Hence, the loss reduction caused by the
aging of mechanically-cut and laser-cut samples had been expected to differ.

Measurement method 'TEC 62044-3’ [90] is used for this purpose. With this method,
possible differences in measured specific losses caused by the influence of tempera-
ture are almost excluded (see Chapter 2.6). The results are compared with the results
obtained almost one year ago.

Figs. 6.15 and 6.16 show the magnetization curve for M800-65A at 250 Hz and the
specific losses for punched, CO,-laser and FKL-laser cut stators. The characteristics
presented have been observed for all materials and frequencies investigated: Both
the measured specific losses and the magnetization curves are (almost) identical
to those measured several months ago (see Figs. 6.15 and 6.16). (If at all, a differ-
ence is observed at high magnetic flux densities B. However, these are within the
uncertainty of the measurement equipment.)

Thus, in this work no influence of aging on the magnetic properties is found.

Conclusions:
e No effect of aging on the specific losses or on the magnetization curve
is found. This applies to all investigated stators (materials) and cutting

techniques here.
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Chapter 6 Experimental results: stator measurements

6.5 Discussion

In the following, the findings are further discussed in the context of the literature.

Specific losses

The experimental results showed that the shape of specific losses for mechanically-
cut samples is more 'quadratic’ compared to both laser-cut samples, where, at
moderate flux densities, a 'linear” behavior becomes apparent in addition to the
quadratic shape. This 'linear” part is reduced with increasing frequency and ma-
terial thickness*P132. This behavior has not yet been reported explicitly by other
authors concerning laser-cut samples, but only with the investigation of compres-
sive stresses [192]. This ‘linear” behavior can be only seen with laser-cut samples,
suggesting that laser cutting induces more compressive stresses inside the material
than mechanical cutting. This is in accord with Chapters 4 and 5.

Furthermore, the investigated materials demonstrated that at high magnetic flux
densities, the specific losses of laser-cut specimens are in the same range as those of
the punched samples or smaller. This finding contrasts with [59], where the total
losses at 1.5T for laser cutting are reported to be several times higher than those
of punching (frequency is not mentioned), even though the investigated material
M330-50A is similar to the material M400-50A investigated here. This is presumedly
caused by different laser settings. (Unfortunately, the laser settings are not mentioned
in [59].)

The results of the previous chapters again showed that a POI occurs at the specific
losses which is shifted to lower magnetic flux densities B with increasing frequency
and material thickness®P132. Additionally, it is found that the POIs of stator samples
occur at lower magnetic flux densities B than for Epstein samples. As mentioned
in Chapter 5.5, also [5, 162] showed that the losses of laser-cut samples may be
smaller than those of guillotine-cut samples at higher magnetic flux densities. This
work extends this knowledge by the investigation of several materials with different
material thicknesses (here, also different grain sizes) and assembled stator stacks
(i.e. non-Epstein samples). Furthermore, the results in this work?'#?* suggest that
the occurrence of the POI does not depend linearly on the specific cutting length or
sample width.

It was also observed that the absolute difference between specific losses in the area
above the POI increases with supply frequency.

The specific losses of the stator stacks of both laser cutting techniques, are influ-
enced in the same way. This contrasts with the findings in Chapter 4 and those
published in [45], where these two laser cutting techniques are compared with ring

specimens and where FKL-laser cutting is reported to produce smaller losses com-
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pared to CO»-laser cutting probes and a larger maximum relative permeability (up
to 1.3 times larger). This contrasting conclusion of [45] may be explained by the
different technical capacities of the laser technology of about 25 years ago and to-
day, and by the respective settings. The missing difference in losses of Chapters 5
and 6, in contrast to the quasi-static hysteresis losses of Chapter 4, has already been

discussed in Chapter 5 and is mainly attributed to additional eddy currents.

Magnetization curves and permeability

This work showed that the magnetization curves of mechanically-cut and laser-cut
stator stacks and Epstein specimens differ. This indicates again the different types of
deterioration of the different cutting techniques on the material, i.e. thermal deterio-
ration (laser) against mechanical deterioration (punching) (e.g. [4,45,207]). Further-
more, it is observed that the maximum relative permeabilities of mechanically-cut
samples are larger than those of the laser-cut specimens, [y, max, mechanical > Hr, max, laser-
This is in line with the results on the permeability of Chapters 4 and 5 and stated
by [45] and [59]: [59] showed that the deterioration, and thus reduction of maximum
permeability, is larger for laser-cut samples than for punched samples. The investi-
gation was performed by a single sheet tester. [45] reached his results by means of
ring specimens. This work additionally shows that the differences of the maxima
decreases with increasing frequency and material thickness*P132.

A POI of the relative permeabilities of mechanically-cut and both laser-cut samples
is observed, which is shifted to lower magnetic field strengths H with increasing
material thickness?P32. For CO,-laser and FKL-laser cut samples, this point occurs
in the same range of magnetic field strength. The diagram presented in [45] also
reveals a POI for the mechanically-cut and FKL-laser cut ring specimens, but not for
the CO,-laser cut samples!’®. This may be explained by the less sophisticated CO,-
laser technology at that time (late 80’s). Furthermore, the diagram of [45] shows that
this POI (FKL-laser cut and punched specimens) occurs already in the range of the
distinctive maximum: In [45], the laser cutting settings were optimized to reach the
maximum permeability with the FKL-laser technology. This demonstrates that the
laser settings influence the occurrence of this POI, or, in other words: with increasing
optimization of the laser settings (for minimum effect on the permeability), the POI
is shifted to lower magnetic field strengths H.

In line with [46], no significant difference influenced by different cutting technolo-
gies on the permeabilities at (very) high magnetic field strengths is observed.

The investigations presented in [162] also indicate a POI of the relative permeabil-

0The author of [45] does not explicitly mention the occurrence of this POI in his work, it is merely

seen in the diagram.

FaE/ 201 Ty



Chapter 6 Experimental results: stator measurements

o*
K3
R
R
o
&

R
R
.+

Epstein

L.in.width:

‘—Epstein ’

£ 15 - - -
- £M270-35A_50Hz
= o M270-35A_250Hz
8 el = M270-35A_500Hz
< - -:_._ __________ Epstein Epstein
L.E_:S 1.3r .."';-._ &l 7-mm- -
g TN in width:
O oL E CO,
ED L.2m Epstein L ’
g 30 mm
= 1.1+ in.width; i
= FKL, CO,
‘.‘5 i i i i i
O b 40 60 80 100 120
s Specific cutting length (m/kg)
(a) M270-35A
1.5 . . . :
stator yoke: Epstein
EKL, CO, 7 mm
L2 I~V in width:]
----------------------- COz

7.5 mm

FKL

0.5- 30 mm 4M800-65A_50Hz
- in width: ©M800-65A_250Hz
FKL,CO. | 2 M800-65A_500Hz
020 20 60 70

POI of p_at magnetic flux density (T)

30 40 50
Specific cutting length (m/kg)

(b) M800-65A

Figure 6.17: POI of permeabilities as a function of specific cutting length.

ities of laser-cut and guillotine-cut steel strips. [162] does not consider the influence
of frequency, material thickness or grain size, but only sample width. According to
the diagram shown in [162], the POI is shifted to lower magnetic flux densities B
with increasing cutting length (only two cutting lengths are investigated). In this
work, more sample widths and three different materials were investigated. Consid-
ering all POlIs of the relative permeabilities (see Fig. 6.17) no well defined influence

(decrease/increase) with cutting length is observed.

In contrast to the results of the Epstein frame measurements (see Chapter 5.2) and
of [46], the maximum relative permeability of both laser-cut stators investigated in

this work are nearly the same (possible explanations have been given in Chapter 6.1).

Finally, a distinct maximum (relative permeability) for both laser-cut stator stacks
is observed. This differs to the observations made with the small Epstein samples
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(maximum plateau, see Chapter 5.2). This is explained by the rate of compressive
stresses inside the material: The larger the ratio V4, /(Ving + Vgg), the larger the in-
duced compressive stresses. The larger the induced compressive stresses are, the

more the distinct extrema disappear (compare with [192]).

Different measurement methods

All three methods to determine the magnetic characteristics investigated in this work
lead to the same results concerning the differences of the influences of the cutting
techniques and the POIs of the specific losses. Differences were observed at higher
magnetic flux densities in the case of the "Epsteinframe’ method and the ‘modified
Epsteinframe” method. By comparing method "IEC 62044-3" with the ’(modified)
Epsteinframe” methods, the differences also occur at higher magnetic flux densities
and frequency. This is attributed to the difference in temperature and measurement

setup (voltage supply and control).

The authors of [44] also used two different measurement methods for the investi-
gation of E-cores. Their measurement setups are comparable with the "Epsteinframe’
and the ‘'modified Epsteinframe” method concerning the voltage supply and control
of the primary and secondary coil. They also concluded that both measurement se-
tups generate the same results concerning the comparison of different influences (in
their case, different production steps). They additionally mention that these differ-
ences are better pronounced for the non-regulated setup (in our case, the ‘modified

Epsteinframe” method); a statement which was not confirmed by our work.

Influence of aging

Reports of literature concerning the effect of aging on electrical steel sheets differ. In
this work, no influence of material aging on the specific losses and the magnetization

curves is observed for all investigated stators.

According to [27], to avoid the effect of aging on the magnetic properties, the
content of carbon in electrical steel sheets must be kept low [27], as carbon causes
the aging process [26]. Furthermore, the authors of [42] performed an accelerated
aging experiment on electrical steel sheets. That means that the aging effect is
replaced by a heat treatment for several hours, in this case 24 h at 225°C [42] (The
standard aging test is composed of 100 °C and 600 h [26].); such a process “speed][s]
up the natural aging process” [152]. The authors of [42] found that aging has no
influence on the magnetic properties of electrical steel sheets with a carbon content
of less than 0.0025 % [42]. They state an effect of aging by increased total losses, in
particular hysteresis losses (see also [112]) with higher carbon content. This contrasts
with our observation with material M270-35A (carbon content: 0.006 % - 0.01 %, see
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Chapter 3) with no change of properties. Possibly, this accelerated aging affects the
losses differently than the natural aging process.

According to [143], the specific losses decrease with the effect of aging. Possible
explanations for these different results may be the following: The author of [143]
performed experiments on a completed motor, not only on stator packages. Thus,
also other influences may impact the aging process and subsequently the losses,
as for example, the bearing, quality of grease and/or changes in air pressure and
temperature, so that the ventilator may run easier [30]. Subsequently, the material
of the investigated motors in [143] may contain a higher carbon content than the
stator samples investigated in this work, wherefore the aging affects the losses.
Unfortunately, [143] does not state the electrical steel sheet material used. Also the
results of [42] (see above) are in contrast to the results of [143].

Bozorth [26] states that aging influences the core losses and that this change is
“almost invariably” a change of deterioration [26] thus, this agrees more with the
results of [42]. Bozorth points out that the losses of hot-rolled steels with 0.5 — 1.0 %
silicon may increase about 50 % [26] with time and even so-called non-aging steel
sheets with 1.5 % silicon, low carbon content and which are slowly cooled, are stated
to show commonly an increase in losses of 5—10 % after aging'! [26]. Thus, according
to [26], the contents and impurities (e.g. silicon, carbon) of the material determine
to which extent the aging effect is obvious.

However, the results of this work confirm neither the results of [26,42] nor [143],
even though the carbon content of the investigated steels should lead to a change in
losses.

Conclusions:

e The shape of specific losses of mechanically-cut stacks is more 'quadratic’
compared to both laser-cut samples, where, at moderate flux densities, an
additional 'linear” behavior becomes apparent. This ‘linear” part is reduced
with increasing frequency and material thickness?#-132,

e A POl occurs both for the specific losses and the relative permeability. In the
case of specific losses, this point is shifted to lower magnetic flux densities B
with increasing frequency and material thickness*P132. In the case of the
relative permeability, it is shifted to lower magnetic field strengths H with
increasing material thickness??-132,

e The POIs of the investigated stator stacks occur at lower magnetic flux

densities B than those of the Epstein samples.

Note, the results mentioned from [26] originate from the standard test of aging (100 °Cfor 600
hours).

FaE/ 204 iy



6.5 Discussion

o The difference between the specific losses of laser-cut and mechanically-cut
samples above the POI increases with supply frequency.

¢ No linear relationship between the POI of losses and the specific cutting
length was identified.

e Both laser-cut samples show the same deteriorating effect on specific losses
as well as on relative permeabilities. In contrast to findings reported by
other authors and the results of the Epstein samples in Chapter 5, it applies:
Hrmax,CO, = Hrmax,FKL-

e The results obtained with the two ’(modified) Epsteinframe” methods and
the 'IEC 62044-3" method concerning the qualitative comparison of the
different cutting techniques are almost identical.

e In contrast to some reports in the literature, no influence of aging on the
specific losses and on the magnetization curve was found for all differently

cut stators and all materials investigated in this work.
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Chapter 7

State of the art: modeling the
degradation effect by cutting

7.1 Modeling approaches

For an overview of existing general iron loss calculation models, reference is made to
the summary presented in [105]. This work focuses on ironloss modeling approaches
that contain the degradation effect induced by cutting. The first section addresses
previous experimental evaluations of magnetic flux density distributions caused
by cutting, since these are frequently used as a starting point of the modeling of
this distribution. The following sections present existing analytic and numerical
approaches to compute the magnetic flux density distribution within the samples
considering the degradation effect.

7.1.1 Distribution of magnetic flux density within cut samples

The change of the magnetic properties of a given sample due to the cutting process
translates into a change of the distribution of the magnetic flux density. Under-
standing this distribution, i.e. the magnetization curves of the different areas of the
material, is considered important for the development of a model to describe the
cutting effect. Thus, this section reviews (previously) experimentally investigated dis-
tributions of (characteristics related to) the magnetic flux density B within samples
of cut electrical steel sheets.

In this work?'P?*, direct and indirect measurements are distinguished from one
another. “Indirect methods” determine parameters from which conclusions or as-
sumptions on the distribution of the magnetic flux density can be drawn. These are,
for example, the measurement of microhardness [4,12,153,154] and the method of
dark field intensity [183,184]. “Direct methods” measure, as the name implies, the

magnetic flux density B directly, for example, by the needle probe method [153] or
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by multiple search coils in the sample (method described in [138], extended in [134],
used also in [119,148,170]).

Microhardness measurements

As already mentioned in Chapter 1, mechanical cutting deteriorates, in addition
to the magnetic properties, also the mechanical properties of electrical steel sheets.
In fact, the magnetic deterioration is a consequence of the mechanical deforma-
tion. According to [146], the microhardnesses of cut samples and the degradation
of their magnetization curves are related. However, this correlation is nonlinear
(see Eq. (7.10) of [146]). Furthermore, in addition to other authors, [170]' mentions
that the true zone with magnetically degraded properties, due to the mechanical
cutting, is larger than the zone of deformation identified by optical microscope (the
larger the deformation, the larger the microhardness). Thus, the microhardness mea-
surements are not a quantitative, but a qualitative indication for the deterioration of
the magnetic properties.

Fig. 7.1 shows different microhardness measurements as they have been presented
by various authors.? According to these measurements, an exponential microhard-
ness distribution for the mechanically-cut samples can be assumed. The laser-cut
samples show a more evenly distributed change of the microhardness at the cut
edges. This is explained by the laser cutting method itself, as predominantly ther-
mal stresses are induced (see Chapter 1.3.4). Thus, laser cutting influences the
microhardness marginally in contrast to mechanical cutting.

Assuming the magnetic flux density B is related to the microhardness, it has an
exponential distribution at the cut edge of mechanically-cut samples and over a

sample’s width decreasing characteristic for laser-cut samples.

Neutron grating interferometer combined with dark field image technique

The neutron grating interferometer (nGI) and the dark field image (DFI) technique
are used in [183,184] for analyzing the magnetic flux density distribution of several
steel sheets. With this method, neutrons are scattered at magnetic domain walls [67]
and thus “local information on the bulk domain wall density at different applied
external magnetic fields is obtained” [183]. “The intensity of the dark-field signal is
an inverse measure of the domain wall density distribution” [184]. “The lower the
domain wall density is, the larger the average domain site will be and consequently
the macroscopic magnetic flux density. The local DFI distribution represents the
macroscopic flux density, the integral of the profile correlates with the magnetic

1
p- 50.
2For completeness: Another study showing such microhardness distributions is presented in [12].

These results are in line with those presented in Fig. 7.1.
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flux density in the whole sample.” [183]. The magnetic flux density distributions
concluded by the authors of [183] and [184] for both mechanically-cut (guillotine
and punching) and laser-cut (FKL and CO,) specimens are reviewed in Fig. 7.2.
The magnetic flux density distribution for punched and guillotine-cut samples
shows parabolic behavior, with its opening becoming wider with increasing sample
width (see Fig. 7.2 a,d))’. This differs from the findings obtained from the micro-
hardness measurements. But similar conclusions on the field distribution within
laser-cut samples are obtained at high magnetic field strengths, characterized by a
more gradual reduction (“a more linear behavior” [184]) over the whole sample and
no significant extrema in the middle of the specimen (compare Figs. 7.1 and 7.2).
The difference of the magnetic flux density B of the two laser-cut edges (see Fig. 7.2)
is explained by the fact that the edges were not cut simultaneously: At the first cut

edge, higher magnetic flux densities B are observed than at the second [183].

Local magnetic measurements

The measurement results presented in Fig. 7.3 are mostly obtained by the method
presented in [138] or by modified versions of this measurement technique. This
method is characterized by holes drilled through the lamination at different distances
to the cut edge, in which measurement coils are placed. This (modified) method is
used by [119,138,148,170]. In contrast, [153] uses a non-destructive method, the
so-called needle probe method.

