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Abstract

Electrical steel is an alloy of steel that can have on average 3% silicon. These alloys are known to

possess great magnetic properties, and this makes them an ideal material choice for the application

of electric motors as they are used in the rotor and stator construction. Rotors and stators are

comprised of laminated stacks of thin electrical steel sheets. As the automotive industry moves to-

wards electri�cation of automobiles, it is crucial to comprehend the impact of laminating electrical

steel and exposing it to higher temperatures on both the quasi-static and fatigue properties.

An electric motor can reach high temperatures under a heavy load, and it is important to under-

stand the combined e�ect of temperature and load on the electrical steel’s performance to ensure

the durability and safety of electric vehicles. This research investigated the quasi-static and fatigue

strength and failure behavior of stamped 0.27mm thick electrical steel sheets as well as laminated

electrical steel samples that were comprised of 8 individual sheets. Stress-controlled fatigue tests

were performed at both room temperature and 150°C. The quasi-static test results showed a de-

crease in mechanical strength at the higher temperature in terms of the elastic modulus, ductility,

yield strength and ultimate tensile strength. The single sheet samples had a decrease in yield

strength by 21% and a decrease in elastic modulus by 5%. The laminated samples had a decrease

in yield strength by 18% and a decrease in elastic modulus by 6.7%. The cyclic test results showed

a decrease in the fatigue life of the samples at the elevated temperature compared to room tem-

perature, in both the LCF (Low Cycle Fatigue) and HCF (High Cycle Fatigue) regimes. For the

single sheet samples a decrease in life of 21% was observed at 0.51 normalized stress and 55% at

0.40 normalized stress. For the laminated samples a decrease in life of 38% was observed at 0.51

normalized stress and 56% at 0.40 normalized stress. Examination of the fracture surface of the

single sheet samples tested at room temperature showed some inter-granular cleavage facets along

with predominant trans-granular facets in the crack initiation zone and transitioned to only trans-

granular cleavage facets in the crack propagation zone, at both the low- and high-cycle regimes.

In contrast, the high temperature samples showed a smaller fatigue damage zone, and outside of

this zone, the main failure mechanism was severe necking for both the low- and high-cycle samples.

The laminated samples behaved similarly to the single sheet samples and possessed very similar

quasi-static and fatigue properties. Regardless of test condition and load level, the crack always

initiated from the breakaway zone on the stamped edge of the samples. The higher temperature
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adversely a�ected the overall strength, as the higher temperature releases residual stresses and

annihilates dislocation density induced during the sheet manufacturing and sample preparation,

resulting in shorter fatigue life.
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Chapter 1: Introduction

1.1 Motivation

Electrical steel is not a newly discovered alloy of silicon steel, in fact the invention of both grain-

oriented and non-oriented electrical steel is close to one hundred years old. It is a silicon alloy steel

that is used in the construction of the stator and rotor core of the electric motor. The interest in

electrical steel is now growing worldwide and further research into the electrical steel is important

now more than ever as automobile companies shift towards electric vehicles. Even though the

invention of the electric car pre-dates the invention of the gasoline car, the industry standard for

powering transportation as well as industrial equipment has been through the use of internal com-

bustion engines. However, the world climate is going through a rapid change and the greenhouse

gases (GHGs) that are produced from internal combustion engine cars must be reduced to help

mitigate the e�ects of climate change.

The overarching goal of this research is to understand and characterize the mechanical behavior of

electrical steel to help and support the transition towards electric vehicles. The short term goal in

this research is to establish a relationship between the elevated temperature and laminating process

on the quasi-static and fatigue properties of electrical steel. The long term goal of this research

is help facilitate a change to fully electric vehicles to help reduce GHGs and �ght climate change.

In order to do this, it is important to characterize the mechanical and thermal behavior of the

electrical steel. The purpose here is to establish a relationship between the performance and the

microstructure of the electrical steel. This information is crucial in the design of the electric motors

as these properties are needed for computer aided design to ensure the electric motor design can

be robust. The current literature shows that there is some information regarding the fatigue, the

e�ects of punching on the fatigue as well as the e�ects of elevated temperatures on electrical steel.

In this research however, a baseline measurement for stamped electrical steel will be recorded and

compared with the e�ects of the laminating process with respect to the quasi-static and fatigue

properties as well as the e�ect of temperature on both of these properties.
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1.2 Objectives

The objective of this research is to gain a deeper understanding of the mechanical behavior of

electrical steel when subjected to cyclic loading, as well as to identify the fracture mechanisms at

work and establish a correlation between cyclic performance and material structure. As automo-

tive manufacturers increasingly seek to design more powerful electric motors while reducing their

size, this study will make a signi�cant contribution by identifying the durability limitations of such

electrical motors.

