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Abstract

Electrical steels play a vital role in tgeneratiorand use oélectricityasthey arewidely
usedin a range of electrical equipment for industrial and domestic appliances. The
materialis usually manufactured in the form of celolled thin strips that are stacked
together to fornthe laminated stacks used to form the stator and rotor parts ofielectr
motors. As the individual layers are made mostly by blanking and piercing processes the
quality of the final product directly affects the performance of the electrical machines.
The blanking proceseesultsin local plastic deformation and texture maddétion in
electrical steels which will affect the magnetic and mechanical performance of the electric
motors and transformers. Therefotlke main aimof the project is to obtain a better
understanding ohie global and local magnetoechanical properties of the sheet material

at the cut edge and vicinity areeoptimisedesign parameters used for the final products.

An experimental investigationvas designed and implementéa study the
mechanism of blankig operation and local magnettechanical properties of thin strip
electrical steels at the cut edge. The deformation at the cut edges was identified regarding
main blanking parameters such as deformation rate, material thickness and sheet
orientation at apecific clearance. The thickness of individual laminates plays a critical
role in the magnetic performance of the manufactured power units. However, the thinner
gauges introduce challenges to the manufacturing and processing of the material,
especiallym the highspeed cutting operations. Therefore the study was considered using
two different thin gauge thickness with different grain orientations of electrical steel with
nominated thickness 0.2 mm and compare results with those for 0.35 mm sheetghicknes

A novel blanking experiment together with Digital Image Correlatiwoas
designedin order toidentify local strain distribution in laminates of bothe used
thicknesgesduring the blanking procesBhatwasdoneto achieve a better understanding
of deformation induced microstructural damage in the vicinity of the cut ddge. a
bespokesingle sheet magnetic tester was designed and built to determine the effect of
blanking induced cut edge damage on magnetipgagatiesin the form ofhysteresis losses
and quantify magnetic deterioration in the produced laminations. The microstructure of

cut edge deformation anithe fracture surface vas observed using both optical and



scanning electron microscapeFurthermore, Nanmdentations testsvereimplemented

in the deformed area at the cut edgesharacterze local deformation.

The results showed that the cutting process parameters have a significant impact on the
mechanical and magnetic properties and the cut edge qual@yet@ihced thickness also
introduced a great challenge in preparing samples for all the tests that were done. Sheet
thickness had a significant role on the hysteresis loss and extefslefoonation and

strain amountThe resultsalso showed that thélanking speedlso has an important
influence on blanking results and thereby more affected in mechanical and magnetic
properties.However, it was observed that the thickness of the laminations plays an
important role due to the small number of grainshie thickness direction causing the
individual grains to have a significantly high effect on the local properties of the produced
parts. The change in the cutting location regarding the grains could cause different
deformation state. This variations in thianking deformation make it very difficult to
determine the extension of deformation or give clear trend to the blanking behaviour
effects upon the mechanical and magnetic properties.

The achieved results can be used to enhance our knowledge and lmalfyract
implemented through the interconnection between the inputs of the cutting process and
the outputs represented by the edge quality and affected properties. This investigation can
also be incorporated in improving the manufacturing process in oraenrtage magnetic

property deterioration, thereby exploiting the full potential of the magnetic materials; as

a result, improving the machineds perf or me
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Permeability, tesla/A/m
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Quantity of flux, weber
Resistivity, _m, ohm metres
Area, nt
Induction, tesla
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Applied field, A/m
Coercive force, A/m
Current, amps
Intrinsic magnetisation (BH), tesla
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NGO
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DW
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Electrical steel

Grain orientation
Non grain orientation
Single SheetTester
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American Society for Metals

ASME American Society of MechanicBngineers

ASTM American Society for Testing and Materials

COE
DC
AC
DIC
FCC
HAZ
DAZ
SEM
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Direct current

Alternative current
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Facecentred cubic
Heataffected zone
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Chapter one Introduction

Introduction

1.1 Introduction

Improvingproduction processes and product quality is a very important issue and ongoing
concern for researchers seekio@nhance the quality of products as part of a global trend
towards reducing energy consumption along with achieving high machines performance
[1]. The laminations of core are one of the main components of transformers or the stator
and rotor parts of etgric motors. The blanking process is used to cut the sheet material
to the required shape by mass production at low cost and therefore remains the most
commonly preferred cutting process for producing laminations [2].

Electrical steels are widely usedlamination materials in the electrical industry
because of their superior electrical properties such as high permeability and low magnetic
losses and the low cost [3]. However, the blanking process induces plastic deformation
and local damage at the culge which in turn causes negative effects on material
properties and the cut edge quality. Among all features of the final product, the produced
magnetic properties are extremely important for blanked electricat Sieehuse these
are directly correlatetb the performance of electrical motors. Magnetic properties are
influenced negatively by cut edge distortiand texture modificatiothat are considered
as sources of stress concentrations and poor properties in the material [4].

It is essential to det¢, quantify, and when possible eliminate the edge
deformationthrough optimisation othe blanking parameters in order to produce -igh

quality final blanked electrical steels. Therefore, this research focuses on the effects of
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blanking parameters on magoenechanical properties at the cut edge of thin sheet
electrical steels, to understand the local properties of the sheet material at the cut edge

and the vicinity area.

1.2 Problem Description

Blanking is the preferred process for producing electrical steghktions for electrical
machines and transformeigeally, this process should take in ES sheets and deliver
perfect blanked parts with the same properties as the feedstock used. However, in
practice, a range of defects can arise during the blankingtog® The presence of edge

and vicinity area defects remains the most serious problem in the blanking process; this
Is because they interfere with the performance of the final product [4].

During this cutting process, the material is plastically deformed and residual
stresses are generated, especially at the cutting edge and the vicinity area. The induced
deformation can affect the mechanical and magnetic properties of the electricdlesteel s
due to modifying of the material 6s featur
zone. Distortion in local cut edge grains occurs due to the exposure of the cut zone to
diverse stresses such as tension, compression, and shear [3]. In sucéss, piastic
deformation occurs due to the movement of an edge dislocation across the crystal lattice
under a shear stress. The presencedislocation can lower the shear stress required to
cause slip4]. The dislocations can become entangled andi@rgewith each other, whilst
barriers such as grain boundaries, impurities in the material may cause impediments. The
increased shear stress required to overcome these entanglements and impediments results
in an increase in the overall strength and thdiass of the metal or, as it is known, strain
hardening. The greater the deformation, the greater the number of entanglements and
hence the higher the increase in the meta
proportionally to the plasticstrgin t her eby affecting the mate
density in the edge region [5].

The blanking process can cause a number of defects in the metal crystals such as
micro-voids and cracksMechanical and electrical properties of metals, such as yield
stress, fracture strength, electrical conductivity, and magnetic losses can adversely be
affected by these imperfections [3he other important issue is the generation of burrs,
which inevitably occurs when displacing metals mechanically such as bkirgan

causing burrs to be formed on the cut edge. Much effort is expended to restrain burr

2
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effects. The burr size relates to the appropriate die design regarding the material
properties [1]. The deterioration of magnetic properties may occur due tolcrysta
deformation; where the disrupted crystal lattice will produce a region of lanlksttesses

and dislocations due to the cold work [6]. These sites pin domain walls, impair
permeability and increase power loss [3].

Analysis of theblanking processs vary compelexbecause this process includes
multiple factors that simultaneously play a role in the generation of defertexample,
sincethe speed of the cutting operation relates directly to the economics of lamination
production, a high cutting rate preferred. Also, thinner sheets may have better magnetic
performance but require more laminations to give stack height. The mismatch between
the punching parameters could cause changes in the geometrical shape of the cut edge.
Typically, as the regionfalisruption spreads some distance from a sheared edge, using
appropriate die parameters will minimize process damage at the cutting area. Cutting the
small parts such as stator lamination teeth will increase the effect of the process due to
the convergere of the effect of the edge$he blanking die contains a lot of parts.
However, designing new blanking ideas may eliminates some parts, such as the stripper
plate and feeding control, depending on the experience with using the process and the
required airs. The analysis of cut edge deformation is very difficult because of the small
size of the deformation zone and the process deformation takes place in the closed area
inside the die cavity. The challenge of the test is increased when the used shedt materia
thickness is very thin.

The research problem can be summed up in terms of the analysis of the blanking
process using new techniques and strategies to investigate the mechanisms of blanking
and cutedge formation of thin sheets of electrical steel toea@ha better understanding.

In addition, it involves linking the affected the mechanical and magnetic properties and
the affected edge features regarding the process parameters. Because of the interactions
among the various process factors, improving thelity of the final product could

depend on considering all these factors and the corresponding results simultaneously.
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1.3 Research objectives and novelty

Blanking processes involve a lot of variables and phases and their interactions make the
cutting mechanism system extremely complex. An experimental investigation was
adopted to emulate the actual blanking tel§thas become known that the blanking
processresultsin a local plastic deformation and generated stresses concentrate at the cut
edge and extend to the vicinity area of deformation zone, wd@akegleterioration of
themagnetiemechanical performana# electrical steels.

Therefore, theprojectfocused on investigating blanking mechanisms and local
magnetemechanical properties of thin sheet rgyain oriented steels at the cut edge
concerning deformed or damaged material.

One of the main novelties of this research is represented lynmsimtechniques
and strategies to investigate the mechanisms of blanking through such as implementing
the highspeed digital image correlation technique (DIC) to visualize cut edge damage
during the blanking process on amsitu blanking rig. Moreovergtillustrate the failure
mechani sm of the materi al and give a cl ea
initiation and propagation during the cutting process. Furthermanewasmall single
sheet magnetic tester (SST) was designed and utilizedctomnatodate a specific flat
specimen and measure magnetic properties to determine the general rpagpeties
and specific hysteresis losses. That could lead to the development of a production strategy
regarding the microstructure and mechanical propgedi¢he material that improves the
quality of the final blanked material.

The project aimed to use of a new generation gauge of electrical steel. It might be
the first time that the thin sheet (with thickness 0.2 mm) steel has been used to analyse
and meaure the deformation and damage during blanking and link it to the magnetic
properties and comparing the results with those for 0.35 mm steel. In line with the
industrial trend to increase machine efficiency and reduce the total losses.

The project also smpts to evaluate the effective weight for the process
parameters such ddanking speedmaterial thickness, and sheet orientattegarding
the magnetic lossesFinally, one of the major research thrusts involves finding
connections among blankingrocess parameters and the mechanical, magnetic, and

microstructure properties regarding the deformed cut edge of electrical steel.
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1.4 Thesis Outline

The thesis is organized in six chapters with the following content:

AChapter 1: This, the current chaptegjves a brief introduction about the scope of the
thesis, the aims and novelty of this research.

AChapter 2: This presentshe literature review and gives a general introduction to the
electrical steel material and its industrial manufacturing methoanple comparison is

made between popular lamination materials and cutting methods. In addition, the physical
magnetization process is explained and typical measurement methods for iron losses in
the single sheet of electrical steel are discussed. Theibppkocess mechanism and
cutting parameters affecting the cut edge features and affecting mageetanical
properties are introduced as well. Finally, a summary is provided of the main knowledge
gap.

AChapter 3: Gives an overview on the empirical metlatogy followed in this study,
including the selection of research material and the new practical methods and techniques
that are used, along with presentation of illustrative designs and tools. The measurement
setup developed in this project is also diésat in this chapter.

AChapter 4: Determines the effects of blanking operation on local magmeichanical
properties at the cut edge through the study outcomes. Characteristics of mechanical
properties including tensile, Natodentation, and strain measments are evaluated.
Furthermore, it evaluates the possibility of using the measured results to characterize the
magnetic properties losses in ES due to the influence of the cutting process. Also, the
microstructure and local material features at thieetlge and the fracture surface are
examined.

AChapter 5: Discussion and comparison are conducted of the measured results in order
to identify and interpret their causes and consequences. Simple statistical results analysis
is also carried out to estaliliglirect relations between the blanking parameters and
induced deformation and the blanked properties.

AChapter 6: Provides a brief conclusion of the main results of this thesis and presents
proposals for future activities to investigatiee cut edge deformation induced by

magnetemechanical cut edge defectsaiectrical steel.
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Literature review

2.1 Introduction

Blanking process is a manufacturing operation where sheet metals are cut into
specific geometries using the interaction of blanking die and punch sets. In this operation,
the material experiences a latgealizeddeformation where the cutting edges of die
punch meet in order to shear away boundaries of the product$oddiizeddeformation
could adversely affect micromechanical and microstructural properties of the parts at the
vicinity of the cut section which is called the cut edge. The blankingess induces
damage in parts of the cut e¢ltfeis deformation becomes more critical when the cut area
and sheet thickness are snjal|l3]. Steel grades with a high percentage of Si content are
widely used in electrical applications and mostly refeti@ds Electrical Steel (ES).
These materials agsually providedas very thin sheets ready to be blanked in specific
complex geometries for use in applications such as the stator and rotor of electromotor
cores, or the laminations of transformers. Thes@nee of high Si content in ES together
with their small thickness makes them prone to severe cut edge defects etz
deformation and excessive burr which in turn result in the loss of magnetic efficiency in
the final products. Therefore, thibapter will deal with the ES material in some detail
and clarify the blanking mechanism and steprs.addition, it will explain the main
principles of the magnetic properties and power losses to convey how blanking
def or mati on af f e digsSVoredves, it wilarefer to theatéclingjuepand p e r

tests used in analysis by relevant studies and the results of those researches.
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2.2 Electrical Steel (E.S)

Electricalsteel is a type of low carbon steel, sometimes referred to as lamination steel,
silicon steel, or transformer steel. However, the term electrical steel has become the most
popular and indicates a magnetic material formed of cold rolled sheets witih a
percentage of silicon element. These shemttedlaminations, are assembléal form

the cores of transformers or the stator and rotor parts of electric motors. Laminations may
be cutto desiredshapes either bylaankingprocess in magsroductionor by laser and

wire erosion for smaller quantities [1,.3[he magnetic performance of EBeetsis
increasedhrough reducing their thickness as tteducesghe generated eddy current loss

[1, 7]. For this reason, a new generation of classical electrical steels has been developed,

for example, the steel with a thin gauge of 0.2 osmdin thecurrent study [8].
2.2.1 Electrical steel applications

Electrical steel sheets are used in a wide range of equipment, from the simplest domestic
appliances to the modern technologies such as the core of the traction motors of electric
vehicles (EV) and hybridlectric vehicles (HEV).The continued demand for smaller,
lighter, more powerful and efficient motors is the driving force for investigating and
developing methods for enhancing the performance of electrical steel [Shjeets

There are some other magnetic materials such as Nickel and Cobalt iron alloys
which couldusedin similar or particular electrical applications [3, 9]. Cobalt steels are
used primarily in aircraft applications where size and weight are critical [10], asere
Nickel steels are used with a high frequency ranging from 500 to 50000 Hz in inductors,
transformers and communication equipment [1]. However, electrical steel sheet is the
most commonly used ferromagnetic material due to its relatively high magraieres
such as high permeability and lower loss in addition to its good formability and lower
cost compared to other materials [1Rijgure 2.1 shavs the main applications and their

component ES laminations.
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Figure 2.1: Main applications of ES: a) electrical motor, b) electrical transformer [1,12].

2.2.2 Classification of electrical steel

Magnetic materials includéerromagneticand ferri-magnetic materialsthat can be
categorizednto three typesncluding; soft magnetic materials, hard magnetic materials,
and semhard magnetic material based on theiagnetizationand demagnetization
processes. ES isonsideredas asoft ferromagnetic materiathe different types of

magnetic material are shownhngure2.2 [8].
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Figure 2.2: Types of magnetic materials [8].
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Soft magnetic materials argypically usedfor applications in which small
magnetic fields are applied to switch thagnetizatiordirection, whereas hard magnetic
materials (or permanent magnets) asedin applications where thmagnetizatiordoes
not changeunless relatively large magnetic lis are applied, such as in speakers and
microphones [9]ES materials can bdividedinto the following categories according to
their magnetemechanical and microstructural properties [1, 3]:

1) Non-Grain Oriented (NGO): In which the magnetic propertige assumed to be
approximatelythe samein different directions of the material; thereforejs usedin
rotational applications such as electricaitors

2) Grain Oriented (GO): In which the magnetic properties are most powerful toward the
rolling diredion, but it has inferior properties in other directions; therefore, this type is

preferred for stationary applications such as transformers.

2.2.3 Material isotropy and grains orientation

At room temperature, the electron spins are spontaneously aligned within iron crystal to
give seltsaturation, whilst some directions ckea much more easily magnetizéthn
others[8]. The material is considered to have isotropic magnetic propertiess if it
properties do nothangeregarding grainsrientationand to have anisotropic properties
if its properties are affected by the textoreentation

Non-orientedelectrical steels have different grains orientation, these differences
in directioncan make the magnetizatiorof the material much easier at low saturation
levels. There are two complex systemssbip directions; plane orientations (100, 110,
and 111), anglanes orientations (001 and 011figure 2.3 shows the case when the
grains orientations of (001) or (011) planes parallel to the plane direction of the sheet of
the (100). In case of oriented electrical steel, the grains orientattamislled toward
the rolled direction (called the cuosredge (COE) or Goss texture) so that the axes of
planes (001) and (100) are identical 91, Modification of texture can be achieved by
applying a complex series of cold rolling and heat treatropatations that causes the
grains to grow in such a way that makes the material easy to magnetize in sheet rolling
direction. This process will enhance the magnetic properties in the rolling direction but
produces relatively poor magnetic properties intheansver se d.iTheect i on

figure alsoshows the iron lattice argtains orientation systerithe (100) direction is the
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easy cube edge direction; (110) is the hard cube face diagonal direction; (111) is the

hardes cube body diagonal directid8].
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Figure 2.3: Electrical steel grains orientation system: (a) B.C.C latticg(b, c)the
anisotropy of ESdue to theoriented texture [3].

Magnetacrystalline anisotropy means that more energy is needed to magnetize
material in a certain direction, either RD or TD. Additionally, tensile stresasethe
process ofnagnetizatiorand reducethe power loss. Conversely, compressive stresses
interfere with themagnetization procesggatively{13]. The excitation of the material is

affected by the sheet grain orientatitimerebythe magnetic properties become sensitive

to the grainds direction. I t 1 isassumeddob | e

be isotropic, the magnetic properties are reported not to be identical in the RD and TD

directions of the material [14].
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2.2.4 Metallurgical properties

Electrical steeldhave a structure dbody centred cubicrystals [1%, which contains

several elements such as Silicon, Manganese, Aluminium, and carbon in small
percentages. Electrical St e edafbansheetsteels;st r uc
the microstructure of a typical motor lamination steedhiswnin Figure 2.4 [16]. The
non-oriented grades contain minor amounts of cementite and inclusions and low sulphur
levels, often below 0.01%; in the oriented grades sulphegheknitrides are used to

improve grain orientation by promoting secondaagrystallizatior[1, 3].

Figure 2.4: Micrograph of NGO electrical steel etched in 2% Nital [16].