According to these measurements, the flux density B for mechanically-cut sam-
ples exponentially decreases towards the cut edge. The gradient of the curve at the
cut edge decreases with increasing frequency (see Fig. 7.3 f)) and, according to [138],
with increasing magnetic flux density B (see Fig. 7.3 b)). This is in contrast to the mea-
surement results of [153] and [170] (see Fig. 7.3 a,e)), in which the gradient becomes
larger and steeper with increasing magnetic flux densities. This may be explained
by the absolute value of the magnetic flux at the cut edge which possibly depends
on the investigated material itself (see Fig. 7.3 c)), such as the silicon content (see
Fig. 7.3 a)) and the grain size [170]. Results of laser-cut samples (a rather uniform
distribution over the whole sample size, see Fig. 7.3 c)) confirm the results by the

indirect measurements (Figs. 7.1 b) and 7.2, right).

Conclusion of previously published experimental results
Concerning the results of the distribution of the magnetic flux reported on in the

literature, the following summary applies to the majority of curves discussed and

3The shifting to the left cut edge with increasing magnetic field strength in the case of guillotine-cut
samples is attributed to the fact that “the right edge was cut without blank holder” [184].
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Figure 7.3: Local magnetic measurements of [170]: (a), [138]: (b), [119]: (c), [148]: (d),

[153]: (e, f) for mechanically-cut and laser-cut specimens.
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can be used as a starting point for mathematical modeling and simulation of the

degradation effect.

Characteristics of the magnetic flux distribution for mechanically-cut samples:

The magnetic flux is pushed to the sample’s center because of material deteri-
oration at the cut edge [138,153].

The relative width of the middle part with almost constant magnetic flux
density decreases with decreasing sample width.

With increasing saturation, the effect of flux migrating to the middle of the
sample is reduced (Fig. 7.3 b)). A more uniform distribution occurs, i.e., rather
a sort of area with constant flux density of increasing widths in the middle, and
areas of reduced widths at the cut edges over which the flux density strongly
decreases (see Fig. 7.3 a)) or only slightly reduces (see Fig. 7.3 b)), depending
on the magnetic flux density at the cut edge.

The magnetic flux density at the cut edge increases with increasing average
magnetic flux density [138,153].

With increasing frequency, the influence of magnetic deterioration by cutting
is reduced (see Fig. 7.3 f)). [153] explains this by the increasing eddy currents
which “lead to skin effects, pushing the magnetic flux back to the cut edge.”*

Thus, with increasing magnetic flux density B and frequency, the degrading effect

by mechanical cutting loses influence.

The effect of laser cutting on the distribution of the magnetic flux within a cut sample

has been much less investigated so far than mechanical cutting. The results available

suggest a different distribution than in the case of mechanical cutting that can be

described as follows:

Characteristics of the magnetic flux distribution for laser-cut samples:

The magnetic flux is not forced to the center part, as in the case of mechanically-
cut samples.

In contrast, a steadily decreasing (see Figs. 7.1 and 7.2) distribution is observed,
with a lower magnetic flux density at the second cut edge.

With decreasing sample width, the gradient increases.

The decrease of the magnetic flux densities from the first to the second cut edge

decreases with increasing saturation.

Nevertheless, the summarized results for the magnetic flux density distribution

in laser-cut samples must be used with caution, as laser cutting induces thermal

stresses. Thus, the changed stress state inside the material might not be reflected by

“See also the simulated magnetic flux distribution of [37] which is influenced by high frequencies,

but without considering material degradation by cutting.
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the currently used indirect measurements.

Furthermore, remember the respective degradation depth 6 also depends on the
material properties and the settings of the cutting tool and is often a matter of
definition (see Chapter 1).

7.1.2 Analytic and numerical approaches

Distribution formulas

The author of [170] proposes a “cut edge formula” (Eq. (7.1)) to model the distribution
of magnetic polarization over the strip width. The distribution of the magnetic
polarization provides an indication of the magnetic flux density distribution, as
B = poH + J. The proposed formula is based on a hyperbola function and is said
to fulfill the following conditions and assumptions: same average as the measured
polarization, the function is differentiable at each point, the material-dependent
character is considered by parameters, the polarization | at the cut edge is zero, and

the degradation depth is constant along the cut edge.
5 s s x
J1(x) = Jo = hcosh(Ax—O) (7.1)

The parameters Jy, /; and A describe the influence of the magnetic field strength,
chemical composition, and grain size and x, is half the sample width [170]. The
computed distributions are shown in Fig. 7 .4.

In [199], an analytic description of the magnetic polarization distribution J(H, x)
(Eq. (7.2)) is presented which includes the degradation effect of the magnetic prop-
erties at the cut edge. The magnetic field strength H is assumed “to be uniform
over the sample” [199]. u.(H,N = 0) is the relative permeability of a steel sheet
sample without the influence of cut edges, A u..(H) is the maximal difference of the
relative permeabilities of the sample (middle of the sheet vs. cut edge) and n(x) is a
distribution function according to Eq. (7.3) which includes the degradation depth 6
induced by cutting, and which depends on the distance from the cut edge x [199].
Both A iy and 7(x) are determined with the help of experimental data.

J(H, %) = po(us(H, N = 0) = Aptu(H)N(x)H (7.2)
N =1-3 —a5(1-3) (7.3)

Both of these measurement-based approaches follow the distribution of the mag-
netic flux after mechanical cutting. No specific statements on the influence of fre-
quency are made.

The authors of [199] further differentiate between the case in which the degrada-
tion depths 6 of both cut sides do and do not overlap. In Fig. 7.5 results of computed
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Figure 7.4: Modeled distribution of magnetic polarization over the strip width by
[170].

polarization distributions of [199] are presented. For consideration of this polariza-
tion distribution, also in the iron loss calculation, a former expanded Bertotti iron
loss model [94] (later also referred to as 'IEM-formula’'? P-2%) is further extended
with the new distribution formula J(H, x), and with the hysteresis loss coefficient
depending on x.

The authors of [148] first experimentally examined the magnetic flux distribution
of mechanically-cut samples using the method of drilled holes® on non-oriented steel
samples. They then determined the function best fitting the measurement results
using Matlab. This function (see Eq. (7.4)) also includes, in addition to the distance x
from the cut edge and the maximal magnetic flux density B,,x, material parameters
a-d which depend on the silicon content, grain size, magnetic flux density B and
frequency. The material parameters a-d were determined for four different materials,

and for two flux densities B, both at the frequency of 50 Hz.

a

Bmax(T) =1
(1 + eb=ex)i

(7.4)

Wilczynski et al. [207] investigated annealed and "half-annealed” steel strips, in

which the latter have one cut edge, obtained by cutting a “wide annealed strip in

5See Chapter 7.1, Local magnetic measurements.
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Figure 7.5: Distribution of magnetic polarization over the strip width as modeled
by [199].

half” [207], so that strips with one annealed and one non-annealed cut edge are
obtained [207]. The authors proposed to describe the magnetic flux density distri-
bution for the "half-annealed” sample by (see Eq. (7.5) and Fig. 7.6, "half-annealed’

sample),
B=B,— By " (7.5)
Xo<X<Xxp+a (7.6)
Pa
= = 7.7
Bi=— (7.7)
Ba = Lﬁz (7.8)
bA(1 —e7)

with a as sample width, b as sample thickness, x( as starting point of the left cut
edge, A as width of “weak magnetization zone” and thus the deteriorated zone by
cutting [207]. The index a indicates the annealed sample, and A the difference be-
tween the annealed and "half-annealed’ sample (see also Fig. 7.6) [207]. The magnetic
fluxes of the annealed and "half-annealed’ samples are determined by SST® measure-
ments [207]. The aim of this approach is to determine the deteriorated zone A of cut
electrical steel sheets. The author assumes the same flux distribution, and applies his
method to both punched samples as well as CO,-laser cut samples. The proposed
distribution (Eq. (7.5)) may be a possible model approach for the degraded zone of
mechanically-cut electrical steel sheets (compare with Figs. 7.1 and 7.3). However,
the authors of [207] use this equation (Eq. (7.5)) to describe the flux distribution of
the whole sample, not only for the degraded zone (A < g; in this case 4 > 30 mm).

This contrasts with the measurement results of Figs. 7.1 and 7.3, in which the flux

®Single Sheet Tester.
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Figure 7.6: Assumed flux distribution for a "half-annealed” sample, left, and homo-
geneous flux distribution in an annealed (“non-deteriorated”) sample,

right, as presented in [207].

density in the non-degraded zone is rather constant. Even though the assumed flux
distribution after laser cutting is not in line with the one identified in Chapter 7.1.1,
the simplified modeling approach provides satisfactory results. Any influence of
frequency is not considered in this model.

Area based models

The author of [153] proposed a tooth model including the punching effect. Thereby,
the tooth of an induction machine is divided into a parallel and a perpendicularly
affected zone (see Fig. 7.7). In the figure, regions 1-3 are assumed to be parallel
to the flux; the flux is hence split “into parts favouring the regions with higher
permeability” [153]. Regions 4-6 represent the tooth tip. Here, the flux has to
cross all three regions. Thus, these parts are considered in series and each of such
region has a constant magnetic flux density. The zones deteriorated by punching are
selected in a way so as to prevent overlapping. The tooth is described by a lumped
parameter reluctance model: For each zone, the reluctance is derived and equalized
with the reluctance of equivalent layers obtained by local magnetic measurements.
The choice of permeabilities with different strains for the various zones of the tooth
model is arbitrary. Subsequently, a correction factor is introduced to match the
computed reluctance with measurement data. With this correction factor and the
measurement data, the permeabilities of the different zones are derived.

This, as well as the following methods, assume a symmetrical distribution of the
magnetic properties over the samples” widths.

Gmyrek et al. [64] measured magnetic properties on an annealed toroidal sample
(defined as “undamaged” material) and of a toroidal sample, with previously an-
nealed material, cut into five rings (providing “partially damaged” material). At
tirst, with simplified assumptions and measurement results, the minimum and max-
imum widths of the degraded zone are estimated. Then, in a subsequent step, the

deterioration depth is more precisely estimated based on a material strip model’,

"The partially damaged material is modeled as material comprising two areas, both with homoge-
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Figure 7.7: Tooth model of [153] considering the cutting effect.
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Figure 7.8: Cut steel sheet modeled as material comprising two areas with homoge-
neous properties, as proposed by [62].

which derives from [62] (Fig. 7.8), measurement data and further assumptions, for
example, that the permeability of the deteriorated area only depends on the magnetic
tield strength H and that the deteriorated zones have constant widths. Subsequently,
with the already determined degraded width x, the permeability of the degraded
zone is calculated (see Fig.7.9 a)). Thereafter, the specific losses of the deteriorated
zone (see Fig.7.9 b)) and the magnetic flux distribution of the whole cut samples
are determined (see Fig. 7.10 b)). As the magnetic field strength is assumed to be
proportional to the inverse of the radius, the magnetic flux density decreases with
increasing radius, see both Figs. 7.10 a) and b). This approach is illustrated for the
case of 50 Hz.

The authors of [20] consider the cutting effect on the saliency ratio of a PMSM
machine in FEM simulations by inserting a zone along the cut edge with width £,
which has a different B-H curve assigned to it (see Fig. 7.11). In contrast to the
cases of the previous works, here, the deteriorated B-H curve is assumed and does
not result from measurements, since the authors’ aim is a worst-case scenario. The

influence of the cutting effect is computed for the magnetic anisotropy of the tooth

tip.

neous properties: one with undamaged material, in the middle of the sample, with permeabil-
ity pz, and two areas of damaged material of equal width and material properties, along the cut
edges, with permeability u; (Fig. 7.8).
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Figure 7.9: Calculated permeabilities and specific losses for the damaged, undam-

aged, and partially damaged material, as presented in [64].
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of five cut rings) material, right [62, 64].
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Figure 7.11: Considering the cutting effect in a FEM simulation by an additional zone

with a different magnetization curve [20].

A more elaborate model, not requiring any measurements either, that considers
the steel degradation due to punching by additional zones along the cut edges is
presented in [6]. This method uses an exponential degradation profile (see Eq. (7.9)
and Fig. 7.12 a)) derived from degradation profiles presented in the literature [82,
138,146],

y(E) =1 (1-per. 7.9)

At this, 7 is the degradation factor at the cut edge, s is the distance from the cut
edge and 6, is “the depth where the effect of degradation has been reduced to
one third” [6]. Subsequently, the magnetization curve of non-deteriorated material
(Bi, H;) is scaled to (B;, Hi/y(s)) (Fig. 7.12 b)) and the hysteresis loss density changes
to G;yst = Onyst/Y(s) for the respective distance from the cut edge. In the FE modeling,
several boundary layers are set along the cut edges (Fig. 7.12 c)) and the “degradation
profile is discretized by piecewise constants at a number of boundary layers” [6].
Thus, the relative permeability decreases towards the cut edges. The flux distribu-
tion in Fig. 7.12 d) illustrates how the flux is forced to flow through the middle of
the teeth due to the material degradation at the cut edge [6]. This is in line with the

measurement results presented for example in [138,153].

Extended airgaps

If the magnetic flux flows perpendicular to the cut edge (e.g. airgap in an electric
machine), the author of [170] proposes the use of an increased airgap for considering
the induced deterioration. This assumption is also in line with the experimental
results of Chapter 4, as with increasing ratio Vg /(Vng + Vqg) and thus larger relative
influence of deterioration introduced by cutting, the hysteresis curve is increasingly

sheared. Note that the flux enters parallel to the cut edge in the investigated samples
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Figure 7.12: Consideration of material degradation due to punching according to [6].

in Chapter 4, in contrast to the considered case in [170]. Considering [23],® an in-
creased airgap has a shearing influence on the hysteresis curve and thus a degrading
influence on the relative permeability. Subsequently, the author of [170] performed
some experiments in a modified, non-standardized SST with single sheets with-
out and including an airgap. The latter was produced by cutting the single sheet
transversely in the middle [170]. Of course, the larger the real airgap, the more the
influence of an additional airgap caused by cutting decreases [170].

According to [154], cutting, in particular the cut edge with deteriorated magnetic
properties, “leads to a virtual decrease of the cross-section of the core and [to] an
increase of the air gap of rotating electrical machines.” Thus, the same author pro-
poses in [153] to consider the degradation by an “equivalent airgap” (larger than
the physical airgap) which takes into account the influence of different manufactur-
ing processes as mechanical cutting and compression. This equivalent airgap can
be used in numerical simulations, “using the unaffected material properties via an
appropriate modification of the airgap” [153]. This equivalent airgap is determined
for a given induction machine.

This rather lumped approach requires adjustment of the equivalent permeability

8p.50.

e/ 221 Ty



Chapter 7 State of the art: modeling the degradation effect by cutting

or airgap per material and operating point but is independent of the exact distribu-

tion of the flux within the sample.

Stress/strain dependent parameters

Ossart et al. [146] simulated (FE analysis) the magnetic flux density distribution of
punched steel samples by a combination of a mechanical and a magnetic model.
First, the distribution of the hardness within the sample is measured and converted
into plastic strain, with a mechanical model presented in [146] (originally from [82])
for different distances from the cut edge. Then, the flux density distribution and

magnetic field are simulated by using the nonlinear magnetic model,

H

B(H, &) = vo(ep) + vi(ep)H + vo(ep)H?

(7.10)

and a previously established strain map obtained at 0.5Hz [146]. Here, ¢, repre-
sents the plastic strain, and the functions v; are given by analytic functions [146].
The mechanical model comprises material dependent parameters, thus, requiring
microhardness measurements and the determination of strain maps for each new
material.

Another model based on stresses and strains is presented in [128]. First, the
residual stresses in punched electrical steels are analyzed [128]. Both, long-range
residual stresses (i.e., stresses beyond the area of plasticity) and plasticity along the
cut edge are investigated (see Fig. 7.13 a)). These results are used to determine the
global magnetic behavior of the steel sheets (see Fig. 7.13 b)). For this purpose, a
magneto-elastic coupled model “to determine the local permeability of the material
as a function of its local mechanical state and the resulting induction” [128] is used.
The author concludes that the relative influence of “residual stress is as important
as the one of plasticity alone” [128]. The influence of residual stresses on the per-
meability itself is smaller than that of plasticity, but these affect a larger volume of
material. Thus, these residual stresses on the global magnetic behavior are judged
to be as important as those of plasticity [128].

The authors of [39] and [40] developed a material model to determine the magnetic
properties from the plastic strain ¢,. The model parameters are determined by
a numerical forward model using the potentials measured with the needle probe
method and an Everett Preisach Distribution function [40], or a Lorentzian Preisach
Distribution function [39]. Again, in addition to the needle probe method, further
plastic strain measurements are needed. Thereafter, a 2D-FEM numerical model uses

the previously developed material model. For this, a nonlinear diffusion equation,

PH PH _ OBJH

W-i_a_yz —O_ﬁy, (711)
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Figure 7.13: Assumed magnetic flux distribution for a punched sample at low mag-
netic field strengths [128].

is used. One input parameter is the differential permeability vq = 22 which re-
sults from the Preisach model. Afterwards, the needle potentials can be calculated
depending on the distance from the edge. Subsequently, a least square minimiza-
tion between simulated and measured needle signals is performed. Then, with this
reconstructed material degradation, the global magnetization curve is calculated
numerically.

The authors of [58] also implemented an FEM model which considers the influ-
ence of mechanical (tensile and compressive) stress on mechanical properties by
the permeability. The electromagnetic field is defined by Eq. (7.12) for induction or
reluctance machines®, with A [Wb/m] as the vector potential, V [V/m] as the scalar
potential, Jo [A/m?] as the supplied current density, u as the permeability and ¢ [S/m]
as the conductivity [58].

