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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 electrification 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 effect 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 affected 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 effects 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 fight 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
effects of punching on the fatigue as well as the effects of elevated temperatures on electrical steel.
In this research however, a baseline measurement for stamped electrical steel will be recorded and
compared with the effects of the laminating process with respect to the quasi-static and fatigue

properties as well as the effect of temperature on both of these properties.



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 significant 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 effects of different
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, effect of temperature and effect 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.



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 first objective of this research.
The chapter will then the quasi-static findings 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 differences in crack propagation
at room and high temperature. The effect 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 effects of laminating the
electrical steel and its effect 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 differences 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 findings

of the thesis, the fifth and final objective will be addressed.

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

and how the different topics all relate to the work that was conducted.
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Figure 1: Graphical abstract of the research conducted for electrical steel



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 efficiency. Another benefit 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 field 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 Hadfield in 1900 [1]. This variant of electrical steel has no
grain orientation, as the name suggests. The benefit of this type of electrical steel is that it can
produce a magnetic field in any direction and the magnetic field can be oriented in any single
direction once another magnetic field 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 field 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 fixed magnetic



field with a fixed direction and are typically used in stationary applications such as transformers,

where the magnetic field 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 different scientists and cor-
porations to reduce the core losses of electrical steel, thereby increasing the energy efficiency 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 efficiency 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]
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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 figure 3. Improve-
ments to electrical steel not only benefit the electric drive motor design, it can also improve various

other motor designs to improve efficiency 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 figure 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 diffuse towards the grain boundaries during annealing [6].



However, in this processes there can be some impurities which are used to prevent normal grain
growth. These are manganese sulfide 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].

Grain Oriented
Electrical Steel Process

.
Hot Rolled Coll

@ Preliminary Annealing

Non - Grain Qriented
Electrical Steel Process . {
Hot Rolled i\"‘. ._ Annealing Furnace x o
Coll High Temperature

Annealing Furnace Q:]

Insulation
Coating

P

Graln Orlented
Electrical Steel

Insulation
Coating

P

Non - Graln Orlented
Electrical Steel

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



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 different 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 figure 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 of {110} <100> shown in figure 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 figures (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 final product is the effect 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 efficiency and lose power internally [11]. Residual stresses can appear in the electrical steel
for many different 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 effects of different 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 figure 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 efficiency 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
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increases the power losses and the magnetic field deterioration.

Figure 6: The effect of relative elongation under straightening annealing on the dislocation structure
of 50WW470 electric steel (a) e = 0, (b) € = 0.015, (c) € = 0.02, (d) € = 0.035, (e) 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 effect that the added silicon will have on the mechanical properties

of the material.
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Ye et al. [12] conducted a study to determine the effect additional silicon content on the mi-
crostructure of electrical steel. They found that an increase in silicon content causes the annealing
temperature and the time for annealing to increase for the electric steel. In this study, sample A
was annealed at 880°C with a speed of 120 m/min, sample B was annealed at 900°C with a speed
of 95 m/min and sample C was annealed at 920°C with a speed of 80 m/min. Here, the additional
silicon content can decrease the ductility and as a result, more time is required to allow for better
re-crystallization and to allow for the larger grain growth that results from the additional silicon
content [12]. Below the effects of adding additional silicon content are shown in figure 7.
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Figure 7: Electrical steel microstructure of (a) sample A, 50W800: 0.80% Si (b) sample B, 50W600:
1.57% Si (c) sample C, 50W300 2.52% Si, showing the increase in grain size with additional Si
content [12]

During the hot rolling process of the electric steel, austenite can form within the microstructure
This is the gamma phase of iron and it is soft and ductile. This phase in the electric steel only
occurs when the silicon content is below 1.7% [12]. As a result, only the sample shown in figure
Ta has austenite in the microstructure. However, since the other two samples have the larger grain
sizes, they become more brittle, and the strain energy increases due to the increase of the sili-
con content. This makes them even more difficult to deform which is advantageous to the overall
strength of the electrical steel, even if it affects the manufacturability [12]. The microstructure
does however confirm that the increase in silicon content does lead to larger grain growth. It is
known that the addition of Si in the steel accelerates the formation of ferrite which in turn, pro-
motes the formation of austenite through nucleation followed by grain growth [13]. This process
of grain growth promotes the growth of austenite of higher hardenability which results in a higher
volume of martensite in the final structure, overall resulting in an increase of mechanical strength

[13]. However, if too much aluminum nitride or manganese sulfide precipitates are found in the
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microstructure, it will restrict grain growth and can affect the magnetic properties of the electrical
steel as well [6]. The average grain diameter for samples shown in figure 7 are as follows: sample
(a) was approximately 50 pm, sample (b) was 75 nm and sample (c) was 87 pm [12]. The effects

of the additional silicon content on the magnetic properties are explored in figure below 8.
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Figure 8: Magnetic properties of samples from figure 7 [12]

The improvement of the texture of the electric steel with the increase of the silicon content allowed
for better magnetic properties (in general) as shown in figure 8. The samples in this graph from
A to C increase in the silicon content and it shows a downward trend of iron losses [12]. The
iron losses are the combination of losses within the electric steel due to the eddy currents and
the deterioration of the magnetic hysteresis curve. Here the magnetic flux density also decreased
with the silicon content, which is unusual however, the change here is very small and this slight
decrease can be accounted for by the increase in the residual stresses caused by the additional
silicon [12]. There are many factors that can influence the magnetic properties of electrical steel.
Grain size is another factor that can influence the core loses. According to Shimanaka et al. [14]
the increase in silicon content decreases the core loses of the material, but the relationship between
the grain size is different. Figure 9 below shows that the approximate grain size of 100 pm to
150pm allows for the lowest losses and that above this size, the losses increases. This behavior is an

important finding and proves that there is an optimal grain size that allows for the lowest core loses.
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Figure 9: The influence of grain size on the core losses in electrical steel with varying silicon content

[14]

Increasing the Si content can further improve electrical resistivity of electrical steel, can increase
the saturation magnetization and can reduce the magnetostriction to near zero [10, 15]. However,
increasing the silicon content past 3.7% can inhibit secondary re-crystallization and controlling the
microstructure can be more difficult [7]. This is important as in a typical electric motor, the iron
losses can contribute to 20% of the power losses in the system [10]. Normal production of electric
steel limits the silicon content to 3.25 % to achieve a more reliable manufacturing process. Various
studies have been done to try and achieve 6.5% silicon. Since the added silicon content improves the
magnetic behavior of the material, it is advantageous to increase the percentage of silicon content.
The normal manufacturing process for electrical steel cannot work at these high silicon contents
as the material becomes very brittle in nature however, cold rolling is still possible. It is more
costly but the sheets can be hot-rolled, warm-rolled and then cold-rolled to manufacture this type
of electrical steel however, the process requires tighter control [16, 9]. Chemical vapor deposition is
a chemical process that can be used to synthesize 6.5% Si electrical steel. This process can produce
a sheet that is 0.1mm-0.3mm with great magnetic properties [15]. This process is carried out by
using a chemical displacement reaction with silicon chloride (SiCly) in an inert gas atmosphere at

1200°C, that will react with the iron to deposit Fe3Si on to a 3% Si electrical steel sheet to convert
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it to a 6.5% Si electrical steel sheet [15]. This is a revolutionary process that achieves what normal
cold rolling cannot, as high silicon content makes the electrical steel very brittle. Electron beam
physical vapor deposition is another process that can increase the silicon content of electrical steel
to 6.5%. This process involves a stainless steel disk substrate that contains the high silicon content.
This substrate is heated and then using electron beams, the ingot iron and silicon are bombarded,
converted into a gaseous state, and then deposited on the stainless steel disk where they harden to

create the desired electrical steel [17].

The effect of adding in silicon content helps improve electrical resistivity and this property is needed
for electrical steel. However, for normal steels, silicon content is often added to improve mechanical
and corrosion resistance as well [18, 19]. Khan et al. [19] found in structural steel S275, that adding
1.6% Si reduced the corrosion rate to 18% of the original rate for S275 which contains no silicon.
It was also found that the silicon content had minimal degradation on the mechanical properties
of the structural steel. In steel, adding in greater silicon content can improve corrosion resistance
by forming layers of silica (SiOz2), fayalite (FeaSiO4) or at higher temperatures, wustite (FeO) [18].
At high oxidation temperatures, the silicon can form a layer of silica up to 950°C. Above this tem-
perature and below 1150°C fayalite begins to form as a scale layer which will also help to inhibit
corrosion however, above 1177°C the iron will begin to corrode and form wustite (FeO) and fayalite
which infiltrates scale and grain boundaries. Figure 10 below shows the mass gain for steel with
silicon content of 0.02%, and 3.2%. The steel with 3.2% Si performs much better in reducing the
oxidation and has very little oxidation below a temperature of 1177°C. A cross section of these sam-
ples that were oxidized for 15 minutes is shown below in figure 11. It shows that the sample with
the greater silicon content has a protective layer of fayalite and wustite which prevents oxidation.
At lower temperatures such as 850°C the sample shown in figure 11b would also have a silica layer
which would further prevent oxidation. This is an added benefit to have for electrical steel as it
allows for a more controlled heat treating process however, it does make the pickling process more
difficult depending on which scale layer forms [18]. While the rotor and stator core will not likely be
exposed to a corrosive environment since they are enclosed within an electric motor, it is still a ben-

eficial trait to have as it makes the manufacturing and transportation of electrical steel much easier.
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Figure 10: Mass gain during oxidation of steel in 15% humidity with (a) 0.02% Si content (b) 3.2%
Si content [18]
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Figure 11: Cross section of steel after oxidation for 15 minutes (a) at 850°C with 0.02% Si content
(b) at 1100°C with 3.2% Si content [18]

During the manufacturing of the electrical steel, there is a hot rolling step. In this step, there is
a high likelihood of oxidation occurring and the likely result of this could be the formation of iron
oxides FeO, Fe3Oy4, and FeoO3 [20]. Due to the silicon content, there can also be creation of fayalite
FesSiO4. No matter which temperature the electrical steel is hot rolled at a layer of iron oxides

and fayalite will form [20]. Figure 12 shows an image of electrical steel oxidation at extreme high

temperatures.
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Figure 12: SEM images of silicon steel oxidized for 20 minutes at (a) 950°C (b) 1100 °C (c) 1150°C
[20]

2.3 Effects of Punching on Electric Steel

When electrical steel is finished the manufacturing process discussed above, the sheet metal is ready
to be molded into its desired shape and size. It is at this point that the roll of the electric steel is
cut to the desired shape for use within the machine. The issue is that common cutting processes
like laser cutting and punching can create residual stresses at the sight of the cut can lead to pre-
mature failure and can also cause some deterioration of magnetic properties [21]. Punching is a
very common cutting process for electrical steel due to its cost effectiveness and while it is common
practice to punch sheets of electrical steel, it is important to understand what happens during this

process and how any disadvantages of the process can be avoided.