To achieve the objectives following research plan is pursued:

1. Obtain the fundamental microstructural attributes of electrical steel and the e�ects of di�erent

cutting methods on such attributes.

2. Characterize tensile behavior (at room and elevated temperatures) and to identify its failure

mechanisms.

3. Characterize fatigue behavior of the single sheet samples (at room and elevated temperatures),

identify failure mechanisms (under cyclic loads) and develop a fatigue model.

4. Characterize tensile behavior of the laminated samples (at room and elevated temperatures),

fatigue behavior (at room and elevated temperatures), identify failure mechanisms (under quasi-

static and cyclic loads) and develop a fatigue model.

5. Establish a link between material structure and its performance under static and cyclic loading

conditions at room temperature and elevated temperatures.

1.3 Thesis Overview

Chapter 2 will review the relevant literature regarding the background of electrical steel, its mi-

crostructure, behavior under quasi-static and cyclic loading, e�ect of temperature and e�ect of

cutting methods.

Chapter 3 will discuss the methodology used in the microstructural and mechanical characterization

of the electrical steel sheets. It details the parameters used in the setup used for the microstructural

and micro-hardness analysis, the testing of electrical steel (both quasi-static and fatigue testing)

and the sample geometry.
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Chapter 4 will discuss the microstructural analysis that was conducted on the electrical steel and

compare it to what is known in the literature. This addresses the �rst objective of this research.

The chapter will then the quasi-static �ndings on the electrical steel sheets. This addresses the

second objective of this research. This chapter will discuss the tensile behavior of the electrical

steel sheets and failure mechanisms at room and elevated temperatures, as well as severe thinning,

and potential activation of additional deformation mechanism at high temperature. A correlation

between quasi-static behavior and electrical steel structure will be established. Such correlation

will be provided at room and high temperature.

Chapter 5 will discuss the cyclic behavior of the electrical steel single sheets. This chapter ad-

dresses the third objective of the research. This chapter will discuss the fatigue/cyclic behavior of

the electrical steel sheets, root cause of crack initiation, and major di�erences in crack propagation

at room and high temperature. The e�ect of stamping on microstructure at the edge of samples and

its correlation to crack initiation at the low- and high-cycle fatigue will be discussed. Temperature

role on relieving the residual stress induced in stamping, and its role in facilitating cracking will be

discussed also.

Chapter 6 will discuss the quasi-static and fatigue behavior of laminated electrical steel. This

chapter will address the fourth objective. This chapter will discuss the e�ects of laminating the

electrical steel and its e�ect on the tensile behavior at room and high temperature. This chapter

will also discuss the fatigue behavior at room and high temperature for the laminated electrical

steel. Similarities and di�erences in behavior of single and laminated sheets will be discussed in

detail.

Finally the Conclusion will highlight the main conclusions of this research, discuss its limitations,

and provides a future outlook for key research topic for electrical steels. By culminating the �ndings

of the thesis, the �fth and �nal objective will be addressed.

Below is a graphical abstract to help visually understand the process that the research followed

and how the di�erent topics all relate to the work that was conducted.
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Figure 1: Graphical abstract of the research conducted for electrical steel
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Chapter 2: Background and Literature Review

Electrical steel is the most commonly used material in the manufacturing of the stator and rotor

core of most electrical machines including motors, generators and transformers [1]. Electrical steel

is also referred to as transformer steel and silicon steel. This is a steel alloy that has a high in

silicon content and is known for having great magnetic properties, as its magnetic domains can

shift with little energy loss. The addition of the silicon to the steel, allows the electrical resistiv-

ity to increase which, in turn, causes a reduction in eddy currents and iron losses, which helps

to achieve better e�ciency. Another bene�t to the increase in the silicon content, is that it will

cause magnetostriction to decrease which will lead to a lower sensitivity to strain related stress.

Magnetostriction is the phenomenon where magnetic materials change their dimensions when they

are within a magnetic �eld due to the magnetic force causing a stress and therefore strain on the

material [1]. The electrical steel, when used in the electrical motors mentioned above, is often cov-

ered with an insulation coating to prevent eddy currents from travelling from one sheet to another.