Vx ([u] x VA) + 0 (%—‘? + vv] = . (7.12)
The mechanical stress is taken into account in each element of the FEM calculation
by the permeability y, taken from measurement data considering different amounts
of stress [58]. The mechanical stress distribution is derived from structural numeri-
cal calculations or measurements. In FEM, the magnetic flux density distribution is
identified with the Galerkin method. Subsequently, the iron loss distribution in the
motor is calculated from the measured specific loss - mechanical stress characteris-
tic. In this paper, the manufacturing process is not mentioned directly. But as can
be seen from literature (see e.g. Chapter 7.1.1), several authors have established the

correlation between material degradation by manufacturing processes and compres-

Eq. (7.12) is simplified for DC motors to V x ([u]™! x fo) = ]_6
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Figure 7.14: Considering the punching effect in a FEM simulation by an additional
zone at the cut edge [57] [Mechanical stress distribution]. Numerical

calculation for the elastic stressed zone according to [58].

sive stresses. Hence, this author [58] applies the previously presented method to an
example case stator to investigate the influence of punching and of shrink fitting on
the magnetic properties [57]. The stator is divided into a plastic (cut edge) and an
elastically deformed area (see Fig. 7.14). The cut edge zone is defined by very poor
magnetic properties [57] and the elastic stress area is characterized by the method
of [58].

Note: A similar procedure is presented in [41], which also consists of a structural
and magnetic field analysis. (These authors consider only the stress distribution
induced by shrink fitting [41].) The pre-processing of the magnetic field analysis
considers B-H curves measured for different mechanical stresses and a stress distri-
bution map derived from structural analysis [41].

None of these approaches addresses the influence of frequency. Since only me-
chanical and not thermally induced stresses are considered, these approaches have
limited applicability to laser-cut devices.

Stochastic approaches

In [159] and [160], material degradation induced by manufacturing processes is
taken into account as a variability of magnetic properties. This method is mainly
used to analyze the manufacturing influence on slinky stators, as the uncertainty
(influence of manufacturing) of laser-cut stators is not found to be significant [160].
The manufacturing process is considered globally, without differentation between
the individual manufacturing steps (cutting, pressing, etc.) [160]. A coefficient of

variation Cv (see Eq. (7.13)) is introduced to describe the variability of measurement
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data [160], illustrated for the case of 50 Hz.

empirical standard deviation
Cov = — (7.13)
empirical mean of measured property

P = ktha + ke(meax)2 + kexc(meax)L5 (714)

max

(Pmeasured - Ppreclic’t)2 (715)

1=

i=1

For the slinky stators, the losses are investigated by loss separation, according
to [15] which includes the Steinmetz equation [190] (valid for sinusoidal supply)
(see Eq. (7.14)), identifiying which variability of the different loss parts is most sig-
nificant. The coefficients a, ky, ke, kexc are determined for each sample at different
frequencies and magnetic flux densities by measurements. Additionally, Eq. (7.15)
must be minimized [160]. A Multivariante Gaussian distribution is assumed which
considers both the correlation of the parameters and their variabilities [159]. After-
wards, a Monte Carlo' simulation (stochastic approach) is carried out to identify the
empirical Cumulative Distribution Function (CDF) of the iron losses for different flux
densities [159]. The examination of experimental and identified CDF fitting and the
Kolmogrov Smirnov Hypothesis Testing are performed to validate this model [159].
The author concludes that the Monte Carlo model provides good results and thus,
this model could be implemented into a stochastic finite element analysis [159].
The authors of [161] extended a technique presented in [70] and applied it to a
magnetoquasistatic problem which contains “uncertainties in the nonlinear material
characteristic” [161]. This material uncertainty is modeled by a “monotone stochastic
material model” [161], a perturbed spline model (see Eq. (7.16) and (7.17)) with ¢(B) =
Y1 ¢;;'! and ¢y and ¢, as cubic polynomials on [Beasured, pmeasured], $(B) = ¢(B)/B

i+1
and w as a random parameter [161].

H(w, B) = H(B) + sH™*"d())¢(B) (7.16)
v(w, B) = 7(B) + sH™"d())h(B) (7.17)

Furthermore, a sensitivity analysis of the magnetization curve (magnetic reluctivity)
is needed [161]. Here, a deterministic second-moment perturbation analysis is used
[161]. Afterwards, the method is implemented into a numerical FEMM example.
The authors of [76] and [77] investigate the application of different robust topology
optimization methods to minimize the torque ripple of an IPM motor, taking the
magnetic deterioration induced by manufacturing processes into account. One such

method is the robust genetic algorithm (RGA) in which the material parameters are

10For Monte Carlo methods, see e.g. [18] and [19].
11 takes the values 1 or 2.
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extended by artificial random noises [76,77]. The adjoint variable method (AVM)
considers the material degradation by “the deviations in the objective and constraint
functions” [77]. The material degradation is considered by the magnetic reluctivity,
in the case of [76] depending on the flux density B (Eq. (7.18), originally from [29]),
and in the case of [77] depending on the field strength H (Eq. (7.19)), where k; are

constants with uncertainties that are to be assumed by the user [76,77].

v(B) = kiexp(k,B?) + ky (7.18)
H
v(H) = ki[1 — exp(=k,H)] + uoH (7.19)

The derivative of the reluctivity v with respect to the vector potential A is then used

in the nonlinear FEM calculation [77],

dv _ v (dB)\ " IB
54 = o5 (d—H) e (7.20)
Correction factors derived from experience

Iron loss density is generally computed based on the established Steinmetz formula
[190], sometimes expanded by additional terms (e.g. Steinmetz-Bertotti formula
[15]); e.g. [83,92,107,123]. The loss coefficients are typically supplied by, or can be
calculated from, the manufacturer data.

Correction coefficients can be introduced to account for the degradation of the
laminations during the manufacturing process of the machine [136]. These correction
coefficients are based on experience and have often been determined decades ago [21,
136,204]. Most of these correction factors presented in literature include other factors
of influence, in addition to the influence of manufacturing, such as harmonics. Some
of the stated coefficients refer to the total iron losses (k, ) while others distinguish
between the individual loss components, i.e. hysteresis (ky) and eddy current (ke.)
losses.

According to [204], the correction factor of the hysteresis losses ky, is attributed
to the degrading influence of manufacturing and further depends on the way of
magnetization (alternating or rotational). [136] points out that the contribution of
the cutting process on the correction factor depends on the width of the sample, and
hence this value will depend on the sample’s geometry.

The correction factor of the eddy current losses k.. also includes other manufactur-
ing influences, such as imperfect sheet insulation and burrs, and also other aspects
such as harmonics and the direction of magnetization (pure alternating versus ro-
tational magnetization) [136,204]. However, as known from literature (e.g. [110]),

mechanical cutting also leads to changes in the average grain size in the plastically
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ky K, yoke Kec, yoke
ko, ~ 1.3 [54]
2.5 <k, <4[34]
1.8 < ky, teetn < 2.5 [204]* | 1.55 < ky, yoke < 1.7 [204]* | kp, yoke = 1.5 [204]* | T < kec, yoke < 2.5 [204]*
1.7 < ky, teeth < 2.5 [136] 1.5 < ky, yoke < 1.8 [136]
1.8 < ky, teeth < 2.5 [156] 1.5 < ky, yoke < 2.0 [156]
* = citing [175].

Remark: [136,156,204] state a range of factors to cover different types of machines.

Table 7.1: Exemplary values of correction factors presented in the literature.

deformed zone which, in turn, changes the width of the magnetic domains and thus
affects the microscopic eddy currents (reflected by the excess losses). Of course, this
again depends on the ratio between deformed material zone and sample width. Ex-
emplary values of these factors as presented in the literature are shown in Table 7.1.

Correction factors derived from steel sheet measurements
The authors of [117] introduce a correction factor (see Eq. (7.21)) to consider the
increase in iron losses if the cutting length deviates from the normal Epstein strips
with a width of 30 mm (normal catalogue data).

G
width
For this purpose, the iron losses of three different punched Epstein samples with

Kcutting =C + (7.21)

various widths are investigated for one material (M400-50A). Curve fitting on these
measurement data, results in Eq. (7.21), whereby the width is in millimeters. The
coefficients C; and C, depend on the material and further on the magnetic flux
density, as with different flux densities the coefficients of the fitting curve change.

The model presented in [68] extends the model of [117]. Commonly, the loss
coefficients for the hysteresis losses ki and eddy current losses kw are assumed as
constant [68] (see Jordan-equation (7.22)). With the help of the losses measured
for three different "Epstein’ strips (differing in sample width) of one material these
coefficients are determined depending on the samples” width b, and approximated
by the functions in Egs. (7.23) and (7.24) (compare with Eq. (7.21) of [117], C; are
additional coefficients).

pre(B, f) = ku fB* + ky, f2B? (7.22)
ku(b) = cm + C% (7.23)
kw(b) = cw1 + C% (7.24)

1( ku(b) kw(b)
Koyt = = + 7.25
! 2 (kH,3O mm kH,3O mm ( )

FaE/ 227 Ty



Chapter 7 State of the art: modeling the degradation effect by cutting

These sample width dependent loss coefficients are combined to give a new cor-
rection factor K. (see Eq. (7.25), ki1 30mm is the correction factor for 30 mm Epstein
samples). According to the author, this correction factor is only accurate if hysteresis
and eddy current losses are approximately the same [68].

The deterioration of magnetic properties induced by cutting is also considered by
an additional correction factor kg, in [151]. This correction factor results from an
approximation function of measurement data of two different steel sheet materials
and depends on the specific cutting length, the magnetic flux density and frequency
[151]. The factor ks is then determined for each element of the degraded zone
implemented in an FEM simulation and is subsequently multiplied by previously
calculated iron losses [151].

The authors of [188,205] modified the parameter a; of the hysteresis loss part
of the 'IEM-formula’? (Eq. (7.26)) to take the effect of cutting into account. The
parameters a; of Eq. (7.26) are the parameters of the respective loss parts and «a is
a parameter which must be estimated to obtain the best fitting with the measured
quasi-static hysteresis loss'®. Referring to [134], the authors state that the influence
of cutting affects the hysteresis losses the most. Furthermore, it is assumed that
the saturation behavior as well as “the specific electrical resistivity [...][is (Jlocally[)]
not influenced by the cutting process” [188], whereas the parameters of the classical
eddy currents (a,) and of the saturation behavior (a;) remain unaffected by the cutting
process [188,205].

To consider the cutting effect, the modified parameter is set in relation to the
specific cutting length (CL) (Eq. (7.27)) which is the ratio of the length of the cut edge
referred to the weight of the specimen [188,205]. To evaluate the slope m as well as
the additional parameter a1 (Eq. (7.28)), several measurements with steel sheets of
the same total width but with a different number of strips and thus different CLs
must be performed (see [188,205]).

P(B, f) = mB*f + a,B*£2(1 + a3B™) + as(Bf)'° (7.26)
P(B, f,CL) = a;(CL)B* f + a,B? f*(1 + a3B™) + as(Bf)'" (7.27)
al(CL) = 01 ref + m(CL - CLref) (728)

In all of these works, the correction factors are determined for a given material
(and cutting technique) only, and are expected to differ with a change of material

and cutting technique.

12The 'IEM-formula’ [94,187] is an extended version of the Bertotti iron loss equation [15]: P =
knB" f + kB2 f2 + k. (Bf)'5, with k; as parameters of hysteresis, eddy currents and additional losses.

Most of the parameters of the TEM-formula’ are fitted to measurements [186].
B3The determination of the respective parameters 4; of the 'TEM-formula’ (measurements and/or

calculation) is explained in [186,187].
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Summary

This chapter summarized the previous efforts to analyze and model the magnetic
flux distribution in electrical steel sheets considering the cutting effect. It was shown
that direct and indirect measurement methods exist to determine the flux density
distribution and to identify the depth of the deteriorated material. Each method has
its own advantages and disadvantages. In the case of indirect measurements, the
difficulty consists in finding the correct correlation between the measured parame-
ters and the magnetic properties. In the case of direct measurements, the material
properties might be affected by the measurement, e.g., by implementing holes in the
steel sheet which may falsify the measured magnetic properties. The characteristics
of the flux distribution as defined by the different methods, were reviewed, showing
differences between the various cutting methods.

Subsequently, the different approaches to model the degrading effect of cutting
were presented. Since the effect of the cutting depends on several parameters (e.g.
material investigated, cutting technique used, settings of the respective cutting tech-
nique, cut geometry), these models differ significantly with respect to their underly-
ing approach, applicability, and need for parameter adjustment.

Both the efforts and the measurement technique required for the measurement-
based approaches differ: some involve extensive development of maps, custom-
designed measurement setups and/or sample preparation (e.g. annealing, winding),
whereas others exploit established approaches, such as the single sheet tester or the
Epstein frame. The thusly determined parameter sets typically apply to one given
material. For conceptual design approaches, models that come at the price of a
certain uncertainty, but that do not require additional measurements, are available.

A classification into distribution formulas, area based models, use of extended
airgaps, implementation of a parameter dependence on indirect measurement data
as for example stress and strain, stochastic approaches, and use of correction factors
was proposed.

The next Chapter presents a new, different method to estimate the influence of
different cutting techniques on the magnetic properties of electrical steel sheets
with arbitrary geometries. This method is based on measurement data obtained
by Epstein samples. For a set deterioration depth d, the magnetic properties of the

deteriorated and non-deteriorated material zones are identified.

FaE/ 229 Ty






Chapter 8

Epstein frame based modeling of the
degradation effect of cutting for

arbitrary geometries

To date, the electromagnetic characteristics of the laminated steel used in electric
machines are typically implemented in finite element simulations by magnetization
and loss curves obtained from Epstein frame or SST measurements [86,87] and/or
provided by manufacturers. These data typically differ from those of the finished
machine [5]. This Chapter focuses on the modeling of the degrading effect of the
cutting process for different cutting techniques and materials. It presents a relatively
easy method by which to consider the influence of material degradation in finite
element computation of different, arbitrary geometries with the material properties
obtained from two Epstein frame measurements (detailed information is given in
Chapters 2.5 and 8.1.1), excluding additional time and cost consuming test sample
preparations, such as annealing or special inserting of windings in the sample (see
also Chapter 7). Indeed, the Epstein frame measurement technique provides a simple
and straightforward way to quantify the input parameters (magnetization and loss
curves) necessary for this modeling. Thereby, it draws only on already existing and
well-established techniques. The consideration of the material degradation in the
finite element method (FEM) model does not increase the computational time to a
noteworthy extent.

A further advantage of this method is that it eliminates the need of knowing
the deterioration depth d exactly due to cutting (no agreement in literature, see
Chapter 1). Consequently, the identified magnetization properties of the degraded
and non-degraded material zones do not claim to be an exact image of the reality (for
this, the exact value of d would be required), but it claims to illustrate the magnetic
behavior of arbitrary geometries with a satisfactory degree of accuracy in which both

zones are considered.
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First, the method is explained by which to identify the magnetization and loss
curves of the degraded and the non-degraded material zones, for a specific set
deterioration depth d, from Epstein frame measurements. Then, these material char-
acteristics are applied to FEM modeling of other geometries, in particular stator
lamination stacks. The results are verified by measured reference stators. Further-
more, the specific loss densities obtained with the proposed modeling approach are
compared to those computed from the datasheet values provided by the manufac-

turer.

8.1 Identification of non-degraded and fully degraded

BH-characteristics

8.1.1 Investigated samples and assumptions made

The B-H curves and specific loss curves of two sample sets with specimens of the
same length £, and thickness w,, but with different widths (in our case ‘'wide’ samples
with w;= 30 mm and "small” samples with w, = 7.5mm; £, >> w;, see Chapter 2.5)
are determined by Epstein frame measurements (Figs. 2.9 and 8.1)!. Half of the
measured sheet strips are longitudinally-cut and half transversely-cut, according to
the described "Mix” arrangement in the Epstein frame (see Chapter 2.5 and Fig. 2.10).
Thus, the influence of the rolled, preferred direction is eliminated and subsequently
the obtained information corresponds rather to stator or rotor shape geometries. In
the following, the sample sets 1 and 2 are designated as samples 1 and 2.

In the case of mechanically-cut samples, the identification procedure is applied
to the materials M400-50A and M800-65A. In the case of laser-cut samples, material
M270-35A is also considered.?All investigations are carried out at three different
frequencies: 50 Hz, 250 Hz and 500 Hz.

The following assumptions and simplifications have been made:
e Both cutting techniques induce equal degradation profiles on both sides of the
sample.
e The degradation zone is homogeneous and has a specified depth, d (Fig. 8.1).
e The degrading of the zones on the short sides of the Epstein samples is ne-
glected as d < ¢,

The fractions of degraded material in samples 1 and 2 are denoted as y1 = (2d/w,)

and y, = (8d/w,), respectively.

The first sample set consists of 16 ‘wide’ Epstein samples and the second sample set of 64 ‘small’

strip samples (see also Chapter 2.5).
2Unfortunately, no punched stator sample of the material M270-35A was available, see Table 2.4.
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As discussed in Chapter 1, published results on the deterioration depth on the elec-

trical steel sheets due to cutting vary. For the illustration of the modeling approach,

a non-degraded area in the middle of the sheet and a homogeneously degraded

zone with a constant deterioration depth of 2.1 mm from the cut edge for all sample

strips is assumed. Note that the proposed technique also allows the setting of other

degradation depths, and the computed material characteristics result accordingly.
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Figure 8.1: Measurement configuration and identification procedure.
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homogenization

Figure 8.2: Identification of the non-degraded and degraded B-H curves from the

B-H curves of small and wide samples.