The punching process of the electric steel is shown below in figure 13. Here the steel sheet passes
above the die, and once the sheet has reached the starting position, the punch comes down to
separate the final part from the sheet. Here the punch first meets the sheet and causes it to roll
over. The load then increases until the metal yields and fractures. At this part of the process, a
crack initiates and then propagates along the punched profile. Here there is a ductile fracture that
causes this raised edge or burr to form. The important factor here is that once the electrical steel

is punched, it will have a raised edge on the final part [21].
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Figure 13: Punching of electric steel sheets showing how a burr is formed [21]

The punching process causes plastic deformation at the edges where the material was cut/separated
from the sheet. This damaged region will have a higher hardness due to the residual stress and the
work hardening, in addition to the increase of the dislocation density [21]. This will lead to changes
in the microstructure that will cause the magnetic properties to deteriorate, as these new disloca-
tions will act as pins that will restrict the movement of the magnetic domains [21]. This plastic
deformation is shown below in figure 14, and it shows both how the electric steel’s microstructure

normally looks and how it looks at the deformed edge of the material.
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Figure 14: Cross section of M330-35A electric steel (a) away from cutting edge and (b) at the
cutting edge. region 1: finer elongated grains, region 2: deformed area where grains are not visible,

region 3: bend contours, region 4: un-deformed region [21]
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Taking a closer look at figure 14b there is quite a bit of plastic deformation that occurred to punch
the electric steel sample. At this region there are crystal defects and deformed grains which results
in bend contours within the region of plastic deformation [21]. These bend contours are visible in
region 3 as this was the region that stretched and underwent bending during the punching process.
Similarly elongated grains are shown in region 1 which is the region that was undergoing shear
loading. In regions 2 shear bands are shown forming around regions 4 and regions 1, as this is the
region where the microstructure was elongated and constricted. Region 4 is an un-deformed region
within the microstructure [21]. Using electron backscatter diffraction (EBSD) from an electron
microscope, the crystal structure in this region can be studied. The sample shown in figure 14b

was scanned using EBSD and the results for this test are shown below in figure 15.
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Figure 15: EBSD results on sample shown in figure 14(b) showing plastic deformation (dark areas)

and which plane the grains are aligned in [21]

The EBSD data provides useful information as the shear bands are shown much more clearly in
figure 15. These areas of plastic deformation show up as black regions within the microstructure.
The reason for this is that the quality of the scan worsens as the dislocation density increases in
a region as it will distort the crystal lattice to where the data cannot pinpoint a crystal structure
from said region [21]. This also indicates that the region of deformation has high strain energy
concentrated at the shear bands. These shear bands developed to accommodate the larger strain,

and help to understand the mechanism at work during the punching process. Here newer and finer
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grains are not evolving throughout the cross section, rather they are forming in between the shear
band regions, and remain localized in single grains [21]. For the punching of electrical steel, it is
very important that the punch and die have sufficient clearance and tonnage to correctly punch the
sample, as not doing so can result in a large burr that can overall increase residual stresses, and

decrease the magnetic properties of the motor/transformer [22].

Punching can have a detrimental effect to the fatigue strength of the electrical steel. The punching
(or stamping) can cause tensile residual stresses near the cutting edge, that can be as large as
200pm from the cutting edge according to Dehmani et al. [23], even larger at 500pm according to
Hongzhi et al. [24] and up to 700 pm from the cutting edge according to Maurel et al. [25]. It is
important to note that the residual stress peaks near the cutting edge and tappers as the distance
from the edge increases. This variance in the residual stresses can be attributed to the clearance
and tonnage of the punching process [22]. The residual stress measurement conducted by Hongzhi
et al. [24] is shown in figure 16. This study found the residual stress to peak at 340 MPa right
at the cutting edge. Dehmani et al. [23] found that the residual stress peaked to 415 MPa at the
cutting edge. This residual stress can reduce the overall life of the sample during fatigue, and must

be controlled during the manufacturing process.
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Figure 16: Residual stress measurement near the cutting edge of electrical steel, for an annealed

and un-annealed sample [24]
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Dehmani et al. [23] also conducted micro-hardness measurements near the punched edge to iden-
tify if the grains are hardening due to the applied stress of the punching process. It is known that
punching can cause a rough edge as the edge will roll over, and have a shear zone. When the
material suddenly fractures, a fracture zone and burr is left over. This fracture zone and burr is
a rough surface that can cause stress concentration during cyclic loading, and it is the location
where a crack can initiate [23, 26]. The area where the micro-hardness peaks is at the cutting edge
where we see the highest residual stresses of electrical steel. Figure 17a below shows that if the
sample is polished, the fatigue life drastically improves as it can remove some of the areas of stress
concentration and plasticity which reduces the likely-hood of fatigue crack initiation [23, 26]. By
polishing the cutting edge, the area of tensile residual stresses are also removed. Annealing can
also accomplish this however, to a lesser extent [23, 24]. This study was done on an electrical steel

called M330-35A, which has a silicon content of 2-3.5% [23].
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Figure 17: (a) S-N curves obtained for different various specimen configurations of M330-35A (b)

micro-hardness measurements for these same specimens [23]

The fatigue cracking of stamped electrical steel initiates from the free surface [27]. According to
Du et al. [27] the crack growth does not follow the path that would directly traverse the minimum
cross section, and it does not flow in a linear fashion. The crack will start at one corner and follow
a trans-granular crack growth and the fracture surface amongst neighboring grains may not be
continuous. Figure 18 shows a picture of the fracture surface where the crack initiation is shown

below as well as an image showing the fatigue crack growth for the sample [27]. These findings
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help to better understand how the electrical steel behaves under tensile stress.

100 pm

Figure 18: (a) Fracture surface of electrical steel 30WGP1600 (b) crack growth of 30WGP1600
showing the crack initiate from the surface and show trans-granular fracture through grain bound-

aries as the main crack propagation mechanism [27]

2.4 Joining of Laminated Electrical Steel

The laminated electrical steels used in the application of electric motors, are non-oriented electrical
steels. The stator and rotor core are typically made from sheets of thickness 0.2-0.5mm stacked and
joined together to reduce the eddy current losses within the electric motor [28]. Electrical steels in
this case, non-oriented electrical steels are typically kept below 3 - 3.5 wt% Si as this gives the best
magnetic properties [29]. Once the desired profile is stamped, they are then joined together in a
stack. These steels are typically clamped and then fastened together by means of either adhesive

bonding, mechanical bonding or welding [28]. These different methods are shown below in figure 19.
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Figure 19: Three joining methods of laminated electric steel: (a) adhesive bonding (b) mechanical

bonding (c¢) welding [28]

Adhesive bonding is a very popular and great way to join the laminated electric steel sheets to-
gether for one main reasons. Adhesive bonding yields the best magnetic properties out of the three
different joining processes [30]. The reason is that by gluing each of the sheets together, they re-
main electrically isolated, thereby preventing the eddy currents from travelling between each of the
individual laminated sheets. There are however drawbacks to this method. The greatest drawback
is the cost as this is the most expensive option out of the three different joining methods [30]. The
second issue is that the adhesive does occupy the spaces in between each lamination. As a result,
it yields a low stacking factor, and requires more space compared to the other two methods. In the
application of modern automobiles, space is limited and as such this is one disadvantage to using
this method of joining. The final issue is that this method yields the lowest bonding strength as,

under torsional stress, this method fails at the adhesive joints.

Mechanical Joining is another joining method for laminated electrical steels. The sheets in this
method are joined by the use of interlocking protuberances [28]. The issue here is that this method
can make the assembly quick and cost effective however there is a large deterioration of magnetic
properties. This method causes the eddy currents to flow through each protuberance due to the
electrical contact and travel between each sheet causing large eddy currents within the stator [31].

This leads to a great loss in energy efficiency and as such, this method is not widely used.

The welding method is one of the most widely used joining method for laminated electrical steels.
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It is a sort of compromise between the adhesive bonding and mechanical bonding methods. The
laminated steel sheets are clamped together and then welded on multiple different, equally spaced
seams [28]. There is however, some deterioration in permeability, and an increase in eddy current
losses as each sheet becomes electrically shorted to one-another. However, this method yields the
greatest overall torsional strength [28]. It also has the greatest overall resistance to temperature

compared to mechanical and adhesive bonding.

Laser welding is a very good automated welding processes, as it can produce good quality repeat-
able welds. In order to understand the benefits of this process, a relationship must be determined
between the weld, and the key magnetic and strength properties of the laminated electric steels.
In figure 20, we can see a clear relationship between the torque and the torsion angle of the welded
laminations at different welding speeds, determined by Wang et al. [28]. The samples welded at
10mm/s, can endure the greatest torque before failure. At the same torque, these samples also
show lower torsional angle. This means that a decrease in the weld speed, leading to greater heat

input, results in an overall stronger lamination, and this graph shows this trend [28].
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Figure 20: The relationship between torque and torsion angle of laser welded laminations at different

welding speeds [28]
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To understand the effect of the welding on the magnetic properties, it is important to look at the
magnetic properties of the samples shown in figure 20. The resulting hysteresis curves of these
samples is shown in figure 21. The sample welded at 10mm/s was shown to have the highest
torsional strength of the welded laminated electric steels shown in figure 20. However, this same
sample deviates the greatest from the non-welded electric steel samples in terms of the magnetic
hysteresis curve, and shows the greatest losses. This is due to the greater heat input creating a
greater residual stress and the greater weld dimension causing there to be an increase in the eddy

current losses within the welded stack [28].
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Figure 21: The relationship between welding speeds and the magnetic field strength of welded

laminations shown in figure 20 [28]

Figure 22 shows the effect that a weld has on the electric steel. Figure 22a shows the ideal flow
of eddy currents. Here, each laminated sheet contains its own internal eddy currents isolated from
the adjacent sheets. However, in figure 22b a weld is done on the stack of laminated electric steel.
The weld does two things here. Firstly it destroys the insulation layer at the sight of the weld and
then the weld seam both physically and electrically joins all of the sheets together. This causes the
eddy currents to now travel between each of the sheets. This increase in eddy currents creates an

opposing magnetic field which causes the deterioration of the hysteresis curve shown in figure 21.
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The greater the weld is, the easier it is for the eddy currents to flow between each of the sheets

which further deteriorates the hysteresis curve [28].