It is then stacked to the desired height. When this process of coating and assembly is done, it is

referred to as laminated electrical steel.

The two main types of electrical steel are grain-oriented and non-oriented electrical steel [1]. Non-

oriented electric steel has a silicon content of 0.5-3.25% [2]. It was originally developed by an

English metallurgist named Robert Had�eld in 1900 [1]. This variant of electrical steel has no

grain orientation, as the name suggests. The bene�t of this type of electrical steel is that it can

produce a magnetic �eld in any direction and the magnetic �eld can be oriented in any single

direction once another magnetic �eld is induced on the material. Since the direction of the grains

and subsequently the magnetic domains, are not restricted to a singular direction, this steel is often

used in applications where the stack of laminated electrical steel is in motion such as motors, and

generators where the magnetic �eld is required to change direction constantly [2].

The other variant of electrical steel is grain-oriented electrical steels, and as the name suggests,

this material has its grain structure oriented in the rolling direction, and this is a by product of

the manufacturing process itself. These types of electrical steels have a silicon content of 3-6.5%

[2]. This steel was developed sometime after the development of non-oriented electrical steel by a

metallurgist named Norman Goss in 1933 [1]. This type of electrical steel will have a �xed magnetic
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�eld with a �xed direction and are typically used in stationary applications such as transformers,

where the magnetic �eld is not changing direction.

Figure 2 below shows the impressive development that has occurred for electrical steel over the

past one hundred years. Figure 2a shows the contribution provided by di�erent scientists and cor-

porations to reduce the core losses of electrical steel, thereby increasing the energy e�ciency of the

corresponding electric machines that they are used in. Figure 2b shows the amazing improvements

to decrease the sheet thickness conducted by the Nippon Steel Corporation (NSC) and just how

thin electrical steel can now be produced. This is important as thinner sheets can help to reduce

eddy current losses and increase energy e�ciency of the machines they are utilized in. However, it is

important to note that if the sheet becomes too thin, it can also act as a disadvantage as secondary

re-crystallization becomes more unstable at this size, hysteresis losses increase, and there will be a

reduction in the shaping factor of the part [3]

Figure 2: (a) Historical development of core loss reduction in electrical steel (b) development of

thinner-gauge material by NSC [3]

The research into electrical steel is very important for the automotive industry, as the average

automobile today, while not fully electric, utilizes anywhere from 20-60 small sized motors [4]. This

can range from power window actuators, sunroof motors, windshield wiper motors, seat adjustment

motors and electric power steering motors. A diagram of this is shown below in �gure 3. Improve-

ments to electrical steel not only bene�t the electric drive motor design, it can also improve various

other motor designs to improve e�ciency and overall reliability.
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Figure 3: Electric motor applications within a modern automobile [5]

2.1 Manufacturing Process

The magnetic properties of electrical steels can be altered based on their silicon content, and man-

ufacturing process. The two types of electrical steels are grain-oriented and non-oriented electrical

steel. A diagram of their manufacturing process is shown in �gure 4. They both have very similar

manufacturing processes and go through many of the same steps however, the grain-oriented elec-

trical steel requires some extra steps in order to ensure that the magnetic domains are aligned in

one direction and, in order to do this, secondary re-crystallization is needed. This however comes

at a cost, as the higher silicon content in this grain-oriented electrical steel decreases the ductility

of the electrical steel and this will require some additional processes to prevent any cracking [1].

Now primary re-crystallization can form new strain-free grains however, they would not be able

to orient in a particular direction. Secondary re-crystallization is a process where the material

is annealed at a temperature higher than the temperature required for primary re-crystallization,

and where the material is annealed for a very long time. This process allows for very large grain

growth that extends the thickness of the cold rolled sheets of electrical steel [1]. To have secondary

re-crystallization, there must be something that prevents the normal grain growth that occurs in

primary re-crystallization [6, 7]. Second-phase precipitates located at the grain boundaries are what

help to do this job and they are normally removed at the high temperature or they disappear into

the material as a solid state solution and di�use towards the grain boundaries during annealing [6].
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However, in this processes there can be some impurities which are used to prevent normal grain

growth. These are manganese sul�de and aluminum nitride, and it is important to remove them

after the annealing process as they can act as wall pinning sites and can restrict the movement of

the magnetic domain [1, 6, 7].