8.1.2 Basic identification procedure

The basic idea of the identification procedure is as follows (Fig. 8.2): The measure-
ment series (Hj, By) and (H», B,) are obtained independently from the ‘wide” and
‘small” samples in the Epstein frame (see also Fig. 8.1). Of course, it is ensured
that these samples of one set result from the same material and MC and are cut

with the same cutting technique. Subsequently, data points (H, Bnq) and (H, Bg,) are

1—7/1 V1| |Bnd _
1—)/2 V2 Bdg

The indices 1 and 2 of the magnetic flux density B indicate the measured values of

calculated from
B,

it (8.1)

the two sample sets, as described in Chapter 2.5 and Fig. 8.1. Eq. (8.1) expresses the
parallel connection of the flux paths through the non-degraded (nd) and degraded
(dg) zones. The values By, By, Bhg and B, all correspond to the same magnetic field
strength H. Though obviously simple, this procedure requires a few generalizations
to be applicable in practice.

8.1.3 Interpolation and sampling

The measurement series (H;, B1) and (H, B;) are obtained independently. In prac-
tice, matching values for H; and H, are difficult to obtain. As a consequence,
the measured B-H curves have to be sampled, i.e., a distribution of sample points
Hgample has to be selected. Moreover, the measured BH-characteristics need to be
interpolated between the sampling points. It turns out that the results of the iden-
tification procedure are quite sensitive to these choices. One possibility consists of
fitting a prescribed function, e.g., the Brauer curve [29], the Bertotti curve® [139] or
the Langevin curve [26] to the measurement data. The parameters of the curves
are found by regression. This approach may fail to represent the measurement

3Strictly speaking, the function proposed in [139] is a slightly modified version of the approaches
presented in [8,9,17,49].

FaE/ 234 iy



8.1 Identitication of non-degraded and fully degraded BH-characteristics

data with sufficient accuracy. Another possibility consists of representing the BH-
characteristics by piecewise polynomials. These attain a higher degree of precision
for arbitrary B-H curves, but may violate physical properties, such as monotonicity,
unless these properties are explicitly enforced. A common practice is the use of
splines which leads to smooth curves but may cause unphysical oscillations and
piecewise splines which sacrifice smoothness but suppress oscillations. In the work
presented below, cubic splines have shown to be the most suitable choice for respect-
ing all BH-characteristics in the model. The sampling points for the magnetic field
strength are taken from the measurements of the first sample.

8.1.4 Rayleigh region

The measurements for small fields may lack accuracy. As a consequence, the
Rayleigh effect is only marginally represented in the measurement curves. Un-
der these circumstances, Eq. (8.1) may lead to invalid results, e.g., By; may become

negative. Several remedies are possible:

1. A drastic remedy consists of discarding the Rayleigh effects in the original
measured BH-characteristics, i.e., the true characteristic is replaced by a char-
acteristic B = xneeH, H < Hinee Where (Hinee, Binee) 1S the measured point with
the highest chord permeability pixnee = Binee/Hinee-

2. A less drastic remedy is to fit the model
B = aH?+pBH for 0<H < Hyy, (8.2)

B = —aH%, +(B-20Huy)H for Hiay <H < Hine (8.3)

according to the parameters H,,y, @, and . In both cases, the measured and

ays
interpolated BH-characteristics are checked for possible areas where B;(H) be-
comes smaller than B,(H), a situation which is fully attributed to measurement

inaccuracies.

Even when the (H;, By)-curves and (H,, By)-curves are “cleaned” to correctly rep-
resent the Rayleigh region, this quality is not carried over by the identification
procedure represented by Eq. (8.1) to the (H, Bng)-curves and (H, Bgz)-curves. There,
the clean-up procedure should be repeated. In fact, it makes more sense to align
the Rayleigh region for the (H, B,q)-curves and (H, Byz)-curves, because these are as-
sumed to correspond to individual materials, whereas the (H, B;)-curves and (H, B,)-
curves are particularly averaged material properties.

For the considered materials, the Rayleigh region is small (only for magnetic flux

densities below 0.2 T and almost invisible in the figures). Nevertheless, a consistent
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representation of this region is of paramount importance to make sure that the

Newton method embedded in the FE solver converges properly.

8.1.5 Full-saturation region

It is necessary to clearly define the extrapolation of the BH-characteristics for large
fields.

e Extrapolating from the last measurement point with a differential permeability
o is based on physical understanding, but may introduce a discontinuity in the
differential permeability which may hamper the convergence of the Newton
method applied later on. As long as the (H;, B;)-curve lies above the (H, B,)-

curve, this procedure guarantees consistent results for (H, Bnq) and (H, Bg).

e Another technique extends the B-H curves according to the slope determined
by the two last measurement points. This approach may be inappropriate
when the small variations of the magnetic flux density B are not sufficiently
resolved by the measurements. Moreover, it should be verified that the final
slope for (H, B;) is larger or equal to that of (H», B,).

8.1.6 Results of mechanically-cut samples

The identification procedure described above is applied to the measurement results
for two samples of material M400-50A at 250 Hz. In Chapter 8.3.4, results for 50 Hz
and 500 Hz and material M800-65A are also presented. Further results are also
provided in Appendix E.1.1.

The permeability of sample 1 is substantially better than that of sample 2 (as
wy > wy, thus, the relative degraded volume (Vegraded/ Viotal sample volume) in sample 2
is larger than in sample 1 (Fig. 8.1)), especially in the transition region between linear
regime and full saturation. When the B-H curves are represented by the Bertotti func-
tion®P?*, the standard identification procedure leads to the results shown in Fig. 8.3;
differences between measurements and representation are observed. Piecewise cubic
splines have been shown to represent the measured curves very accurately: How-
ever, the standard identification procedures lead to B-H curves for the non-degraded
and degraded materials that are unphysical in the Rayleigh region (negative perme-
ability of the degraded material) and in the region of full saturation (degraded more
permeable than non-degraded material). As a remedy for these effects, the measure-
ment data are corrected by repairing the Rayleigh region and by extrapolating the
curves enforcing p, as differential permeability (see Chapter 8.1.4 and 8.1.5). This
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Figure 8.3: Measured and identified B-H curves for M400-50A at 250 Hz; represented

by the Bertotti function®P2*.

improved procedure leads to the results shown in Fig. 8.4. The measured and calcu-
lated values of Fig. 8.4 correspond well; they can hardly be distinguished between in
the figure. The further performed basic identification procedure leads to the results
shown in Fig. 8.5.

As expected, the B-H curves are stacked such that, for all values of the mag-
netic field strength H, B,q(H) > Bi(H) > B,(H) > Bgg(H), in all regions of the BH-
characteristic (compare also with further results presented in Appendix E). The
curves (H, Bnq) and (H, Bgz), can be used directly as part of a finite element calcula-
tion of, e.g., a machine consisting of material with a fully degraded zone at the cut

edge and a non-degraded zone in the middle of the sample.

8.1.7 Results of laser-cut samples

The same method applied to the results of laser-cut samples of material M270-35A
provides the results shown in Figs. 8.6 and 8.7 %. Again, the B-H curves are ordered
such that for all values H of the magnetic field strength, it holds that B,q(H) > B1(H) >
B>(H) > Bgg(H), in all regions of the characteristic (Fig. 8.7).

Note that the model may produce unphysical behavior in the knee point area of
the identified non-degraded B-H curve by producing an extremum (see Fig. 8.7).

This may occur when the difference of the magnetic flux density B or the relative

“Further results can be found in Appendix E.1.3.
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Figure 8.4: Measured and identified B-H curves of mechanically-cut samples for
M400-50A at 250 Hz; represented by piecewise cubic splines, calculated
with the improved procedure.
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Figure 8.5: Identified B-H curves for the degraded and non-degraded material zone
of mechanically-cut samples for M400-50A at 250 Hz; represented by
piecewise cubic splines, calculated with the improved procedure.
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Figure 8.6: Measured and identified B-H curves of laser-cut samples for M270-35A
at 50 Hz.
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Figure 8.7: Identified B-H curves for the degraded and non-degraded material zone
of laser-cut samples for M270-35A at 50 Hz.

FeE/ 239 Ty



Chapter 8 Modeling of the degradation etfect of cutting for arbitrary geometries

2000- ' ' ' ' [—M270-35A_30_250Hz_mc
--M270-35A_75_250Hz_mc
—M270-35A_30_250Hz_lc

6000 : ---M270-35A_75_250Hz_lc

a1
)
S
o

Relative permeability
w =
o (@)
o (@)
o (]

2000

1000f

200 400 600 800 1000 1200
Magnetic field strength in A/m

Figure 8.8: The difference in relative permeability due to the different sample sizes

used is larger for laser-cut (_lc) than for mechanically-cut (_mc) samples

at small magnetic field strengths.

permeability u, of both measured samples is very large at a respective magnetic
field strength H: In contrast to mechanically-cut samples, the relative permeabil-
ity of the small laser-cut samples is more degraded at the small magnetic field
strength area (see Fig. 8.8 and Chapter 5). Additionally, the relative permeability
of laser-cut samples at small magnetic field strengths H is, with decreasing sam-
ple width or increasing deteriorated zone, degraded to a plateau (see for instance
Fig. 8.8 and Chapter 5). Hence, the difference of relative permeabilities of sam-
ples 1 and 2 is significantly larger for laser-cut samples. Therefore, such artificial
extrema may result if the method is applied to laser-cut samples of significantly
different widths. This difference is smaller, for example, for material M800-65A at
higher frequencies (Appendix E.1.3), wherefore the extrema disappear.

8.2 Identification of non-degraded and fully degraded

loss characteristics

8.2.1 Loss model

A simple loss model is expressed by

Ploss = 1B + C2B2 ’ (84)
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Figure 8.9: Identification of the non-degraded and degraded loss curves from the

loss curves of small and wide samples.

where pioss is the loss density and c¢; and ¢, are two parameters to be identified
by regression. Thereby, as a constraint to the regression procedure, c¢; is forced
to be strictly positive in order to avoid an unphysical behavior of the computed
non-degraded loss curves at small magnetic flux density. Although this modeling

approach is quite simple, it seems to approximate the loss density quite accurately.

8.2.2 Basic identification procedure

The identification of the loss curves for the non-degraded and degraded material
requires several steps and depends on the previously obtained B-H curves Bnq(H)
and By (H) (Fig. 8.9).

The steps are:

1. Choose a set of sampling points for the magnetic field strength Hyample-

2. Evaluate the (H, B; )-curves and (H, B*dg) curves.

3. Calculate the corresponding averaged magnetic flux densities B} and B} in both
samples, using Eq. (8.1).

4. Evaluate the measured loss curves for B} and B, leading to p; and p,.

5. Evaluate the loss model for a set of model parameters and for the points B’ |
and Bj,.

6. Calculate the corresponding averaged loss densities p; and p; in both samples,

B R 63
1=72 y2 || Pag 24

7. Compare p; and p; with p; and p».

using

Steps 1 to 4 are carried out in advance. Steps 5 to 6 are implemented in a procedure

which is given as input to an optimization routine minimizing the error in step 7.
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Figure 8.10: Measured and identified loss curves of mechanically-cut samples, rep-
resented by Eq. (8.4), M400-50A at 250 Hz supply frequency .

8.2.3 Results of mechanically-cut samples

The identification procedure for the losses is applied to the measurement results
for both samples (Fig. 8.10). The modeled curves approximate the measured ones
sufficiently well. Then, the losses of the degraded and non-degraded material zones
are calculated according to the identification procedure presented in Fig. 8.9. As
expected, the loss densities for a given magnetic flux density B are ordered as pnq <
p1 < p2 < pag (Fig. 8.11; further results of other materials and frequencies are provided
in Appendix E.2.1).

8.2.4 Results of laser-cut samples

Theloss identification procedure is also applied to the measurement results for ‘wide’
and ‘small’ FKL-laser cut samples. Here again, the modeled curves approximate the
measured ones sufficiently well (see for instance Fig. 8.12).

The resulting loss densities for the same magnetic flux density B are again stacked
as pna < p1 < p2 < pgg (Fig. 8.13). This applies to all investigated samples,
mechanically-cut as well as laser-cut (see also Appendix E.2).

A special characteristic occurs for the identified degraded loss curve of the laser-cut
material M270-35A at 50 Hz (Appendix E.2.3). This loss curve has an almost linear
character. It was observed that this behavior changes with different set degradation
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Figure 8.11: Identified loss curves for the degraded and non-degraded material parts
of mechanically-cut samples, represented by Eq. (8.4), M400-50A at
250 Hz supply frequency.
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Figure 8.12: Measured and identified loss curves of laser-cut samples, M400-50A at
250 Hz supply frequency.
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Figure 8.13: Measured and computed loss curves of laser-cut samples, M400-50A at

250 Hz supply frequency.

depths, but may also reflect the linear behavior of laser-cut samples mentioned in
Chapter 5.2.1, which is also most pronounced for material M270-35A at 50 Hz (see
Fig. 5.2).

8.3 Application to stator lamination stacks

8.3.1 Stator measurement setup

The electrical steel sheets of the stator lamination stacks are derived from the same
MCs as the Epstein samples and have been cut with the same cutting methods®. Thus,
possible additional deviations due to different production batches can be excluded.
Further details of the measurement setup are presented in Chapter 2.6. Hence, the
magnetic flux is only considered in the yoke; and an alternating field, similar to the
Epstein samples, can be assumed. The results of the "Epsteinframe” method are used
(Chapter 2.6).

°Note, the mechanically-cut stators are punched and not guillotine-cut, as the Epstein samples.
Both punching and guillotining refer to mechanical cutting. The subtle difference between the
influences of these two cutting techniques on the magnetic properties of the material is considered
of secondary importance here.
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Figure 8.14: Application of computed magnetic characteristics to arbitrary

geometries.

8.3.2 Simulation

The geometry of the stator lamination stack is implemented in an electromagnetic FE
modeling program, FEMM [53], which is coupled with Matlab [125]. The identified
magnetization and loss curves for the fully degraded and non-degraded zones of the
Epstein samples are applied to the stator geometry (Fig. 8.14). The same degradation
depth, d, at the cut edges as for the Epstein samples is set.

8.3.3 Consideration of stacking

The stator lamination stacks consist of several electrical steel sheets which are, after
the cutting process, pressed and glued. Therefore, the change in specific losses due
to the pressing and gluing process of the laminations is added in the computation.
This change in losses can be attributed to additionally induced stresses inside the
material, but are most likely also due to increasing eddy currents through short cut
circuits induced by burrs at the cut edge [110].

Different results concerning the increase in losses of electrical steel sheets according
to the pressing and gluing process have been presented. Most authors deal with
the influence of compression along the steel sheets on rectangular samples, e.g.
[97,149,155], or in the radial direction, for example shrink fitting (stator or ring
samples), e.g. [57,194,212]. However [98], citing [142] and [95], states that it is
assumed that the magnetic properties are changed differently if the samples are
pressed into the thickness direction.

Very few studies address the influence on the losses of electrical steel sheets
compressed into the thickness direction, or compressed and glued into the thick-
ness direction. The few studies that exist show a wide range of results ranging
from very small changes to a difference of over 20 % in iron losses due to pressing

(e.g. [98,132,141,145,170,213], varying of course with exact pressing force). How-
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ever, the literature reports both an increase and a decrease of the specific losses by
pressing: According to [170], the specific losses increase, even if only to a small
extent. This extent of increase depends, for example, on the silicon content [170] and
thus on the respective material composition. [141] also states that with increasing
pressing force, the losses increase. However, the author also points out that the coat-
ing thickness of the steel has an influence on the extent of this increase. The authors
of [132] and [145] also report an increase of the losses due to pressing. The results
of [213] contrast with the finding of the other authors, reporting on decreasing losses
with increasing pressing force. [98] confirms the decreasing loss behavior of [213]
from 4 MPa onwards. However, below these 4 MPa [98] reports an increase of iron
losses of up to 10 %. These different and partly conflicting results may be explained
by the following reasons:

e Different materials investigated with different chemical compositions. [170]
showed that even the silicon content® of the material influences the sensitivity
of the material due to pressing.

o Coating thickness of the material (see results of [141]).

e Pressing force (compare results from [98,170,213]).

¢ Different measurement setups.

¢ Different sample sizes.

The stator lamination stacks in this work?!P?* were pressed with a pressure of
around 0.3MPa. After the pressure is removed, internal stresses may remain in
the material, due to the gluing of the laminations [170]. These are estimated with
the help of the results of [132]. Using the results presented in [132], a mean for
the material JIS50A290 (material definition according to the Japanese standard [96],
corresponding to material M290-50A), was calculated using the average percentage
increase of the loss density from 0 MPa to 0.5 MPa at 1 T for the rolling and transverse
cutting directions and added to the computation.

8.3.4 Results of mechanically-cut samples

Fig. 8.15 shows the computed losses for the investigated mechanically-cut stator
lamination stack geometry with and without the influence of the pressing and glu-
ing manufacturing step, as well as the measured losses of these stator stacks at
250 Hz. For these computations, the identified magnetization and loss curves of the
non-degraded and fully degraded material zones, shown in Figs. 8.5 and 8.11, are
used. Fig. 8.16 shows the corresponding simulated distribution of the magnetic flux

density B in the stator yoke. The computed and measured loss curves of the stator

®And thus potentially also the grain size, see Chapter 1.2.2.
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Figure 8.15: Measured and computed loss curves of the investigated mechanically-
cut stator lamination stack at 250 Hz, material M400-50A.

lamination stacks concur with one another.

This identification procedureis also applied at other frequencies, 50 Hz and 500 Hz,
and for another material, M800-65A. The results are presented in Figs. 8.17-8.20.
Here again, the computed losses are in good agreement with the measured ones for

all investigated frequencies and materials.