Figure 22: (a) Flow of eddy currents on a non-welded sample (b) flow of eddy currents on a welded

sample [28]

In addition to shear strength, an electric motor must have good magnetic properties to ensure an
energy efficient motor is produced. In applications where strength is important welding can be
done. TIG welded samples and laser welded samples (the two most popular forms of welding for
laminated electrical steel) will deviate greatly from the non-welded sample and show a significant
deterioration in the magnetic properties [32]. This same trend occurs in the other magnetic pa-
rameters where the TIG welded sample has the greatest iron losses, lowest permeability and lowest
magnetic flux density. The laser welded sample will also show a deterioration however it will be
less than the TIG welded sample and closer to the original non-welded sample [32]. It is for this
reason why the adhesive bonding is the ideal choice for the automotive industry as it provides the
greatest energy efficiency, even at the cost of torsional strength. It is important to understand the
benefits and drawbacks of welding the laminations to understand why gluing the laminations is

overall the best choice for automobiles.

Joining the individual layers of electrical steel by adding adhesive layers is very beneficial as it
leads to low eddy currents (due to the electrical isolation between each layer) and allows for high
efficiency of the motor [33]. The lamination process is preferred for automotive applications for
this reason. The preparation of the laminated electric steel is illustrated below in figure 23. The
process here is very simple. Firstly, the epoxy varnish is prepared by mixing the epoxy, distilled
water, a hardener and emulsifier, and this formulation can vary depending on the type of epoxy

varnish used. Next, a very thin layer of the varnish (less than 1 pm) is applied to the electrical
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steel sheet. This coating is not very thick and can be up to 20pm in thickness [34]. Currently,
laminated electrical steels are bonded using a full-surface coating with varnishes that are based on
epoxy resins [34]. This step is normally done at the end of the manufacturing process while the
electrical steel sheet is rolled into a coil for stamping. The sheets are then cut to the desired profile
and stacked together, where they are cured at a high temperature and under some pressure to
ensure the epoxy adheres all layers together, thereby completing the joining of laminated electrical

steel [33].

emulsifier hardener

¥

" epox
H,O \ b electrical ) ! )
" o chealt pre-curing final curing

...........................

Figure 23: Varnish preparation, electrical steel coating, stacking and lamination process [33]

2.5 Quasi-Static Analysis

In order to understand the various material characteristics and how they factor into the material’s
strength, it is important to first introduce what the different material properties are and how they
are derived from a stress-strain curve. If a specimen is axially loaded, the stress and corresponding
strain can be measured and graphed to create an engineering stress-strain curve. This curve can
then be used to derive very important elastic material properties such as the elastic modulus, the
yield strength and the ultimate tensile strength. Figure 24 illustrates what a typical elastic, engi-

neering stress curve looks like.
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Figure 24: Elastic stress-strain curve [35]

Looking at this curve, we can derive some very important material properties such as the elastic
modulus. The elastic modulus is the slope of the stress-strain curve that is derived from the straight
line up to the point indicated as pl (the proportional limit) in figure 24. Using this constant, the
strain and stress of the material can be predicted using the equation below. This equation is called

Hooke’s Law [35].
E =oe (1)

The yield strength (Sy) is one of the various constants that can be derived from the stress-strain
curve above. It is the stress beyond which, the material permanently yields, and can no longer
return to a strain value of 0. Beyond this point, the material will leave the region of elastic de-
formation and enter the region of plastic deformation. The ultimate tensile strength (S,) is the
maximum stress that the material can tolerate and the fracture strain (ef) is the strain at which

the material fractures.

Hooke’s Law can help to predict the material behavior in the elastic range however, it is not
sufficient in predicting the shape of the stress-strain curve in the plastic region. For this, the
Ramberg-Osgood equation is useful in modeling the material behavior up to the ultimate tensile
strength. Using the material constants of H as the strain hardening coefficient and n as the strain

hardening exponent, it is possible to model the material behavior using the equation below.
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It is also important to understand the concept of true stress and true strain. They follow the same
equations listed above however with one major change. As a material is loaded, the cross sectional
area of the material changes, and decreases. Instead of using the initial area Ay, the real (true)
area at the corresponding stress value is used, creating a true stress-strain curve. This is shown

below in figure 25.

True stress-strain
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Figure 25: True stress-strain curve [35]

Looking at this figure, some of the key concepts such as the elastic modulus and yield strength
remain constant. The main difference here is that the true ultimate tensile strength changes and
increases to take into account the true strain of the material. Knowing these key concepts helps to

understand the quasi-static analysis that is conducted in this research.

To conduct a quasi-static test, the test setup must follows ASTM ES8 [36] and ASTM E345 [37].
These are guidelines set by the American Society for Testing and Materials (ASTM) and they
outline what shape the specimen should follow and what parameters the test should follow. ASTM
E8 outlines a general guideline for conducting the tensile testing but ASTM E345 is more specific
for very thin materials, such as electrical steel. These standards outline valuable information as
to how values such as yield strength, elongation and reduction of area are to be calculated. The
sample geometry required is shown in figure 26, following the type A dimensions outlined in ASTM
E345. According to ASTM E345, the strain rate to determine the yield strength must be 0.002 -

0.010 mm/mm /min.
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Figure 26: Tensile test specimen geometry according to ASTM E345 [37]

2.5.1 Quasi-Static Behavior of Electrical Steel

Figure 27a shows a stress-strain curve of an electrical steel containing 3.3% Si content. This study
was done by Bode et al. [38], where he found that under quasi-static loading, the specimens undergo
a ductile failure and show some global necking (see figure 27b). However, plastic deformation under
a load appears to take place at shear bands, as this is where plastic strain accumulates and cracks
initiate. Under quasi-static loading, the main failure mechanism was found to be trans-granular
cleavage facets shown in figure 27c. This is the same failure mechanism that appears in electrical
steel whether the cutting method is stamping, CNC machining or abrasive waterjet cutting [39].
Looking at the stress-strain curve in figure 27a the fracture strain is approximately 16.5% and the
ultimate tensile strength is close to 1.3 normalized stress. In this study, the stress dipped down-
wards after reaching the yield strength and then follows a normal stress-strain curve shape. These
findings are very important and provide a great baseline as to what behavior can be expected from

the samples in this research.
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Figure 27: (a) Stress-strain curve for electrical steel with 3.3% Si content (b) fracture surface after

test showing local necking and (c) trans-granular cleavage facets [38]

A study was conducted by Schayes et al. [40] where a 2.9% Si electrical steel was tensile tested.
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The resulting stress-strain curve from this analysis is shown below in figure 28. Here the sample
had a higher fracture strain at 28% and had a ultimate tensile strength of 1.36 normalized stress
which is comparable to the study done by Bode et al. [38]. The curve in this study followed the
same stress dip downwards after the yield stress seen in figure 27 above. This study also measured
the grain size of their material to around 75pm and an image of the microstructure is shown in
figure 29a. The grain size distribution of this alloy is shown in figure 29b, and this shows that the

grains can be quite large in electrical steel.
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Figure 28: (a) Stress-strain curve for electrical steel with 2.9% Si content [40]
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Figure 29: (a) Microstructure of Fe-3Si electrical steel (b) grain size distribution of the electrical

steel [40]
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A study was done by Fortese et al. [41] where tensile tests were conducted on a non-oriented elec-
trical steel called NO20-1200 at room temperature, 100°C and 150°C, with the samples oriented in
the rolling direction. The study found a decrease in the elastic modulus at 100° by 6.4% and at 150°
by 4.4% relative to the room temperature results. When comparing the yield strength, a decrease
of 12.7% was seen at 100° and a decrease of 15.3% was seen at 150° [41]. In literature there is little
information regarding the quasi-static properties of electrical steel at higher temperatures. This is
important information needed to design using electrical steel and is the motivation for the research
conducted as there is no information available related to the failure mechanism or how the high

temperature affected the ductility of the material.