Silicon is used as the main effective additive element because it causes increasing
the electrical resistivity and decreases the indeckly currents, thus lowering the power
core loss [3, 7]Electrical steel may have from@5% Sj whereas commerciallloys
have silicon content of up to 3.2(4. Very high silicon content (e.g., >4.0%) may result
in lowering of induction permeabilityaturation density, as well pstentiallychanging
the alloy phase or mechanical propertiasthe form of increasing the brittleness.
Depending on the type of produeluminiumand manganese are added in amounts of
less than 1.0%, in order to gain thenkefits of increased resistivity, obtaining an optimal
grain size, and reducing the impurity content. It is worthy of notice that increasing the
grain size will reduce the core losses up tedaingrain size [9].Figure 2.5 shows the
influences of some elements on the resistivity of iron (A), and percentage of silicon (B)

in proportion to the magnetic and electrical parameters.

11
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Figure 2.5: Effects of some elements on iron properties, a) material resistivity, b) Magnetic
and electrical properties [8].

Carbon, sulphur, and nitrogen are undesirable elements in{Bieafley because
they form impurities in the material composition; for example, carbon element
precipitates as carbides. Higher content of these elements may lead to restraint of the
domain movement and cause power losses. Therefore, these materials are tightly
controlled duringhe manufacturing process of the material [F&}Si alloys consist of
a binary system; the two main components are Fe and Si [15]. Theilimom phase
diagram inFigure 2.6, shows the effect of increasing the percentage of Si on the material
structure.The nanostructure and Napeecipitates such as nanetallic inclusions may

also have an impact on the magnetic properties because they limit grain growth during
final annealing [17].
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Figure 2.6: Phase dagram of Fe Si alloysand the effect of Si on the material
structure [8, 15].
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2.2.5 Methods for manufacturing electrical steels

The initial ES production steps are similar to those for carbon steel. Firstly, as in the initial
stage for steel making, the steglmelted in a blast furnace and continuously poured to
make slabs, then hot rolling from the initial casting ingot to small gauge thickness of
about few millimetres, followed by cold rolling to the desired thickness up to 0.1 mm
[18], and to achieve goodidace conditions. Before cold rolling, the coils are exposed to
heating, sidgrim and pickling processes to remove scale and provide a surface suitable
for cold rolling. The sheets are heat treated to homogenize the internal structure of the
metal and daieve the required characteristics and finally coiled up and side trimmed [3].
As a result of these processes, the steel crystals are stretched and flattened in the
same direction of rolling. That will reduce the grain size and increase the grain boundary.
The grain boundary is considered as a boundary of a big domain or smaltgimari
zones, which contain many small domains. Therefore, a reduction of the domain size
produces lower core losses; this can be accomplished by reducing grain size or by
applying tensile stress in the rolling direction [Blectrical steel can bgroduedin two
states: first, fullyprocessed, in which case the materiaampletely developedith all
the final properties, and second, a s@nucessed state, where the materigdrisduced
to the final thickness without full annealing heat treatment. us®rs need to adapt the
heat treatment according to the required magnetic properties FigQie2.7 shows the
technological path of ES sheets guotion according to thEogent Power Company (the

supplier of electrical steel material for the current study) [18].

13
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Figure 2.7: Electrical steel making outline [18].

The following two typical routes ifrigure 2.8 and 2.9show the main differences in
production of two electrical steel types which are essentially related to the alignment

direction of grains and heat treatments.
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[ Hot rolled 3.2% SiFe, 2—2.5 mm thick, small amount of MnS J

( Pickled to remove surface oxides, side trim ]

[ Cold roll to thickness around 0.6 mm J

= =

[ Annealing at about 950°C to recrystalize and soften material ]

:

[ Cold roll to final thickness around 0.23—-0.3 mm J

;

[ Anneal/decarburize at about 840°C in wet hydrogen, coat with magnesium oxide ]

:

24 h box annealing at about 1200°C in dry hydrogen for secondary
recrystallization and remove sulfur, nitrogen, and oxygen

:

[ Annealing at 800°C for flattening, remove excess MgO, and final coating ]

z

[ Domain rafinement, coil up, and side trim ]

Figure 2.8: The Production route of fully processed GO electrical steel [3, 8].

[ Hot rolled up to 3% SiFe, 2—2.5 mm thick, ultra low carbon and sulfur J
[ Pickled to remove surface oxides, side trim }

:

[ Cold roll to intermediate gauge ]

n
f

[ Annealing at about 800°C to recrystalize, coating ]

;

[ Cold roll to final thickness around 0.35 or 0.5 mm ]

:

[ Side trim, slit, and coil up ]

:

[ Final annealing at 800°C by customer after stamping ]

Figure 2.9: The Production route of fully processed NGO electrical steel [3, 8].
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2.3 Magnetic properties of ES

When a ferromagnetic sheet is placed withirean t e r n a | magnetic fiel
structure is affected because of electron movement in the atoms. A rearrangement of the
domain structure takes place, mainly due to domain wall movement. The domains
energetically tend directionally to the appliedld direction. Therefore, it is essential to
understand the principles of the magnetic domain structure and factors influencing the
magnetic properties in order to understand the behaviour of the material during the diverse
deformations and the reasons fimprovement or deterioration in these properties. In
addition, it is important to identify the terms used to describe and quantify magnetic
materials such as hysteresis loops and induction and including the magnetic field and flux

density.
2.3.1 Ferromagneticdomains and magnetic properties

Soft ferromagnetic materials such as ES can be easiynetizecanddemagnetize7].
This unique property of ferromagnetic materials lies in the ability of small externally
applied fields toorganizedomains in the crystal structure, which can greatly influence
the switching to themagnetizationstate [9]. The magnetic domain structure can be
explained starting from the atom structure in the material. At the centre of an atom there
is a nucleus arounghich electrons orbit in a complicated manner. Each electron has an
electric charge generated as a result of its spin or rotation aroundAtselthere is a
magnetic moment caused by its rotation around the nucleus. The atom has a large number
of eledrons. Therefore, the resultant magnetic moment tenderagsciatedvith the
overall directions of the electrons. The number of electrons which are effective in
contributing to the atomic magnetic moment is called the Bohr magneto number [3, 19].
Themagnetizationpr ocess i n ferromagnetic mater.
movementsn orbit. Smallpolarizationzones with a micro field, known as domains, are
generated inside the materials. The boundaries between domains, called domain walls or
Bloch wadls, become mobile when a sufficient field is applied [9]. The grains in the
material have many domain areas. Therefore, each grain will have special behaviour on
the axis omagnetizationThese grains could have irregular directions, and thus the whole
material consists of a large numbemo&gnetizedareas in a random direction, as shown

inFigure2.10. When all t he el ec theextarsabfielddiractome nt a
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a powerful overall directionally coordinated magnetic fieldyéneratedThis internal
spontaneous magnetic field that aligns the electron spins could stogeditif@oundary
of the metal [3].

90° Domain wall Domain wall
/ Grain boundary Domain

180° Domain wall

Figure 2.10: Typical domain structures observed in ferroelectric material [20].

In ferromagnetic material such as ES, when a large enough field is applied, all the
atomic moments become aligned preferentially along the applieddfrelction, in what
is knownas the saturated state [9]. The saturation stateaghetizatiordepend®on the
number of atoms per unit volume and the Bohr number. The arranging of atomic magnetic
moments in parallel to the applied direction can occur ahliow temperatures. The
higher temperatures can cause random movements, which increase up to a value called
the Curie temperature { where the thermal agitation overcomes the effect of the

coupling forces; thereby the material loses its ferromagneijspties [19].

2.3.2 Domain structure and domain walls motion

During the magnetization process, an internal magnetic field is generated opposed to the
aligning of the electromagnetic atomic spins. Consequently, created a localized region
contain pairs that equal in value and opposite in charge direction, calleédifble
dipoles make a gradual transition frahe first domain alignment tthe second through

the domain wallsFigure2.11 shows a schematic diagn of the domain wall movement

and spin dipoles. If a single crystal of ironnmgnetizedthe crystal will be in a high
potentialenergy state, but magnetization of an increased number of crystals or domains

will reduce the energy irefromagnetic polygsstallinematerial [21].

17



Chaptertwo Literature review

Domain

Figure 2.11: Schematic of spin rotation in a 180° domain wall [21].

The process of domains alignment follows the easy axes of the material anisotropy
based on the displacement of domain walls and the rotation of the dipoles inside the
domains [22].The domain pattern is dependent on the grain boundary regarding the
applied field. Figure 212 shows t he ef fect of grain bo
movement when the magnetization field in rwrented silicon steel material applied.

The figure illustrates how the random domain patterns begin to organize gradually from
the low field Figure 2.12a) to the high field Figure 2.12d) where the domains are

clearly seen stops at grain boundaries.

Figure 2.12: Observations of domains at grain boundaries in NGO steel [22].

The distribution of local domain walls in NGO electrical steel sheet is very
complicatedand depends on many factors such as grain structure and size, material
impurities, local stress, anddal potentialenergy [8, 20]. Pinning of these domain walls

by small oxide precipitates and strain fields is considered as the main cause of reduction
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of magnetestatic energy inside the precipitates. If the magnetic field is increased to a
certain extent,the domain exhibits various movements in addition to niggural
movement, including

1) The domain wall twists gumpson encountering obstacles that are formed because of
plastic deformation or precipitations. These domain wall jumps are called Baéthau
jumps and cause ferromagnetic hysteresis due to the absorption of onesafkit@uring
domains [19].The domain walls have been observed to move in curved lines around the
precipitates in nowriented steel [17].

2) The domais can rotate in prefeed directions close to the field, the final alignment

occurs in the main field direction by the continuous raising of the field [19].
2.3.3 Parameters of magnetic properties and hysteresis phenomena

The presence of a magnetic field strength H, sometimes called magnetic field intensity,
i n an area A, can generate a magnetic fl u
as magnetic induction, depends on the magnetic properties of the medium ddsgribed
permeability (¢g) and the magnetization of
Amperes per meter, a I's measured Tegsla uni ts
units or Weber per meter. The related parameters between them are the perraeability
(B/H), hysteresis loss€bixdB/dt), and polarization ar B T ¢H).

When a piece of steel is brought near a magnstibjectedo a magnetic field,
themagnetizationn the iron process describedy amagnetizatiorcurveor B-H loop.
This curvecan be obtainely plotting the magnetic inductidhagainst the field strength
H. The B-H curve is a fundamental relationship figscribing theessential information
regarding thenagnetic properties of materials [23]lh e per meabi | iogfty of
i s e g u a’l[H/n].drigude’2.130shows the relationships between the flux density,

magnetic field, and the permeability
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Figure 2.13: Initial magnetizationcurve and permeability for iron [24].

Magnetic hysteresis is a physical property of ferromagnetic materials that results in the
dissipation of wasted energy in the form of heat energy that is proportional to the area of
the magnetic hysteresis loop,what is known as hysteresis loss [2, 25].

Figure 2.14 shows a typicalmagnetizationcurve B-H curve) to explain the
behaviour of a ferromagnetic co/hen the core is umagnetized, both B and H start
from zero (point 0) of the curve. When the current increases in a positive direction, the
magnetic field strength and flux density increases lineary ¢arve) unt reaching the
saturation stateNVhen any further increase in the magnetic field strengtindasfect on
the value of B, this point on the graph is called Magnetic Saturation or core saturation.
Saturation occurs when the random arrangement of the datmacture within the core
material reaches the ideal alignment that induces a maximum flux density. Then, when
the magnetizing current and magnetic field reduced to zero, the flux will not reach zero
due to the residual magnetism present within the @sbecurve).

This retaining of some magnetism is called retentivity or remanence and the
remaining of flux density is called residual magnetism (Bnat occurs because of some
of the tiny molecular magnets do not return completely to the original state. The way of
zeroing the flux density is by reversing the direction of the cuttemake the value of
the magnetic field negative. This effect isledla Coercive Force @i The reverse of
the magnetic field will cause 4@ranging the molecular magnets of the core until
becomes wmagnetized (at point cYhe increase in the current and magnetic field in the
reverse direction will cause reach theecto the saturation point but in the opposite

direction (point d) which is symmetrical to point a.
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If applying the same procedure but with reversing the magnetizing current flowing

through the coil, the second half of the loop will be reached, ief@) curve. The fully

B-H curve representing the magnetic hysteresis loop. Soft ferromagnetic materials such

as silicon steel have very narrow magnetic hysteresis |I&mgfsmagnetic materials can

be magnetized using AC and DC currents, the magnetic ppiegpare varying in these

two conditions. In the AC condition, the magnetic losses occur due to the continuous

reversing the direction of magnetic poles. DC magnetization also incurs hysteresis losses

as magnetic poles are alternately reversing directmnsne cycle and can show

behaviour similar to that of AC. The shape of the hysteresis loop depends on the used

material type [7, 26].

B Flux Density

&

Retentivity

B N\Q

Coercivity /

(Hc)\

-H

Saturation

H

Magnetizing Force
In Opposite Direction
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=

Saturation
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y
=B In Opposite Direction

Magnetizing Force

Figure 2.14: Typical magnetizationand hysteresis curve [21].

A. Krings and J. Soular@7] explained that the change in magnetic losses in both

AC and DC magnetization occurs due to the movement of domain walls. Also, hysteresis

losses could arise at DC due to the fact that even though the magnetization change is very

slow, the local magnetization inside the domains changes ragtiyre 2.15a,

illustrates the differences between AC and DC magnetization hysteresis loop states.

The solid curve is the DC hysteresis loop. The loop becomes wider at the higher frequency

which means more losses as shown by the dotted lines. Therefore, it is evidenatitat B

Hc may change with frequency even for the same Hbwever, at any frequency, the

hysteresis loss is proportional to the area of tHd Bop. Increase in loop area with

frequency is usually attributed to flow of eddy curreftgure 2.15b shows that the flux

density is also proportional to the applied current for a given frequency. Increasing the
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number of turns of thenagnetizatiorcoil leads to increase in the current and thereby an

increase in thanagnetic field. Therefore, the largest loop corresponds tdititeest

applied current at maximum flux density,Bf the effective current is reduced, a smaller

B-H loopresultswith lower flux density Bm3. When the current is reduced further, lower

flux density isreachedas in Bn2 and Bn1 [28]. The saturated state can be reached by

applying sufficient current and magnetic field depending on the material type and size.
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Figure 2.15: a) Differences between the AC and D@agnetizationon the hysteresis loops,
b) Effect of applied current and flux density on the hysteresis loops [28].

2.3.4 Magnetic power losses

The difference between the supplied and the outggnetic poweis called the power

loss [7]. It can also be defined as dissipation of energy as heat. The power lesgyis a

total losses in machigeusually given as loss per cycle or watts per kilogram for a specific
frequency.Permeability in ES applications is a secondary quantity and it is inversely

mportant

property

n

det er mi ni nbgtionttd e

related to the magnetic loss at the fixed magnetization condi2®). The power energy

loss carbegeneratd from the following three sources [1, 26]:

ma t

1) Corelosses omagnetic losses, which include hysteresis losses, eddy current, and

anomalous losses of motor components [29].

2) Mechanical losses, which resultedo friction and winding losses or copper losses.

3) Stray load losseare the losses which are caused by variation in load.
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Usually, thin sheets of electrical steel are preferred for use in the manufacture of
the stator and rotor cores, to reduce eddyetu losses in the iron core as a result of the
alternating flux induced during operation [7]. Hysteresis loss occurs due to the
irreversible nature of the magnetization process of a magnetic material when an external
field is applied, whereas eddy loscars due to the currents flow in the opposite direction
to the electromotive force (emf) induced in the material due to the magnetic field [29].
One means of limiting the energy losses of ES steel shd®t lewering the sheet
thickness to reduce eddyrcent losses [30]. The power loss generally decreases at a
certain thickness because the eddy current loss component tends to decrease in spite of
the hysteresis loss component tending to increase with decreasing thickness. The eddy
current loss decreashsearly with reduction in thickness [31].

Several factors appear to be responsible for the reductions in energy losses with
decreasing thickness of ES sheet. The main reason for reducing loss is the change in the
mat eri al 6s per me ariluehcingthe energyhcsseoof thiresheetfisaghe t o r
dependence of 180 ° domain wall spacing on sample thickness [30, 32]. Also, the
concentrated electric fields at domain boundaries in thin sheets could contribute to
increasing the eddy current losses [30here is a discrepancy between the sum of
hysteresis and classical eddy current loss when compared to the specific total loss in a
material. This difference is due to the anomalous losses. The increase in the number of
domain walls because of increasetlie grain numbers and grain boundaries at lower
thickness results in reduced domain wall velocity for the same magnetization response
because of reduction in the domain widths [29].

The inter-laminar eddy currents may occur between core laminations,oagish
in Figure 2.16 [1]. Therefore, the lamination is insulated by a coating layer on one or
both sides to prevent circulation of currents between the sheets. Also, insulation increases
electrical resistance between laminations to reduce eddy currents and to provide
resistane to corrosion or rust [1]. There are numerous types of coating, organic and
inorganic, that can be selected depending on the application [7]. The eddy current loss is
proportional to the square of the thickness of-fftdied magnetic materials, which
indicates that reducing the lamination thickness by half could reduce the eddy current
losses by ondéourth. The contribution of eddgurrent loss to the total loss is less than

that of the hysteresis loss at low frequency. However, the hysteresis loss beceater
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than would be expected based on pefsequency considerations alone. Thus, hysteresis

loss plays an important role at high as well as low frequencies [33].

ST T I T I T TR IR R L LT RN Eddy current within
\ core lamination
Eddy current between core laminations

Figure 2.16: Lamination sheet and iner-laminar eddy current [1].

2.4 Measuring magnetic properties of electrical steel sheets

There are different standard tests for investigating and evaluating the magnetic properties
and iron losses of lamination steels. Some are used to test the stack of laminations or the
whole core before windings are applied and mounted into motors, st @sg test as

shown inFigure 2.17a. In this test method the core assembly steps such as welding,
riveting, and bolting need to be considered. theo testing method is used to test
individual sheets to measure asfthracterizé¢ he sheet materi al 6s pr
the single sheet tester SST. Normally this test method is applied to measure power loss
and define themagneticproperty of ES. Such measurements play an important role in
supplying valuable data on magnetic parameters and the quality of products. The best
known method is called Epstein frame measurements and is a test that uses three layers
of four ribbons with 2&m length and 3 cm width, squarely placed and overlapping at the
corners [3]. The Epstein test is considered as a general standard for comparing lamination
properties among different manufacturatsspitehaving drawbacks relating to sample

size and erns due to the overlapping corners as showRigure2.17b.
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Figure 2.17: Magnetic measurement methods used to determine magnetic properties and
iron losses in electrical steel sheets [3].

With the Epstein frame, measurements are taken using wide samples and it is thus
not suitable for loss investigations in small sheet parts J2i§drawbacks of the Epstein
test can be avoided by using the single sheet tester. Then8®i6d is useth a wide
range of magnetic circuits in different configurations. For example, it may be used with
or without closure yokes and with or withoutddils for direct sensing of the magnetic
field strength[3]. However, the use of twsided yokes is preferred to cancel the eddy
current pools which add to measured losses and which may form in the strip at the limbs

of one yoke. Some SST fixtures a@ownin Figure2.18.

Eddy pool

Magnetising and B coils

Single yoke Steel sheet H coils

(c) SST with double yoke

(a) SST with single yoke (b) SST with H-coils

Figure 2.18: Single sheet tester fixtures for measuring magnetic properties [3].