8.3.5 Results of laser-cut samples

Selected computed and measured results of the investigated stator samples are
presented in Figs. 8.21-8.23. In all cases, the measured and computed specific losses
of the investigated laser-cut stator lamination stacks concur well with one another, for
different materials as well as different frequencies. Thus, the proposed identification
procedure can serve as a helpful tool in the design process of electrical machines to
obtain more accurate data of changed magnetic characteristics of electric steel sheets

due to cutting for both laser-cut and mechanically-cut samples.
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Figure 8.16: Simulated distribution of the magnetic flux density B in stator yoke
affected by mechanical cutting. The thick solid lines indicate the deteri-

oration depth d.
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Figure 8.17: Measured and computed loss curves of the investigated mechanically-
cut stator lamination stack at 50 Hz, material M400-50A.
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Figure 8.18: Measured and computed loss curves of the investigated mechanically-
cut stator lamination stack at 500 Hz, material M400-50A.
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Figure 8.19: Measured and computed loss curves of the investigated mechanically-
cut stator lamination stack at 250 Hz, material M800-65A.
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Figure 8.20: Measured and computed loss curves of the investigated mechanically-
cut stator lamination stack at 500 Hz, material M800-65A.
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Figure 8.21: Measured and computed loss curves of the investigated laser-cut stator
lamination stack at 50 Hz, material M270-35A.
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Figure 8.22: Measured and computed loss curves of the investigated laser-cut stator
lamination stack at 250 Hz, material M400-50A.
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Figure 8.23: Measured and computed loss curves of the investigated laser-cut stator
lamination stack at 50 Hz, material M800-65A.
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8.4 Comparison with results from datasheet values

8.4.1 Motivation

The values provided by the manufacturer often differ from those obtained from
the customer’s own measurements [5]. These differences may be attributed to the

following reasons:

1. The samples measured by the customer and those measured by the manu-
facturer result from different MCs and/or batches. As the authors of [38]
previously stated, this may have an influence of up to 7.15 % on the final stator,
as in the case of M700-65A.”

2. In general, the manufacturer data provided have been obtained from Epstein
frame or single sheet tester (SST) measurements. Only some manufacturers do
provide the information as to which measurement technique has been used.
Considering, for example, standard IEC 60404-3 [87], the size of a sample
used in the SST is a multiple larger (10 to 16.67 times wider) compared to
the standard Epstein sample. Thus, the degrading influence of cutting and
the degraded material zone of the cut edge on the samples’ overall magnetic

behavior are smaller in contrast to the standard Epstein sample.

3. A further uncertainty is the cutting technique used for the samples measured
by the manufacturer (which may, notably for small batches, be laser cutting or
guillotining). As shown by, e.g., [45,169], also the used cutting settings have

an influence on the degrading influence of the material.

In the following, the specific loss densities obtained with the proposed modeling
approach are compared to those computed from the datasheet values provided by

the manufacturer.

8.4.2 Simulation

The power loss densities for the same stator geometries are now computed from the
loss data provided by the manufacturer in the materials” datasheets which result, in
the respective cases, from SST measurements [201-203]. This time, no degraded zone
at the cut edge is considered, but homogeneous magnetic properties for the whole
material are assumed (Fig. 8.24). These simulations are performed for all investigated
materials and frequencies. The material characteristics for 250 Hz are interpolated
from those provided for 200 Hz and 400 Hz. The influence of the pressing and gluing
is considered as described in Chapter 8.3.3.

7Tt is assumed that these deviations also vary with the respective material.
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Figure 8.24: Simulated distribution of the magnetic flux density B in stator yoke with
datasheet values, without considering the cutting effect.

8.4.3 Results of mechanically-cut samples

Especially for material M400-50A, significant differences are found between the
losses determined by the identification and modeling procedure presented here and
those computed from the datasheet values. This concerns a large range of the mag-
netic flux density B and applies to all three investigated frequencies (see Figs. 8.25-
8.27).

The situation is less uniform for material M800-65A (see also Figs. E.27-E.29 pro-
vided in the Appendix E.3): For all three frequencies investigated it applies that both
computed results (material characteristics obtained by the identification procedure
vs. datasheet values) are aligned with the measured results until about 1.2 T. With
higher magnetic flux densities B, the losses computed from the datasheet values
increasingly differ from the measured ones. In the case of 50 Hz, this difference is

the smallest.

8.4.4 Results of laser-cut samples

For both material M270-35A and M400-50A, noteworthy differences between the
modeled stator iron losses and losses due to the datasheet values are observed for
all three investigated frequencies (see Figs. 8.28-8.30 and Appendix E.3). Again, it
concerns almost the whole magnetic flux density range.

This behavior is again less pronounced for material M800-65A (see Appendix E.3),
especially for the frequency of 50 Hz. At higher frequencies the computed stator
losses computed from datasheet values differ strongly from the measured data from
about 1.2'T.

The deviations between the computed results based on the manufacturer data and
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Figure 8.25: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 250 Hz, material M400-50A.
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Figure 8.26: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 50 Hz, material M400-50A.
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Figure 8.27: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 500 Hz, material M400-50A.
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Figure 8.28: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 50 Hz, material M400-50A.
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Figure 8.29: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 250 Hz, material M400-50A.
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Figure 8.30: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 500 Hz, material M400-50A.

FaE/ 256 iy



8.5 Summary

those resulting from the identification procedure are mainly explained by the fact
that the manufacturer data result from sample geometries other than those of the
final machine (e.g. stator geometry). Thus, the relative influence of the degradation
on the magnetic properties due to cutting differs. For example, it can be assumed
that the largest sample size allowed, according to [87] has almost no effect on the
overall magnetic properties. Furthermore, the reasons motivating the comparison,
outlined above (see Chapter 8.4.1), may contribute to these differences.

It is expected that the difference of measured iron losses and computed iron losses
based on datasheet values increase further with increasing ratio Vgg/(Vna + Vag),
e.g., smaller stator yokes. This will apply to laser-cut and mechanically-cut samples.
Furthermore, also the difference in cutting technique will become more obvious.
Hence, with smaller machine or sample sizes, the use of the presented model is
increasingly important to obtain an useful iron loss estimation.

Altogether, the proposed identification and modeling approach provides signif-
icantly more accurate results. Note that the difference between the results is not
constant with the magnetic flux density B and also differs for various materials®
(see results of material M400-50A and M800-65A). Furthermore, this difference will
change for different geometries, as the ratio of material affected by the cutting and
non-degraded material changes, illustrating the limitations of the common use of

correction factors.

8.5 Summary

A new method is presented to estimate the influence of different cutting techniques
(mechanical and laser cutting) on the magnetic properties of electrical steel sheets
with geometries different from normal Epstein strips. This identification procedure
is based on measurement data obtained by the wide-spread, standardized and fast-
to-perform Epstein frame method [86]. The proposed approach eliminates the need
of knowing the exact deterioration depth d, for which there is still no agreement
in literature, and which also depends on the material itself, the cutting technique
as well as the settings used with the cutting technique (Chapter 1). The identified
magnetization and loss curves of the degraded and the non-degraded material zones
with the identification procedure are subsequently implemented in FE simulations
of stator lamination stacks with the same degradation depth d as set for the Ep-
stein samples. The lab referenced loss measurements on these stator stacks and the
computed losses are closely in line with one another. The reference stator stacks
consist of three different materials and have been cut mechanically and by laser

8Potentially, also the grain size influences this effect.
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and are investigated at three different frequencies. In total, this method has been
validated for frequencies of up to 500 Hz. Thus, the proposed method allows for the
determination of the loss behavior of arbitrary geometries, where both zones with
the identified magnetic characteristics are considered. In the last section, the power
loss densities of the stator lamination stacks are also computed from datasheet ma-
terial values provided by the manufacturer. For the cases investigated, using the
proposed identification and modeling approach provides significantly more accu-
rate results. Note that the difference between the results is not constant, illustrating
the limitations of the common use of correction factors. Furthermore, the results
underline the importance of considering the changed magnetic material properties
due to different cutting techniques and the good applicability of the presented model.

The advantages of this model are as follows:

e The model bases on an easy and fast-to-perform measurement method.

¢ Only two measurements are necessary to obtain the needed input data.

e Allimportantinformation as for example, changed grain size due to cutting and
thus changed loss behavior, chemical composition, stresses and strains due to
the cutting technique, are included indirectly in the measurement data (black
box). Thus, these influences are then also considered in the new computed
magnetic characteristics without the need of many and/or complicated material
formulas or models.

e The model does not increase the computational time to a noteworthy extent.

e The model represents the loss characteristics well, even for arbitrary geome-

tries.
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Summary

The magnetic properties of electrical steel sheets, such as those typically used in
electric machines, are adversely affected by cutting. This work extensively analyzed
the effects of three different cutting techniques on those magnetic properties. The
samples included conventional Epstein specimens, small strip samples and stacked

stator laminations, all resulting from the same mother coil, for a respective material.

This work showed that laser cutting has different effects than mechanical cutting
on a sample’s magnetic properties. This applies both to the absolute values and
the magnetic properties when seen as functions of the magnetic flux density or
the field strength. A closer examination of the curve shapes (e.g., ‘plateau’ of the
relative permeability) indicates that laser cutting induces larger compressive stresses
within the cut sample than mechanical cutting. Furthermore, the observed points
of intersection (POls), which depend on frequency, geometry and material (here,
also grain size), suggest that no cutting technique is universally best. This, in turn,
illustrates the need to consider the complete magnetization, loss and permeability
curves for selecting the most suitable cutting technique for a given case. This work
provides an overview of factors that influence the POL It thereby provides a first

database for selecting a cutting technology.

The differences between the two laser cutting techniques (carbon dioxide and
solid state laser) are much smaller (and in the case of stator samples even negligible)
than those between laser and mechanical cutting. In general, both laser cutting
techniques have the same degrading influence on the magnetic properties with
respect to the resulting shapes of the different magnetic properties. The differences
observed for the small samples are mainly attributed to differences in sample size
(see Chapter 2.1.1) and only to a small extent to the type of the respective laser

cutting technique.

This work proposed a new modeling method to estimate the magnetic properties
of cut devices of arbitrary geometries. It is based on measurement data obtained
by the standardized, wide-spread and fast-to-perform Epstein frame method. The
proposed approach eliminates the need to know the exact deterioration depth and
is applicable to different cutting techniques. Furthermore, the approach does not re-

quire information about specific material characteristics such as (changed) grain size

FaE/ 259 Ty



Summary

and chemical composition, as this can be indirectly inferred from the measurement
data. The approach uses finite-element simulations of stator lamination stacks, based
on the identified magnetization and loss curves of the degraded and non-degraded
material zones. It is shown that the results of those simulations corresponded well
with the empirical results of the measured stator samples for both mechanical and
laser cutting and for different materials and frequencies.
Promising directions for future research include the following:
e A more comprehensive understanding of the magnetic flux distribution of
laser-cut samples for different sample sizes and points of operation is required.
e The impact of cutting speed dependent parameters, e.g., possible change of gas
pressure and cutting power at small curvatures and edges, at more complicated
geometries should be studied in detail.
e The placement of the POIs and their shifting behavior should be explored
turther.
e Further extensive studies are required which investigate the degrading effects
of the subsequent manufacturing steps (pressing, welding, clamping, screwing,
packaging), and as a function of the preceding manufacturing step, notably the

cutting technique.
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Symbols and Abbreviations

Symbols
SYMBOL | UNIT | NAME
b, m tooth width
B T magnetic flux density
Byg T flux density in the degraded material zone
Bog T flux density in the non-degraded material zone
B, T remanent flux density
G coefficients
CL m/kg | specific cutting length
d mm | degradation depth
dg pym | grain size diameter
D, mm | outer diameter
f Hz | frequency
hyoke mm | yoke height
H A/m | magnetic field strength
H., Hsg A/m | coercive magnetic field strength
I A current
I, i A primary current
J T magnetic polarization
l length
IFe mm | stator sample length
Ly m | sample length
2L m | domain wall spacing in the demagnetized state
m kg | weight
Myoke kg | yoke weight
M H | mutual inductance
M A/m | magnetization
Pdg T specific losses in the degraded material zone
Pas Pexc W/kg | anomalous or excess loss
Pe W/kg | eddy current loss
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Pec W/kg | classical eddy current loss
Ph W/kg | hysteresis loss
Plosss Ps W/kg | specific loss
Pnd T specific losses in the non-degraded material zone
Ps W/kg | specific loss
R Q resistance
s’ standard deviation
Sw mm? | total winding cross sectional area
t S time
U,u \% voltage
Uy, wy V | primary voltage
U,, u, A% secondary voltage
Vg m® | degraded material volume
Vid m?3 non-degraded material volume
w - number of turns
Wie A/m | loop center width
w, m | thickness of electrical steel sheet sample
Wy, Wy m sample width of sample 1 and 2
z - number of teeth
V1,72 - fractions of degraded material in samples 1 and 2
A - magnetostriction
As - saturation magnetostriction
e - relative permeability
I, max - peak value of the relative permeability
p kg/m?® | density
PE Om | specific electrical resistance
Abbreviations
ABBREVIATION | NAME
Al aluminum
CO, carbon dioxide laser
W continuous wave
EBSD electron backscatter diffraction
Fe iron
FEM finite element method
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FKL solid state laser

HAZ heat affected zone

He helium

Ic laser-cut

LL longitudinally-cut samples

mc mechanically-cut

MC mother coil

MIX sample set consisting of half longitudinally-cut
and half transversely-cut specimens

Mn manganese

Nd neodymium

N, N, nitrogen

-0 samples clamped upwards

POI(s) point(s) of intersection

QQ transversely-cut samples

S sulfur

SEM scanning electron microscope

Si silicon

SS mechanical cutting: guillotine

-u samples clamped downwards

YAG yttrium aluminum garnet

Yb ytterbium

wt% weight percentage
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Appendix A

Results of the optical emission

spectrometry and EBSD

A.1 Measured material contents in wt% with standard

deviation

Table A.1: Measured material contents in wt% with standard deviation (strips as
described in Chapter 2.1.1)

| % | € [ si |[Mn| C | Ni [ Mo [Cu | Pob [ V |AlL|[Nb | Ti [ S| P |
M270-35A_30_LL_SS
1Xq | 0.008 | 278 | 021 | <0.01 | <0.01 | <0.005 | 0.009 | <0.01 | <0.01 | 1.03 | <0.01 | <0.01 | 0.011 | 0.014
s" | 0.001 | 003 |0.003| 0 0 0 0 0 0 [003] o 0 |0.002]0.002
M270-35A_30_LL_CO,
2Xq | 0007 | 282 | 02 |<0.01]<0.01 | <0.005 [ 0.008 | <0.01 [ <0.01 | 1.05 | <0.01 | <0.01 | 0.01 [ 0.012
s" | 0.001 | 0.04 | 0.006| 0 0 0 [0001| O 0 |004] 0O 0 0 |0.002
M270-35A_30_QQ FKL
3Xq | 0007 | 2.86 | 021 |<0.01] <0.01 [ <0.005 [ 0.009 | <0.01 [ <0.01 | 1.03 | <0.01 | <0.01 | 0.012 [ 0.013
s" | 0001 | 005 | 0 0 0 0 0 0 0 |004]| 0 0 |0.001 0002
M270-35A_7.5_QQ_FKL
4Xq | 0009 | 2.84 [ 021 [ <0.01 [ <0.01 ] <0.005[ 0.01 | <0.01 [ <0.01 [ 1.02 | <0.01 [ <0.01 | 0.009 | 0.012
s" | 0.001 | 005 |0002] 0 0 0 0 0 0 [003] 0 0 | 0.001 ] 0.001
M400-50A_30_LL_SS
5Xq | <0.003 | 1.59 | 047 [ <0.01 | <0.01 | <0.005 | 0.006 | <0.01 | <0.01 | 0.18 | <0.01 | <0.01 | 0.01 | 0.017
s" 0 002 | 0005 0 0 0 0 0 0 [005] 0 0 |0.001 0002
M400-50A_30_LL_FKL
6Xq | <0.003 | 158 | 0.47 | <0.01 [ <0.01 | <0.005 [ 0.006 | <0.01 [ <0.01 | 0.17 | <0.01 | <0.01 | 0.009 [ 0.016
s" 0 002 | 0007 0 0 0 0 0 0 |0004] 0 0 |0001 0002
MB800-65A_30_QQ_SS
7Xq | <0.003 [ 1.56 | 025 | <0.01 | <0.01 | <0.005 | 0.005 | <0.01 | <0.01 | 0.13 | <0.01 | <0.01 | 0.009 | 0.02
s" 0 |0.008|0006| 0 0 0 0 0 0 [0002] o 0 |0.001]0.002
M800-65A_30_LL_FKL
8Xq | <0.003 | 1.58 | 0.25 | <0.01 | <0.01 | <0.005 | 0.006 | <0.01 | <0.01 | 0.13 | <0.01 | <0.01 | 0.011 | 0.012
s" 0 |0017]0004]| 0 0 0 |0001| O 0 [0003] o0 0 | 0001|0001
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Appendix A Results of the optical emission spectrometry and EBSD

A.2 Average grain size diameters d,

Table A.2: Grain size diameter obtained in the steel sheet sample’s center (non-

deteriorated area).

Center Av?rage gr%un sie Standard deviation Number of grains Number of
diameter in ym measurement
M270-35A_SS 78.43 41.58 365 1
M270-35A_CO, 77.87 42.01 367 2
M270-35A_CO, 83.93 43.78 320 3
M270-35A_FKL 83.60 44.34 342 4
M270-35A_FKL 80.67 42.97 367 5
M400-50A_CO, 50.59 30.4 366 1
M400-50A_FKL 57.24 37.4 261 2
MB800-65A_SS 29.55 14.07 671 1
M800-65A_CO, 26.48 13.21 855 2
M800-65A_FKL 25.86 13.37 377 3
M800-65A_FKL 25.24 14.03 383 4

Table A.3: Grain size diameter obtained at the steel sheet sample’s cut edge.