Electrical steel has relatively large grains, and sometimes there may only be 2-3 grains along the
thickness of the sample as shown in figure 14a. The large grain size is of a similar magnitude to the
sheet thickness. A study was conducted by Henning et al. [42] where tensile tests were conducted
on electrical steel sheets that had 3% silicon content. This study incrementally loaded the sample
and after each strain increment, analyzed the sample for slip bands and grain orientation. It was
found that grain hardening zones originated from grain boundary triple points rather than at grain
boundaries. Since the grain sizes are very small, it can lead to local in-homogeneity. Another
finding is that even though the grain size is very large with respect to the thickness of the sample,
elastic anisotropy cannot be neglected as the shear bands aligned in the loading direction. This
study found that the grain that hardened first, was not necessarily the point at which the sample
will fail. Grain B for instance in figure 30a at 1.5% plastic strain, showed the greatest hardening
however, its deformation rate changed and the failure occurred at the triple point next to grain
C. This is shown in figure 30f, 31e and 31f as this is where the sample experienced necking. This
is because grain C had the higher deformation rate, which caused it to harden more than grain
B, and fail. These are important findings for electrical steel as it is important to understand the
effect of the grain sizes on the failure mechanism [42]. This study however, does not account for the
change in the mechanism at higher temperatures as the local grain hardening and hardening rate
behavior can potentially change at a higher temperature. Understanding the effect of the higher
temperature is of key importance to the automotive industry as it is important to understand how
the microstructure will behave at a higher temperature and under a load. This is a motivating

factor in this research.
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Figure 30: (a) Light-optical micro-graph of the sample before the test. Plastic strain component in
axial direction of the least-square fit strain tensor for each grain for (b)—(f) 1.5%, 4%, 10%, 19.5%,
40%. The shape change of the grains is not reflected. [42]
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Figure 31: (a)—(e) Grain orientation gradient for plastic strain 0%, 1.5%, 4%, 10%, 19.5%. The
regions in black indicate failure of automatic orientation estimation. (f) Optical photograph of the

sample with 40% plastic strain showing necking. [42]

Since the electrical steel is manufactured using a rolling process, the mechanical properties can be
anisotropic. This means that values such as yield strength and tensile strength vary based on the
direction that the sample is oriented. Figure 32 is an illustration prepared by Vandenbossche et
al. [43] which shows how the mechanical properties can vary for electrical steel, where the highest
strength is seen at the 90° direction. An in-depth study on the effect of the sample orientation
and its relation to the mechanical properties of electrical steel has been conducted by a colleague

Tolofari et al. [44] to compare the effect of sheet thickness and cutting direction.
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Figure 32: Anisotropy of the mechanical properties of electrical steel [43]

2.6 Cyclic Loading (Fatigue) Analysis

In machines, parts often face cyclic loading, which is variable repeated loading. Even if the stress
is below the yield stress, under the right conditions the part in question can still fail due to damage
accumulation. This is why it is important to understand the effect of fatigue loading on a part to
ensure that the part does not fail under its operating conditions. This section will summarize the

stress-based approach to fatigue analysis.

Below in figure 33 is an illustration of a constant amplitude loading on a sample. 0,4, is the
maximum stress and 0,,;, is the minimum stress. o, is the stress amplitude, o, is the stress range
and oy, is the mean stress. T is the period or the time needed to complete one cycle however, more
often the frequency (which is the inverse of the period) is used to indicate the number of cycles

completed in a certain time.

Stress

Time

Figure 33: General constant amplitude loading [35]
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When a sample goes under fatigue testing, the main parameter that is often provided is the stress
amplitude, frequency, and the R ratio. The R ratio is given by the formula below and helps
to calculate and consolidate what the maximum and minimum stress is, in relation to the stress

amplitude.

Omin
R =

3)

Running a test will help to produce a stress-life curve, which is often referred to as an S-N diagram.

Omax

Below is a characteristic S-N diagram shown in figure 34. Under 103 cycles, the region is considered
the low cycle region and above 103 cycles is the high cycle region on the S-N diagram [35]. There
is also important stress values such as S¢ which is the fatigue stress or cyclic stress that the sample
was tested at, and S, which is the endurance stress, below which some samples will not fail for an

infinite number of cycles.
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Figure 34: Characteristic S-N diagram (a) plot of sample results (b) resulting line of best fit in
results [35]

After a cyclic test is complete, the S-N curve will look like this for a normal steel (the shape may
vary for different materials). Using this data, an idealized curve for the material can be made. This
is called the Basquin model [45] and is shown in figure 34b. Outside the low life region and within

the finite life region of the graph, a linear relationship can be approximated.

The Basquin model is a line of best fit using the following equation, where 0} and b are constants,
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and N is the number of cycles [35, 45]. The Basquin model is a statistical analysis that assumes
a linear relationship between the log of the number of cycles and the log of the fatigue stress, and
determines the values of the coefficients of O‘} and b using a linear regression model that assumes
a 50% confidence and reliability interval [45]. After the Basquin model has been derived, the

material’s life can be accurately estimated under a specified stress amplitude.
Basquin Model

Sy =0ap(2Ny)° (4)

In order to account for the mean stress effect, the Smith Watson Topper mean stress correction
is employed. This equation applies a mean stress correction and transforms the results into an

equivalent fully reverse stress (o4,) results (R = -1) [46].

SWT Mean Stress Correction

Oqr = \/m (5)

Once the SWT mean stress correction is applied, design curves can be generated to account for the
level of desired reliability and confidence. Owen’s [46] design curve is one of the automotive standard
methods for generating design curves. The Basquin model is the estimated mean (50% reliability,
50% confidence) curve for the fatigue data. The Owen’s [46] Design curve follows the same slope,
b, as the Basquin model however, the coefficient of is adjusted for the specified confidence level
and reliability [46]. The design curve equation is given below. where, 0, rc and o’¢rc are stress
amplitude and fatigue strength coefficient for the given reliability (R) and confidence level (C). In

this thesis, a 90% reliability and confidence interval will be used.

oarc = 0'tro(2Ny)P (6)

The stress-life approach is the approach that will be used in the analysis of electrical steel. There is
however, two other common methods to analyze fatigue such as the fracture mechanics method and
strain-life method. Fracture mechanics is a field of solid mechanics that studies the propagation
of cracks [35]. The theory here is that micro-cracks exist at the beginning of the samples life that
eventually propagate through the sample, at which point the sample fails. This method relates
the crack length to the number of cycles rather than stress. The reason this method cannot be

used for electrical steel is that the crack propagates very quickly and there is a small difference
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between the life at which an initial crack is visible, and the life at which the sample fails as per
testing done by Dehmani et al. [47]. The strain based method is different than fracture mechanics
as it relates the strain of the sample to the number of cycles rather than the crack length [35].
A fatigue failure almost always begins at a notch, crack, or other area of stress concentration.
When the stress at this region exceeds the elastic limit, plastic strain will occur, and since the ap-
plied strain is cyclic, cyclic plastic strains must exist, as well as elastic strains [48]. The strain-life
method evaluates both elastic and plastic strains in the localized area of stress concentration. This
method provides a lot of useful information in evaluating the damage that accumulates over the
life of the sample. The samples were very thin in this analysis, and because of this, they can be

susceptible to buckling in a strain-controlled test, this is why the strain-life method was not chosen.

To conduct the fatigue testing the ASTM standard E466 is used [49]. This standard specifies the
general guidelines to follow when conducting the fatigue testing. It specifies that the frequency of
the test should be in general between 102 to 1012, The specimen geometry that is needed for a
fatigue test according to this standard is shown below in figure 35. The radius selected was 90mm
and the width was set to 10mm for the fatigue testing. The detailed drawing for the sample is

shown in figure 47 in section 3.3.

WLl

Figure 35: Fatigue test specimen geometry according to ASTM E466 [49]

2.6.1 Fatigue Behavior of Electrical Steel

The fatigue data for a 3.3%Si electrical steel gathered by Bode et al. [38] is presented below in
figure 36. This study compared punched and polished samples to see the effect of different surface
finishes on the fatigue results. The maximum normalized stress amplitude that the samples could

tolerate was 0.42 and the sample appeared to reach run-out at 0.3 for the punched samples. How-
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ever, the polished samples could tolerate a higher normalized stress amplitude above 0.44 and could
achieve run-out above 0.38 normalized stress. This is due to the induced stress concentration that
occurs at the cutting edge which can lead to shorter life for the samples. Various studies confirm
that a decrease will occur in fatigue life for punched samples compared to polished samples [26, 50].
The study found that the crack for the punched samples initiated from the cutting edge where the
surface was rough. For the polished samples, they found that the crack initiated from a surface

defect, and found that the main failure mechanism was cleavage facets [38].
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Figure 36: S-N curve normalized to the yield strength, stress amplitude versus number of cycles,

for (a) polished sample (R = 0.1) and (b) punched samples (R = 0.005) [38]

Punching is a very cost effective and popular way to cut electrical steel. Below is a picture of the
cutting edge of an electrical steel sample, shown in figure 37. This shows the four zones that can
be found on the cutting edge, the rollover, shear, fracture zone and burr. According to Dehmani et
al. [47], the fatigue crack always appeared in the fracture zone on the cutting edge of the samples,

which is due to the stress concentration caused due to the local deformity.
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Figure 37: Labeled diagram of the punched edge of an electrical steel sample [47]

Schayes et al. [40] found that the main failure mechanism was a mixed cleavage facet type of failure
at room temperature. An in-depth analysis was done on the strain to see how the failure mecha-
nism changes. This study found that in low cycle regime, the crack initiation was trans-granular as
shown in figure 38a. This failure mechanism then transitioned to inter-granular cracks at around
1% strain (figure 38b). The study then found that once the sample reached the critical crack
length, the sample had a brittle fracture with a wavy fracture surface shown in figure 38c. This is

a very important study as it shows in great detail the different failure mechanisms of electrical steel.

Figure 38: SEM image of the fracture surface at (a) 0.5% strain, where trans-granular crack
initiation is found (b) 1% strain where inter-granular crack initiation is found and (c) above 1%

strain where brittle crack propagation occurs. [40]

In terms of the crack length as a function of the number of cycles of a sample, Dehmani et al. [47]
found that there is only a small difference between the initial crack and the failure of the sample.
Figure 39 shows the growth of the crack is very fast for the electrical steel samples [47, 27]. It

is for this reason that fracture mechanics is not the ideal choice to quantify the fatigue behav-
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ior of electrical steel, and why the stress-based approach was chosen for this material. This is an

important finding as it shows that the critical crack length is quite small, and it propagates suddenly.
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Figure 39: Crack length of stamped electrical steel M330-35A as a function of number of cycles,
fatigue tested at room temperature, R = 0.1, 64Hz, Nf = 187,595 [47]

Aluminum nitride is a common impurity that can come in the electrical steel as it is used to control
secondary re-crystallization [6, 7|. However, this impurity can also act as a point of stress concen-
tration where a crack can initiate as shown in figure 40 [38, 27]. It has a high melting temperature of
2800°C and if it is present during the heat treatment, then it cannot be removed and often remains
in the grain structure [38]. This point was mentioned above in section 2.2 and it is important to
understand this as it can be a point of crack initiation for secondary cracks, leading to an overall

shorter life of the electrical steel.
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Figure 40: Fatigue sample of 30WGP1600 with Nf = 62400 cycles (a) fatigue crack initiation from a
surface inclusion (b) energy spectrum of inclusion indicating that this inclusion is aluminum nitride

[27]

There is little literature regarding the high temperature fatigue behavior of electrical steel. Dehamni
et al. [47] conducted a study to compare sample life for electrical steel samples at both 20°C and
180°C to see the effect of higher temperatures on the life of the samples. The results of this testing
is shown below in figure 41. It shows that there is a measurable decrease in the life of the samples
at 180°C. One of the motivations for the fatigue research is a deeper understanding in the fracture
surface that results from the higher temperature, as this is missing from this study. This is a goal
of this research, to conduct an in-depth analysis on the fracture surface at high temperature to
see the difference in the failure mechanisms of the electrical steel and to see how the material is
behaving at the higher temperatures. This is critical knowledge needed for the design of electric

motors as they can, under a high load experience high temperatures over their life.
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Figure 41: Stress-life curves for electrical steel recorded at 20°C and 180°C [47]
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Chapter 3: Methodologies

This chapter will discuss the steps take to do the microstructural analysis of electrical steel as well
as the methodologies used to conduct the mechanical characterization of the electrical steel sheets.
This chapter will detail the parameters used in the microstructural analysis conducted (scanning
electron microscope setup and micro-hardness setup), the parameters used in the quasi-static test-

ing and the fatigue testing parameters.