M. Mikulec [34] investigated the accuracy ofddil methods by evaluating the

total measurement errors made by the single sheet testers (SST) in relation to the magnetic
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properties. It was found that the causes of the measuring depesidedn the methd

of determining magnetic field strength in the specimen and measuring equipment. B.
NAAS [35] evaluated the magnetic field strength using the single sheet tester for
individual square sheet (500*500 rrmaterials. The measurement efficiency vessed

under unidirectional and sinusoidal flux density. It i@sndthat the primary currerdid

not have an effediecause the frame shape was very complex and distant from the field,
so two tangential coils were used to increase sensing of the magneticréelgtistand
obtain measured quantities. J. P. Schlegel [36], on the other hand, examined methods of
measuring the magnetic properties and lossasddfidual nororientedelectricalsteel
sheetsThe study examinetthree commotypes of test: single sheet tester, Epstein frame,
and ring test.

A comparison was conducted to show the value and the efficiency of each
measurement method, taking into account industrial considerations such as cost, time,
complexity and accuracy of maarement. The ring test was found to be less expensive
and more accurate than the other two typesnother study, E. Usak [37] studied the
qualities of the double yoke type of single sheet tester. A magnetizatiowésldpplied
by means of foumagnéizing coils to a small specimen consisting of electrical steel
strips. Test parameters such asrttagnetizatiorof field strength and flux density from
the induction coilwere measuredThe measured quantitiegere comparedvith the
results gained by thetandard Epstein test method. The study found that the results
differed between the two test methods and that it is important to calibratagmetizing
circuit individually for each specimeHowever, even with calibration, the magnetization
curves wee different from sample to sample. T. Nakata [38] investigated the efficiency
of single sheet testers on the magnetic properties and iron losses measuremerats SST
testedi n di fferent positions regarding the
dimensions and type. The study found that when using the closure yoke in the horizontal
position loss measurement was highly influenced by the specimen width. Also, it
commented that the accuracy of measurement at the horizontal position is less compared
to the vertical type. N. Takahashi [39] examined a new method of testing magnetic
properties for different sample sizes and geometries. The new technique included using
an electromagnet and a specific probe with a very small active area. The test demonstrated
the possibility of measuring the magnetic properties of a sheet or cylindrical shapes of

soft electrical steel materials.
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Moreover, the new test produced similar results in comparison with the conventional
SST. H.Matsuo and M. Enokizono [40] used the $egheet tester system to measure
magnetic properties and losses for ES under DC power condition in both gain
orientations. A comparison between magnetic hysteresis loops was conducted at a variety
of magnetic flux densities. The research showed the plitysidh using SST efficiently.
Measurements indicated that the loss was dependent on the flux density and increased
with increasing the indication flux. N. Takahashi [41] useddingle sheet tester with
two excitation coils in order to measure the maign@operties of individual laminations
of grainoriented electrical steel. For accurate measuring, the SST was applied using
diagonal excitingoils under high flux condition in arbitrary directions. The flux density,
field strength and iron lossegere measuredunder alternating rotating magnetic flux
excitation. The results showed that there was an error between the two orthogonal coils
of the B and H coils and clockwise excitation was different from that under ceunter
clockwise excitation, so the avgevalue of the loss was obtained to conduct comparison
with the ordinary Epstein tester measurementanyinvestigations have been carried
out of single sheet testing in relation to measuring magnetic properties. Each magnetic
tester has specific featweand the selection of tester type will depend on the required

accuracy of measurement, sample size, the measurement position, and excitation type.

2.5 Methods for cutting laminations

There are many steps in thranufacturingf any machine core, includirayitting
the ES laminations, stacking, welding or sticking, and riveting. Any of these steps could
have a significant negative effect on the resulting magnetic properties of the final product
[3, 5]. The cutting process, which involvestting the materiaand producing the final
geometry of the electrical steel sheeis, a highly important procedure in the
manufacturing of iron cores of electrical machingéscould cause modification of the
material 6s texture at t he thaidriginal anggmetic whi c |
properties and lead to an increase in the iron losses ¢8gr8&8 cutting methods are
available, such as punching (blanking or piercing), laser, wire EDM, and jet water, as
shownin Figure2.19. Methodselection depends on several factors including production

rate, cost, edge quality, and application type [5].
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Mixing (Focusing) Tube

Figure 2.19: Lamination cutting methods, a) blanking, b) Wire EDM, c¢) Laser cutting,
and d) water-jet [5, 42, 43.

The punching process shown kingure 2.19a, is performed by applying shear
force usingtwo tools called punch and di@he blanking method, which is the one
adopted in the current study, requires specific dies todukefor the paricular lamination
geometry. Tool surfaces and the sharp edge can be affected by contiraduetipn due
to wear processesSometimes, both the stator and rotor laminations are cut
simultaneously from the same sheet in order to reduce the amount ofwedst&l and
the time consumed by the cutting process [44]. The most important problem encountered
during stamping cutting is burr formation at the lamination edges. These burrs may form
electric paths for intelaminar eddy current under assembly pressutensequently, the
stampingoperation must be carefully designed and controlled in order to keep the
stamping burrs as small as possible [1]. The concepts and parameters of the blanking
cutting process will be discussed in detail in the following section

The electrical discharge method (EDM), sometimes called spark ernsssbiown
in Figure2.19b. In thisprocessan electric spark is used to separatentbek piecefrom
the material by applying a pulsating electrical charge of-fighjuency current through
the electrode to theork piece There are two types of EDM processes, one of which uses
a formed electrode and the other uses a continuous moving wire electrodeERNE

EDM operations create surfaces with a relatively high roughness value of about 0.8 to 1.3
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e m. VEDM eperation is commonly used to produce the prototypes of cores, pins,
and stamping dies in small quantitid€]|

In the laser cutting process shownHigure 2.19c, a laser beam is used as a
thermal source to cut the material in different thicknesses. This methppglisdto large
size laminations for which the stamping process may not be suitdld his technique
Is also suitable for fast fabritan of motor prototypes because of its flexibility and its
good dimensional accuracy. The drawbacks of laser cutting are the low produatidity,
the highercost compared to the blanking process. Changing thelds#ing speedan
affect the cut edggquality. During laser cutting, an oxide film is generated on the burr,
thereby reducing the conductivity of burr contact and reducingliawenar losses [1].

The abrasive watget (AWJ) machining process shownhingure 2.19d, uses a
high-pressure water flow mixed with abrasive particles. The material is cut by spraying a
jet of highspeed water from the nozzle onto the material surface. There is no heat
generated in this process and it leaves no burrs or rough edges. disat@dermachining
process that is usually used for edge finishing adololeng operations. Watget cutting
can be an easy and efficient way of producing prototype parts. The main disadvantage of
waterjet cuttingis the limited number of materials thean becuteconomically, and the
time taken to cut parts can be very long and very coalbp, thick parts such as stacked
laminations cannot beut with dimensional accuracy, and rough and wavy patterns may
form on the cut surface. Moreover, the ushigh-pressure water with abrasives requires
special pressure intensifiers and sapphire nozzles that are costly and have limited flow
capacity [45].

The effects of these processes on the magnetic properties of individual lamination
electrical steelkavebeen studied and compared to identify the preferred cutting method.
Y. Demir et al. [46] studied the influence of punching, wire EDM, and lasgron
stacked laminations for the rotor and stator of electrical motors. All testypedoemed
under the sam conditions. The results of the comparison between the motor
performances showed that the motor with vaue sheets produced the nearest results to
the designed data compared to other methods. Also, microscopic observation of the effect
of the cutting m#hods on the cut edge micragicallyindicated that the blanking process

produced a less affected edge, as showngnre2.20a, b, and c.
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Figure 2.20: Effects of different sheet cutting processes on the cut edge [46].

S. Bayraktar and YTurgut reported similar resultsusing 0.5 mm of NGO
laminations cut with different cutting methodsad testedinderAC currentconditions.
The authors found that the wajet cutting resulted in the highest magnetic loss. The cut
edge showed a higher amountpdéstic deformation when using punching and AWJ,
while the laser and EDM methods caused thermal degradation of the matbaadtudy
also found that higher motor efficiency is achieved in cutting methods which produce
lower average surface roughnesga)Rvhich is the case with punching, whereas in AWJ

it is high, as shown ifigure2.21 [47].
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Figure 2.21: Cut edge surface roughness produced by different cutting methods [47].
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V. Manescu [48] investigated the induced magnetic loss due to the laser and water jet
cutting methods for ES with the thickness of 0.65 mm. The dtudyd that the hysteresis losses
were less for water jet than the laser cutting and depend on the impurities of the material. Because
the laser method produced thermal stresses and local damages of the crystalline lattice and thereby

affected the magnetigroperties. This was explained according to domain wall impeded by the
dislocation networks. Also, the permeability was influenced by both cutting pro¢é83e¥ he
extension of deformation was approximately 0.3 mm, the extent of the affected area was
less in the punching process than the laser cutting. Regarding the grains orientation, the
differences in losses results were less than 10% between rollitgaaadersealirections,

while differences in permeability were above 20%. Kdrosakia[49] also investigated

the magneto properties of Ngnain oriented electrical steel (0.5mm thick and 2% Si).
Blanking, laser cutting, and Wire EDM were used to produce ring shape sheets. The
results showed the deterioration in magnetic properties doe £DM method was lower

than with the blanking and laser processes. Also, the hardness values at the cut edge were
less in EDM than with blanking or lasex finding which theesearcher attributed to the
porous surface produced by WEDM cutting.

Each of he cutting processedfectsthe cut edge quality and the mechanical and
magnetic properties of the material. Therefore, many studies have been done to
investigate the deformation effect at the cut edgeNa&timoskiet al.[50] investigated
the influenceof laser, EDM, and punching cutting on the magnetic properties of non
oriented electrical steel with a thickness of 0.35 mm and 2.8% silicon. The study indicated
that all cutting processes induce stresses inside the material close to the cut edge and these
stresses cause deterioration of magnetic properties. The EDM and laser processes
produced straight cut edgwofiles, while punching induced a typical burr and plastic
deformation The maximum permeability was decreased by about 35% and the losses
were ircreased by 20% by using the punching technidueaddition the observation test
of domain wall displacement showed the domain struchamgedver the first two to
three grain rows near the edge. The domain wall movement could be the mairfeeason
the changes in magnetic properties.

S Steentjeset al.[51] analysed the impact of material degradation on iron losses
due to punching and laser cutting for ramented electrical steetsf thickness 0.3 mm
(2.4 % Si). Manyl20 mm x 120 mm sheetgere cutinto smaller stripes in an attempt to
investigate the local magnetic properties. The measurements showed increases of the

hysteresis loss and decrease in magnetic permeability. The researchers explained that the
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magnetic properties were affected as a tedihe local modifications in the edge texture

and stress state of the material; for example, dislocations and residual stresses during the
punching process or thermal deterioration across thedfiegted zone in the case of

laser cutting. TBulin etal.[52] described changes in magnetic properties after punching,
laser,and spark cutting for toroid shaped samples of ES sheets-B0 With thickness

0.5 mm (1.7% wt Si). The ring core magnetic test measurements showed that the sample
that underwent EBI cutting exhibited the best magnetic parameters. In contrast to laser
cutting, an important increase in total lossess observedn comparison with the
punched samples. The study did not observe any changes in grain sizes in any sample,
but plastic defanation was seen near the cut edge of the punched sample. Magnetic
measurement also demonstrated that heat stessause significant changes in the
material and its properties.

RenéSiebertet al.[53] investigated the effect of punching and laser ogton
the magnetic properties under both DC and AC conditions. Two electrical steel sheets
with thicknesses of 0.35 and 0.5 mm were cut as strips in different widths {8omn.

The study indicated that different cutting techniques under any power sgitions

can affect the structural features of the cutting edge. In the mechanical cutting, the plastic
deformation appeared in the zone near the cutting line and caused a drop in the magnetic
flux in the region. While cutting by laser process indudeirhal stress which caused a
decrease in the magnetic flux over the sheet width.

A. Belhadj et al. [54] investigated both the magnetic properties and the
microstructure of nomriented electrical sheets with a thickness of 0.65 mm. The study
indicated that the mechanically cut samples retained better magnetic properties compared
with the laser at samples because residual thermal stress drawbacks causectase
in the coercive field and a drop in the permeability. The laser process led to a drastic
change in the texture of the HAZ along the cut ettgaddition the study referred to the
man f actors which affect the magnetic don
example, the texture obstacles which could pin the domain walls, such as grain boundary,
precipitates, and dislocations. They also found that the mechanical cutting process
gererates a deformation affected zone (DAZ) less wide than the heat affecting zone
(HAZ) produced in the laser cutting process.

M. Emuraet al.[55] studied the magnetic properties for NGO electrical steel with

0.485 mm sheet thickness and 2% Si content using punching, laser, and EDM processes
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with and without heat treatment. A plastic deformation was observed at the punching cut
edge that extended altdd.3 mm, while the laser technique did not deform the grains and
produced a sharp edge. The study showed that the cutting process had more effect on the
magnetic permeability than on the magnetic induction losses. The differences between
processes weress than 10% for losses and more than 20% for permeability. Also, it was
found to be preferable to conduct annealing before rather than after the cutting.process

R. Roumaineet al.[56] tested NGO electrical steel with 0.65 mm thickness using
both punchig and EDM techniques. The researchers observed a plastic deformation near
the cutting edge induced by punching methods. On the other hand, the EDM method did
not induce mechanical stresses in the cutting edge zone because of the absence of contact
betweenthe material and cutting element. The deterioration of the magnetic properties
was higher in the case of the punching method. This deterioratasninterpreted
according to the domain wall pinning resulting from the material dislocation network.
The stug also explained that the area affected by cutingpcatedaround the core
lamination teeth, and the accumulation of the effects of a group of teeth could result in a
strong impact on the overall behaviour of the machine.

E. Gomes Araujo et al. [57] sttussed the effect of the microstructural changes
resulting from mechanical and laser cutting on the hysteresis losses -ofieoted
electrical steel with 0.5 mm thickness. Plastic deformation was visible near to the
mechanical cutting line, whereas laseatting did not induce clear changes in the sheet
surface morphology. The investigation also found that the magnetic losses became worse
at large grain size. According to P. Lazari et al. [58], the resulting microstructure features
were quite different étween the mechanical and laser cutting methods, although both
caused worsening of the magnetic properties of the tested electrical steels. The damage
caused by the laser method was more extensive than that caused by the blanking process
due to the tempetare gradient during the process resulting in a substantial permeability
reduction.

G. Loisos and A J. Moses [59] confirmed that changes occur in the microstructure
of the material near the cut edge through using both blanking and laser methods to cut
flat rectangular plate of electrical steel sheets 0.5mm. The study attributed the high
magnetic loss after laser cutting to the rapid heating and cooling causing thermal stresses,
despite the fact that high temperatures may cause grain growth which is sesnetim

beneficial for the magnetic properties. In addition, the induced plastic deformation in the
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blanking process affected the magnetic flux distribution which in turn influenced the
magnetic domain structure and domain wall motion during the magnetizatioesg. P.
Baudouin et al. [60] conducted a comparison between laser cut technique and punching
cutting for three grades of ES with 0.31 thickness and 2.98% Si. Their results tended to
indicate the superiority of mechanical cutting for the larger samplesteas the laser
cutting gave more satisfactory results for the smaller samples. The laser cutting technique
caused more deterioration, although it was difficult to make a clear evaluation of the effect
of the internal stresses on the magnetic propesfittee electrical steels following cutting.

Each method is still selected for use in industry depending on the particular
application and influence of the material [43]. However, gaserally acceptethat the
punching process is the most preferred métand the most desirable for producing core
laminations from electrical steel sheets. This is because it ased®r mass production
at lower cost and with acceptable cut edgmlity compared to the others methods.
Therefore, this methos adoptedn the present studyp achieve the study purpose of
guantifying local deformation of blanking induced magnatechanical cut edge defects
in electrical steel. Table 2.1 presents a general comparison of the performance of the

different cutting methods inas of the most important factors:

Table 2.1: Comparison of the performance oflamination cutting methods [43, 46].

Punching Wire EDM Laser cutting Jet water
M Prototype Prototype and | Prototype and
: : ass L . .
Production size : laminations largesize de-burring
production 0 .
only laminations operation
Cost and time
consumed in Fast low cost Very slow and | Very slow and | Very slow and
large-scale ' high cost high cost high cost
production
Productshape Dies cannobe ﬂﬁﬂgﬁ lzg):gﬁ lialg)r(r:belt?
flexibility changeckasily geometry geometry geometry
design design design
Plastic High thermal No burrs or
deformation High thermal stress, thermal
Defects Residual stress stress, Formation of distortion,
at cut edge edge burrs, Burn coating oxide film, rough and non
no thermal layer Burn coating | straight edge fo
distortion layer thick sheet
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2.6 Blanking process

Blanking is a process used to cut sheet material to the required shape. The process is
usually performed using a set of cutting tools called a die and punch as shiéngare

2.22. When the materiak shearedluring the blanking process,pdastic deformation
occursandstresses are generated in the sheet at the cut edge that cause work hardening.
The strengthening of the metal occurs because ofodist;m movements and dislocation
within the crystal structure of the material.

The sheet is cut along the shearing line in one step to separate it from the
surrounding material. If the cut part is the desired product, then the process is called
blanking. Whereas, if the original sheet is the product and the cut part is scrap, then this
method is referred to as piercing. Both are sometimes referred to as punching, as shown
in Figure2.23. The process is performed at room temperature. Occasionally, if the sheets
are extremely thick or high strength materialused then warm or hot stamping is

performed to decrease the forming force and incrias®ability [4, 61].

Fracture
surface

| Penetration

}

| - Clearance

Figure 2.22: Blanking process mechanism [5].

WORKPIECE

/" SCRAP _ \

poal---

BLANKING PIERCING

BLANK (PRODUCT)

Figure 2.23: Punching, blanking, and piercing operations [5].
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2.6.1 Mechanism of the blankirng process

The blanking method consists of four sequential deformation stages that caimplaie

cycle, as seen ifigure 2.24. Shearing generally starts when the edges of the die and
punch come into contact with the top and bottom edges ofdniepiece In the second

stage, the punch moves down and pushes theialatgainst the die cutting edge to form

the rollover zone. Then the punch moves morepanetrateurther inside the material

to produce a shearing surface. Finally, cracks are formed on points A and B, and C and
D as shown ifrigure2.22. Cracks propagate to meet each other and complete separation,
with the fracture surfaces resulting due to these cracks. If proper clearance and precise
alignment ae achieved, the fracture lines on the opposite sides will meet, resulting in a

straight cut edge and smooth surface separation e¥dhgieceqd61, 62].

I g X

Vl
Punch
Plastic )
|j deformation Penetration

T -

-
% 2 5 7 7]
Die

S @ €) @
Figure 2.24: Blanking process deformation stagef61].