Cut edge AV?rage gr?un %€ Standard deviation Number of grains Number of
diameter in ym measurement
M270-35A_SS 57.41 42.4 27 1
M270-35A_CO, 64.88 36.47 65 1
M270-35A_CO, 64.02 34.44 141 2
M270-35A_FKL 52.48 34.33 38 1
M400-50A_SS 45.46 27.52 109 1
M400-50A_CO, 45.63 28.14 119 1
M400-50A_FKL 47.36 28.07 110 1
M800-65A_SS 29.95 16.39 408 1
M800-65A_SS 28.07 13.42 309 2
M800-65A_CO, 25.88 13.13 607 1
M800-65A_FKL 29.41 14.15 452 1
MB800-65A_FKL 30.09 16.05 447 2
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Appendix B

Results by remagraph

B.1 Remagraph: Comparison of the different cutting

techniques on the quasi-static B-H curves
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Appendix B Results by remagraph

Small samples
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Figure B.1: B-H curves of M270-35A-LL-o0, small samples.
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Figure B.2: B-H curves of M270-35A-QQ-o0, small samples.
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B.1 Diagrams: influence of cutting technique on B-H curves
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Figure B.3: B-H curves of M400-50A-LL-o, small samples.
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Figure B.4: B-H curves of M400-50A-LL-u, small samples.
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Appendix B Results by remagraph
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- M400-50A-7-CO2-QQ-o0

--- M400-50A~7-5-FKL-QQ-o0 .

M400-50A-7-5-55-QQ-o0
Br =058T
H_, =110A/m
B
B = 207T

ma:

H =6344kA/m
max

M400-50A-7-CO2-QQ-o0
B =037T

T
HcB =110 A/m
B =213T
max

H =632kA/m
max

I
—_
J1

-2

M400-50A—7-5-FKL-QQ-o0

B =043T
] H, =110 A/m
O A i A AR et EET ST Bmax —215T
H_ =6348kA/m
1 1 1 1 1 1 1
—-3000 —-2000 -1000 0 1000 2000 3000
Magnetic field strength H (A/m)

Figure B.6: B-H curves of M400-50A-QQ-o0, small samples.

FaL/

290




B.1 Diagrams: influence of cutting technique on B-H curves
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Appendix B Results by remagraph
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Figure B.9: B-H curves of M800-65A-QQ-0, small samples.
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B.1 Diagrams: influence of cutting technique on B-H curves
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Figure B.11: B-H curves of M270-35A-LL-o, wide samples.
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Appendix B Results by remagraph
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Figure B.13: B-H curves of M270-35A-QQ-o0, wide samples.
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Figure B.14: B-H curves of M270-35A-QQ-u, wide samples.
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B.1 Diagrams: influence of cutting technique on B-H curves
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Figure B.15: B-H curves of M400-50A-LL-o, wide samples.
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Figure B.16: B-H curves of M400-50A-QQ-o, wide samples.

FaE/ 295 Ty



Appendix B Results by remagraph
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Figure B.17: B-H curves of M800-65A-LL-o, wide samples.
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Figure B.18: B-H curves of M800-65A-LL-u, wide samples.
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B.1 Diagrams: influence of cutting technique on B-H curves
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Figure B.19: B-H curves of M800-65A-QQ-o0, wide samples.
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Figure B.20: B-H curves of M800-65A-QQ-u, wide samples.
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Appendix B Results by remagraph

B.2 Remagraph: Change of the remanent flux density

from longitudinally-cut to transversely-cut samples

Small samples

Table B.1: Change of remanent magnetic flux density from longitudinal to transverse

cutting direction for small guillotine-cut samples; mean values of two

measurements.
M270-35A_SS | M400-50A_SS | M800-65A_SS
B: 1L 0.895T 0.935T 0.84T
Standard deviation B, 1 | 0.04T/4.47% | 0.02T/2.1% 0.01T/1.2%
B: oo 0.46T 0.575T 0.655T
Standard deviation B; oo 0.0 0.01T/1.74% | 0.01T/1.53 %
Reduction in percent —48.6 % —38.5% -22%

Table B.2: Change of remanent magnetic flux density from longitudinal to trans-

verse cutting direction for small CO,-cut samples; mean values of two

measurements.
M270-35A_CO, | M400-50A_CO, | M800-65A_CO,
B: 11 0.285T 0.375T 049T
Standard deviation B, . | 0.02T/7.02% 0.01T/2.67 % 0.03T/6.12%
B: oo 0.285T 0.375T 0.435T
Standard deviation B, oo | 0.01T/3.51 % 0.01T/2.67 % 0.01T/2.3%
Reduction in percent 0% 0% -11.2%

Table B.3: Change of remanent magnetic flux density from longitudinal to trans-

verse cutting direction for small FKL-cut samples; mean values of two

measurements.
M270-35A_FKL | M400-50A_FKL | M800-65A_FKL
B: 11 033T 0.435T 0.555T
Standard deviation B, 11 0.0 0.01T/2.3% 0.02T/3.6 %
B: oo 03T 043T 05T
Standard deviation B, g 0.0 0.0 0.0
Reduction in percent -9.0 % -1.15% -9.9 %

Wide samples

Note: The standard deviations of B, oo of M800-65A_CO, and M270-35A_FKL are

KL
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B.2 Tables: influence of cutting direction on B,

larger than 10%. Thus, these values should be used with care. In the case of
MB800-65A_CO,, the remanent flux density determined for measurement M800-65A-
30-_CO,-QQ-0 maybe measured more correctly than the remanent flux density of
M800-65A-30-_CO,-QQ-u. With this assumption, the reduction of B, in percent
moves from 30.9 % (see Table B.5) to 21.1 % and is similar to the reduction observed

in the FKL-laser cut samples.

Table B.4: Change of remanent magnetic flux density from longitudinal to transverse

cutting direction for wide guillotine-cut samples; mean values of two

measurements.
M270-35A_SS | M400-50A_SS | M800-65A_SS
B: 1L 1.2T 1.25T 1.22T
Standard deviation B, 11 | 0.01T/0.83 % 0.01T/0.8 % 0.01T/0.82 %
B: qo 055T 0.77T 1.045T
Standard deviation B, g 0.0 0.03T/3.9 % 0.08 T/7.66 %
Reduction in percent —54.2 % —-38.4% —14.35%

Table B.5: Change of remanent magnetic flux density from longitudinal to trans-

verse cutting direction for wide CO,-cut samples; mean values of two

measurements.
M270-35A_CO, | M400-50A_CO, | M800-65A_CO,
B 1L 1.025T 11T 1.115T
Standard deviation B, 1. 0.04T/3.9% 0.01T/0.91 % 0.01T/0.9 %
B: 00 049T 0.56 T 0.77T
Standard deviation B, oo | 0.01T/2.04 % 0 0.16 T/20.78 %
Reduction in percent -52.2% —49.1% -30.9 %

Table B.6: Change of remanent magnetic flux density from longitudinal to trans-

verse cutting direction for wide FKL-cut samples; mean values of two

measurements.
M270-35A_FKL | M400-50A_FKL | M800-65A_FKL
B: 11 1.13T 1.19T 1.105T
Standard deviation B, 11, | 0.03T/2.65% 0.01T/0.84 % 0.02T/1.8%
B: oo 0.53T 0.585T 0.925T
Standard deviation B, o | 0.06 T/11.32% 0.02T/3.42% 0.01T/1.08 %
Reduction in percent -53.1% —-50.8 % -16.3 %
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Appendix B Results by remagraph

B.3 Further examples of relative permeability
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Figure B.21: Relative permeability for different cutting techniques.
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Figure B.22: Relative permeability for different cutting techniques.
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B.4 Diagrams: influence of ratio Vg /(Vag + V4g)

B.4 Diagrams: influence of ratio Vgg/(Vaa + Vag)
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Figure B.23: Effect of ratio Vg /(Vna+V4g) on the magnetic flux density of transversely

guillotine-cut samples.

FaL/

301 Ty



Appendix B Results by remagraph
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Figure B.24: Effect of ratio Vg /(Viha+V4g) on the magnetic flux density of transversely
FKL-laser cut samples.
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B.4 Diagrams: influence of ratio Vg /(Vag + V4g)
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Figure B.25: Effect of ratio Vqg/(Vina + Vag) on the magnetic flux density of longitu-
dinally CO,-laser cut samples.
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Appendix B Results by remagraph
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Figure B.26: Effect of ratio Vg /(Viha+V4g) on the magnetic flux density of transversely
CO,-laser cut samples.
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Appendix C

Results of the Epstein frame

measurements

C.1 Specific values of the Epstein measurements
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Appendix C Results of the Epstein frame measurements

Table C.1: Specific values of the Epstein measurements with sense lines on the sec-

ondary winding.

Overview of the specific values of Epstein measurements with sense lines on the secondary winding
Bali, M. Magnetic flux density at Losses at
30.04.2013
Measured . Frequency A A A A
i Specimen 2500~ 35002 50005 100004 | 1.0T 15T
specimen (Hz)
Mix M270-35A_30_SS 50 1.58 1.62 1.67 1.78 115 251
Mix M270-35A_30_SS 250 1.58 1.62 1.67 1.79 9.63 21.58
Mix M270-35A_30_SS 500 1.58 1.62 1.67 179 | 2758 63.82
Mix M270-35A_30_SS 800 1.58 1.62 1.67 179 | 5870 139.85
Mix M270-35A_7.5_SS 50 151 157 1.64 1.77 160 3.22
Mix M270-35A_7.5_SS 250 1.52 1.58 1.64 177 | 12.87 26.35
Mix M270-35A_7.5_SS 500 1.52 1.58 1.64 177 |36.46 75.73
Mix M270-35A_30_CO, 50 1.59 1.63 1.68 1.79 126  2.59
Mix M270-35A_30_CO, 250 1.59 1.63 1.68 179 1023 21.68
Mix M270-35A_30_CO, 500 1.59 1.63 1.68 179 |28.70 62.85
Mix M270-35A_30_CO, 800 1.59 1.63 1.68 179 | 59.57 135.94
LL M270-35A_30_CO, 50 1.63 1.66 1.70 1.82 111 230
LL M270-35A_30_CO, 250 1.63 1.66 1.71 1.82 9.22  19.77
LL M270-35A_30_CO, 500 1.63 1.66 1.71 1.82 2713 58.90
Mix M270-35A_7_CO, 50 1.57 1.61 1.66 1.78 198  3.48
Mix M270-35A_7_CO, 250 1.57 1.61 1.66 178 | 1516 28.84
Mix M270-35A_7_CO, 500 1.57 1.61 1.67 1.79 40.78 80.66
Mix M270-35A_30_FKL 50 1.59 1.63 1.67 1.78 124  2.58
Mix M270-35A_30_FKL 250 1.59 1.63 1.67 1.79 10.13 21.73
Mix M270-35A_30_FKL 500 1.59 1.63 1.68 179 2876 6291
Mix M270-35A_30_FKL 800 1.59 1.63 1.67 179 |59.56 136.29
LL M270-35A_30_FKL 50 1.62 1.66 1.71 1.81 1.08  2.26
LL M270-35A_30_FKL 250 1.62 1.66 1.71 1.82 923 19.70
LL M270-35A_30_FKL 500 1.62 1.66 1.70 182 | 2527 5886
QQ M270-35A_30_FKL 50 1.55 1.59 1.64 1.76 142 287
QQ M270-35A_30_FKL 250 1.55 1.59 1.64 1.76 11.25 23.60
QQ M270-35A_30_FKL 500 1.55 1.59 1.64 176 | 3125 66.84
Mix M270-35A_7.5_FKL 50 1.57 1.61 1.66 1.78 1.83  3.30
Mix M270-35A_7.5_FKL 250 1.57 1.61 1.66 1.78 14.01 2717
Mix M270-35A_7.5_FKL 500 1.57 1.61 1.66 178 |37.82 76.09
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C.1 Specitic values of the Epstein measurements

Overview of the specific values of Epstein measurements with sense lines on the secondary winding
Bali, M. . .
Magnetic flux density at Losses at
30.04.2013
Measured . Frequency A A A A
i Specimen 2500~ 35002 50002 100002 | 1.0T  1.5T
specimen (Hz)
Mix M400-50A_30_SS 50 157 1.61 1.66 1.77 174  3.86
Mix M400-50A_30_SS 250 1.57 1.61 1.66 177 |17.66 42.08
Mix M400-50A_30_SS 500 1.57 161 1.65 177 | 5576 138.63
Mix M400-50A_7.5_SS 50 1.53 1.59 1.64 1.76 222 470
Mix M400-50A_7.5_SS 250 1.54 1.59 1.64 177 2194 46.89
Mix M400-50A_7.5_SS 500 1.54 1.59 1.64 176 | 66.77 149.44
Mix M400-50A_30_CO, 50 1.57 1.61 1.66 1.77 185 3.96
Mix M400-50A_30_CO, 250 1.58 1.61 1.66 177 1818 41.31
Mix M400-50A_30_CO, 500 1.57 1.61 1.65 1.77 56.16 134.63
LL M400-50A_30_CO, 50 1.61 1.64 1.68 1.80 173  3.63
LL M400-50A_30_CO, 250 1.60 1.64 1.69 180 |17.19 40.27
LL M400-50A_30_CO, 500 1.60 1.64 1.68 1.80 | 54.06 133.89
QQ M400-50A_30_CO, 50 1.55 1.58 1.63 1.73 207 432
QQ M400-50A_30_CO, 250 1.55 1.58 1.63 175 1911 42.38
QQ M400-50A_30_CO, 500 1.55 1.58 1.63 175 | 57.65 133.45
Mix M400-50A_7_CO, 50 1.57 1.61 1.65 1.77 2.68 496
Mix M400-50A_7_CO, 250 1.56 1.60 1.65 177 | 2373 47.86
Mix M400-50A_7_CO, 500 1.56 1.60 1.65 177 | 69.42 146.41
LL M400-50A_7_CO, 50 1.59 1.63 1.68 1.79 258 472
LL M400-50A_7_CO, 250 1.59 1.63 1.68 179 | 2295 45.88
LL M400-50A_7_CO, 500 1.59 1.63 1.68 179 | 67.11 140.74
QQ M400-50A_7_CO, 50 1.54 1.58 1.63 1.74 280 525
QQ M400-50A_7_CO, 250 1.53 1.58 1.63 174 | 2462 50.16
QQ M400-50A_7_CO, 500 1.54 1.58 1.62 174 | 71.89 152.11
Mix M400-50A_30_FKL 50 158 161 166 177 | 186 394
Mix M400-50A_30_FKL 250 158 161 166 177 |18.05 4117
Mix M400-50A_30_FKL 500 158 161 166 177 | 5450 134.50
LL M400-50A_30_FKL 50 160 164  1.69 180 | 1.62 357
LL M400-50A_30_FKL 250 161 164 169 1.80 | 1673 40.06
LL M400-50A_30_FKL 500 161 164 168 1.80 |52.65 134.94
QQ M400-50A_30_FKL 50 155 159 163 174 | 207 432
QQ M400-50A_30_FKL 250 155 159 163 175 |19.10 42.32
QQ M400-50A_30_FKL 500 1.55 1.59 1.63 175 | 57.69 133.10
Mix M400-50A_7.5_FKL 50 157 161 166 177 | 247 472
Mix M400-50A_7.5_FKL 250 157 161 165 177 2227 4592
Mix M400-50A_7.5_FKL 500 156 160 165 177  65.69 14131
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Appendix C Results of the Epstein frame measurements

Overview of the specific values of Epstein measurements with sense lines on the secondary winding
Bali, M. Magnetic flux density at Losses at
30.04.2013
Measured . Frequency A A A A
i Specimen 2500~ 35002 5000 100004 | 1.0T 15T
specimen (Hz)
Mix MB800-65A_30_SS 50 1.62 1.65 1.70 1.81 236 515
Mix M800-65A_30_SS 250 1.62 1.66 1.70 1.82 | 2565 65.62
Mix M800-65A_30_SS 500 1.62 1.65 1.70 1.81 | 81.16 225.03
Mix M800-65A_7.5_SS 50 1.58 1.63 1.69 1.81 299 611
Mix M800-65A_7.5_SS 250 1.57 1.63 1.68 181 |3243 69.54
Mix M800-65A_7.5_SS 500 1.57 1.62 1.68 1.80 | 99.59 23243
Mix M800-65A_30_CO, 50 1.63 1.66 1.70 1.82 251 514
Mix M800-65A_30_CO, 250 1.63 1.66 1.70 1.82 |26.05 6249
Mix M800-65A_30_CO, 500 1.62 1.66 1.70 1.81 81.81 216.72
LL M800-65A_30_CO, 50 1.65 1.69 1.73 1.84 248  5.04
LL M800-65A_30_CO, 250 1.65 1.68 1.73 184 |26.19 63.83
LL M800-65A_30_CO, 500 1.65 1.68 1.73 1.84 80.42 221.43
QQ M800-65A_30_CO, 50 1.60 1.64 1.68 1.79 251 527
QQ M800-65A_30_CO, 250 1.60 1.64 1.68 179 2548 61.04
QQ M800-65A_30_CO, 500 1.60 1.63 1.68 179 |80.94 210.57
Mix M800-65A_7_CO, 50 1.61 1.65 1.70 1.81 328 6.08
Mix M800-65A_7_CO, 250 1.61 1.65 1.69 1.81 |31.43 64.68
Mix M800-65A_7_CO, 500 1.60 1.64 1.69 1.80 | 95.17 209.87
LL M800-65A_7_CO, 50 1.63 1.67 1.72 1.83 324 597
LL M800-65A_7_CO, 250 1.63 1.67 1.72 1.83 |31.39 64.15
LL M800-65A_7_CO, 500 1.63 1.67 1.71 1.83 | 9523 209.24
QQ M800-65A_7_CO, 50 1.58 1.62 1.67 1.79 339 627
QQ M800-65A_7_CO, 250 1.58 1.62 1.67 179 | 31.61 6572
QQ M800-65A_7_CO, 500 1.58 1.62 1.67 178 | 9553 210.64
Mix MB800-65A_30_FKL 50 163 167 171 182 | 253 516
Mix MB800-65A_30_FKL 250 163 166 171 1.82 | 2621 6346
Mix M800-65A_30_FKL 500 162 166 170 1.81 | 8138 218.89
LL MB800-65A_30_FKL 50 165 168 173 184 | 249 505
LL MB800-65A_30_FKL 250 165 169 173 1.84 | 2584 64.15
LL M800-65A_30_FKL 500 165 168 173 1.84 |81.14 22317
QQ MB800-65A_30_FKL 50 161 164 168 179 | 251 527
QQ MB800-65A_30_FKL 250 160 164 168 179 | 2573 62.18
QQ MB800-65A_30_FKL 500 160 163 168 179 | 8197 217.81
Mix M800-65A_7.5_FKL 50 1.61 1.65 1.70 1.81 3.07 586
Mix M800-65A_7.5_FKL 250 161 165 170 1.81 3017 63.72
Mix M800-65A_7.5_FKL 500 161 165  1.69 1.81 9249 210.67
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C.1 Specitic values of the Epstein measurements

Table C.2: Specific values of the Epstein measurements without sense lines.