3.1 Material Characterization

The scanning electron microscope (SEM) used is the Zeiss LEO 1530 FE-SEM with EDX and EBSD,
where the images were captured at up to 300X magnification. This scanning electron microscope
is shown in figure 42. This is the setup that was used to take a close up pictures of the fracture
surfaces for the quasi-static and fatigue samples. To obtain the micro-graph of the electrical steel
the samples were first mounted, and then prepared by grinding and polishing the conductive hot
mounted sample up to 1 m using diamond suspension. A 5% Nital solution was used to etch the
samples to reveal microstructure under the SEM. For some of the images, an optical microscope
(OM) was also used. This is the Keyence VK-X250 confocal microscope. It has a resolution of 0.5
nm (height), by 1 nm (width) and is shown below in figure 43. The SEM was not only used to
visually examine the surface of the samples, it was also used to calculate the area reduction of the

single sheet samples.

Figure 42: Zeiss LEO 1530 FE-SEM
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Figure 43: Keyence VK-X250 [51]

The SEM images were used to measure the final area and calculate the area reduction of the sample
as per ASTM E345 [37]. Using the scale on the images, the software ImageJ was used to calculate
the final surface area on the cross section. This is shown below in figure 44. The initial area was
approximated as the width multiplied by the thickness of the sample in gauge section, measured

before the test started.

Mag= 150 X WD = 9.4mm
EHT=20.00 kv Signal A= SE2

Figure 44: Measurement of final cross sectional area using ImageJ

The microhardness was measured using the Clemex CMT (version 8.0.197) with an indentation
load of 100 gf and a 10 s dwell time, by following ASTM E384 standard [52]. The micro-hardness
was measured to measure the local grain hardening near the cutting edge of the electrical steel

samples.
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Figure 45: Clemex CMT (version 8.0.197) [53]

3.2 Mechanical Characterization
3.2.1 Quasi-Static Testing Method

Room temperature quasi-static and fatigue testing was conducted on Instron 8874 servo-hydraulic
load frame, shown in figure 46b. Quasi-static tests were performed in displacement-control mode
at a displacement rate of 1.2 mm/min. The strain was measured using the Aramis/GOM DIC
system equipped with two high-resolution CCD cameras of 5M pixels and a maximum frame rate
of 15fps. The high-temperature tests were conducted at 150°C using the Instron environmental
chamber (Model 3119-609), shown in figure 46a. The temperature of the sample was confirmed to
be 150°C by using the Extech 42510A infrared thermometer, which has a repeatability of +1.8°C.
The samples were first set in the chamber and were given one hour before the test was conducted
to ensure that the sample reached 150°C and to ensure that all samples were given the same time
regardless if they are laminated or single sheet samples. The test setup follows ASTM E8 [36] and
ASTM E345 [37] however, the geometry does not as explained below in section 3.3.
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Figure 46: MTS 810 with Instron environmental chamber (a) and Instron 8874 (b)

3.2.2 Fatigue Testing Method

Uniaxial fatigue tests were conducted in force-controlled mode using the hydraulic machines shown
in figure 46, with an R-ratio of R = 0.1, using a sinusoidal waveform and varying frequency from
0.5 Hz to 10 Hz, depending on the load level. Tests were stopped after two million cycles and were
considered run-out. The Aramis/GOM DIC system was used for fatigue crack detection to better
understand the fracture surface when examining it under the scanning electron microscope (SEM).

The testing follows ASTM E466 for fatigue testing of metal sheets [49].

3.3 Sample Preparation

The electrical steel sheet samples shown in figure 50 are the samples that have been used in this
testing, which were provided by the sponsor company. This sample geometry is used for both the
quasi-static testing and the fatigue testing. The first set of samples are the single sheet samples,
which are dog bone samples. This material is an electrical steel with a thickness of 0.27 mm.
The second set of samples were the laminated electrical steel samples. These samples are made of
the same material however, these samples are comprised of 8 single sheets stacked and laminated
together. The sample geometry for quasi-static and fatigue tests is shown in figure 47. All of the

samples were provided by the vendor in as-stamped form, in the rolling direction.
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Figure 47: Sample geometry used for both the single sheet samples and the laminated samples.

Thk = 0.27mm for single sheet samples, Thk = 2.16mm for laminated samples

It is important to note that the geometry for the samples follows the ASTM E466 standard [49] for
fatigue testing of metallic sheets, however, this geometry does not comply with quasi-static testing
standards, i.e., ASTM E8 [36] and ASTM E345 [37]. This is illustrated in figure 48. The sample
geometry was consolidated to ensure only one die was needed to produce all the samples needed for
both quasi-static and fatigue testing. Since the main focus of this research was the investigation of
fatigue behavior, the fatigue specimen geometry was chosen. The quasi-static testing was done sim-
ply to gather some baseline measurements using the fatigue ASTM E466 geometry. A colleague in
our research group performed quasi-static testing on ASTM E8/E345 standard samples machined
from the same electrical steel sheet to obtain the quasi-static properties [44]. It is these properties

that are used to normalize data shown in this thesis.

Figure 48: Illustration of the sample’s geometries
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Before the testing began however, each sample was painted and speckled for both room temperature
and high temperature testing. This is shown below in section 4.2.1, figure 59. The grip section of
the samples were masked and the gauge section of the samples were painted with white paint and

speckled with black paint. This was to ensure the DIC could measure the strain of the sample.

One important point to note regarding the high temperature tested laminated samples is that they
were prepared differently. Using the normal geometry was not viable for the laminated samples
at high temperature. The grips for the MTS 810 are manual grips and work fine for single sheet
samples (at any temperature) and the laminated samples at room temperature. However, at high
temperatures the laminated samples de-laminated. In order to proceed with the testing, holes were
drilled in the center of the samples and custom grips were machined in order to conduct the tests.
The setup used for this testing is shown below. This method of preparation was used for the high
temperature quasi-static and fatigue testing of the laminated samples. While the hole does create
a point of stress concentration, the overall area of highest stress concentration is still the middle of

the gauge section as this is the location with the smallest cross sectional area.

Figure 49: High temperature quasi-static test setup for laminated samples
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Figure 50: (a) Single sheet sample (b) laminated sample

3.4 Quasi-Static Test Setup

The parameters for the quasi-static testing are as follows. The room temperature quasi-static
testing was conducted on the Instron 8874 biaxial testing machine while the high temperature
testing was conducted on the MTS 810 uniaxial testing machine. Both of these machines are
shown in figure 46. The DIC used for measuring the strain of each sample is the Aramis/GOM
DIC system.

3.5 Fatigue Test Setup

The room temperature fatigue testing was conducted on the Instron 8874 biaxial testing machine
while the high temperature testing was conducted on the MTS 810 uniaxial testing machine. The
same Aramis/GOM DIC was also used here. However, in this case, it was not used for strain mea-
surement, it was used for crack detection. The aim here was to know which side of the sample the
had crack initiated from. This way, when the samples were examined under the SEM, the fracture

surface could be better understood.
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Chapter 4: Quasi-Static Behavior of Electrical Steel at Room and

High Temperature

Quasi-static tests were conducted on the single sheet electrical steel samples to determine their
quasi-static properties such as yield strength, elongation and elastic modulus. These tests were
performed at room temperature and 150°C, and after the tests a fracture analysis was conducted to
analyze the differences in the fracture mechanisms of these samples. A comparison was conducted
to see the effects temperature on the quasi-static properties of electrical steel and these findings

are discussed in this chapter.

4.1 Material and Methods

The setup used for the SEM and EBSD is detailed in section 3.1. Phase identifications and texture
of the steel sheet was carried out using a Bruker D8-Discover X-ray diffraction (XRD) equipped
with a VANTEC-500 area detector and Cr-K radiation (=2.28970 A) at an operating condition of
30 kV and 45 mA. The testing method used for the quasi-static testing of the electrical steel at
room and high temperature is outlined in section 3.2.1. The details for the sample preparation are
outlined in section 3.3. The test setup used for the quasi-static testing at both room temperature

and high temperature is outlined in section 3.4.

4.2 Results
4.2.1 Microstructural Analysis

Before the testing began, a microstructural analysis was done on the electrical steel. This was done
to gather some fundemental knowledge of the material. The electrical steel used in this analysis

was a 3% silicon alloy steel, non-oriented, fully processed and are all oriented in the rolling direction.

Figure 51 below shows a micro-graph of the cross section of electrical steel taken in the rolling
direction. Material characterization and in particular, micro-graphs were made with the help of
Dr Dulal Saha of the FATSLAB research group [54]. Here the grain sizes are quite large where, in

some cases, only 2-3 grains extend the entire cross section. Using the mean linear intercept method
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[55], the grain size was measured to be 72 pm. This image is very similar to the findings of Bode et

al. [38] as the grains are large in size and in some cases can span the entire thickness of the part.

Figure 51: Micro-graph of electrical steel in the rolling direction

To further understand the microstructure of the electrical steel a phase identification study was
conducted [54]. It was found that the electrical steel is almost 100% body-centered cubic (BCC).
The result of this phase identification is shown below in figure 52. According to the phase diagram
given in figure 53 a 3% silicon alloy steel is expected to be 100% BCC and this phase identification

confirms this.