Figure 4: Manufacturing process of grain-oriented and non-oriented electric steels [8]

Both of the electrical steels begin their manufacturing processes with hot rolling [8]. The grain-

oriented steel then goes through a primary annealing step. This is done to improve the cold rolling

properties of the grain-oriented electrical steel. In addition, this step is done to remove any scales

that form during the hot rolling step by passing the sheet through a scale breaker, and an acid bath.

Here both of the electrical steels goes through a pickling process before the cold rolling step. From

there both types of electrical steels will undergo a cold rolling step where the sheet thickness is

reduced by 40% - 90%. After this step both steels undergo an annealing process. This step is done
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to remove any residual stresses within the electrical steel. For the grain-oriented electrical steel,

the high temperature annealing process is used to create the secondary re-crystallized structures

necessary to have a grain-oriented microstructure. Here another process called decarbonization

can be used to remove any access carbon from the steel. The process then concludes with both

steels receiving an insulation coating that is given when the steels both pass through rollers. This

insulation coating is very important for the electrical steel to prepare it for use inside an electrical

machine, as it prevents eddy currents from travelling between adjacent sheets when the electrical

steel is stacked and laminated. This coating often has magnesium oxide which at a high tempera-

ture, combines with silicon oxide to form a glassy magnesium silicate [8]. This not only electrically

insulates the electric steel, but it also leaves a residual tensile stress in the steel once it returns to

room temperature [1]. This causes the core losses in a motor to decrease as well as form magnetic

domain walls 180° to the rolling direction.

2.2 Microstructure of Electrical Steel and The Role of Silicon Content

The secondary re-crystallized structure in the electric steel is much more di�erent than the primary

re-crystallized structure and is much stronger as well [1]. The primary texture is very complex,

and does not possess as much strength. Secondary re-crystallization can only occur if normal grain

growth is inhibited [3]. The plane of (011) is the plane that is parallel to the sheet thickness and

[100] is the rolling direction for the stereographic projections shown in �gure 5. Figure 5 shows

that the cube-on-edge texture makes the< 100> family of directions in all grains almost parallel to

one another, and this is the direction mainly used for quoting the properties of the grain-oriented

electrical steel [1, 3]. The coarse grained texture off 110g < 100> shown in �gure 5 is the principle

direction and has the highest torque strength [9, 10]. These are the two main crystal orientations

that are shown in grain-oriented electrical steel and are the result of secondary re-crystallization in

addition to the rolling process.
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Figure 5: Single crystal projections (a & d), unit cell orientation (b & e) and pole �gures (c & f)

for the cube-on-edge and cube texture, the two main crystal orientation of electrical steels [1]

In manufacturing the grain-oriented and non-oriented electrical steel, one key issue that can af-

fect the �nal product is the e�ect of residual stresses. Residual stress can inhibit the movement

of magnetic domains and it is one of the largest factors that will cause a transformer to drop in

energy e�ciency and lose power internally [11]. Residual stresses can appear in the electrical steel

for many di�erent reasons and is a by-product of the entire manufacturing process of the electrical

steel. It mainly comes from the cold and hot rolling process, it can come from a cutting/stamping

process and it can come from a joining process. Figure 6 below shows the e�ects of di�erent strains

during the elongation of electric steel under straightening annealing, which is a process that takes

place during the annealing step. It is important to note that �gure 6a was not elongated and it

shows very little to no dislocations along the grain boundaries. However, as the strain increases,

the dislocation cluster around the grain boundaries increase. This is not good for the magnetic

properties of the electrical steel as residual stresses restrict the movement of the magnetic domains

which can greatly deteriorate the energy e�ciency of the electrical device. The same research done

by Korzunin et al. [11] goes on to prove that the increase in the strain of the material greatly

10



increases the power losses and the magnetic �eld deterioration.

Figure 6: The e�ect of relative elongation under straightening annealing on the dislocation structure

of 50WW470 electric steel (a)" = 0, (b) " = 0.015, (c) " = 0.02, (d) " = 0.035, (e) " = 0.04, (f) "

= 0.05 [11]

Electrical steel production has increased due to the recent popularity of electric vehicles, and due

to this, there is a growing push towards getting greater magnetic properties and greater strength

from the electric steel. Silicon is the key alloying element used in electrical steel and it can improve

the resistivity, reduce the eddy currents and hysteresis losses [12]. In addition to this, the silicon

content can make the grain size bigger as well as reduce the austenite content in the microstructure

[12]. An increase in silicon content is important in achieving better magnetic properties however, it

is important to understand the e�ect that the added silicon will have on the mechanical properties

of the material.
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