Overview of the specific values of Epstein measurements without sense lines
Bali, M. . .
Magnetic flux density at Losses at
30.04.2013
Measured ) Frequency A A A A
) Specimen 25002 35004 5000 100004 | 1.0T 15T

specimen (Hz)
Mix M270-35A_30_SS 50 1.58 1.62 1.67 1.78 112 253
Mix M270-35A_30_SS 250 1.58 1.62 1.67 1.79 9.56 2213
Mix M270-35A_30_SS 500 1.58 1.62 1.67 1.79 2694 65.30
Mix M270-35A_7.5_SS 50 1.51 1.57 1.64 1.77 1.60 3.26
Mix M270-35A_7.5_SS 250 151 1.57 1.64 177 | 1295 27.18
Mix M270-35A_7.5_SS 500 1.51 1.57 1.64 178 | 36,57 78.34
Mix M270-35A_30_CO, 50 1.59 1.63 1.67 1.78 124 261
Mix M270-35A_30_CO, 250 1.59 1.63 1.68 179 |10.17 22.05
Mix M270-35A_30_CO, 500 1.59 1.63 1.68 1.80 |28.18 63.79
Mix M270-35A_7_CO, 50 1.56 1.61 1.66 1.78 198 3.50
Mix M270-35A_7_CO, 250 1.56 1.61 1.66 178 | 1515 29.17
Mix M270-35A_7_CO, 500 1.56 1.61 1.67 179 | 40.72 8l.64
Mix M270-35A_30_FKL 50 1.58 1.62 1.67 1.78 121  2.60
Mix M270-35A_30_FKL 250 1.59 1.62 1.67 179 |10.05 2212
Mix M270-35A_30_FKL 500 1.59 1.63 1.68 1.80 | 2794 64.22
Mix M270-35A_7.5_FKL 50 1.56 1.61 1.66 1.78 183 3.32
Mix M270-35A_7.5_FKL 250 1.57 1.61 1.66 178 | 14.02 27.55
Mix M270-35A_7.5_FKL 500 1.56 1.61 1.66 179 | 37.74 7723

Overview of the specific values of Epstein measurements without sense lines
Bali, M. . .
Magnetic flux density at Losses at
30.04.2013
Measured . Frequency A A A A
i Specimen 25004 35002 50004 10000£ | 1.0T 15T

specimen (Hz)
Mix M400-50A_30_SS 500 157 161 165 177 | 54.86 142.71
Mix M400-50A_7.5_SS 50 153 158  1.64 176 | 224 477
Mix M400-50A_7.5_SS 250 1.53 1.58 1.64 1.76 2218 48.23
Mix M400-50A_7.5_SS 500 1.53 1.58 1.64 177 | 6811 153.34
Mix M400-50A_30_CO, 500 1.57 1.61 1.65 1.77 | 54.85 136.58
Mix M400-50A_7_CO, 50 156 160  1.65 177 | 269 499
Mix M400-50A_7_CO, 250 1.56 1.60 1.65 1.77 | 23.83 48.68
Mix M400-50A_7_CO, 500 1.55 1.60 1.65 1.77 | 69.38 147.96
Mix M400-50A_30_FKL 500 157 1.61 1.66 177 | 5441 137.01
Mix M400-50A_7.5_FKL 50 1.56 1.60 1.65 1.77 248 476
Mix M400-50A_7.5_FKL 250 1.56 1.60 1.65 177 | 2231 46.56
Mix M400-50A_7.5_FKL 500 1.56 1.60 1.65 177 | 6547 142.71
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Appendix C Results of the Epstein frame measurements

Overview of the specific values of Epstein measurements without sense lines
Bali, M. Magnetic flux density at Losses at

30.04.2013

Measured | o imen Frequency o504 35004 50004 100004 | 1.0T 15T

specimen (Hz)
Mix M800-65A_30_SS 500 1.61 1.65 1.70 1.81 82.80 227.50
Mix M800-65A_7.5_SS 50 1.57 1.63 1.68 1.80 3.00 619
Mix M800-65A_7.5_SS 250 1.57 1.63 1.68 1.81 3256 70.96
Mix M800-65A_7.5_SS 500 1.57 1.62 1.68 1.81 | 101.02 235.08
Mix M800-65A_30_CO, 500 1.62 1.65 1.70 1.81 82.10 21758
Mix M800-65A_7_CO, 50 1.60 1.65 1.69 1.81 332 613
Mix M800-65A_7_CO, 250 1.60 1.65 1.69 1.81 3144 65.19
Mix M800-65A_7_CO, 500 160 164 169 181 | 9549 211.07
Mix MS800-65A_30_FKL 500 1.62 1.65 1.70 1.82 81.28 220.16
Mix M800-65A_7.5_FKL 50 1.61 1.65 1.70 1.81 3.08 589
Mix MB800-65A_7.5_FKL 250 1.61 1.65 1.70 1.81 30.33 64.32
Mix M800-65A_7.5_FKL 500 1.60 1.65 1.69 1.81 92.28 210.27
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C.2 Diagrams: cutting techniques - small samples

C.2 Diagrams: cutting techniques - small samples
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Figure C.1: Specific losses of M270-35A at different frequencies, small samples.

FaE/ 311 Ty



Appendix C Results of the Epstein frame measurements
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Figure C.2: Specific losses of M400-50A at different frequencies, small samples.
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C.2 Diagrams: cutting techniques - small samples
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Figure C.3: Magnetization curves of M270-35A at different frequencies, small
samples.
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Appendix C Results of the Epstein frame measurements
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Figure C.4: Magnetization curves of M400-50A at different frequencies, small
samples.
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C.2 Diagrams: cutting techniques - small samples
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Figure C.5: Magnetization curves of M800-65A at different frequencies, small
samples.
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Appendix C Results of the Epstein frame measurements

C.3 Diagrams: cutting techniques - wide samples

2 T T T T T
1.8
= 1.6
S 14
2
212
©
x 1
=
' 0.8f .
5}
500.6[f 1
[}
= 0.4f :
—M270-35A_30_50Hz_Mix_SS
0.2 ---M270-35A_30_50Hz_Mix_FKL
0 ] -- M270-35A_30_50Hz_Mix_CO2
0 2000 4000 000 8000 10000 12000
Magnetic field strength H (A/m)
(a) 50Hz
2 T T T T T
3 i
R 14 .
2
k5 4
=
©
x 1 7
=
0.8 .
5}
£,0.6 .
S
= 0.4 .
—M270-35A_30_250Hz_Mix_SS
0.2f --M270-35A_30_250Hz_Mix_CO2
] ---M270-35A_30_250Hz_Mix_FKL
GO 2000 4000 000 8000 10000 12000

Magnetic field strength H (A/m)

(b) 250 Hz

Figure C.6: Magnetization curves of M270-35A at 50 and 250 Hz, Mix, wide samples.
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C.3 Diagrams: cutting techniques - wide samples

Magnetic flux density B (T)
=)
U1 —_

—M270-35A_30_500Hz_Mix_SS
--M270-35A_30_500Hz_Mix_CO2
0 . . ---M270-35A_30_500Hz_Mix_FKL

0 2000 4000 6000 8000 10000 12000
Magnetic field strength H (A/m)

(a) 500Hz

—=
o0
T
1

—_

o
o0

agnetic flux density
<
-
1

M
©
S

—M270-35A_30_800Hz_Mix_SS
--M270-35A_30_800Hz_Mix_CO2
. ---M270-35A_30_800Hz_Mix_FKL

2000 4000 6000 8000 10000 12000
Magnetic field strength H (A/m)

<
[

OCD

(b) 800 Hz
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Appendix C Results of the Epstein frame measurements
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Figure C.8: Magnetization curves of M400-50A at different frequencies, wide
samples.
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C.3 Diagrams: cutting techniques - wide samples
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Figure C.9: Magnetization curves of M800-65A at different frequencies, wide
samples.
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Appendix C Results of the Epstein frame measurements

C.4 Form factor limitation - Epstein frame

measurements

The following values represent the last measurement point which is still in the
required form factor range of [86]. The note 'no limit" means that all measured data

are within this range, the value inside the brackets is the last measured data point.

’-" indicates that no measurement was performed.

Table C.3: Values of the magnetic polarization at the upper form factor limit.

Epstein measurements with sense lines on the secondary winding

Material

Magnetic polarization ] in T

wide samples

Magnetic polarization | in T

small samples

M270-35A_50Hz_Mix_SS

no limit (1.82)

no limit (1.80)

M270-35A_50Hz_Mix_CO, 1.82 no limit (1.81)
M270-35A_50Hz_Mix_FKL no limit (1.82) no limit (1.81)
M270-35A_250Hz_Mix_SS 1.54 1.56
M270-35A_250Hz_Mix_CO, 1.55 1.55
M270-35A_250Hz_Mix_FKL 1.54 1.56
M270-35A_500Hz_Mix_SS 148 141
M270-35A_500Hz_Mix_CO, 1.50 1.48
M270-35A_500Hz_Mix_FKL 1.50 1.48

M400-50A_50Hz_Mix_SS
M400-50A_50Hz_Mix_CO,
M400-50A_50Hz_Mix_FKL

no limit (1.81)
no limit (1.81)
no limit (1.82)

no limit (1.80)
no limit (1.81)
no limit (1.81)

M800-65A_50Hz_Mix_CO,
M800-65A_50Hz_Mix_FKL

no limit (1.87)
no limit (1.87)

M400-50A_250Hz_Mix_SS 1.58 1.60
M400-50A_250Hz_Mix_CO, 1.57 1.59
M400-50A_250Hz_Mix_FKL 1.58 1.59
M400-50A_500Hz_Mix_SS 1.50 1.47
M400-50A_500Hz_Mix_CO, 1.51 1.51
M400-50A_500Hz_Mix_FKL 1.52 1.53
M800-65A_50Hz_Mix_SS 1.86 no limit (1.85)

no limit (1.85)
no limit (1.85)

MS800-65A_250Hz_Mix_SS 1.66 1.68
MS800-65A_250Hz_Mix_CO, 1.66 1.66
MS800-65A_250Hz_Mix_FKL 1.66 1.67
MS800-65A_500Hz_Mix_SS 1.55 1.55
MS800-65A_500Hz_Mix_CO, 1.58 1.60
M800-65A_500Hz_Mix_FKL 1.58 1.58
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C.4 Form factor limitation - Epstein frame measurements

Table C.4: Values of the magnetic polarization at the upper form factor limit.

Epstein measurements without sense lines
Material Magnetic polarization [ in T Magnetic polarization [ in T
wide samples small samples
M270-35A_50Hz_Mix_SS 1.35 1.01
M270-35A_50Hz_Mix_CO, 1.37 1.41
M270-35A_50Hz_Mix_FKL 1.37 1.40
M270-35A_250Hz_Mix_SS 1.36 1.04
M270-35A_250Hz_Mix_CO, 137 1.41
M270-35A_250Hz_Mix_FKL 1.39 1.41
M270-35A_500Hz_Mix_SS 1.37 1.02
M270-35A_500Hz_Mix_CO, 1.42 1.39
M270-35A_500Hz_Mix_FKL 1.39 1.40
M400-50A_50Hz_Mix_SS - 1.18
M400-50A_50Hz_Mix_CO, - 1.42
M400-50A_50Hz_Mix_FKL - 1.42
M400-50A_250Hz_Mix_SS = 1.22
M400-50A_250Hz_Mix_CO, = 1.40
M400-50A_250Hz_Mix_FKL = 1.42
M400-50A_500Hz_Mix_SS 1.38 1.29
M400-50A_500Hz_Mix_CO, 1.44 1.42
M400-50A_500Hz_Mix_FKL 1.44 1.43
M800-65A_50Hz_Mix_SS - 1.28
M800-65A_50Hz_Mix_CO, - 1.48
M800-65A_50Hz_Mix_FKL - 1.48
M800-65A_250Hz_Mix_SS = 1.36
M800-65A_250Hz_Mix_CO, = 1.48
M800-65A_250Hz_Mix_FKL = 1.49
M800-65A_500Hz_Mix_SS 1.52 1.40
M800-65A_500Hz_Mix_CO, 1.52 1.52
M800-65A_500Hz_Mix_FKL 1.54 1.48
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Appendix D

Results of the stator measurements

D.1 Tables: specific values of the stator measurements

Table D.1: Specific values of the stators measurements - method 'IEC 62044-3".

Overview of the specific values of stator measurements - method 'TEC 62044-3’
Bali, M. . .
Magnetic flux density at Losses at
13.06.2013
. Cutting Frequency A A A A
Material 2500~ 3500~ 5000 100002 | 1.0T 15T
method (Hz) m m m "
M270-35A CO, 50 1.41 1.45 1.49 1.52 1.67 3.48
M270-35A CO, 250 1.41 1.45 1.49 1.51 1342 29.73
M270-35A CO, 500 1.41 1.45 1.49 151 3741 8525
M270-35A FKL 50 1.41 1.45 1.49 1.52 165  3.46
M270-35A FKL 250 1.41 1.45 1.49 1.52 13.37  29.83
M270-35A FKL 500 1.41 1.45 1.49 1.52 3748 85.75
M400-50A punched 50 1.47 1.51 1.56 1.58 210  4.80
M400-50A punched 250 1.47 1.51 1.56 1.59 2243  51.01
M400-50A punched 500 1.47 1.51 1.56 - 7043 166.25
M400-50A CO, 50 1.49 1.53 1.58 1.60 231 479
M400-50A CO, 250 1.49 1.53 1.57 1.60 21.78 4842
M400-50A CO, 500 1.49 1.53 1.58 1.60 65.50 153.34
M400-50A FKL 50 1.48 1.51 1.55 1.58 231 485
M400-50A FKL 250 1.47 1.51 1.55 1.58 21.88 49.12
M400-50A FKL 500 1.47 1.51 1.55 1.58 65.83 156.98
M800-65A punched 50 1.48 1.53 1.57 1.60 291 6.38
MB800-65A punched 250 1.48 1.53 1.58 1.60 3258  75.60
MB800-65A punched 500 1.47 1.53 1.58 1.60 | 10347 259.72
MB800-65A CO, 50 1.52 1.56 1.60 1.62 294 6.05
MB800-65A CO, 250 1.52 1.56 1.60 1.62 30.29  69.62
M800-65A CO, 500 1.52 1.56 1.60 - 94.43  240.05
MB800-65A FKL 50 1.50 1.54 1.58 1.60 295 615
M800-65A FKL 250 1.50 1.54 1.58 1.60 30.79  71.79
MB800-65A FKL 500 1.50 1.53 1.58 - 96.01 249.20
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Appendix D Results of the stator measurements

Table D.2: Specific values of the stators measurements - 'Epsteinframe” method.