Color Coded Map Type: Phase
Total Partition
Phase Fraction Fraction
Bl ron-BCC 0971 0.971
[ rron-FCC  0.007 0.007

> 97% BCC ferrite

Figure 52: Phase identification of the electrical steel in the rolling direction
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Figure 53: Fe-Si phase diagram [56]

The orientation of the grains analyzed using the EBSD and the results are displayed in figure 54a
and the measured misalignment angles are graphed in figure 54b. These results show that the
grains on average have a misalignment of approximately 2.5°. This is what is to be expected as this

material is supposed to be a non-oriented electrical steel, and these findings help to confirm this.
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Figure 54: (a) Grain orientation of electrical steel in the rolling direction, (b) graph showing the
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The EBSD analysis also measured the crystallographic texture of the electrical steel which is shown

in figure 55.
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Figure 55: Crystallographic texture of the electrical steel

To confirm that this was indeed a 3% silicon alloy steel, an EDS compositional analysis was con-
ducted to further understand the material. From this EDS compositional analysis, the elemental
composition of this material was measured and is tabulated below in table 1. The silicon content

was measured to be 2.9% which confirms that the silicon content is correct.

Table 1: Material composition of electrical steel used in testing

C Al Si Fe
6.7% | 0.7% | 2.9% | 89.7%

In literature, it is known that for electrical steel, some impurities are used to control grain growth
such as manganese sulfide and aluminum nitride [6, 7, 57]. This EDS compositional analysis con-
firms the presence of aluminum nitride in the microstructure. It was found at both the grain
boundaries and within grains of the microstructure. A picture of these precipitates is shown in

figure 56.
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Figure 56: Aluminum nitride precipitates shown (a) along the grain boundaries and (b) within the

grains
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Finally this EDS compositional analysis helped to identify the top layer of the sample. The top
layer of the sample was comprised of an insulation layer that is meant to electrically isolate each
layer of electrical steel and improve the chemical and thermal resistivity of the electrical steel.
The analysis confirms that there is a thin layer of oxidation from the manufacturing process that
is present in the form of silicon oxide and there is also a high amount of phosphorus in the insu-

lation layer. This layer on the top of the samples is about 0.5 to 1 pm thick and is shown in figure 57.

Oxide/insulation layer = 0.5-1 pum

5
Scale: 2pm

Figure 57: Top layer of the sample showing a mixture of the silicon oxide layer and insulation layer,

totalling to 0.5-1 pm in thickness

4.2.2 Quasi-Static Testing Room Temperature

The results for the quasi-static testing at room temperature for the samples are shown in figure 58
and table 2. Three quasi-static tests were conducted and their results were averaged to estimate
the quasi-static properties of the material. The results have been normalized by the yield strength
of the electrical steel obtained at room temperature by Tolofari et al. [44] using ASTM E8/E345
samples [36, 37].
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Figure 58: Room temperature quasi-static test results for single sheet samples (a) engineering, and

(b) true stress-strain curves

Table 2: Normalized quasi-static test results at room temperature for the single sheet samples

Mechanical Properties Sample 1 | Sample 2 | Sample 3 | Average | Standard Dev.
Elastic Modulus [MPa/MPa]: 396 412 388 398 11

Yield Strength (0.2% offset) [MPa/MPa]: | 1.06 1.06 1.07 1.06 0.01

True Ultimate Strength [MPa/MPa]: 1.49 1.48 1.50 1.49 0.01
Engineering Ultimate Strength [MPa/MPa]: | 1.31 1.31 1.31 1.31 0.00
Engineering Fracture Strain [%]: 19 20 23 21 2

Reduction in area (RA) [%]: / 19 / 19 /

Strength coefficient, H [MPa/MPa] (*): 1.99 1.96 1.99 1.98 0.01

Strain hardening exponent, n (*): 0.14 0.14 0.14 0.14 0.00

Poisson’s Ratio 0.28 0.26 0.27 0.27 0.01

The samples before and after the room temperature quasi-static test are shown below.
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Figure 59: Room temperature quasi-static tested single sheet samples, painted and speckled for

strain measurement using DIC (a) before and (b) after testing

4.2.3 Quasi-Static Testing High Temperature

The results for the quasi-static testing at 150°C for the samples are shown in figure 60, and the
detailed properties are given in table 3. Three quasi-static tests were conducted and their results
were averaged to estimate the quasi-static properties of the material. The results have been nor-
malized by the yield strength of the electrical steel obtained at room temperature by Tolofari et al.

[44] using ASTM E8/E345 samples [36, 37].
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Figure 60: High temperature quasi-static test results for single sheet samples (a) engineering and

(b) true stress-strain curves
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Table 3: Normalized quasi-static test results at elevated temperature for the single sheet samples

Mechanical Properties Sample 1 | Sample 2 | Sample 3 | Average | Standard Dev.
Elastic Modulus [MPa/MPal: 387 369 377 378 9

Yield Strength (0.2% offset) [MPa/MPal: 0.85 0.82 0.85 0.84 0.02

True Ultimate Strength [MPa/MPal: 1.39 1.34 1.33 1.35 0.03
Engineering Ultimate Strength [MPa/MPal: | 1.22 1.19 1.20 1.20 0.01
Engineering Fracture Strain [%)]: 16 14 14 15 1

Reduction in area (RA) [%]: / 100 / 100 /

Strength coefficient, H [MPa/MPa| (*): 2.00 1.99 2.01 2.00 0.01

Strain hardening exponent, n (*): 0.18 0.18 0.20 0.19 0.01

Poisson’s Ratio 0.27 0.27 0.27 0.27 0.00

The samples before and after the elevated temperature quasi-static test are shown below.

Figure 61: High temperature quasi-static tested single sheet samples, painted and speckled for

strain measurement using DIC (a) before and (b) after testing

4.3 Analysis

The results of the testing done at both temperatures are compared below in figure 62 and in table 4.
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Table 4: Normalized quasi-static test results for the electrical steel single sheet samples

Mechanical Properties Room Temperature | High Temperature | % difference
Elastic Modulus [MPa/MPa]: 399 £ 11 3718 £ 9 -5.3

Yield Strength (0.2% offset) [MPa/MPa]: | 1.06 & 0.01 0.84 + 0.02 21

True Ultimate Strength [MPa/MPal: 1.49 £ 0.01 1.35 £ 0.03 -9.4
Engineering Ultimate Strength [MPa/MPal: | 1.31 + 0.00 1.20 £ 0.01 -8.4
Engineering Fracture Strain [%]: 21 £2 15+1 -29
Reduction in area (RA) [%]: 19% 100% 426%
Strength coefficient, H [MPa/MPa] (*): 1.98 £+ 0.01 2.00 £ 0.01 1.0

Strain hardening exponent, n (*): 0.14 £ 0.00 0.19 + 0.01 36

Poisson’s Ratio 0.27 £ 0.01 0.27 £ 0.00 0.0

These results show a visible decrease in the strength of the electrical steel at the elevated temper-

ature. There is a drop in the elastic modulus, yield strength, ultimate tensile strengths, and the

fracture strain. There is also a very significant increase in the area reduction % at 150°. This shows

that while the elongation shows that the ductility decreased at the higher temperature, the overall

ductility did in-fact increase drastically when factoring in the increase of the reduction in area %.

This is unexpected as the current literature does not discuss this phenomenon. The deformation

was very localized (which is reflected in area reduction) and more strain was accommodated in

smaller region. The method used to calculate the reduction in area is detailed in section 3.1.
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4.3.1 Fracture Analysis

The fractured surface of a quasi-static sample from the room temperature testing is shown below
in figure 63. It appears that the failure initiated on the left side of the sample in the yellow
highlighted region (figure 63e) indicated by the white arrow. There are a mix of inter-granular
and trans-granular cleavage facets in this region, indicated with green arrows shown in figure 63e.
Further to the right of the sample, the crack propagation zone is shown (figure 63f). This is the
location where the sample overloaded and this is where the sample transitioned to local necking as
seen in figure 63g. This region of local necking extends from figure 63g to figure 63b. In the red
highlighted region, the sample had a sudden overload failure. It is here where some local necking
(figure 63b and 63c) on the fracture surface appears, indicated by the red arrows. At figure 63c
there is another transition where the sample is no longer necking. Here there is also some mixed
cleavage facets, and this is at the other end of the sample (figure 63d). It is important to note that

the ’local necking’ is thinning that is occurring along the thickness of the sample, and is not to be

confused with the typical necking that is seen in steel, that occurs along the width of the sample.

Figure 63: Fracture surface of room temperature quasi-static tested single sheet (a) overall view
of fracture surface (b) local necking (c) local necking-transition zone (d) edge of sample (e) crack
initiation zone with inter-granular cleavage facets (f) crack propagation zone with inter-granular

cleavage facets (g) transition zone to local necking
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A fractured quasi-static sample from the high temperature testing is shown below in figure 64.
The crack initiated on the left side, shown in figure 64b. Here the crack propagation zone is much
smaller in comparison to the room temperature sample. The crack did not advance too far before
the sample overloaded, as right after this region, there is some severe necking visible in figure 64a.
A close-up of the right side of the sample is shown in the bottom right of the figure 64c. Here
some local necking is shown on the fracture surface. On the right side of the sample there is also
some deformation twinning. This twinning is a significant finding as it shows that the grains are
stretched under the axial loading and, to accommodate for the severe thinning, the crystal lattice

deforms to prevent the fracture of the sample.