Different zones called rollover, shear, fracture bad zonesare generateith the cut
edge surface of blank sections during the blanking operations; the size of each zone is
dependent on process parameters such as tool condition and matpedigsoThe ratio
between these areespresentshe quality of thecut edge; usually, large shear zone and
smaller burr zone represent good edge quality [64]. The cut edge zones are shown in
Figure2.25and defined as follows:
1 Rollover zone (4: Initial plastic deformation that forms at the top of the
surfacedue to thdirst entry of the punch into theheetmaterial.
Shear/burnish zone {Z Smooth and shiny area resultingm material shearing
due to the penetration of the punch into the work before fracture begioar€as

could be generated if the cracks do not grow toward each other.
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1 Fracture/rupture zone {Z Below the burnish ishe fractured zone, a relatively
roughsurface of the cut edg&he depth of crack penetrationp

1 Burr zone (4): An extended area of material at the bottom of the edge caused
by plastic elongation of the metal during thstseparation of the mdta

Rollover P T
depth enstration % Burnish Roll over zone (Z,)
Burnish depth
_L dimension |_ Shear zone (Z,)
T Blank/Part
...................................... Sheet / Fracture zone (Z;)
Fracture thickness
depth Fracture

angle™—
Burr height-f—

Breakout

dimension

Depth of the crack
penetration (Dcp)

\% Burr zone (Z,)

(a) (b)

Figure 2.25: Deformations zones of the cut edge: a) characteristic edgehtanking
process, b) blank sidescheme areas [63].

Blanking can cause further effects when a mismatch occurs between the punching
strategies used and the material 6s proper
when displacing metal during the blanking process. Burr is a sharp edge that ftrens at
cut edge. Appropriate selection of blanking parameters, for example, sharp tools, suitable

clearances, and hidgilanking speedcould reduce the burr size [4, 63].

2.6.2 Analysis of applied stresses during thélanking process

The cutting forces have tw@mponents: vertical (ff and horizontal(F). Affecting both

is nonlinearity near to the cutting edge because of the existence of the distaivoeen

the vertical compression forces. Thus bending stresses are created and lead to tilting of
the sheet, ashown inFigure 2.26. In additionto theseorces,there are frictional forces

(LR orH) between thevorkpieceand the die and punch tools which increase the required
cutting force [4, 63].
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et

1 F '
Fu T
R’

Figure 2.26: Forces distribution in the workpiece during blanking process [63].
The following equations can be used to estimate the cutting force and stress required to
conduct theblankingprocess:
& , O3 (2.1)
3 — (2.2
Where F is the force required for blankihgs the perimeter of the cut, t is the
sheet thickness,sSs the shear strength of the material, &andis the crossectional
cutting area.The blanking quality is assessed according to the zones formed at the cutting
edge, and these areas directly relate to the punch movement steps during the process, each

step corresponding to load valliegure 2.27 shows a typical forecéme diagram of the

punch movement during operation.

I C  Rollover end point
I

Fracture start point
Shear end point

Load (N)

Step 4

E
Fracture end point

Time

Figure 2.27: Typical load-stroke curve of a blanking [4, 63].

At step 1, an elastic deformation occurs. Then, in step 2, the material is flowing and this
may causea strainhardening, in which thdorce existing herancreasesup to the
maximum load. At this stage, tkeosssectionis not reducedandsharinghas not started.

The increased pressure at the cutting edges at §is3v@nts thenaterial from flowing,

38



Chaptertwo Literature review

andshearstarts. The blanking force decreases because of decreasecingssection
despite the strain hardening of the matefrakhe step4 an initial crack is generated in
both contact sides between the sheet and tools and fracture starts agabweumntil
complete separation occurs; because of the limit of material formability exceeding the

cutting theforcewill decreaseapidly duringthis phase [63].
2.6.3 Influence of various process parameters on blanked edge quality

There have been several research on the effects of blanking parameters on the
process restd and the sheared edge qualfjgure 2.28shows an infographic of the

possble parameters affecting the blanking pracascording to E. AMomani[65].
Clearance
Sheet
thickness
Material

\/aning <« type

Blank
Holder

Friction and
lubrication

Punch-Die Speed or

Alignment

stroke rate

Blank
layout

Figure 2.28: Parameters affecting the blanking processs indicated in[65].

As the material undergoes severe plastic deformation and shearing during the
blanking process, the micromechanical properties of the sheets close to the cut edge are
adversely affected by the blanking process and thereby the material properties are
changimg negatively during the cutting process. These changes occur due to shearing
stresses and crystal deformation [50, 62].

It was reported [63] that the blanking parameters effects are interlinked therefore
it is very difficult to study their effects indivigally; for instance, tool wear increases with
a large punch and die edges radius and could cause height burr. Additionally, tool wear
Is increased by increasing the clearance; therefore, sometimes lubrication is necessary to

reduce punch wear [63]. Theredp most studies showed the parameters in a way that
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demonstrate their effect on one of the process output such as the required process load or
the sheared cut edge quality with specific process settings. For example; the effect of
clearance on the cuttirfgrce and the geometry of the shared edge profile regarding the
sheet thickness and material properties, or tool wear and tool life, or blanking speed and
production rate with blanking lod@6]. Also, the quality of the cut edge is dependent on
blankingparameters, therefore the optimization of the blanking process depends on the
required part quality and production rate. However, according to the studies related to the
blanking process, there is a strong dependence between the geometrical quality of the
blanked part and the magnitude of the force applied on the tool as well as the variations

in the process factors [66].

2.6.4 Effect of blanking parameters on the required cutting forceand

cut edge quality

Clearance refers to the space between the die and the punch and it directly affects
the blanking performance regarding the quality and shape of the cut edges of sheet
material. The clearance is one of the key parameters affecting the blanking performance
and cut edge qualityThe clearance is one of the key parameters affecting the blanking
performance and cut edge quality. It value mainly depends on the type of material to be
cut as well as the sheet thickness and estimated to be at approxima@ehp ®fthe
thickness [4,5]. When clearance increases the material tends to be pulled into the die
rather than being sheared and the zone of deformation zone becomes bigger with a rough
sheared edge [5]. That can lead to an increase in the shear zone and & decheas

rupture zone [5, 63JFigure 2.29%hows the effects of clearance and strain hardeating

thesharedarea.
88 8
TR —— " " EEE ? 8
Die
& -||=
learance, ¢
1 2 3. 2288
(a) (b)

Figure 2.28: a) Effects of clearance on the deformations zone and vicinity areas, b) Vicke
hardness contours expressing theold working in the sharedregion [5].
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According to [4] for blanking of 0.58 mrsheetthick, that when the clearance
between the punch and die increases, the rollover zone, fracture zone, fracture angle and
burr increase while the shear zone decreases. Excessive clearance causes large plastic
deformation and lowered tool life. While usingsufficient clearance produces secondary
shear i.e. the cracks originating at the punch and die do not meet and cause further
material stressed and thereby expending more energy. The impact of factors clearance

and tools radii regarding cut edge zonesséu@wvn inFigure2.30

Rollover Rollover
Burnish
Burnish
Fracture Fracture
ARV - 1T SRR, e

Blanking clearance of 15 pm Blanking clearance of 15 ym
Punch and die corner radii of 10 ym Punch and die corner radii of 75 pm
Rollover
Burnish
Fracture

Blanking clearance of 60 um Blanking clearance of 60 um
Punch and die corner radii of 10 pm Punch and die corner radii of 75 pm

Figure 2.30: Effect of clearance and tools radii on deformations of cut edgd].

C.Husson et al. [67] conducted blanking simulations of a copper alloy of sheet
thickness 0.58mm and compared it wikperimental results. The effect of purdile
clearance on the part edge quality was studied in the range-G924 during blanking
of 3.5mm diameter holes. It was found that rollover and shear edge increase and fractured
edge decreases with increase hlanking clearance. The fracture angle increases
significantly with clearance.

R.Wiedenmann et al. [68] conducted blanking studies on steel with 1.4mm thick. The
effect of clearances on part edge quality in the range-20%98 was studied during
blankingof 10mm diameter holedt is reported that the size oblt over and fracture
zonesncrease with clearance while the shear zone decreases with clearance.

Some studies have focused on the influence of the main blanking factors on the

quality of the cutting edge and the required energy or load applied. For example, S.
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Subramonian [69] investigated the influence of tool wear and stresses generated on the
tool life, the study showed that tieducedblanking stress was decreased with increasing
punch radius. S.K. Maiti [70] conducted analysighe blanking process of thin sheet

mild steel to examine the impacts of die clearance, friction, and material tbéckingéhe
required process load. The achieved results showed that blanking load increases with
reducing the tool clearance and when the coefficient of friction is increased.

Moreover, the change in the clearance did not affect the growth of the plastic
deformation zone. A. Zaid [71] reviewed the effect of some blanking parameters
including die and punch clearance, tool edge radius, and the effect of punch and die wear
on the force and energy required for the operation as well as on the quality of thetgprodu
The study found that, at the low blanking speed of about 5 mm/min, the sharp tool edge
with small radius produced better blanking quality. The blanking force and energy were
found to decrease with increasing punch radius and possibly affect th&etddblreover,
increasing the profile radius caused enlargement of the shearara delay in crack
formation.

R. Hamblin p6] attempted to optimize the interaction between the clearance, tools
wear, and sheet thickness on the cutting force and the gyarhtte shared edge profile.

The resultalsodemonstrated a complex variation in the progesametersMoreover,

there was strong interdependence between the blanked geometrical quality and the force
applied by the toollt was found that higheenergy was required to cut thicker sheets
whereas the blanking energy decreased with increasing ateai@sheet thickness ratio

c/t. Shim, et al.[72] conducted experimental studies in thin sheet metal blanking to
investigate the effect of punch spedahrication, and tool clearance on the sheared
surface and fracture locations during the deformation process. It was showan that
increase in pundldie corner radius causes an increase in the burr height and expansion
of the effective sheared surface aatly crack initiationA.M. Govaerts [3] attempted

to determine the stress relation for large strains in the localized shear zone by conducting
tensile testing to characterize the criteria. The study found that characterization of the
blanking stressessing tensile results is not valid because of the large strains in the
localized shear zoneGreban et al [74] investigated the effects of both sheet
microstructure and process parameters upon the cutting edge quality. The quality of sheet
metal blanking vas quantified according to the relative ratio of the known four cut edge

zones. A better blanking quality was identified by a small fracture zone and a larger
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shared zone with lower burr height. The study showed that the burr size depended mainly
on the banking clearance and the matetiglerather than the rate of work hardening. In
addition, the rollover zone was influenced by the geometry of the blanking process,
whereas the shared and fractured areas were mainly influenced by the mechanical
properties of the sheet. Usually, the blanking process is performed at room temperature.
However, Qiret al.[75] conducted the blanking process on Nworented electrical steel

at a different temperature of about 100 °C. The microstructure results showed that
increasing punching temperature or refining grain size can improve the ductility and
punchability of the material, but affect the edge quality by producing larger burrs at the
cut edge.

2.6.5 Effect of sheet thickness on the required cutting forcand cut

edgequality

The Increasing demand to improve the magnetic properties by means of reducing
the eddy current loss led to reducing the thickness of the sheets used in the blanking
process. However, reducing the sheet thickness can affect the grain size cross the
thickness sheet area. In addition to the affecting the cut edge zones such as the fracture
and shear areas. The increasing the sheet thickness will increase the blanking load, as the
cut area will increase [76].

As the sheet thickness reduces, the effettgrain sizes (size effect) increase and the
understanding of the blanking process becomes more complex. Thus, the deformation
behaviour of the blanking process not only relates to the blanking parameters but also
relates to the grain size of ES shedtisTis mostly due to the fact that few grains exist
through the thickness of the sheets leading to large variations not only in the cut edge
profile but also in blanking deformation distribution. Therefore, the grain size has a
significant influence on thelanking process [76].

Joo, et al. [77] studied the size effect in the punching process. The study indicated
that when there are only a few grains cross the sheet thickness, the conventional ductile
fracture by crack initiation and propagation does ncuoand the shear deformation is
dominated along the cutting line. Blanking tests of the thin sheet were conducted by Xu,
et al. [76] to investigate the influence of die clearance and grain size on the deformation
and fracture behaviour of thin sheet mitle The results showed that the deformation

depth decreases with an increase of specimen thickness. Based on the experimental results
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of the blanking process, the shear deformation is concentrated with just a few grains that
confined by the punch and tdee. The distribution and crystal orientation of grains also
play a decisive role in shear deformataiyserved in sheet metal blanking proc&¥gh

the decrease of sheet thickness, the number ofsggraithe cross section of the sheet
decreases and tleéfect of anisotropy of grain becomemre visible

The slip and coordination of grains during the shearing deformé&ianvery
complex system, as mentioned in the literature [78], where the distribution of sheared
edge was still remained rollover, Inish, fracture and burr. However, the fracture
mechanism could change from ductile fracture to slip and separation with the decrease of
length scale because of the existence of a few grains in the thickness direction. That makes
the orientation of thesergns very important, especially for the cutting direction. The
grains having an extremely unfavourable orientation towards the blanking direction leads
to more difficult shear deformation and coordination. The results also showed that the
blanking force dcreased with the increased relative blanking clearance ratio.

It is reported that the sheets with coarser grains could show a strong variation not
only in maximum blanking force but also in the cut edge profile [76]. It is shown that for
the sheets havinlarger grain sizes the geometry of the cresstion significantly varies
not only in the profile of blanking edge but also in the distribution of rollover, burnish,
fracture and burr zones. These extreme differences can be related to the variation of
deformation behaviour during the blanking process where only a few systems are
available to define the deformation mechanics. However, for the case of sheets having
fine-grained microstructures, there could be more random grain orientations some of
which wodd be in favour of applied deformation and stresses, therefore, the effect of
grains orientation will be smaller having more favourable grain sliding systems. In the
blanking process of coarggained sheet specimen, the grain crystal orientation varies
ard the sliding systems are oriented differently with the blanking direction.

The material deformation during blanking is not only related to the blanking
parameters such as clearance, but also to the grain size of the sheet. Therefore, the ratio
of blankingclearance to grain size may considerate as one of the main factors to influence

the deformation behaviour of blanking.
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2.6.6 Effect of blanking speed on the required cutting forceand cut

edge quality

Punch speed can be expressed as the number of strokieseparpunch moving distance

per time[5]. The sheared edge can undergo severe cold working due to the high shear
strains involved, and when the blanking speed is increased, the heat generated by plastic
deformation may limited to marrower zonereatingadiabatic heating conditiors].

Blanking can be performed at different blanking speeds depending on the blanked
part application and the available machine capacity and blanking conditions such as tool
life, parts accuracy, material properties and theds, and production rate. Blanking is
sometimes performed at very high speed when large numbers of products and high
precision are required, such as in the case of electronics partsspéigd blanking is
usually run at speeds of around 2000 strokesnpaute. Cutting forces change very
rapidly during material breakthrough. These forces can affect the tool life of dies and
parts quality [4]Increasing blanking punch speed can improve edge quality by means of
lowering the altitude of burr and rollover rees while the shear zone increases. In
addition,higherthe blanking speextan reduce production costs and energy consumption
[79]. The blanking speed may rise to awdéigh value called ultrapeed whereinhie
punch velocity can reach more than 5 mMJldS blankingcan provide very high cut edge
quality to produce a fine blanking product at a lower cost. At-sjieed, materialgo
through the different blanking phasasludingelastic, plastic, and fracture.

Moreover, different cuedge zones may fim and may omit the formation of
rolled edges and burrs. The conversion of mechanical work into the thermal energy and
presence of adiabatic heating conditions results in an increase of the temperature in the
deformation zone during a very short periodhdd out 100es. The heat
dissipate as quickly as it is being produced, which leads to instant softening of the
material. The kinetic energy of the moving parts and potential rebounds may also affect
the generated deformation and stresseshen cut edge [4]The generated heat is
distributed to the vicinity of the cut area by thermalawaction. In high punch velocitigs
the limited balancing of temperature causes concentrating temperature at the deformed
cutting edge. In contrast, at slownzh velocity, the heat is dissipated out of the shearing
zone because there is enough time for thermal conduction to 8fufle velocity of

blanking has a significant influence on the forces generated in blasutigadq81].
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There are conflictingdata concerning the effects of shearing speed on the energy
requirement for shearing28 Depending on the strain rate and the flow strength of the
material, there could be a reduction in the energy required for shea2inddf8vever,

there are three aWable potential explanations; first, when the strain rate becomes
sufficiently high, thermal softening effects that outweigh work hardening may occur in
the shearing zone I8 Another possible explanation is that the elastic compressive forces
stored inthe punch during blanking are released more rapidly at higher spd¢dEq8&

other possible explanation is that the quick impact of punch speed can apply high kinetic
energy and cause quick crack initiation and propagation in the material; this realsbn co
apply to the normal blanking speeds.

Several studies of the blanking process have been proposed to assess the influence
of blanking parameters, but only a few are concerned with the punch velocity regarding
the blanking cut edge deformation as it ugudescribes regarding the blanking load.
Marouani et al. [83] conducted experimental and numerical investigations of the sheet
metal blanking process to study the influence of punch speed (strain rate) and the
clearance on the punch force, punch peneinagind the shape of the cut edge. A 0.65
mm thick sheet of nooriented electrical steel was used. A range of die clearance and
punch velocity of 23 to 123 mm/s were applied. The results showed that the maximum
punch force increases when the clearanceeadses. Additionally, it was found that the
shape of the cut edge is affected by the strain rate (punch velocity) where the sheared
zone increases with the punch velocity. In addition, the clearance is shown to affect the
punch penetration at fracture, atwhsequently, the shape of the cut edge.

Grunbaum et al, [ investigate the blanking process for different materials at
clearances ranging from-20%T sheet thickness. 12.7mm diameter holes were blanked.
Experiments were conducted at different blanlspgeds ranging from 0.18.6 m/sec.
according to the reported findingéiet length of the shear zorein direct correlation
with the blanking velocity while idecreases witlan increasein clearance for all
materialsHirsch et al. [85] conducted exp@ents to measure punch loads in hegreed
blanking for various stroke rates 100, 300, 500 and 1000 strokes per minute for 0.29 mm
sheet thickness. The results showed that the measured blanking force was increased with
increasing cutting speed a bit acalised high vibrations of the stripper plaeijaerts
et al.[86] described the effect of punch speed on the blanking process for punch velocities

from 10 mm/s up to approximately 1 m/s. The results showed a drop in the maximum
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blanking force at larger punch speeds. This is reported to be a due to an increase in the
thermal softening effect for the blankipgocess at larger punch spee@audilliere et

al. [87] measured the blanking force at different speeds for different ghelatesses of

2-4 mm. Themeasured ofmaximum force was decreased with increasing punch speed.
The study showed that the specimen fracture takes place earlier for a lower penetration
depth of the punch when the punch speed increases. Also, accordimgauothors

thermal softening of the material can play a key role compared with the strain and strain
rate hardeningThis is partly supported by the stud fraBrunbaum et al. [88] who
investigated variations in the effects of different levels of blangpegds on the blanking

force and energy. The results at very high blanking speed showed a very high temperature
concentration in a narrow shearing zone. In addition, the kinetic energy at high speeds
was much higher than the energy required for the nobiaaking speed. Moreover,
results of part quality investigations have demonstrated the positive influence of high
blanking speeds on the quality of the part edge. S.Krrabaj 88pinyestigated the effect

of blanking speed on the blanking performanseng different puncldie clearances at
different blanking speeds. The study found that conducting the process at higher speeds
caused reduction in the punching force and improved the quality of the part edge as
represented in a larger shear zone, sméller height, and rollover area. The study
showed that the speed of the deformation significantly affects the blanking force. Also, it
was concluded that at a specific blanking speed, the relatiobsicipmesnonlinear
between the speed and force. Meanwthakedifferent blanking speeds, the cut material

can show different behaviour which can result in a diverse cutting 18&e [
2.6.7 Strain fields measurement

The traditional extensometers are used to measure the strain. However, they are limited
to measure #haverage straion a selected lengtEven though this technique is accurate,

but it is complex to operate especially for very small deformation area with-axiein

flow direction of the materigP0]. All of these drawbacks of using the extensometer can

be avoided by using the Digital Image Correlation or DIC technique. The DIC can
measure the fullield strain distribution in the material duringarious deformations
conditions[91]. The studies demotrated that DIC is an accurate and reliable approach
for taking strain measurements. The foamtact optical technique isell suited for

characterizing the mechanical properties of the material in both elastic and plastic ranges.
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DIC method includes acqimg images for the specimen surface before, during, and after
deformation. The distribution of displacement vectors is obtained by recognition of
kinematic changes in the surface patterns feafile The measurement of displacement

in DIC can be determed by solving nonlinear simultaneous equations of the subset
deformation. Strains are obtainable by differentiating the measured displacements of the
new position of the subset of the reference image in the deformed image, as shown in
Figure 2.3193].
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Figure 2.31: The principle of the DIC measurement method based on the differences
between the target subset and the reference subsed].
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The natural features of the surface pattern can be used as a reference pattern, or
randomspeckles can be created artificially using spray paint, usually by making two
layers, white background with black speckles, or vice ve@8& [According to S.
Yoneyama 93], using a small subset size increases measurementaegculhe
appropriate subssize depends on the number and size of the speckles or features in the
random pattern regarding the deformation area.