Overview of the specific values of stator measurements - 'Epsteinframe’ method
Bali, M. . .
Magnetic flux density at Losses at
13.06.2013
. Cutting Frequency A A A A
Material 2500~ 3500= 5000 100002 | 1.0T 15T
method (Hz) m m m m
M270-35A CO, 50 1.41 1.45 1.49 1.51 1.67 3.42
M270-35A CO, 250 141 1.45 1.49 1.52 1341 28.73
M270-35A CO, 500 1.41 1.45 1.49 1.52 3734 81.19
M270-35A FKL 50 1.41 1.45 1.49 1.52 165 341
M270-35A FKL 250 1.41 1.45 1.49 151 13.37 2897
M270-35A FKL 500 1.41 1.45 1.49 1.52 3740 81.76
M400-50A punched 50 1.47 1.51 1.56 1.58 209 472
M400-50A punched 250 1.47 151 1.56 1.59 22.37  49.03
M400-50A punched 500 1.47 1.51 1.56 1.58 70.10 154.72
M400-50A CO, 50 1.49 1.53 1.57 1.60 230 473
M400-50A CO, 250 1.50 1.53 1.58 1.60 21.74  46.82
M400-50A CO, 500 1.49 1.53 1.57 1.60 65.20 145.56
M400-50A FKL 50 1.47 1.51 1.55 1.58 230 477
M400-50A FKL 250 1.47 1.51 1.55 1.57 2193 47.65
M400-50A FKL 500 1.47 1.51 1.55 1.57 65.75 146.47
MB800-65A punched 50 1.48 1.53 1.57 1.60 291 6.26
MB800-65A punched 250 1.48 1.52 1.57 1.59 3255 7146
MB800-65A punched 500 1.48 1.52 1.56 159 | 102.56 234.95
MB800-65A CO, 50 1.52 1.56 1.60 1.62 294 599
MB800-65A CO, 250 1.52 1.55 1.60 1.62 30.38  67.15
M800-65A CO, 500 1.51 1.55 1.59 1.62 94.46 22214
MB800-65A FKL 50 1.50 1.53 1.58 1.60 295  6.07
MB800-65A FKL 250 1.50 1.53 1.58 1.60 30.86 68.81
MB800-65A FKL 500 1.49 1.53 1.57 1.60 96.10 228.89
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D.1 Tables: specitic values of the stator measurements

Table D.3: Specific values of the stators measurements - ‘'modified Epsteinframe’

method.
Overview of the specific values of stator measurements - ‘'modified Epsteinframe’ method
Bali, M. ) ,
Magnetic flux density at Losses at
13.06.2013
. Cutting Frequency A A A A
Material 25002 35002 5000 100002 | 1.0T 15T
method (Hz) m m m m
M270-35A CO, 50 1.41 1.45 1.49 1.51 1.67 3.52
M270-35A CO, 250 1.41 1.45 1.49 1.51 1343  29.75
M270-35A CO; 500 1.41 1.45 1.49 1.51 3734 83.31
M270-35A FKL 50 1.41 1.45 1.49 1.51 1.65 3.52
M270-35A FKL 250 1.41 1.45 1.49 1.51 13.38  29.83
M270-35A FKL 500 1.41 1.45 1.49 1.51 3745 84.07
M400-50A punched 50 1.46 1.51 1.55 1.58 211 4.85
M400-50A punched 250 1.47 1.51 1.56 1.58 2238  50.65
M400-50A punched 500 1.46 1.51 1.55 1.58 70.10 158.13
M400-50A CO; 50 1.49 1.53 1.57 1.60 2.31 4.82
M400-50A CO; 250 1.49 1.53 1.58 1.60 21.75  47.67
M400-50A CO; 500 1.49 1.53 1.57 1.59 65.21 147.52
M400-50A FKL 50 1.47 1.51 1.55 1.57 2.31 4.88
M400-50A FKL 250 1.47 1.51 1.55 1.57 21.89 4898
M400-50A FKL 500 1.47 1.51 1.55 1.57 65.58 149.43
M800-65A punched 50 1.48 1.52 1.57 1.60 2.93 6.41
M800-65A punched 250 1.48 1.52 1.57 1.59 32.58 7445
M800-65A punched 500 1.47 1.52 1.56 - 102.46 238.78
M800-65A CO, 50 1.52 1.56 1.60 1.62 2.94 6.08
MS800-65A CO, 250 1.52 1.55 1.60 1.62 30.35 6848
MS800-65A CO; 500 1.51 1.55 1.59 1.61 93.94 225.74
MS800-65A FKL 50 1.50 1.53 1.57 1.60 2.96 6.20
MS800-65A FKL 250 1.50 1.53 1.57 1.60 30.79  70.36
M800-65A FKL 500 1.49 1.53 1.57 1.59 95.67 228.38
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Appendix D Results of the stator measurements

D.2 Diagrams: cutting techniques - "Epsteinframe’
method
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Figure D.1: Specific losses of M270-35A at 50 and 500 Hz.
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D.2 Diagrams: cutting techniques - "Epsteinframe’ method
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Figure D.2: Specific losses of M800-65A at 50 Hz.
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Appendix D Results of the stator measurements
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Figure D.3: Magnetization curve of M270-35A at 50 and 500 Hz.
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D.2 Diagrams: cutting techniques - "Epsteinframe’ method
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Figure D.4: Magnetization curves of M800-65A at 50, 250 and 500 Hz.

Fat/

329



Appendix D Results of the stator measurements

D.3 Table: points of intersection - stator samples

Table D.4: Stator lamination stack measurements (‘Epsteinframe’ method): POIs of

specific losses for the CO,-laser cut and mechanically-cut samples.

Reduction of B of point of
M270-35A | M400-50A | M800-65A | intersection from M400-50A to
MS800-65A in %
50Hz N/A 1.35T* 1.05T - %
250 Hz N/A 0.85T 0.63T -25.9 %
500 Hz N/A 0.70T 051T —27.1%

* =no 'real’ POI, rather an area where the specific losses are similar.

Table D.5: Stator lamination stack measurements ("Epsteinframe” method): POlIs of

relative permeability for the CO,-laser cut and mechanically-cut samples.

M270-35A |  M400-50A MS800-65A
50 Hz N/A | 492 A/m (1.19T) | 383 A/m (1.10T)
250Hz | N/A | 477 A/m (1.18T) | 436 A/m (1.05T)
500Hz | NJ/A 596 A/m (1.25T) | 513 A/m (0.87T)

Table D.6: Stator lamination stack measurements (‘modified Epsteinframe” method):

POlIs of specific losses for the CO,-laser cut and mechanically-cut samples.

Reduction of B of point of
M270-35A | M400-50A | M800-65A | intersection from M400-50A to
MS800-65A in %
50Hz N/A 1.35T* 1.02T -
250 Hz N/A 0.83T 0.63T —24.1%
500 Hz N/A 0.68T 051T —25%

* =no 'real’ POI, rather an area where the specific losses are similar.
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D.4 Diagrams: POIs (specific losses) versus CL

Table D.7: Stator lamination stack measurements ('IEC 62044-3" method): POlIs of

specific losses for the CO,-laser cut and mechanically-cut samples.

Reduction of B of point of
M270-35A | M400-50A | M800-65A | intersection from M400-50A to

MS800-65A in %
50Hz N/A 1.35T* 1.02T -
250Hz N/A 081T 0.64T -21%
500 Hz N/A 0.68T 0.52T —23.5%

* = no 'real’ POI, rather an area where the specific losses are similar.

D.4 Diagrams: POlIs (specific losses) versus CL
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Figure D.5: POlIs as a function of the specific cutting length for material M400-50A.
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Appendix D Results of the stator measurements

D.5 Diagrams: comparison of measuring methods
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Figure D.6: Specific losses of M270-35A at 50, 250 and 500 Hz, CO,-laser cut.
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D.5 Diagrams: comparison of measuring methods
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Figure D.7: Specific losses of M400-50A at 50, 250 and 500 Hz, punched.
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Appendix D Results of the stator measurements
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Figure D.8: Specific losses of M400-50A at 50, 250 and 500 Hz, FKL-laser cut.
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D.5 Diagrams: comparison of measuring methods
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Figure D.9: Specific losses of M400-50A at 50, 250 and 500 Hz, CO,-laser cut.
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Appendix D Results of the stator measurements

D.6 Form factor limitation - stator measurements

The following values represent the last measurement point which is still in the

required form factor range of [86]. The note 'no limit" means that all measured data

are within this range, the value inside the brackets is the last measured data point.

As there is no punched stator of the material M270-35A available, no statement can

be made.

Table D.8: Values of the magnetic flux density at the upper form factor limit.

Stator measurements

Material

Magnetic flux density Bin T
"Epsteinframe’ method

Magnetic flux density Bin T
"IEC 62044-3" method

Magnetic flux density Bin T
‘modified Epsteinframe’ method

M270-35A_50Hz_punched

not available

not available

not available

M270-35A_50Hz_CO, no limit (1.55) 1.28 no limit (1.54)
M270-35A_50Hz_FKL no limit (1.55) 1.32 no limit (1.53)
M270-35A_250Hz_punched not available not available not available
M270-35A_250Hz_CO, no limit (1.55) 1.32 1.30
M270-35A_250Hz_FKL no limit (1.55) 1.31 1.31
M270-35A_500Hz_punched not available not available not available
M270-35A_500Hz_CO, 1.45 1.31 1.31
M270-35A_500Hz_FKL 1.47 1.31 1.30
M400-50A_50Hz_punched no limit (1.61) 1.27 1.18
M400-50A_50Hz_CO, no limit (1.64) 135 no limit (1.62)
M400-50A_50Hz_FKL no limit (1.62) 1.37 no limit (1.60)
M400-50A_250Hz_punched no limit (1.63) 1.31 1.27
M400-50A_250Hz_CO, no limit (1.64) 1.39 1.38
M400-50A_250Hz_FKL 1.60 1.37 1.34
M400-50A_500Hz_punched 1.52 1.33 1.33
M400-50A_500Hz_CO, 1.53 1.40 1.40
M400-50A_500Hz_FKL 1.49 1.39 1.38
M800-65A_50Hz_punched no limit (1.72) 1.32 1.25
MB800-65A_50Hz_CO, no limit (1.66) 1.41 1.37
M800-65A_50Hz_FKL no limit (1.64) 1.37 1.36
MB800-65A_250Hz_punched no limit (1.63) 1.35 1.30
M800-65A_250Hz_CO, no limit (1.66) 1.41 141
M800-65A_250Hz_FKL no limit (1.64) 1.40 1.40
MB800-65A_500Hz_punched 1.50 1.41 1.39
M800-65A_500Hz_CO, 1.55 1.46 1.45
M800-65A_500Hz_FKL 1.53 143 143
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Appendix E
Identified magnetic characteristics

E.1 Diagrams: identified B-H curves

E.1.1 Results of mechanically-cut samples - M400-50A

Magnetic flux density (T)
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non-degraded
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0 1 1 1 1
0 2000 4000 8000 10000 12000

6000
Magnetic field strength (A/m)

Figure E.1: Measured and identified B-H curves of mechanically-cut samples, M400-
50A at 50 Hz supply frequency.

FaE/ 337 Ty



Appendix E Identified magnetic characteristics
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Figure E.2: Measured and identified B-H curves of mechanically-cut samples, M400-
50A at 500 Hz supply frequency.

E.1.2 Results of mechanically-cut samples - M800-65A
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Figure E.3: Measured and identified B-H curves of mechanically-cut samples, M800-
65A at 50 Hz supply frequency.
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E.1 Diagrams: identified B-H curves
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Figure E.4: Measured and identified B-H curves of mechanically-cut samples, M800-
65A at 250 Hz supply frequency.
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Figure E.5: Measured and identified B-H curves of mechanically-cut samples, M800-
65A at 500 Hz supply frequency.
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Appendix E Identified magnetic characteristics

E.1.3 Results of laser-cut samples - M270-35A

e
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Figure E.6: Measured and identified B-H curves of laser-cut samples, M270-35A at
250 Hz supply frequency.
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Figure E.7: Measured and identified B-H curves of laser-cut samples, M270-35A at
500 Hz supply frequency.
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E.1 Diagrams: identified B-H curves

E.1.4 Results of laser-cut samples - M400-50A

Magnetic flux density (T)

I ~first sample

) ©-second sample
non-degraded
] +-degraded

1 1 1
0 2000 4000 6000 8000 10000 12000
Magnetic field strength (A/m)

Figure E.8: Measured and identified B-H curves of laser-cut samples, M400-50A at
50 Hz supply frequency.

Magnetic flux density (T)

>first sample
©-second sample
non-degraded
+-degraded

1
6000 8000 10000 12000
Magnetic field strength (A /m)

1 1
0 2000 4000

Figure E.9: Measured and identified B-H curves of laser-cut samples, M400-50A at
250 Hz supply frequency.
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Appendix E Identified magnetic characteristics
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Figure E.10: Measured and identified B-H curves of laser-cut samples, M400-50A at
500 Hz supply frequency.

E.1.5 Results of laser-cut samples - M800-65A
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Figure E.11: Measured and identified B-H curves of laser-cut samples, M800-65A at
50 Hz supply frequency.
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E.1 Diagrams: identified B-H curves
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Figure E.12: Measured and identified B-H curves of laser-cut samples, M800-65A at
250 Hz supply frequency.
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Figure E.13: Measured and identified B-H curves of laser-cut samples, M800-65A at
500 Hz supply frequency.
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Appendix E Identified magnetic characteristics

E.2 Diagrams: identified loss curves

E.2.1 Results of mechanically-cut samples - M400-50A
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Figure E.14: Measured and computed loss curves of mechanically-cut samples,
M400-50A at 50 Hz supply frequency.

~<sample 1

250{-©-sample 2
non—degraded

degraded

N
o
(«)

100

Loss density (W/kg)
o
o

50

0.8 1 1.2 1.4 1.6 1.8
Magnetic flux density (T)

Figure E.15: Measured and computed loss curves of mechanically-cut samples,
M400-50A at 500 Hz supply frequency.
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E.2 Diagrams: identified loss curves

E.2.2 Results of mechanically-cut samples - M800-65A
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Figure E.16: Measured and computed loss curves of mechanically-cut samples,

M800-65A at 50 Hz supply frequency.
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Figure E.17: Measured and computed loss curves of mechanically-cut samples,

M800-65A at 250 Hz supply frequency.
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Figure E.18: Measured and computed loss curves of mechanically-cut samples,
M800-65A at 500 Hz supply frequency.

E.2.3 Results of laser-cut samples - M270-35A
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Figure E.19: Measured and computed loss curves of laser-cut samples, M270-35A at
50 Hz supply frequency.
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E.2 Diagrams: identified loss curves
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Figure E.20: Measured and computed loss curves of laser-cut samples, M270-35A at

250 Hz supply frequency.
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Figure E.21: Measured and computed loss curves of laser-cut samples, M270-35A at
500 Hz supply frequency.
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E.2.4 Results of laser-cut samples - M400-50A
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Figure E.22: Measured and computed loss curves of laser-cut samples, M400-50A at
50 Hz supply frequency.
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Figure E.23: Measured and computed loss curves of laser-cut samples, M400-50A at
500 Hz supply frequency.
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E.2 Diagrams: identified loss curves

E.2.5 Results of laser-cut samples - M800-65A
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Figure E.24: Measured and computed loss curves of laser-cut samples, M800-65A at
50 Hz supply frequency.

~<sample 1
100y-e-sample 2
non—degraded
degraded

xR
o

Loss density (W/kg)
e oN
52

20

. 1.4 1.6 1.8
Magnetic flux density (T)

Figure E.25: Measured and computed loss curves of laser-cut samples, M800-65A at
250 Hz supply frequency.
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Figure E.26: Measured and computed loss curves of laser-cut samples, M800-65A at
500 Hz supply frequency.
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E.3 Diagrams: comparison with datasheet values

E.3 Diagrams: comparison with datasheet values

E.3.1 Results of mechanically-cut samples
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Figure E.27: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 50 Hz, material M800-65A.
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Figure E.28: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 250 Hz, material M800-65A.
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Figure E.29: Loss curves as measured, as computed using the proposed approach and
as determined from datasheet values of the investigated mechanically-
cut stator lamination stack at 500 Hz, material M800-65A.
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E.3.2 Results of laser-cut samples
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Figure E.30: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 50 Hz, material M270-35A.
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Figure E.31: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 250 Hz, material M270-35A.
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Figure E.32: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 500 Hz, material M270-35A.
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Figure E.33: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 50 Hz, material M800-65A.
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Figure E.34: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 250 Hz, material M800-65A.

350
-©-measured v
* computed — model

3001 ¢ computed — datasheet

N
a1
o

N
o
[«)

150

100

Power loss density (W /kg)

50

— ]
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Magnetic flux density (T)

Figure E.35: Loss curves as measured, as computed using the proposed approach
and as determined from datasheet values of the investigated laser-cut
stator lamination stack at 500 Hz, material M800-65A.
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Appendix F

Additional information

E1 Data of PAS 5000, Spitzenberger + Spiess

Table F.1: Extract from technical data PAS 5000 [104].

Nominal voltage

ACZ 135 Vrms/270 Vrms
DC: £191V/+382V

56 Vims

Load regulation

range/max./typ.

range/max./typ.

135V:0.8%/0.5%

approx. 1h: 7500 VA

DC - 450Hz 56V:2% /1%
270V:0.3%/0.2%
135V:4.0%/2.0%
450Hz - 5kHz / 56V:6% /3%
270V:0.6% /0.3 %
. . - 10 min: < 0.2 % at constant load and temperature
Gain stability
- 8h: < 0.5% at constant load and temperature
AC: continuous: 5000 VA AC: continuous: 2070 VA
Power

approx. 1h: 3100 VA

DC: continuous: 5000 W
approx. 1h: 7500 W

DC: continuous: 2700 W

aprox. 1h: 3100W

Short-time power

10000 W for 10 min. at 270V

4350 W for 10 min. at 56 V

Peak power at 135V: 21000 VA, 8700 VA,
at 270 V: 42000 VA,
Frequency range DC - 5kHz large signal bandwidth (-3 dB)
DC - 50 kHz small signal bandwidth
Harmonic distortion range/max./typ. range/max./typ.

DC 15Hz - 450 Hz

135V:0.3%/0.1%
270V: 0.1%/0.05 %

56V:0.5%/0.2%

135V:25%/1.5%

450Hz - 5kHz 56V:3% /1%
270V:0.6 % /0.3 %
Power Supply 230V/400V (+6 %/—10 %) 50 Hz - 60 Hz
Option Compensation of internal resistance
Option Special frequency range
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Appendix F Additional information

F.2 Calculation of the specific cutting length CL

The specific cutting lengths for the Epstein samples have been calculated according
to the calculation used in [169] and [170] (see Eq. (F.1) for a single Epstein strip).
Thus, the width of the rectangular samples is neglected for the non-specific cutting
length.

CL =

21
- (E1)

For calculating the specific cutting length of the stator samples, only the yoke is
considered, as, in the measurements, the magnetic flux flows almost exclusively
in the yoke. This is due to the measurement method (see Chapter 2.6). Thus, the

specific cutting length for the investigated stator sample’s geometry is approximated

as follows:

7 (Ds + (D = 2 hyore)) — 2b,

Myoke

CL =

(E2)
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