Crack Initiation

Local Necking

Twinning

\

Figure 64: Fracture surface of high temperature quasi-static tested single sheet (a) fatigue damage
zone showing some severe thinning (b) crack initiation zone (c¢) other side of fracture surface showing

some deformation twinning and severe thinning

The thinning that occurred at both room temperature and high temperature is illustrated in figure
65, where figure 65a shows the thinning of the sample at room temperature, and figure 65b shows

the thinning of the sample at high temperature. A close-up top view of the sample is also shown
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to better visualize the deformation that is occurring and to better understand the fracture surface
of the samples. In figure 65a the flat region represents the cleavage facets and the thinner area
represents the local necking that is occurring. Similarly figure 65b shows the entire top view of the
sample with a thin section to represent the severe thinning. It is important to emphasize that this

is not the same necking that occurs along the width of the sample, which is typical for steel.
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Figure 65: Fracture surface CAD drawing of a quasi-static tested sample at (a) room temperature

Top View

(b) high temperature

4.3.2 Further Failure Analysis

Below is the side view of the fracture zone of the room and high temperature samples. Figure 66
shows some trans-granular cleavage facets along the polished edge of the samples indicated by the
green arrows. For the high temperature sample in figure 67 more local necking (ductile fracture)
is shown compared to the room temperature samples which show more of a sudden brittle frac-
ture. This helps to better understand the grain deformation that is occurring at the center of the
samples, where they fracture. Figure 67 shows an interesting behavior for the electrical steel. It
shows that there is some great elongation that is occurring at the microscopic level however, only
the few grains closest to the fracture surface are elongating, the remaining grains do not seem to be

elongating as greatly as seen in figure 64c. This can help to explain the phenomenon seen in figure
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62. For a normal steel, greater ductility and greater elongation is expected at the high tempera-
ture. However, the results showed a lower overall fracture strain at the higher temperature. Here,
the fracture surface shows that there is a greater elongation occurring however, it is concentrated
in only a few grains. This proves that the ductility is very high at 150°C and while the fracture
strain decreased by 29%, the reduction in area increased by 426%, proving that the ductility overall
increases as the temperature of the sample increases. Figure 64c also shows some grain separation
occurring as indicated by the purple arrows. This grain separation is important to the research
as it confirms that the main failure is trans-granular. Both figures 63b and 64c¢ show slips bands
shown by the blue arrows indicating that slip bands appear at both room temperature and high

temperature.

Cleavage
Facets

Figure 66: Side view of the fracture zone of room temperature quasi-static tested single sheet (a)
overall sample (b) highlighted (red line in (a)) edge under OM (c) highlighted edge under SEM,

showing trans-granular failure
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Figure 67: Side view of the fracture zone of high temperature quasi-static tested single sheet (a)
overall sample (b) highlighted (red line in (a)) edge under SEM (c) highlighted edge under OM,
with grains showing considerable elongation (highlighted in blue)

4.4 Discussion

The high temperature results for the quasi-static testing are very different than the room tem-
perature results. At the elevated temperature, a decrease in the overall strength of the electrical
steel is observed. Figure 62 and table 4 show that the elastic modulus, yield strength, ultimate
tensile strength and fracture strain all decrease drastically, while the reduction in area increased.
Fortese et al. [41] observed a similar decrease in the elastic modulus by 4.4% and yield strength
by 15.3% which corroborates the results of the tensile testing that was conducted here. Fortese et
al. measured the ultimate tensile strength of 1.2 normalized stress, and similarly, Bode et al. [38]
measured a normalized stress that is very close to the room temperature results of approximately
1.28 normalized stress and a fracture strain of 16% at room temperature of a Fe-3.3%Si. Schayes

et al. [40] measured a fracture strain of 28% and an ultimate tensile strength of 1.36 normalized
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stress for a Fe-3Si, which indicates that there is variation for similar alloys of electrical steel that

share similar Si content.

Additionally the global necking that was seen in figure 63 is also what was presented in literature
by Bode et al. [38], where they found that under quasi-static loading, the specimens undergo a
ductile failure, show trans-granular cleavage facets and show that the failure mechanism transitions
to global necking. The new findings shown in figure 64 extend the findings of Bode et al. [38].
At 150° the entire sample undergoes global necking, rather than a localized region. This change
in failure mechanism is related to the change in ductility seen at 150°. At 150° the fracture strain
decreases and the reduction in area increases drastically. The ductility of electrical steel does in-
crease as the temperature increases however, rather than the entire sample elongating, the sample

locally elongates, and thins as shown in figure 67.

The reason for this ductility behavior of electrical steel at 150°, can be attributed to additional slip
systems activating at this temperature. To understand this mechanism, the two figures 66 and 67
are key. Here, both figures show slip bands that are present near the location of fracture. However,
figure 67 and the high temperature samples are showing more grain elongation than the room tem-
perature samples. Here the slip bands also change their orientation as the grain elongates (figure
67) due to the higher temperature, resulting in a lower tolerable stress. The room temperature
samples do have some grain elongation occurring however, it is in a localized region, rather than the
entire cross section. This means that when slip systems are available, the sample experiences global
necking, and when these slip systems are not present, the sample failure mode is trans-granular.
This theory is corroborated by the findings of Henning et al. [42]. At room temperature the failure
location occurs at triple points, in trans-granular nature, near the grains that have the highest
hardening rate. The failure does not necessarily occur at the location where local hardening is
highest at the beginning of the test. This study does not analyze the strain behavior at higher
temperatures however, since there is no trans-granular cleavage facets at this temperature, the
mechanism does appear to be changing. Since the grains are softening at the higher temperature,
they will not fail at triple points, rather the failure is ductile and the grains elongate instead, and

more slip systems activate as result, overall decreasing the mechanical properties of the material.
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4.5 Chapter Conclusion

This chapter investigated the microstructural properties of the electrical steel. The electrical steel
single sheet samples were then tensile-tested at room temperature and at an elevated temperature
of 150°. After analyzing the results the following conclusions can be made based off the findings of

the research.

e The microstructure of this material contains very large grains that are of similar magnitude

to the thickness of the samples. The grain size was measured to be 72 pm.
e The crystal structure of the sheets is 97.1% BCC (body centered cubic).

e The grains are randomly oriented and not oriented in any particular direction. This confirms

that the material is non-oriented.

e The material’s silicon content was measured to be 2.9% and aluminium nitride precipitates
were detected in the microstructure. Additionally the insulation layer was found to contain

a high phosphorus content, and some oxidation was also detected in this layer.

e The quasi-static results show a decrease in the elastic modulus, yield strength, ultimate tensile
strength, and fracture strain as well as an increase in area reduction at 150°C compared to

the room temperature.

e The fracture surface shows that the main failure mechanism at room temperature is trans-
granular cleavage facets, which transitions to global necking, while at 150°C the results show
that the main mechanism is global necking. At 150°C there is an increase in ductility however,

it is locally concentrated near the fracture surface through grain elongation.

e At 150°C there is a greater number of available slip systems, and due to the higher temperature
and softening of the grains, the grains elongate, and the slip systems orient to fracture the

sample at a lower fracture strain, and lower overall stress.

For automotive manufactures, this information is very important to know as under high speeds
and extreme loading, the motor can heat up considerably. It is important as such to adjust design

criteria to avoid premature failure of the electric motor stator or rotor core.
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Chapter 5: Fatigue Behavior of Electrical Steel (Room and High

Temperature)

Cyclic tests were conducted on the single sheet electrical steel samples to determine their fatigue
properties. The goal was to determine the correlation between life of the samples at different stress
amplitudes. The goal was to create the Basquin model for the electrical steel at room temperature
and 150°C and to see the effect of the temperature on the fatigue of electrical steel. After the tests
a fracture analysis was conducted to analyze the differences in the fracture mechanisms of these
samples and these findings are discussed in this chapter. A condensed analysis on this chapter was

approved for publication by SAE International for WCX 2023 [58].

5.1 DMaterial and Methods

The testing method used for the fatigue testing of electrical steel at room and high temperature is
outlined in section 3.2.2. The details for the sample preparation are outlined in section 3.3. The
test setup used for both the fatigue testing at both room temperature and high temperature is

outlined in section 3.5.

5.2 Results
5.2.1 Fatigue Testing Room Temperature

A total of 28 fatigue tests were conducted at room temperature. The normalized stress amplitude
was varied between 0.57 to 0.37 with 3-5 samples tested at each load level. The results from the
fatigue testing done at room temperature are shown below in table 5. The plot for this fatigue data
is shown below in figure 68. The results have been normalized by the yield strength of the electri-

cal steel obtained at room temperature by Tolofari et al. [44] using ASTM E8/E345 samples [36, 37].
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Table 5: Normalized room temperature fatigue results for single sheet samples

Test # Sample # R-ratio Stress Amplitude (MPa/MPa) Loading Freq (Hz) Total life, Nf (cycles) Failure Location
1 28 0.1 0.57 0.5 682 within gauge section
2 27 0.1 0.55 0.5 7546 within gauge section
3 29 0.1 0.55 0.5 3962 within gauge section
4 58 0.1 0.55 0.5 3336 within gauge section
5 26 0.1 0.54 0.5 13608 within gauge section
6 25 0.1 0.53 0.5 11526 within gauge section
7 6 0.1 0.51 2 33331 within gauge section
8 5 0.1 0.51 2 27728 within gauge section
9 14 0.1 0.51 2 22174 within gauge section
10 4 0.1 0.48 2 72857 within gauge section
11 10 0.1 0.48 3 69149 within gauge section
12 13 0.1 0.48 3 77059 within gauge section
13 22 0.1 0.48 3 79914 within gauge section
14 30 0.1 0.48 3 71302 within gauge section
15 12 0.1 0.44 4 126986 within gauge section
16 19 0.1 0.44 5 119428 within gauge section
17 20 0.1 0.44 5 115033 within gauge section
18 23 0.1 0.44 5 254535 within gauge section
19 16 0.1 0.44 5 178740 within gauge section
20 9 0.1 0.40 10 344764 within gauge section
21 11 0.1 0.40 10 313461 within gauge section
22 17 0.1 0.40 10 557532 within gauge section
23 18 0.1 0.40 10 343511 within gauge section
24 21 0.1 0.40 10 293697 within gauge section
25 43 0.1 0.40 10 309432 within gauge section
26 8 0.1 0.37 10 2384143 Run-out
27 15 0.1 0.37 10 2001279 Run-out
28 7 0.1 0.37 10 2460170 Run-out
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Figure 68: Fatigue results for room temperature tested single sheet samples

Here the samples are able to achieve runout at 0.37 normalized stress and are able to tolerate a
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max stress level of 0.57 normalized stress. Here there is also very good repeatability of life at each
load level tested at room temperature. The samples from the room temperature tests are shown

below in figure 69. All samples that did not reach run-out, completely separated upon failure, with

the exception of samples 22 which reached the displacement limit of 5mm.