The selection of DIC camera and focusing lens depends on the application rate
and deformation zone size. For example, fsghed blankingequires a camera with a
very high recording rate because of the short duration of the process and low thickness of
the sheet 93]. The DIC camera is placed in such a way that the optical axis is
perpendicular to the sample surface. The system can beadowiph microscopy to reveal
the microescale measurement [13]. To achieve more contrast with high image resolution,
zooming of the lens should be avoid&8][

The system has advantages represented by high accuracy of providing a whole
field of true strainmeasurement. Also, DIC can measure strains at any point in the

specimen or local strain, in addition to measuring the average strain or global strain by
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applying the strain gauge cross the gauge ler@ih However, DIC method also has
some disadvantagefor example, the sample surface should have clear features, the
measurement depends on the quality of the imaging system, and this technique cannot be
applied only on exposed surfaces [13].

Practically, there have been few previous attempts to condaict steasurement
during the blanking process. That is because many technical challenges can appear when
implementing fulifield techniques such as DIC to measure local strain in the material
during blanking operation, including the limited access to tHierawtion zone and the
high speed of deformation, and very thin sheet such as electrical steel S0e8H. [
Goijaerts et al.[96] conducted DIC at low blanking speed on stainless steel sheet with a
1mm thickness. The study located markers ofstimace features to use as the random
pattern. The results proved that the DIC method was suitable for observing the local strain
fields in a blanking. Cheret al.[90] investigated the strains distribution during operation
of the Punckstretch method. Tik work included using the 3D digital image correlation
test to evaluate the strain distribution only for the area around the punch when the sheet
was stretched. The cameras were attached to the hole in the upper die and the punch was
travelling at a veryow speed of about 0.5 mm/s. The study found that the DIC technique
could provide accurate data for investigating the strain behaviour. According to the study,
the specimens with lower width were exposed to fracture faster because the strain path is
proneto uniaxial tension and change in the formability of the material. Moreover, the
DIC cameras should not be attached to test tools because vibration and instability of the
camera could affect the image quality and measurement accuracy. V. Bratu®#f al. [
investigated the stamping process using electrical steel sheets with a thickness of 0.5 mm.
System images followed the speckles during deformation with a CCD camera, and spray
paint was used to create the speckles on the sample surface. The results dadise
profile of the round cutting edge in different directions. According to the study, the shear
strain had no influence on the diversity on the final profile of the cutting edge.

Liutkus, et al.[91] conducted a 3D DIC for a punching experimentntestigate
the plastic deformatioaf a sample in a tubular die havitwgo narrow slots on opposing
sides to allow two cameras to view the rear surface of the specimen. Three different
punches tip geometries were used in these experiments. The obtairgss imeare
processed witla commercial software from Correlated Soluti¢vWfC) to calculate the

full field measurements on the rear surface of the thin disk specimen. The material showed
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significant strain hardening. anded at&ighdi t i o1
temperature, with the material showing decreasing flow stieiss increasing
temperatureSlavic et al. 98] used an irsitu blanking apparatus to identify the effect of
blanking on electrical steel sheet with 0.5 mm thickness. Small holes were produced to
study blanking parameters such as load, speed, gliachisalignment, and temperature.
Theblanking speds ranged from a very slow 0.1 m/s up to 4.5 m/s. Laser displacement
and a thermal camera were used to measure the velocity and temperature of the sheet
metal during the blanking process. The results showed that the-gignotisalignment
changed the maxiom force by up to 4%. Furthermore, the temperature of the sheet
surface was increased by approximatel?@@nd the research supposed that thespot
temperature inside the shear zone could be several times higher. The blanking force
decreased slightly ih an increase of the blanking speed, which the researcher attributed
to the softening of the sheet metal because of the increase of temperature in the shear
zone. Another reason could be inertia or the acceleration of the punch during blanking
which wasfound to significantly affect the identified blanking force.

Wang andwWierzbicki [99] implemented the DIC test in blanking of high strength
steel sheet with a thickness of 1.6 mhie test was interrupted to study the crack
formation and propagation dugrthe blanking. The tests were performed at a very low
crosshead speed of 0.01lmm/min. The results showed that two cracks were formed when
blanking with a small die clearance, while only one crack arose when a large clearance
was used and this caused fodhibe bur feature Wang et al. [L®@] conducted a similar
study to compare the DIC results with the traditional method using an extensometer. Both
were conducted simultaneously during a tensile test, with the front surface of the
specimen measured by Dié@nd the back side of the specimereasured by the
extensometer.feaverageesults were convergeriowever, he DIC measured the full
range strain distribution during the tensile test, while the extensometer measured only the
average tensile strain. Trstudies demonstrated that DIC is an accurate and reliable

approach for taking strain measurements.

2.7 Effect of plastic deformation andresidual stresson the
magnetic properties

When emoving the applied elastic stress will permit the metal to return to essentially a

stressfree condition and the magnetic properties will recover their original state.
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Therefore, the measurement should be carried out during the applying of the loads when
investigating the effect of elastic stress on the magnetic properties.

At plastic deformation, the material will retain permanent strain even though the
loads are removed and elastic stresses are relaxed [3, 23]. In this case of deformation, the
measuremdncan be performed after the test on the deformed samples. A complex of
plastic deformation occurs due to the blanking process at cut edges of ES sheet when
producing teeth and slots of the laminations. The impurities, residual stress, and grain
boundariesould increase the effect of the deformation, causing a significant impact on
the pinning of domain wall movement and thereby on the loss as explained in the previous
sections. The average domain wall velocity will decrease and cause slower transverse
enegy due to pinning of domain wall movements that will result in an increase in losses
compared to uniform wall motion, as the magnetic energy loss is proportional to the
square of the wall velocity [23]

Dislocations of crystal latticeonsider ashe majo pinning centres for domain
wall movement[13]. Therefore, increase in the dislocation density will cause more
hindering of domain wall movement and result in a large increase of energy loss at plastic
strains.Generally, the dislocations stop at grainuhdaries o precipitates in the
material, lowever, increasing applied stress will lead to these pinning points tearing
off and expansion of the dislocations [13jigure 2.32shows the microstructure
during a tensile test of silicon stdfebm un-deformedstate to thalifferent stages of
plastic deformation. The figure illustrates the effects of increasing plastic
deformation in the forms of development of simple dislocations into clusters and
then into wavy slip bands concentrated at grain boundaries [13].

-

(a) Un-deformed state  (b) €p=1.75%

Figure 2.32: TEM micrographs of Fe 3% Si under tensile loading [13].

Leuning et al. 101], studied the effect of elastic and plastic tensile mechanical

loading on the magnetic properties of NGO electrical steel with 0.5 mm sheet thickness.
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Particular attention was paid to the effect of magnetic anisotropy, or the influence of the
direction ofapplied mechanical stress with respect to the rolling direction. Three samples

for both directions (RD and TD) were exposed to different mechanical loadings above

yield strength. The plastic deformations are characterized according to the resulting strain

or elongation that corresponding to externally applied mechanical stresses. , thereafter,
separately characterized magnetically using SST tester. The plastic deformations showed

a strong effect on the shape of the hysteresis loops and thereby the magpetites,

such as coercivity Hand the magnetizability as shownRigure2.33 Also, the research

showed that the iron losses behave analogously to the change of coercivity and
magnetization. The applied mechanical stresses affect hysteresis losses due to its strong
relation to the material microstructure. The losses increasedmitbasing the plastic
tensile stress. Smal | plastic deformati or
magneti zation yeld strength and coerci vit)
caused a very low loss or sometimes improvement in thenetagproperties. The
explanation of the effect of the elastic mechanical stresses was caused by homogeneous
elongation across the entire specimen by deviating atoms of the crystal lattice from their
equilibrium position. After having the mechanical loadrea removed, the domain

restructured and the initial state ist@red
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Figure 2.33 Hysteresis loops of elastically and plastically deformed samples for
uniaxial tensile stress and magnetic flux density in RD and T[L01].

Generally, plastic stresses lead to harmful effects by causing a degradation of
magnetic properties. The only exception, to some extent, is in the case of tensile stress.

The standard explanation is related to the interaction between domain walls and the
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dislocations produced by the deformation, which led to a proposal that hysteresis loss is
proportional to the square root of the dislocation den&dy][ The magnetic properties

of electrical steels are especially sensitive to the stress arising fratathging process

of electrical steel. This effect occurs because of the distortion of the crystals in the strained
metal. This distortion of the crystals affects the magnetization characteristics of the
material [3].

Permiakov [23] applied mechanical loads the rolling direction of NGO
electrical steel sheets of two different thicknesses, 0.50 and 0.65 mm. The results showed
that the area enclosed by the BH loops under tension reduced in comparison with the
stressfree condition, but further increase dfettensile stress resulted in only a little
change in the BH loops, as showrFgure2.34. While the compressive stresses led to a
considerable deterioration of the magnetic properties. Also, the area eHt@op under
compression stress is largeatithose of stredsee condition. On the contrary, the tensile

stress improves the magnetic properties especially in the direction of the apply stress.
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Energy loss P, W/kg

Figure 2.34: Effect of various stresses on the energy loss [23].

Also, the investigation of the grain size effect has shown that larger grains are less
sensitive to the applied tensile stress than the compression stress [7, 23]. The magnetic
properties of a nooriented electrical steel sheet with 0.5 sheet thickness tested

under compressive stress using a single sheet testaasfound that the permeability
decreased in both RD and TD directi@ssthe compressive stresses applied. [RBo,

the hysteresis loss in the rolling direction increased more thamath&vérse direction

when applied compressive stresdordache and HudlP3 investigated the influences
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of strainsdeformatiooon magneti ¢ material 6s properti es
achieved under tensile deformation for NGO electrical stestts using a single sheet

tester. The results showed a linear relationship between the magnetic properties and
plastic distortions and the internal stresses. The study concludeduhther increase of

applied stress or plastic strain could cause @rpssive degradation of the magnetic
behaviour due tadrop in maxmum permeability and maximum flux density, in addition

to the pinning effect of dislocations.

Fukuhara et al.104] investigated the deterioration of magnetic properties due to
modified exture because of large plastic deformation. A compressive stress created by
rolling was applied on the nesriented electrical steel sheets. Electron backscatter
diffraction (EBSD) and Scanning Electron Microscope (SEM) were used to
understanding the sirture and crystal orientation of materials. In addition to the single
sheet tester to characterize the magnetic properties. The results showed that with
increasing plastic deformation, the value of flux density gradually decreased because of
the effect oimodified crystallographic texture. This deterioration of magnetic properties
was linked to the deformation causing an increase in dislocation density, which would
pin the domain walls and limit their movements during magnetization of the material,
giving rise to a state of increasing residual stresses in the crystal lattice. 3esauts
were obtained byandgraf et al. 05 when investigating the permanent distortion
impact on the induction field of the GO sheets in both RD and TD of sheet oriestation
with the study finding that a small deformation induced a significant increase in magnetic
losses. In addition, an effect of deformation on the domain structure was indicated.

Makar andTanner 106, studied the effect of plastic tensile deformatiemd
residual stress on the magnetic properties including characteristic changes in the shape of
the hysteresis lps and the permeability curvEhe measurements were made after the
samples were uniaxial plastically deformed and the applied stress resmwybedt the
samples only experienced residual stresses and plastic deformation. The results indicated
that the plastic deformation was more effective than the residual stress, which has been
attributed to the generation of pinning sites during the pldstiormation procesg.he
study also concluded that the applied stress has more effect than the resulting strain on
the magnetic parameters and there is a linear response of the coercive field (Hc) to the

applied stress. However, the chang€His) did notimply a direct relationship with the
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numbers of pinning sites because of the differences in pinning between domain walls due
to the anisotropic of the dislocations during plastic deformation.

The effect of residual stress on the magnetic behaviour wastatiied as an in
situ experiment while the sample remained under stress [106] examined [107]. These
included the influence of stresses before and after the yield point on the magnetic
properties of high strength steels by means of hysteresis loops, péityearves, and
magnetostriction loops. The results observed the change in magnetic behaviour before
yield and this raises when a sample is approaching the yield point. The changes in the
coercive field and remnant magnetisation were complicated wipgyirag the low field.
While, at the high field, the magnetisation decreases continuously with increasing strain.
At low field magnetisation, below and near the knee of the curve are initially increases
before decreasing at higher stress levels and tkeme wvisible change in the straight
section of the curves as showrFigure 2.35

1.2x10°

0.8x10°

0.4x10°

Magnetisation, M (A/m)
o

-0.4x10°

-0.8x10°

-1.2x10°

-7500 -5000 -2500 0 2500 5000 7500
Magnetic Field, H (A/m)

Figure 2.35 Hysteresis loops measured at elastic and plastic tensile stresidé}].

Kuleev et al. 10§ also studiedthe influence of plastic deformations on the
changes in the shapes of hysteresis loops and permeability of low carbon ferromagnetic
steels. The results showed that there is a reduction in the hysteresis loops of low carbon
steel after its plastic deforman due to the residual stressecause the distortion of the
grains The study also focused on the material anisotropy at tie¢ déindividual grains

of thepolycrystallineunder external actions of fields and stres¥éisen the samples are
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plastically deformed, and the load is reduced the loops decrease and this depgemdents

the type of domain structer
2.8 Effects of blanking on the magnetic properties

During the blanking process, ES laminations are exposed to various mechanical stresses
which produce a plastic deformation resulting from the distortion of the crystal structure
and modification of th material textureThe applied yield stress on an individual grain
in a metal sample depends in part on its crystallographic orientation artetefore
different grains in a sample are likely to undergo different amounts of yield for a given
stress.

One of the effects of the residual stress of steels ithe magnetic properties
[106]. The influence of these stresses often results in drastic deterioration of the magnetic
properties of the sheet at the cut edge and the vicinity area. It is important to quantify the
effective stresses that cause this deterioration of the magnetic prepedider to obtain
the desired magnetic performance [3, Z3jure2.36shows a micrograptif the cut edge
of the NGO electrical sheet resulting from the blanking process. The deformation bands
may presentisual evidence of plastic deformation and sBes generated by punching,
seemingly bending in the direction of movement of the punch. Increasing the extension

of the deformed area could express more deformation of the cut edge [2].

N Cut-edge

Figure 2.38 Deformation and strains visible at the edge, inducelly blanking process.

Besides deformation of the material 6s
of shearing stress in the vicinity area, blanking defects can also include changes in the
sheared edge geometry and production of burrs [Echloppaet al.[109 investigated
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the effects of manufacturing steps on the motor core perform@heestudy concluded

that the induced stresses of stamping NGO electrical steel sheets are one of the main
factors in increasing tthedeemeatensgan ofthé résgluama g n e
stresses from the cut edge can cause more deterioration of the magnetic properties. A
similar conclusion was obtained I8ngh et al. 110.

The blanking process carausea negative effect on the flux distribution and
domain patten in the cutting regionSenda et al.][11] studied theaffected flux density
due to the stamping process using NGO sheets with a thickness of 0.5 mm. The study
found that the domain patterns changed due to the punching process at the venity a
of the sheared edge, which implied the existence of a strong strain lefi@dtlition the
degradation of the flux density in the affected region increased with a decrease in the
magnetic field. The width of the degled region was less than 1 miaeksozet al. [L12]
also studied the deterioratiaf flux distribution in the cutting region using tlsame
material and measuring system. The observed results showed that the punching process
caused a significant drop in localized flux density in a region up to 10 mm from close to
the cut edge. Moreover, a remarkably large variation in deterioration of magneti
properties was foundith respect to thgrain size.

The lamination teeth design can also increase the effect of the blanking process
on the magneticoss.Kedouset al. 113 investigated the influence of punching on the
magnetic behaviour in the statieth of the electrical motor. The study found a high
degradation in terms of magnetic loss was induced by the teeth punching of NGO
electrical steel with 0.65 mm sheet thickness. The study indicated that the influences of
punching can increase due to tmination teeth geometry. Their large number and small
size could cause convergence in the cut edge deformation. According to the study, the
small tooth can constitute a srphrt of the magnetic circuit thabuld distort the flux
path. Also, punchingaused an alteration in the material texture.

Usually, the effect of punching on the magnetic lissmeasuredising a large
sheet thenthe sheet is cut into strips and the magnetic loss is measurediagdorthe
cut line length.Moseset al. [L14 dexribed some effects of punching on the flux
distribution and power loss of NGO electrical steel with around 0.5 mm sheet tlsicknes
The sheet material was cut into 2, 4, and 8 strips and then the magnetic properties were
measured by SSTTrhe cutting into arrow strips showed an increased the power loss of

up to 30%, with a significantly change in theFHBoops. Similar degradation of the B
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curves wagoundat frequencies d0 and 400 HZThe studystated that the flux density
at all locations tended tmcrease due to the builg of stress at the increasing number
of cut edgesA similar study bySchoppaet al.[115 investigated the deterioration of flux
density in the vicinity area of the cutting edges. The magnetic lossneasuredor a
large sheet of NGO electrical steel, then for the same sheet size with a cut from the middle.
The study indicated deterioration in the magnetic properties because of the induced
mechanical stresses due to cutting. Also, increasing the cutting lesngged an increase
in core loss.

It has beerreportedthat grain size has a significant influence on the cut edge
deformation type, which in turn causes variation in measurements cfshiant effect
of blanking.Rygalet al.[116] investigated the iftuence of cutting stress on the magnetic
field and flux density distribution in neoriented electrical steels. The study implemented
two grades of ES sheets with 0.5 and 0.35mm sheet thickness. According to the obtained
data, the investigation identifieal significant variation in the extent of the degradation
due to differences in grain size. The study also indicated that the cutting caused a
reduction in permeability of the area close to the cut.edge

Weisset al. [L17] investigated the influence oféhresidual stresses induced by
punching on the magnetic properties. NGO electrical steel with two $helatesses of
0.35 and 0.5 mmwas usedThe study used a mictwardness test for analysis of the cut
edge area and SST to identify the magnetic prigzefthe sample was cirtto a number
of strips. The study results indicated that the shearing process generally causes a
deterioration of magnetic properties and steepening oBthkeHysteresis loop. The
magnetic losses increased with increasing cutting line length and were highly dependent
on the flux distribution in the crystallographic textureaddition the stress and hardness
distribution values were not constant along theeixbf the deformation or throughout
the blank thicknessMoreover it has been found that grain size has a significant impact
on the crystalline material deformation that may lead to considerable deviations in results
used in the analysis of the cut edgrface. Sheet thickness and cutting parameters alter
the stress state and the structure near the cut edge, blailking speealso can affect

the hysteresis losses, especially at low speeds.
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2.9 Characterization of local deformation usinghardness variations

Hardness testing is one of the most important methods used to characterize the mechanical
properties and quantify the local deformation of material. During cold work such as the
blanking process, the sheet metal can be exposed to plastic deformatiothdugpplied
mechanical loads. This can alter the mechanical properties of material and cause strain
hardening at the cut edge and the vicinity arga7[ 118. The determination of
mechanical properties from the hardness values could be consideredeasrse
engineering, and is used for analysis to find the equivalent properties for the deformation
state [L19.

Generally, hardness testing is considered as adastiuctive technique and use
toassessthmat er i al 6s r esi st anmagh measuripylmachanicat de f
properties such as strength, ductility, and fatigue resistdrk [The hardness test can
be based on various scales, for example, Macro, Micro, or Nano scale. Hardness values
could be affected by material compositionpurities, grain morphology and boundaries.
Therefore, hardness testing could produce varying values for the same slitfhce [

Nancindentation is sometimes called instrumented indentation or Nano
hardness. The main advantage of Namentation is thait provides information about
mechanical properties such as hardness, elastic modulus, and yield strength through the
load and displacement curve measured during loading and unloadind 2d§ts [

There are two known indenters used in Nardentation: Bekovich and cube
corner. The Berkovich indenter is a thm@ded pyramid with a face angle of 65v@th
the vertical axis122 123. The cube corner is also a thhgided pyramid and represents
precisely the corner of a cube. The indents produce verly grogection area; therefore,
with optical microscopy it is not possible to observe the indents. The most accurate way
to measure the distance between the indent
observation

Studies that have exploited the haeds tests to identify the local deformation of
blanking process include the work of Gao et al. 118 who used Nanindentation and
the punching process to study the distribution of residual stress and magnetic domain
structure of nororiented electridasteel with 0.5 mm sheet thickness. The residual stress
calculation was determined according to the hardness valhesresults showed the
residual compressive stress generated around the sheared edge and the width of the stress
affected zone was almostual to the material thicknesghe results demonstrate that it

59



Chaptertwo Literature review

is feasible to estimate the residual stress by Nadentation method. A similar study,

done by Pulnikov et al.1p4], investigatedthe induced stresses due to the mechanical
cutting of NGOelectrical steels with thickness of about 0.65 mm. The rtiardness
analysis showed strongly fluctuating values but with a decreasing trend starting from the
cut edge area and extending less than 1 mm. Moreover, Benl&@&implemented the
inverse analysis methods by using the Namalentation tests to determine the cut edge
zone affected by the blanking process. The Nadentation measurements were used to
compute the yield stress near the cut edge of NGO material with thickness of about 0.65
mm. The study found that the determination of material characteristics and their
equivalency requires a comprehensive understanding of the affected part of the material.

Some research has explored the relationships between hardness values and the
other mechamal properties; for example, Oliver aftharr 126 presented an analysis
technique to improve the method for determining mechanical properties from indentation
load-displacement data. The obtained data for six tested materials showed that the
indentation daddisplacement curves is not linear; therefore, data were derived to
determine mechanical propertieshed and Tan [127] investigated the correlation
between hardness and yield strength using Nadentation. Their study served to
provide a baseline uedstanding of the relationship between indentation hardness and
overall yield strength for muHayered elastiplastic materials.

Furthermore, Giannakopoulos and SurekPd] identified a general theoretical
framework for instrumented sharp indentatiord aised the inverse method to extract
material properties through instrumented indentation. The method pravitiedretical
correlations between penetration depth and true contact area for a sharp indenter, without
the need for visual observations. Thtady also illustrated that the ratio of plastic work
to total work from the area under the indentation curve may give sufficient information
to find the required properties. These results have been evaluated by Venkatesh et al.
[129 where he study attepted to assess the validity of the existing theoretical
framework in two ways: first, by direct analysis, where the characteristics &-kthe
curve are predicted from known material properties, second, by applyerge analysis,
where the materialasticplastic properties are estimated from the measured loading and
unloadingPh r esponses. The study showed that t|
wide variety of materials can be extracted from tHe f@sponse with good accuracy.

Poon et al.130] reassessed the various assumptions used in extracting the linearly elastic
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material properties in an elasfiastic indentation. In addition, the study proposed a new
methodology to extract the yield stress of materials using Nano indentation byydirect
measuring the projected contact area. In another study, Heinrich E8Rlcpmpared

the results of using two different Nano indenter tips. The study led to a new methodology
that included the friction between the indenter and the material for extgranaterial
properties of an unknown elastalastic material using NaAodentation.

The hardness values can be aftelcby the material grain size as it is shown by
Zhang et al. 132 who studied the relationship between the mechanical propertiés of t
material by applying the hardness test to materials of different grain size. The study found
that coarsgrained and ultrafingrained materials produced quite different results in
terms of the relationship between strength and hardness. Also, it wasbtfee ratio of
hardness to UTS is lower than 3 in the materials with high ductility and this ratio could

increase to a high level in brittle materials
2.10 Summary

The literatures showed that the blanking process is the preferred method for producing
the laminations of cores of electrical steel sheets (ES), due to the high production rate,
good dimensions, and low cost. Nevertheless, the blanking process resaadid pidstic
deformation and stresses at the cutting edge and the vicinity area, which can affect the
mechanical and magnetic properties of electrical steel.

The appropriate selection of a | aminat:.
application.Non-grain oriented silicon steel material is a highly efficient and-¢ost
material that is widely used in industry. Therefore, it has been chosen for this research.
Since the electrical steel application is related to its electrical and magnetictipoper
therefore, considering these properties to the blanking condition and cut edge quality
could provide valuable knowledge that may lead to better understanding of how to
improve product performance.

The blanking process involve a lot of variables ahdses, and their interactions
make the cutting mechanism extremely compl&lany studies have investigated
blanking variables from different viewpoints to understand the cutting process regarding
the cut edge quality. However, more investigations are teeegtend the knowledge in

blanking parameters and material behaviour on the mechanical and magnetic properties
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of the blanked sheet. Nonetheless, the most reliable way to improve blanking process
performance is to acquire further experimental data.

Blanking speed has beemportedas one of the most important blanking
parameters, as it can affect both mechanical and magnetic properties. Nevertheless, no
direct correlation for the influence of blanking speed on the magnetic properties has yet
been provided, certainly not in relatitm different grain orientation$t has been found
that the cutting speed was only studied relative to the cutting force and the quality of the
cut edge. Moreover, blanking speed usually implemented in different speeds depending
on the production rate,ehefore it is difficult to determine its impacts.

When studying nowgrainoriented (NGO) electrical steels, Particular attention
Sshould be paid to the effect of magnetic
applied mechanical stress with resp to the rolling direction because in rotating
el ectrical machines a homogeneous and i sot
IS necessary to ensure consistent behaviour at all times, in every planar direction.
Therefore, each experiment is fsemed in rolling direction (RD) as well as transversal
direction (TD) to enable comparison and to ensure comprehensible considerations.

Considered as a whole, it has been observed that most of the previous studies
conducted by Electronic and Electricaldimeering (EEE) groups were concerned with
the effects resulting from deformation through the cutting process on the magnetic
properties and power losses of Electrical steel (ES), often of thickness less than 0.5 mm,
without focusing on mechanical aspecsad die design. Conversely, mechanical
engineering researchers tended to focus on the effects of blanking process parameters and
die design on the blanked quality for different materials, mostly of thickness no less than
1 mm, but tended not to study thmpact of product quality on the magnetic properties.

In addition,previous research has indicated that reducing the thickness of the sheet leads
to improved magnetic properties by reducing losses of eddy currents. However, reducing
the thickness of the seewill lead to a change in mechanical properties due to the rolling
process. This effect become noticeable in the blanking process, especially for very thin
sheet, where the number of grains will significantly reduce along the thickness of the
sheet. Thisn turn makes the features of a single grain play a key role in determining the
deformation of cut and the quality of the cut edge. Also, the changing of the cutting
location could lead to change the type of distortion caused by the cutting process.

Therdoy, that can result idifficulti esof determination the extent of the deformation from
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the cut edge to the rest of the material. Therefore, studying the effect of the cutting process
on the thin sheet may result in change in the basics of the knowngcoigiochanism.
Therefore, the current research focused on the use of blanking process in thin sheet with
0.2 mm thickness and compared the results with 0.35 mm sheet thick.

Using new techniques to investigate and analysis the blanking process may lead
to finding more detailed information that contributes to the development of the process
and the quality of the product. For examplB$C identified as an effective tool for
identifying local deformation. Although, some research attempts to implement DIC
duringthe blanking process. However, all of these studies were conducted at low blanking
speed and high sheet thickness. Therefore, implemehigigspeedDIC on much
thinner sheet may give new and wider picture of deformation by the high blanking
mechanism. De to the occurrence of cold forming and strain hardening at the cutting
edge, micro hardness measurement was used for identifying the local edge deformation.
The @plyingof Nano indentation tests in the current study could provide a valuable data
on therandomdistribution of the cut edge deformation. The single sheet magnetic tester
is an appropriate method for measuring the magnetic properties and power losses for an
individual sheet of electrical steel. However, different sample shape and sizedexqjuire
different magnetic tester system, especially for sisialk. The next chapter will explain
in detail the new techniques and tool designs utilized in this study.

To conclude, investigating the blanking process and blanked quality of thin ES
sheet from bth mechanical and magnetic aspects regarding the deformed cut edge at
different cutting conditions such as such deformation rate, material grain orientations and
sheet thickness that could make a good contribution in terms of developing the process

designof the final product of the blanking process.
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The experimental methodology

3.1 Introduction

This chapter focuses on the methodology adopted for all the experimental works
undertaken in the present study. The chapter provides details of the materials used,
samples preparation, testing and analysis techniques, and the blanking procedures
including dies design. The design, fabrication and testing conditions of a new magnetic
single sheet tester (SST) are also reported in this chaptemewly developed magnetic
testing rig was used to assess the blanking induced defects in the magnetic priperties
the selected material§igure 3.1 presents a flowchart outlining all the experimental

works andcharacterizatiomethods used in this research.

64



Chapter three

The experimental methodology

Tensile
Tests

=1

—

Experimental procedures ]

|

Project materials
(NGO) ES

Tension Characterize
at certain mechanical
elongatio properties

i}

Blanking Parameters
C=10% T
Cutting speeds:

SST .
Blanking Process 100, 500, 1000 mm/min
Material thicknesses:
0.2, 0.35 mm
Magnetic Sheet orientations RD, TD
properties
under tension
Nano-
Indentation bIC SEM SST
Local cut Blanking Local Blanked
edge strain microstructure and magnetic
deformation measurement edge fracture properties

Investigation

Figure 3.1: Outline of the research structure.

3.2 Material selection

Two cold rolled norgrain orientation grades (CRNGO) of fully processed electrical steel

sheets were used in this researthe grades were NO20 and NO35 according to the

company standards of the supplier, Cogent PoW&rl A steel Company. The materials

have a silicon content of about 3wt. % Si, and the chemical composition is shballén

3.1 Two different nominal thicknesseof 0.2 and 0.35 mm have been adopted to show

the thickness impact upon the cut edge type and magmetbanical properties. It is

worth mentioning that the selected 0.2 mm electrical steel grade thickness (NO20) is
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considered as a new generation of E@etlgped by the provider company as an attempt
to enhance the efficiency of material used for higher rotational speed motors.

Table 3.1: Electrical steel chemical composition.

Element C Si MN P Cr Ni Cu Al

Mass percen|
(wt. %)

0.0039| 3.15| 0.18| 0.019 | 0.029| 0.014| 0.026| 1.09

Material texture isotropy and grains orientation are among the most important
parameters for determining the magnetic properties of steel sheets because these features
can affect the magnetization process and power losses. Therieated ES magnetic
properties inrolling (RD) and transvers€TD) directiors may differ according to the
cutting plane direction due to difference:
edge. Therefore it is important to study the effect of blanking in both RD and TD direction
on magneto mechanical defects generatethbyutting process. To that end, the study
cases were categorized into 0.2RD, 0.2TD, 0.35RD, and 0.35TD groups. These cases
were applied for all tension and blanking processes tests, where 0.2 and 0.35 were the
material thicknesses and RD and TD thergmaientations. Subsequently, the results were
also divided into four fully parallel paths. The selected material was cut using the wire
EDM method (ablanking speedf 6 mm/min with 0.25 wire diameter) to produce both

standard tensile test samples (bshape) and blanking implementation samples.

3.3 Measurement of mechanical properties

3.3.1 Tensile tests

Standard tensile test samples were prepared according to the ASTM std3&hral |
carry out the tensile tests. DIC technique was also implemented dueitensile test.
The tensile test was conducted in a 25kN elegtechanical Tinius Olsen H25KS test
frame. The sulsize of the tensile sample was used to reduce the amount of material
consumed and to ensure it would fit in the magnetic tester. Theastiaiedsile

sampl esd di mensHgo@&3X2 are shown in
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Figure 3.2: Size and orientation of tensile samples in both RD and TD according to the
sheet rolling direction.

The tensile tests were carriedt in different ways for different purposes as follows:
I.  Investigation of the strain rate sensitivity at different test speeds 1, 5, and 10

mm/min.
ii.  Investigation of the magnetic properties under uniaxial tension at different

plastic extensions.
The magnetic properties can be measured under tension at diffeegmistatebecause
the material is exposed to different strains during the tensile tests as sHeguaris.3.
For example, the elastfastic state under the loaded condition (from point A to B), or
under unloaded condition after the release of stress (from point B to C), @trése
condition to the plastically deformed maggr(from point C to B). Each state has a

different tensile plastic deformation and different magnetic properties [23].
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Figure 3.3: Material under tension at different strain states[134].

The tensile test was interrupted to preserve different plastic deformation. This

strategy resulted in samples with different plastic strains in the material in order to
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investigate the effect of plastic deformation on the magnetic properties. The increment
extension was 1mm between each sample until the maximum possible extension without
fracture. In front of each elongation, a maximum strain value is provided, and the UTS

that caused it. The real strestgain values were obtained using the DIC techniquiand

tensile tests, as illustrated Figure 3.4.
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] f—
“—r

Lo L1 L2

Figure 3.4: Tensile tests at different plastieextensions.

3.3.2 Tensile strain measurement using DIC

Digital image correlation technique can be used to measure strains deformation in a test
specimen during tensile, shear, or compression te3%: [Iherefore, the DIC technique

was used during tensile tests to measure both local and global strain distribution across
the tensile samples. Before the test, the tensile specimens were painted with a white
background and then with a random black spepétéern to enable data capture by DIC
camera. The airbrush technique was used to produce the required pattern of speckles on
the surface of the sampleigure 3.5 shows a macrograph of the tensile test sample with

a speckle pattern.
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Figure 3.5: Macrograph of the tensiletest sample with random speckle pattern.
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The DIC system from LaVision was used with Davis 8.4 image correlation software for
analysis the tension deformation. Maximum normal strain components were extracted for
all stages of the extension during the tensile tests because of the tensile steittiim
sheets is affected in one direction parallel to the applied load direction.

To calculate the strains, the images are divided into subsets were using larger
subsets increases the strain resolution but lowers the spatial resolution, i.e. thee distan
between two measurement points. The subsets are separated by steps that are the physical
distance between the centres of two adjacent subsets. The. While reducing the step size
increases the spatial resolution but lowers the strain resolution [13@hskige study
was done to determine the most optimum DIC parameters such as the subset size and step
size led to select the accurate calculation mode with subset 23 and step size 9 as a DIC
setup for processing the captured images. Table 3.2 preseDi@hparameters setting
used to gain the correlation data regarding both hardware and software DIC. system

Table 32: DIC setting parameters for tensile tests.

Technique Digital image resolution (DIC)
Software Davis 8.4
Subset size 23 pixel (& 0.55 m
Step size 9 pixel (4 0.21
Camera LaVision Image Hite
Lens Tonkina AT-X PROD 100 mm F2.8
Image resolution 2480 x 2073 pixel
Scale factor 42.0544 pixel/mm
Field of view 104160 x 87066 (Resolution x Scale fact
Frame rate recording 10image/s
Spatial Resolution (1/42.0544)*9= 0.214mm

(step size x Scale factor)

The image acquisition frequency was increased to 10 Hz to give more visualization
details of the material behaviour during the test. The camera was placed at the same level
as the sample using a tripod, and the optical axis was aligned to be normal to the centre
of the gauge length with a sharp focus. The region of interest was selected in such a way
that it covered the sample gauge lendsthaddition, to extract the force and crosshead

extensions of the tensile machine, two channels were connected between the tensile
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machine and DIC system across the acquisition card. This helped to synchronize the
machine data with the DIC results suchtaes number of image and strain value at each

step of the test.
3.3.3 Blanking diessetup

Two kinds of blanking die sets were designed and manufactured to perfseitm strain
measurement during blanking and run a full cut on the samples to study the affected
magnetic properties of the blanked samples with known cutting conditions

Die design concepts were based on the sample size, quantity, and the edge quality.
The first type was a fully closed die (die type A) as showRigure 3.6, and the second
was a die with one open side (die type B) as showfigare 3.7. Since two material
thicknesses, 0.2 and 0.35 mm, and two orientations, RD and TD, were used in the study,
four blanking tools (two of die type A, and two of die type B) with appropriate punches
that would fit a clearance of around 10% of the thickness dE8isheets needed to be
made. The new insight into the blanking process enabled by the new experimental
blanking tools may allow a more detailed understanding of the blanking process and

potentially lead to the developing of better products.

Figure 3.6: Full blanking die (Type A), 1) Machine ram, 2) load cell, 3) upper plate, 4)
blank holder, 5) bushings and pillars, 6) spring, 7) punch block, 8) die block, 9) lower plate

Although the die type A can emulate industrial dies, it normally operates in a
closed area which would have prevented investigation inside the cutting deformation
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zone. Therefore, one side was removed from the die type A as a new blanking method
that wouldallow measuring of local sheet strains during blanking using the DIC technique
at the different blanking parameters includisignking speedthickness, and material

sheet orientation.

Figure 3.7: Onefree blanking die Type B, 1)machine ram, 2) load cell, 3) upper plate, 4)
blank holder, 5) bushings and pillars, 6) spring, 7) punch block, 8) die block, 9) lower plate

3.3.4 Blanking dies design

The ideal blanking die needs to incorporatany parts including dieset, die punch
blocks, die punch holders, guide bushings and pillars, stripper, pilot and finger stop for
automatic stop, and fasteners parts such as screws and dowels. However, some
supplementary parts of the blanking tool werepédissed with because they were not
needed for the investigative purposes of the current study [62].

Tools steel material for cold work that hesgated to a hardness of 59HR@S
usedfor manufacturing both die and punch becausehtzacteristics ohigh hardness
and resistance to abrasion make it ideal for manufacturing blanking tools. Tool steel can
be classifiedn terms of alloys, heat treatment, and applications. While the remaining die
parts and support plates weradefrom mild steel, the die opéng concept was given
special consideratioin order tofacilitate the exit of thélankfrom the die. The clearance
between the punch and die was applied to be approximately equal for all used dies for
both material thicknesses, 0.2 and 0.35 mm.
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Due tothe light load required to accomplish cutting of a thin shee¢rdrepost
die-set waghoserof a size that would fit the designed blanked parhelp align the tool
and ensure that the punch head and the die would share the same middi&lipbeamis
of the blanking die were assembled and built within the die set. The bushing and guidepost
require particular attention as they could affect the precision of the cutting process.
Blanking dies were designed to cut the thin sheets of electrical steptahdte
project samples of rectangular shape (50x10°nttrat were cut from the previously
prepared samples. Punches wamenectedo the punch holder and then to the upper plate
of the die setThe machine ram was moved down to push the punch downtuntilthe
material inside the die cavitipuring theprocessthe cutting force wasecordedby the
|l oad cel | bet ween t he ma@Onhihe oppdsite sideaghadiand t |
blocks weremountedon the lower plate of the die sethich wasfixed on the test
machi neds |.dweespringd veete used tonfasten the sheet material to the
blank holder plate during the blanking process. The stripper plate is able to travel up and
down on the shank of the punch. All giartswere fastenetbgether using socket head
screws and threaded holes. The cutting tests were implemented using the Tinius Olsen
H25KS tensiorcompression machine.

3.3.5 Blanking parameters

The blanking process wasplementedat three differenblanking spees 100, 500, and

1000 mm/min, with 1000 mm/min being the maximum speed for the machine. The
electrical steel sheets samples prepared using wire EDM were made with an additional
10 mm on all sides so that they would be larger than the produced rectangle blanked to
size 50 10 mnt. All the sheet samples, for the 0.2 and 0.35 mm thicknesses aRBthe

and TDorientations, were cut using the blanking procEgsure 3.8 showsthe schematic

of the virtual shape of the blanked samples to illustrate the sample size, orientation, and
test locations regarding the sheet rolling directiime samples produced by die A were
used to investigate the cut edge quality, local defaonaising Nanendentation, and
magnetic properties using the SB&cause this type emulates the real samples produced
in the industryOn the other handhe samples produced by die type B were used only to
implement DIC technique during the blanking gees for measuring the local strain in

the cut edge and vicinity area.
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0.2, 0.35: Sheets thickness
RD : Rolling direction
TD : Transfer direction
ND: Normal direction

- Nano indentation tests location -Blanking-DIC view location

- Edge height and fracture view location -Edge zones view location

Figure 3.8: A virtual representation of the blanked samples to illustrate sample size,
orientation, and test locations regardingthe sheet rolling direction.

Table 33 presents classification of the studied blanking cases according to the four
samples categories, 0.2RD, 0.2TD 0.35RD, and 0.35TD. Subsequently, the results would

be further divided into four fully parallel paths. Thasses were applied both to die type

A and type B.
Table 3.3: Categorization of blanking samples.
Sample G Sheet thicknesg Material sheet| Blanking speed
roups | Sample code : : )
case (mm) orientation (mm/min)

1 0.2 RD 100 0.2 RD 100
2 Group 1 0.2 RD 500 0.2 RD 500
3 0.2 RD 1000 0.2 RD 1000
4 0.2TD 100 0.2 TD 100
5 Group 2 0.2TD 500 0.2 TD 500
6 0.2TD 1000 0.2 TD 1000
7 0.35 RD 100 0.35 RD 100
8 Group 3 0.35 RD 500 0.35 RD 500
9 0.35 RD 1000 0.35 RD 1000
10 0.35TD 100 0.35 TD 100
11 Group 4 0.35TD 500 0.35 TD 500
12 0.35TD 1000 0.35 TD 1000
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3.3.6 Blanking force assessments

The blanking force can be defined as the force required to penetrate the sheet material
with the punch[137]. Blanking forces were measured and usedcompare the
performance of the cutting action under the selected conditions. Blanking forces can be
estimated theoretically according to the sample cut size and material type. However, the
theoretical calculation of force needs to be increased ##02because it is affected by
cutting and material conditions [6437. The current study adopted the experimental
results to determine the actual force values during the blanking process. Also, the
blanking force was calculated theoretically to confirmrésults.

Thecritical value of the blanking load occurs when the force increases up to the maximum
magnitude because this represents the ultimate resistance of the material to the applied
load, in addition to its importance in determining the required maatapacity.

Blanking force was tracked throughout the blanking operation to record the load
stroke of the punch movement. During the downward movement of the punch, the force
values jump to their maximum when the punch contacts the sheet surface atitethen
force rapidly decreases on complete separation because of the decrease in the cross
section and the limit of material formability exceeding the cuttir8f][1Therefore, the
beginning of the sudden change of values was considered as the startiofjtheiactual
sheet cut. All the values at this stage were subtracted from the values derived from the

earlier steps.
3.3.7 In-situ strain measurement during blanking using DIC

The new laboratory blanking apparatus (Die typenB-igure 3.7 was designed in such

way that the specimen can be observed by the DIC camera and avoiddptbekview

by blanking tools (the punch andedlduring the test. Therefore, the main feature of this

die is that one cutting side was opened up to expose the cut edge to outside view and
allow the camera to capture images throughout the cutting stages. In blanking tests of thin
ES sheets, major chahges are presented by the very small deformation zone represented
by the thickness of the sample (0.2 and 0.35 mm), as well agthepeednovement of

the punch during the blanking process associated with this test.
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The ceformation of the specimen was recorded by camera and processed through
DIC method and measuring the sheet local strain during blanking process. To obtain the
required resolution, a micilens withahigh magnification was used. The full DIC system
arrangenent is shown irrigure 3.9.
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Figure 3.9: Blanking tools, machine control, and Lavision DICsystem.

A sensitive study was done to determine the most optimum DIC parameters such
as the subset size and step size led to select the subset 11 and step size 4 with accurate
calculation mode as a DIC sap for processing the captured images. TablgB4ent
the DIC parameters setting used to gain the correlation data regarding both hardware and
software DIC systemMaximum equivalent strains were extracted for blanking samples
because during therocess, the material exposes to the tension, sheacpamatession.
Therefore, the strain values transform at each point and the local shear values may
minimize or maximize due to the turning of the coordinate system of the principle strain
mode (see Appendix A). Thereby, the equivalent strain could beftezssxthe strain in
blanked material than the normal stain as it is a resultant of both principle and shear

strains.
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Table 34: DIC setting parameters for blanking tests.

Technique Digital image resolution (DIC)
Software Davis 8.4
Subset size 11pixel(a 0. 095 mm)
Step size 4 pixel (a4 0.035
Camera High speed Phantom
Lens Tonkina AT-X PROD 100 mm F2.8
Image resolution 1280 x 608 pixel
Scale factor 115 pixel/mm
Field of view or Image size | 147200 x 69920 (Resolution x Scale facto
Framerate recording 2000 i/s
Spatial Resolution (1/115)*4=0.0347 mm
(step size x Scale factor)

A high-speed camera (Phantom) was used to capture images during the test,
However, with such kind of camera, there is limited image storage capacity. Therefore,
the image resolution was reduced to increase the number of recorded images and thereby
increase the recording time. The actual time taken to cut a 0.2 mm sheet thickness with
1000 mm/min punclspeed is 12 m$o reduce the light captured by the sensor, the
exposure time or shutter speed was reduced to be 3A&psthe aturation of the sensor
dynamic range was avoided using the intensity catiitin to reduce the image naiJde
distance between the camera and tleeispen surface was around 20.crhemaximum
camera temperature 3%.C

In order to guarantee capturing images of the deformation area, high attention was
given to the instant of starting recording image and beginning of blanking test. Both were
starting exactly at the same time, as a resukges were acquired before, during, and
after finishing the test. Later the images when the punch touches the surface of sample
and even cut the sample were selected for processing and analysis by DIC software.

Figure3.10illustrates the blanking test setup with DIC and camera position. The
distance between the camera and the cut edge depends on the size of the region of interest
and can affect thenage qualityFigure3.11shows the region of interest for the specimen
and the setup of the blanking tools. The airbrush technique was used taeptbdu
required speckle pattern in the side section of the samples. Despite the considerable
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challenge faced in creating an acceptable number of speckles in this small area of the
specimen, approximately 15 speckles were obtained along the thickness.

A random speckles pattern was applied to carry out the DIC strain measurement.
The use of a common spray can did not give enough speckles; therefore, an airbrush was
used in association with a magnifier lens to create the required number of speckles. An
airbrush and fluid acrylic black and white paint conforming to the stand&%] Jtere
used to create a much finer speckle pattern.

Punch holder

Upper plate
Die set
Punch block
Pillars and pushes
Blank holder

Die block ——— Lower plate
‘ Die set
3 %
r
DIC camera Cut edge

Figure 3.10: Schematic of blanking and DIC test setup.

Position (mm)

\Die edge radius

ES sheet
specimen Clearance

Figure 3.11: DIC and specimen setup for deformation area measurement of the ES.
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3.4 Nano-indentation tests

The Nancaindentationtest was implemented for the thin sheet electrical steel material at
the cut edges and vicinity areameasure material properties and show the distribution
of residual stress on the sheared edge and the nearby er&nolvnthat there is a strong
relationship between the hardness and tensile strength. Therefore, the deformation could
be estimated based on the specific hardness test results. Finding the hardness values for
the material involves forward analysis of the mechanics of indentation, wisectng
material properties from results through instrumented indentation can be considered as
inverse analysis1l9. Using the theoretical framework for instrumented indentation
enables the determination of elastic and plastic properties of matessgsl lon the
correlations between the indenter penetration depth and true contact area.
In addition to the advantages of high resolution, this test allows estimation of the
mechanical properties and the residual stresses based on the theories of clagacteriz
indentation at different size scales. Also, Nano indentation allows the investigation to be
conducted very close to the end of the cut edge.

Nancindentation testing was implemented using the Triboscope Nano
mechanical test instrument supplied by the Hysitron Corporation, as showgure
3.12. The testwas carried ouin the form oftwo areas of indents starting from the cut
edge until stability of the hardness value was achiet#dh area contained 25 indenters
that were distributed in the form of a matrix with five arrows and five coluwitis a
spae between the indenters of 10 pkfixed load of 5000 pN was applieéd eachsingle
indent with trapezoid load and 4mad function and 15S dwell time. Two indents arrays
were conductedin orderto cover most of the affected deformation area because the
maximum scan area (scan size) for the single test was 50um. The Berkovich indenter tip
wasusedin the current test, with a total included angle on the tip of 142.3 degrees, and
with a half angle of 65.35 degred2p].
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Figure 3.12: Nano-indentation system

In theNano indentationest, the indenter igushednto the surface of the sample
to produce both elastic and plastic deformation of the material, as illustrakeglire
3.13. The main difference from macro or midgrwentation tests is that in tiéano
indentatiormachines, the displacement h and the loadelL.continuously monitoreaith

high precision.

Figure 3.13: (a) Elastic-plastic deformation at the maximum appliedload, (b) Plastic
deformation after releasing the load 120.

Nano hardness values waralculated by analysisf the produced curve of the
|l oad P as a function of the depth of the
Phcurve data can give details about mater.
yield strengthFigure3.14 shows the schematic of the Ilepdnetration depth (#) curve
for the Berkovich indenter at the cut edge for one of the cut samples of elestiwlal

sheet used in the current study.
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The Naneindentation test includes applying and removing a single load for each
indent. The totaload is applied in a cycle, firstlyhe load reaches maximum value
followed by holding and then unloadinguring loading the curve followghe equation
3.1 Where Raxis the maximum indentation load that causes thg depth and creates
the projected contact area£o0n the indented surface and C is the indentation curvature
which is a measure of the resistance of the material to indentation. i¥Miiéeunloading
part of curve is used to find the hardness véudeom the equation 2. The slope S of

the unloading curve is used to calculgt'om the equation 3.[128,129.

0 6 8Q (3.1)
o Jpu— (3.2)
o —4_ (3.3)

The induced plastic deformation of the cutting process is a consequence of the
tension, compression, and shear stresses. Thereby the induced strain due to the blanking
process may exceed the tensile strain. Also, the hardnesss vialuine cut edge
deformation area could be much higher than the ultimate tensile strength. Therefore,
characterization using a tensile test may not be suitable to express the local strain in the

blanked sheet because of the limited strain data in thitetéest B6, 140.
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During the Nandndentation test, it was quite a big challenge to locate the
indenter at the end of the cut edge because of the difficulty to determine exactly the end
of the cut edge according to the test vision.

In addition, the cold mounting causes shrinkage between the material edges that
may cause a difference in surface level between the sheet material and the mounted
material. Thus the surface topography becomes greater than the maximum vertical
movement oftte indenter, which should not exceed 3.5 p vertically. So, it is not possible
to conduct the test exactly at the edge (i.e. Zero edge coordinate) and instead it should
take place in a nearby area but still within the deformation zone. Moreover, cold mgounti
can cause some discharge of static electricity at the material surface that may affect the
test in the form of causing unclear AFM images.

Figure 3.15 shows how difficult it is to determine exactly the cut edge position
before implementing the actual test even when using fdaope AFM images (Atomic
force microscopy AFM is a veslyigh-resolution type of scanning probe microscopy SPM
used to indica material topography). The dark red line in the figure represents a low
height level area because of shrinkage in the polymer of the cold mounting. The only

way to measure the indentsd | ocation was

Surface morphology
Cut edge height level

» ’
Specimen cut edge

ndenter side

isible indenter position Actual indenter position

(a) Vision system (b) N@&cope AFM image

Figure 3.15: Determination of the actual position of the indenter in the Nanandentation
system.
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3.5 Magnetic tests using the single sheet tester

Power loss is the most important magnetic property in relation to ES, followed by the
permeability of the steel during magne#tioalysis. The thickness and material grain
orientation are directly linked to the power loss. The Epstein test is usually used for
measuring magnetic properties for electrical steel sheets; however, this apparatus has
certain limitations. For example, thest is not suitable for small samples. Also, an
accurately dimensioned square is needed, and when the material is thin, air gaps may
open up at the corners of limbs and some weights may be required. Use of the single sheet
tester (SST) can overcome theawbacks. Therefore, in the current study, SST was
adopted to measure the magnetic properties of the deformed samples of electrical steel
sheets. The device was designed and fabricated proportional to the sample conditions and
size.

The results of measureent of the power loss in single sheet test specimens
usually correlate with the Epstein frame results. However, power loss measurements
gained by the single sheet method are entirely independent of the Epstein frame.
Accordingly, the results from the silegsheet tester may differ from those of the Epstein
frame even for same sample material and size and test conditions such as magnetization
and induction coils, the power supplied, and frequency [3]. Moreover, the current study
is interested in drawing cqmarisons between the influences of sheet thickness, grain
orientation, and blanking speed upon the cut edge deformation. Therefore, the measured
flux density and hysteresis losses needed to be normalized.

There is a wide diversity of physical forms and metic circuits which can be
applied to investigate the magnetic properties of electrical steel. Therefore, it is important
to select a suitable physical form of tester that matches the standard principles. The
apparatus used to measure magnetic propertidse current study is a type of single
sheet tester (SST). The test was intended to measure the ES magnetic properties at DC
power conditions to determine the specific hysteresis loss and general magpeities
for tensile and blanked specimens iffatient cutting conditions.

The following considerations have been incorporated regarding the SST system design:
- The Small single sheet test&3T) needs to be appropriate for determining the
magnetic properties of samples when insufficient materialadable for using

other known testers such as the Epstein or ring 1d4j.[
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- Although the small specimen size is critical, the SST is not expected to achieve
similar accuracy to the Epstein test methods. In addition to the specimen size
consideration, tare may beconsiderable variation in magnetic properties.
Therefore, the test results, in general, represent averages of magnetic quality. This
test method is suitable for specification acceptance, service evaluation, research
and development and desidi¥].

- A doubleyokes fixture was used to complete the magnetic circuit and prevent
formation of eddy current pools in the strip. Yokes (cores) were constructed from
grainoriented electrical steels in the preferred grains orientation in thicknesses
not exceeding (0.35 mm) to reduce flux losse&l]1

- The number of turns in the primary and secondary windings should preferably be
equal and wound in the same direction from a common starting point at one end
of the coll form; the number of turependson the mass of specimen and test
frequency [#1].

- The test is used to determine the normal induction curve and the hysteresis loop
(B-H loop) by rapid reversals of the direct current. Magnetic field strength and
magnetic induction range from zero to flsaturation of the material 38].

- Temperature increase has a significant effect on the test measuremeitts and
should not exceed 50C Therefore, cooling fans werased andthe coil

temperature was monitored using a temperature sensor or the therm¢té8ple

- Due to the small sheet volume represented by the cut area and material thickness,
a slight change in the properties and loss exqectediue to the blanking effect.
To measure this lossery sensitive flux meter devices wargedwith a micre
magnetic field measurement range accuracy. Two flux meters were used to

validate results readings.

3.5.1 Design of the new SST apparatus

A new single sheet tester was designed and built according to the requirements of the
project including sampk sizes and magnetization field strengthe tester fixturecan
accommodat¢he flatrectangular shape of thiankedspecimen (50 x10 m#fhandthe

tensile samplesheblanking dies were used to produce electrical steel sheet samples at
differentblanking speesd for the 0.2 and 0.35 mm thicknesses and in the RD and TD sheet
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grain orientations. The magnetic properties and hysteresis losses of samples were then
comparedFollowing the SST standard$s38 143, the new apparatus consisted of a pair

of U cores, which were manufactured from grain oriented silicon steel. The first U core
was fixed to the apparatus base, while the second could be moved up and down to allow
the specimens to be inserted and remoasdhown irFigure3.16a. Also, a pair of coils

was built: a magnetization coil (N was connected to terminal 1 foragnetizingthe
sample, which in turn wannectedo the power supply circuit. In addition, an induction

coil (N2) was built and connected to terminal 2 to sense the change in created flux in the
specimen, and then connected to a flux meter device. Bahd\ werewindedaround

special bobbins built by a 3D printing technique, as illustratdegnre 3.16b. The air

gap between the sample and the inductioihwas designed to be very small so that its

effect would not be significant.

Specimen

Figure 3.16: SST system design and coils arrangement.

The current in the coil produces a magnetic field around the sample. The parallel
and closed field lines in this region exhibit a highly uniform and strong field. Field lines
behave in a similar way to how a bar magnet would if it had a north pole ahdrsmeé
South Pole at the other end. The strength of the magnetic field can be increased by
increasing the current in the coil, increasing the number of coils in the solenoid, and using
a soft iron core. The full magnetic flux path in the closed double gg&Em and in ES

sheet are shown fRgure3..17.
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Upper yoke
U-core

Magnetizing coil

L o= &

Induction coil

(a) Flux directions

Figure 3.17: (a) Flux path in closed double yoke system, (b) Flux coil paih ES sheet.

The connections of both magnetizing and induction electrical circuits are shown
in Figure 3.B. A stabilized D.C. power supply was used as the source of direct current E
and connected with the current measuring device or Ammeter. Both wereated to a
reversing switch S1 type (DPDT), then to the magnetizing windin@rNthe SST
specimen. When switch S2 is closed, the current in the magnetizing circuit is controlled
by variable resistor R. The secondary circuit comprises of the secomitiaing N (B
coil) connected to the flux integratafigure 3.0 shows the full desigthatcomprising
all thenew single sheet magnetic tester parts. A pasoint method according td43

was followed to determinéhe complete hysteresis curve.

Switch (S1,84) DPDT connection

s 01 ool @ T
Input >< Out put
Feore e 01
Digttal
Mmaeb
A
4 31
1 Magnetic core i
p — Specimen
E |+ ]
— L
Directcurrent | - |~/ = N2 83
source
o2V Variable Resistor Induction Flux meter
0-100 Coil (N2)

[=

82

Figure 3.18 SST equipment parts connections and electrical circuit.
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Figure 3.19: Full design of new single sheet magnetic tester, (Bpwer supply, (2) Switch
4, (3) Cooling fans, (4) Variable Resistors, (5) Switch 2, (6) Switch(¥) Thermocouple, (8)
Cables, (9) Terminal 1 for N1 coil, (10) SST System, (11) Double Yokes, (12) Terminal 2
for N2 coll, (13) Switch 3, (14) Flux meter 1, (15) Flux meter 2.

3.5.2 Determination of magnetization curve and hysteresis loss

The hysteresis magnetization loops can be achieved by applying several steps using the
SST tester: First, a low current is passed through the magnetizing winding N1. The current
Is then reversed about ten times by reversing switch S1 to bring the materaakteady
cyclic state. When switch S3 is opened, the flux integrator reading corresponds to the
reversal of the magnetizing field is recorded. Here, the flux meter should be zeroed and
then a current of value sufficient to produce the maximum magfietet strength
required shall be passed through the magnetizing winding N1. This current shall be slowly
reduced to zero, then reversed and increased to its maximum negative value, reduced to
zero, reversed again and increased to its maximum positive.valu

Through this procedure, the corresponding values of the magnetic field strength
(H) and the magnetic flux density (B) can be obtained, from which the points of the
hysteresis loop were determined and plotted. After each measurement, the test specimen
was demagnetized from a magnetic field strength by means of repeated reversals of S1.
A short time was allowed to elapse between each reversal to ensure that the magnetic
field had completely penetrated the test specimen. The magnetizing current shall neve
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be decreased during the measurements, otherwise the test specimen shall be demagnetized
before resuming measurements. Similar test details were reportet8in [
The values of magnetic field strength were calculated manually depending on the
current véues that varied with the change of resistor values, according to the following
equation:

HxL =N x | 4) 3.

Where: H: is the magnetic field strength, in amperes per meter (A/m), N: is the
number of turns ofmagnetizingvinding, L: is the mean magnetic path length, in meters,
and | is themagnetizingcurrent, in amperes.

The magnetic flux density isbtainedfrom the corresponding magnetic flux
density andcrosssectionarea of thespecimen Remanent flux density is the measured
magnetic flux density value (iflesla)when the magnetic field strength is zero on the
hysteresis loop. Coercive field strength is theasured magnetic field strength value (in
amperes per meter) when the magnetic flux density is zero on the hysteresis loop. The
hysteresis energy can be obtained from half of a hysteresi$lé4p143 as illustrated
in Figure 3.20

B‘\ B BJ\ B A B
max max max
4 ....................... —— 4 ///'/":/’ 4 2
y
4B S [ w, 4B 3 W)
r M‘H_\' // r
3 /
/ Hmax /
> 7 > >
H / H H
/
J
S v =B,
(a) (b) (c)

Figure 3.20: Determination of hysteresis loss: (a) entire hysteresis curve, (b) absorbed
energy area wl, (c) dissipated energy area w244).

The shaded area between the BH curve and the B axis in Figure 3.21b represents
the work done per unitolume of material. When H increases from zerdiiax (from

points 1 to point 2), the absorbed energy per unit volume is:

xp o, (A" (3.5
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While the dissipated energy in Figure 3.21c when H decreasesHfsgto zero is:

x¢ . (A" (3.6)

The total hysteresis loss is equal to the energy used to establish field minus energy
released by the collapse of the field. Therefore, the energy required to magnetize the core
represented by the area under the curve fsoints 1 to point 2s more tharthe returns
area under the curve fropoints 2 to point 3144,145].

From another view, the back of the electromotive force, also called the
electromagnetic field (emf) differs from the generated one. As the emf is proportional to
the change in flux, whicimeans that the remaining flux changes less than the generated
flux. Therefore, it can be concluded that the total power lost over one complete cycle is
proportional to the area within the hysteresis loop.

According to the Steinmetz hysteresis law, thstésesis loss perfper cycle of
magnetization of a magnetic material depends on the maximum flux density and the
magnetic quality of the materigl4§.

7 + E " (joule/m?/cycle) (3.7)

Where K is Steinmetz hysteresis constant depending on the nature of the
magnetic materiah is empirical index Steinmetz exponent equal to 1.6 whenthaB
between 0.1 and 1.2 Wb#nf (Hz) is frequency of reversals of magnetization because
the hysteresis loss changes with each cycle of the core, alternating from positive to the
negativemagnitude of B, which means the loss is directly proportional to the frequency
of operation. Calcualting the hysteresis power loss requires either dividing the hysteresis
work over the specimen volume size to convert it to watts (joule/s), or converting the
density of the material to watts/kg. Therefore, the formula for the hysteresis power loss
will be

0 w T (Watt/kg) (3.8)
Hysteresidoss isessentially independent of the load current; it depends just on the
flux and hence the voltage; thereby the efficiency of a transformer drops towards zero

with the load current.
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3.5.3 Uncertainty and limitations of determination the magnetization

curve and @mmplete hysteresis loop

According to the standard43, there are two methods can be used to determine the
normal magnetization curve and complete hysteresis loop when conducted SST: the
continuous recording method and the pdaypoint method.

To utilize the continuous recording method, additional equipment is required. For
example, the output from the flux integrator meter should be connected to the Y axis of
an X-Y recorder, plotter or computer interface. Also, the terminals of this resistor should
be connected to the 2éxis of the same devices. The system can be in overall give direct
readings of magnetic flux density and the magnetic field strength in formtbfd®p.
However, in the continuous recording method, the overall uncertainty may besautrea
depending on the resolution of the recorder system.

In addition, if digital control is performed, two signal digitetanalogue
converter with specific lab view software setting is required. Also, because the output
signal from a digitato-analogueconverter is a stepwise waveform, so it required a low
pass filter to smooth the signal and reduce data noise as well.

All these additions will increase the complexity and cost of the tester. Therefore,
to keep the tester as simple as possible, the-pgipbint method has been used in the
current SST measurements in spite of its limitation that could lead to increhsing t
measurements uncertainty, for example, the measurements data are recording manually
result in a limit number of points. That was due to the many reasons such as the test time
is short (the duration of test is approximaté®/ns). In addition, theeading flux value
Is corresponding to a specific value of the current at a specific resistor value. Also, sample
shape, corner, crosection, and hysteresis characteristics of yokes can affect the
measurement. However, absolute accuracy is difficultteona Therefore, precautions
must be taken to avoid the uncertainty in test accuracy.

In addition, the area inside the hysteresis loop represents the total hysteresis loss and
equal to the energy required to magnetize the core. Thereby, detgythie hysteresis
loop by limited points could lead to reducing loops accuracy and thereby the loss is not
accurately determined. Consequently, a problem could arise with the measuring of the
area of the loops of the deformed samples and the calculation of tkeekystoss will
be affected.
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3.6 Microstructur al analysis

Material microstructures have a strong influence on the properties, therefore blanked
samples microstructures wenevestigatedat the deformed cut edge. Samplesre
preparedfor microstructure analys using a series of standard operations including
sectioning, mounting, polishing, etching, and coating. Both optical and scanning electron
microscopy(SEM) were usedo examine the microstructure of the cut edge of blanked
electrical steel thin sheet. Igeneral, the microstructure preparation procedures of
electrical steel are similar to those used for-tawbon steels [9]n addition different

samples werg@reparedwithout etching and coating fddanoindentationtests, whilst

some further specimens, such as those used to examine the edge zones of the cut edge,

wereobservedvithout preparation in ordeo assess the surface state.
3.6.1 Samples preparation

To prepare the samples for microstructure examination, sestps needed to be
implemented including: sectioning, mounted, grinding, polishing, etching, conductive
coating or silver painting. Each step depends on the material type and size. Care needed
to be taken to ensure the preparation of the sample surfac®naaccurately according

to the following steps:

Sectioning and mounting of the samples was conducted in such a way as to expose
the cut edge profile and deformatidal[f]. The blanked samples were manually sectioned
from the blanked sheet using the Tuitter with great caution to prevent alteration of the
structure of the metal or damage to the sample at the cut edge, as this would lead to
erroneous results. Then the samples were cold mounted in order to provide the required
support for mechanical grinth, polishing and hardness measurements and to identify
the sample code.

In general, there are two mounting methods: hot mounting, also called
compression mounting, and cold mounting. Hot mounting involves using Bakelite
thermosetting material and applgiheat of around50-180°C and high pressuground
290barto the specimeril4g. The heating cycle may cause changes in the microstructure,
or the pressure may cause delicate specimens to collapse or deform. Therefore, it was

decided to use cold mountibgcause it does not involve application of pressure and heat

to protect the thin sheet specimen edge an
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features during preparation. Cold mounting uses a mixture of resin and har&der |
The cold mounhg powder was mixed with the liquid Aeleer system in a ratio of 2:1.
A system from Met Prep Company was selected because it is transparent, offers fast
solidification and exhibits lower volume shrinkadgégure 3.21shows the prepared

samples in the ould.

Cut-edges Reference point  Reference point of
regions of interest of 100 RD side  the cut edge side

100 RD
500 RD
1000 RD
100 TD
500 TD
1000 TD

Sequences of samples
Clips for clamp  Cold mounting from up to down

Figure 3.21 Arrangement of the cut samples in the cold mounting.

Grinding and polishing of the samples was carried out using a progressive
sequence of abrading operations, from coarse abrasive paper of grade 400u to a finer
grinding paper of 1200u. The microscopic structure of the electrical steel is very sensitive
to waer [9] and during grinding tends to oxidize quickly, within around 10 seconds,
especially after removing the coating layer, because of the use of nitrogen gas in the heat
treatment used in ES manufacturing. For this reason, water was avoided completely in
the final stages of sample preparation and atbased diamond lubricant was used
instead. Although this produced an acceptable surface, it was noted that there were some
depositions of debris sticking tood &ae sur
polycrystalline diamond alcohddlased compound witlthe alcoholbased diamond
lubricant was used instead. Isopropanol or ethanol solutions were used for washing
samples. Gradually, polishing with a cloth was applied, starting with white cashmere
cloth at 6 and 3 p and progressing to smooth Trounoire black cloth at 1p.

This was followed by etching and coating, whereby the microstructure features
were revealed through chemical etching using 2% Nital etchant at room temperature. The
solution consists ad mixture of nitric acid HNO3 and alcohol such as Methanol CH3OH

or Ethanol C2H60 [9]. This etching solution was used to reveal the grain boundaries and

91



Chapter three The experimental methodology

deformation bands. The best results in the current work were obtained by submerging the
sample in Nith reagent for 4660 S and then directly washing the sample using
Isopropanol or ethanol.

When a small sample is surrounded by a relatively bigaoouctive area such
as cold mounting, the electrons with a negative charge will gather locally, causing
speimen chargeip and thus preventing the emission of secondary electrons. The
illumination of the electron beam in SEM will be affected directly by this chapgand
this will affect image quality in the form of abnormal contrast and shift in ima5@. [
Therefore, to reduce specimen chaoge the specimen surfaces were coated with gold
to a thickness of some microns using a gold coating machine type EMSCOPE, SC500 for
two minutes. In addition, silver paint was applied to reduce chgsgend to give the
specimen surfaces uniform conductivity. This conductive silver paint, type AGG3691
Agar quick drying silver paint suspension, was applied around the cold mounting and

through the middle of the sample.
3.6.2 Microstructure examination

Optical light microscopy waperformed using a Nikon Eclipse LV150 microscope to
examine the cut edge microstructure. The microscope was equipped with Buehler
OmniMet software for the image analysis and to determine the extent of the distortion
areas at the cut edge and vicinity arBlae line intercept method $1].
was used to measure the average grain size according to ASTM standard E112 standard
by drawing a line across the sample image and marking each intersection between grains.
The edge surface created by the blanking prosassbservedinder a scanning
electron microscope (SEM), using a field emission gun InspeaticFoscope at an
accelerating voltage of 20 kV and spot size of 4 um, insondaryelectron (SE)
imaging mode to observe the cut edge profile and vicingg and microstructure features
of fracture surface at higher magnificatiomaddition it enabled expression of the edge
surface topography and the different cutting phases including rollover, shear, fracture
zones, and burr height directly without nréeé preparation or etching. Inspect F was
further used to investigate the Nahcar dness sampl es to obser ve
in relation to the cut edg&he working distance (WD) was increased slightly under direct

camera vision (CCD) by moving the sample platform down to reducehtdrgingeffect
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and to gain better image quality, although the change may have influenced the resolution
of the image quality

Energy dispersive spectroscodylS) analysis was performed to quantify the
chemical composition of the morphological reactions and elements distribution through
the deformed cut edge. EDS was applied using the Inspect F electron microscope at
acceleratig voltage of 20 KV and spot size 4 um and in the secondary imaging mode to
observe the microstructural features. The EDAS Genesis software was used for the

analysis and to chart the peaks of the elements.

3.7 Summary

Blanking experiments can provide insighto the cutting process mechanism and the
local induced deformation at the cut edges. In addition, the testing of samples under a
known production condition can allow the affected magmetchanical properties.
Together, the three analysis elements idicig process, material, and testing can provide

a complete range of information about the blanking process and the properties of the
produced samples, which could lead to better understanding of this process.

This chapter provided a detailed explanatiortr@ef methodology used for the
experimental works of the current study, including blanking procedures and the material
types and specifications. In addition, it has provideddapth specifics of the magneto,
mechanical, and microstructure tests. For examttle technical specifications of the
designed blanking dies. In addition, it has illustrated the DIC setup system and the camera
types and recording frequency rates used. Furthermore, it has explained in full the design
and manufacture of a new magnediicgle sheet tester to suit the size of the samples and
the setting of the conditions for the Namaentation tests and SEM and optical
examinations. The uncertainty aspects and limitations for each used test have been
mentioned as well.

The next chaptewill present the results obtained by implementing the experimental tests

described in this chapter.
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Experimental results

4.1 Introduction

This chapter presents the experimental results obtained from the blanking process and the
conducting of mechanical, microstructure, and magnetic characterizations for the tested

material. Processes and tests settings and conditions were explained previously in the
experimental work chapter. Generally, the results are divided into four maionseict

order to report on the effect of material thickness of 0.2 and 0.35 mm as well as the loading

orientations RD and TD. The investigation results for each of these categories are shown

and linked through expressing their material properties andifyuagtthe deformation

at the cut edge and the vicinity area in accordance with the objectives of the research.
4.2 Characterization of mechanicalproperties

4.2.1 Tensile tests

The tensile tests were carried out for standard tensile samples of electrical steel at
different crosshead speeds of 1, 5, 10 mm/min at room temperature to find out the
influence of variation in test speed on the mechanical properties of the m&tignak

4.1a, bshow tensile engineering strestsain curves for 0.2 mm thick materials at the RD
and TD orientation subjected to different loading sps#l strain rate from about 0.67

to 6.67 10s. The figures illustrate that there is a limited dependency on the test
orientation and the material behavisgems to benore consistent at higher loading
speeds. In addition, there are some differencestemal properties when tested at lower
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loading speeds, the lowest yield and tensile strength being observed at 1Imm/min testing
speed.

Figure 4.1c shows standard deviation error bars for the tensile results in Figure
4.1a and b regarding the yield stress and UTS values. Generally, results are less steady in
the TD direction; this mighbe due to the grairgructuren the local crossection of the
thin sheet.
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Figure 4.1: Tensile rate sensitivity at different test speeds, a) 0.2 RD, b) 0.2 TD, c¢)
maximum UTS and vyield stress valuewith standard deviation error bars.

Tensile tests werealso done for 0.35 sheet thickness under the same tests
conditions as for the 0.2 thick sheets to verify the influence of sheet thickness on the
tensile results at different strain rategyure4.2a, bshow there is a little variation in the
mechanical properties of the thicker material compared to the thinner one. The figures
alsoshw a | i mited dependency on the test orie
is still more consistent at higher loading speeds. Therefore, the speed 10 mm/min was
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adopted in all tensile tests for the current resedfigfure 4.2c shows more stability in
the tensile results for 0.35 sheet thickness than the 0.2 in both sheet orientations; this
could be confirmation of the influence of grains in libeal crosssection of the sheet on

the variation of tensile results.
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Figure 4.2: Tensile rate sensitivity at different test speeds, a) 0.35 RD, b) 0.35 TD, c¢)
maximum UTS and yield stress values witlstandard deviation error bars.

4.2.2 Strain distribution in uniaxial loading

DIC technique was used to measure the strain distribution on the tensile samples tested at
10 mm/min.Figure4.3 shows the stresstrain curves of electrical steel for the two sheet
thicknesses and orientations. As it was expected, the graph illustrates higher extension
for rolling direction than for thtransverselirection due to the applied axial tensile load
being parallel to the rolling direction.
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Extension (mm)
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Figure 4.3: StressStrain curves for 0.2 0.35in RD, TD samplesat 10 mm/min test speed

Figure 4.4 shows the Mcrograph of tensile samples at different plastic
deformations. The figure illustrates formed of more deformation bands wbeasing

the material deformation that could reflect the affected of grains and texture in the local

Figure 4.4: Macrograph of tensilesamples atdifferent plastic extensions

deformation.

Smm

100 mm
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In order to @aluate the DIC accuracy measurement, the error calcutation
have been made by ralysis some wdeformed images or static images before
applying loads of tensile specimen®round 5 images have been taken with a time
interval equal to the imaging time tfe test have been analysed with DIC to quantify
the maximum error in the measured strain values during tensile tests. Figure 4.5
shows that the resulting strain map with a maximum strain value of about 0.03, which
is negligible compared to the strain vaturecorded during the test. Thereby, all
values of the measured strains during tensile tests using DIC technique in the current
study represent the absolute values of the true strains results including the error

values

| 0.032

-0.024

°
o
N

-0.016

Max. normal strain

-0.012

~ e £ B>, =

Figure 4.5: The strain error analysis for the tensile samples determined with DIC.

Figure 46 to 4.9 show the distribution of the local strains during different stages
of the tensile test for both 0.2 and 0.35 mm sheet thickness in both RD and TD orientations
of electric steel. Theidures demonstrate that the deformation of samples is almost
uniform all over the gauge section. Also, there is no clear local necking and the local
deformation instantly results in a fracture. According to the local concentration areas of
strain distribubn, the figures illustrate that the crack begins to form at the edge of the
samples in the late stages of the test. Then the crack propagates quickly to the fracture
stage. That may because of the small thickness of the sheet or because the sheet edges
were affected by the induced HAZ due to the EDM process when preparing samples,

where the stresses are concentrated and the local strain value rises significantly.
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Figure 4.6: Maximum normal strain distribution of tensile samples at different stages of extension during the tensile tests of 0.2 RD.
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