Figure 69: Fatigue samples for room temperature tested single sheet samples

5.2.2 Fatigue Testing High Temperature

The results from the fatigue testing done at high temperature are shown below in table 6 and the
plot for the fatigue data is shown below in figure 70. Here a total of 17 tests were conducted and
the stress amplitude was varied between 0.55 and 0.37. 2-3 tests were conducted at each load level
and the samples reached run-out at a normalized stress of 0.37. The results have been normalized
by the yield strength of the electrical steel obtained at room temperature by Tolofari et al. [44]
using ASTM E8/E345 samples [36, 37].
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Table 6: Normalized high temperature fatigue results for single sheet samples

Total Life, Nf (cycles)

Test # Sample # R-ratio Stress Amplitude (MPa/MPa) Loading Freq (Hz) Total life, Nf (cycles) Failure Location
1 42 0.1 0.55 0.5 3 within gauge section
2 44 0.1 0.53 0.5 8211 within gauge section
3 45 0.1 0.53 0.5 6903 within gauge section
4 46 0.1 0.51 2 25583 within gauge section
5 47 0.1 0.51 2 13270 within gauge section
6 56 0.1 0.51 2 27174 within gauge section
7 31 0.1 0.48 3 53503 within gauge section
8 40 0.1 0.48 3 43930 within gauge section
9 54 0.1 0.48 3 54134 within gauge section
10 33 0.1 0.44 5 94957 within gauge section
11 36 0.1 0.44 5 81466 within gauge section
12 39 0.1 0.44 5 65437 within gauge section
13 48 0.1 0.40 10 201798 within gauge section
14 49 0.1 0.40 10 167325 within gauge section
15 50 0.1 0.40 10 119418 within gauge section
16 57 0.1 0.37 10 2000000 Runout
17 59 0.1 0.37 10 2000000 Runout
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Figure 70: Fatigue results for high temperature tested single sheet samples

The samples used in the testing are shown below in figure 71. All samples that did not reach

run-out, completely separated upon failure.
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Figure 71: Fatigue samples for high temperature tested single sheet samples

5.3 Analysis

A comparison of the S-N curves for both the room temperature testing and high temperature testing

is shown below in figure 72.
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Figure 72: Fatigue results for room and high temperature tested single sheet samples
The Basquin model and Owen’s Design curve was drawn for both the room temperature and high

temperature results for the cyclic testing. Below is the line of best fit drawn for the room temper-

ature results shown in figure 73.
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Figure 73: Fatigue properties for room temperature tested single sheet samples

The resulting equation for the Basquin Model is shown below.
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Oar = 2.08(2N;) 0091 (7)

The resulting equation for the Owen’s Design Curve is shown below using 90% reliability and 90%

confidence.

O ar,90/90 = 2-00(2Nf)'0-091 o

The resulting line of best fit that can be drawn for the high temperature results for the cyclic

testing is shown in figure 74.
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Figure 74: Fatigue properties for high temperature tested single sheet samples

The resulting equation for the Basquin Model is shown below.
Oar = 2.87(2N) 1% (9)
The resulting equation for the Owen’s Design Curve is shown below.
Targ0/90 = 2.72(2N¢) 1% (10)

Stamped samples at room temperature appear to have a better fatigue curve and Owens design
curve in comparison to the high temperature samples. As the number of cycles increases, the two
curves diverge indicating that room temperature samples have a greater life as the stress amplitude

decreases. This is a normal trend that is expected at higher temperatures.
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5.3.1 Fracture Analysis

To understand the failure mechanisms occurring during cyclic testing, two samples at room tem-
perature and two samples from the high temperature cyclic testing will be compared. At each
temperature, one sample from the LCF and one sample from the HCF-regime will be compared to

see the differences in the failure mechanism.

The fracture analysis will first focus on the room temperature cyclic testing. Below in figure 75 is
the fracture surface of sample 5. The life of this sample was 27,728 cycles, and this sample had a
very short life. Using the DIC, it is known that the crack initiated from the left side of the fracture
surface. This area is highlighted in figure 75a and 75b. The sample has some striations in the
fatigue damage zone, indicated by the blue arrows shown in figure 75b, and outside the fatigue
damage zone, there is some trans-granular cleavage facets indicated by the green arrows shown in
figure 75c. Trans-granular cleavage facets are a common failure mechanism for silicon steels [47].

The fatigue damage zone was measured to be 0.66mm.

Figure 75: Fracture surface of single sheet sample at room temperature, low cycle fatigue, Nf =
27,728 cycles, (a) overall fracture surface (b) crack initiation zone with visible striations (c) trans-

granular cleavage facets

Below in figure 76 is the fracture surface of sample 17. The life of this sample was 557,532 cycles,
and this has much higher life. The crack initiated from the right side of the sample and its location

has been highlighted in figure 76a, 76b and 76c. In the fatigue damage zone, there is some inter-
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granular cleavage facets, which are outlined in red and shown in figure 76¢c. Outside of this zone,
there is some trans-granular cleavage facets indicated by green arrows and shown in figure 76d. In

comparison to sample 5 above, the fatigue damage zone is a larger here at 1.2mm.

Crack -
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Intergranular
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>

Figure 76: Fracture surface of single sheet sample at room temperature, high cycle fatigue, Nf =
557,532 cycles, (a) overall fracture surface (b) fatigue damage zone (c) crack initiation zone (c)

trans-granular cleavage facets

The fracture analysis will now focus on the fracture surfaces of the high temperature cyclic tested
samples. Below in figure 77 is the fracture surface of sample 46. The life of this sample was 25,583
cycles, and this sample was a part of the low cycle regime on the stress life curve. This sample was
tested at the same load level as samples 5 shown in figure 75. The crack initiated from the right
side of the sample and its location has been highlighted in figure 77a, 77b and 77d. In the fatigue
damage zone there is some river like striations that are located near the point of crack initiation
indicated by the blue arrows shown in figure 77d. Here the fatigue damage zone was shown to
be about 0.33mm. Outside of the fatigue damage zone the failure mechanism changes to severe
necking that extends across for the rest of the sample shown in figure 77c, indicated by the red

arrows.
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Figure 77: Fracture surface of single sheet sample at high temperature, low cycle fatigue, Nf =
25,583 cycles, (a) overall fracture surface (b) fatigue damage zone (c) trans-granular cleavage facets

(d) crack initiation zone with visible striations

Below in figure 78 is the fracture surface of sample 48. The life of this sample was 201,798 cycles.
This sample was a part of the high cycle regime of the stress life curve and tested at the same load
level as samples 17 shown in figure 76. The crack initiated from the left side of the sample and
its location has been highlighted in figure 78c. In the fatigue damage zone there is some river like
striations (indicated by blue arrows) that are located near the point of crack initiation (indicated by
the red arrow) shown in figure 78c. Here the fatigue damage zone was shown to be about 1.73mm
and is shown in figure 78d. Outside of the fatigue damage zone the failure mechanism changes to

severe necking that extends across for the rest of the sample shown in figure 78b.
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Figure 78: Fracture surface of single sheet sample at high temperature, high cycle fatigue, Nf =
201,798 cycles, (a) overall fracture surface (b) severe necking (thinning) (c) crack initiation zone

(d) fatigue damage zone

5.4 Discussion

The results of the testing show that as the temperature increases, the fatigue life decreases. This is
shown when comparing the Basquin model for both the room temperature and high temperature
results, as the high temperature curve diverges away from the room temperature curve, indicating
a decrease in the overall strength of the material. This is a result of the bias that originates in
the room temperature results from a few points at the higher stress amplitudes tested. Looking
at figure 34, the ideal fatigue data shows some overlap in the low life regime and branches out as
the number of cycles increases. Since the electrical steel at room temperature can tolerate a higher
stress amplitude, and since these points near the low-cycle region were included in the Basquin
model, this can explain the difference in the slope of the room and high temperature Basquin
models. The fatigue data is also similar to what is found in literature. Bode et al. [38], where the
punched samples achieved the same run-out (2 million cycles) at 0.3 normalized stress and peaked

at 0.42 normalized stress at room temperature. The single sheet samples achieved run-out at 0.37
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normalized stress and could tolerate 0.53 normalized stress so the alloy in this research is exhibiting
stronger but comparable behavior. A similar study done by Dehmani et al. [47] where the same R
ratio was used. In this study, the maximum stress amplitude was 0.69 at room temperature and
0.56 normalized stress at 180°C. In this same study, the minimum stress amplitude was 0.38 at
room temperature and 0.32 normalized stress at 180°C. While the high temperature testing was
conducted at a different temperature than this study, the results do indicate that both alloys behave

similarly.

The resulting normalized Owen’s Design Curve can be used with similar electrical steels of similar
composition as a starting point to help understand the expected change in behavior between room
temperature and 150°C. Since the data is normalized it can be appropriately used in the design of

a different material given its yield strength to help approximate the expected fatigue behavior.

A trend in the results is that as the temperature increases, the fatigue damage zone appears to
decrease. This is due to the decrease in strength at elevated temperature, that was evident from the
quasi-static testing shown in figure 62. Since the strength of the electrical steel decreases, a smaller
crack, and therefore, a smaller reduction in area, is required to achieve the sudden tearing that
occurs once the sample fractures. This fatigue damage zone is the area where the crack initiation

and crack growth is visible, before the crack propagates to fracture the sample.

Another trend is the change in the fracture mechanism. At room temperature, the main failure
mechanism is the trans-granular cleavage facets. This is a ductile-brittle fracture. Schayes et al.
[40] also found that the main failure mechanism at room temperature was both trans-granular and
inter-granular in nature, which transitioned to a sudden brittle fracture of the material. The fail-
ure mechanism at high temperature is severe thinning outside the fatigue damage zones, which are
smaller in size compared to the room temperature samples. This change in the failure mechanism
is present for electrical steel because the higher temperature can help to release residual stresses
and reduce dislocation density induced during the sheet manufacturing and sample preparation.
This can result in a shorter fatigue life. This decrease in overall life is confirmed by Dehmani et
al. [47] as he tested electrical steel at 180°C and saw a similar decrease in the overall life of the
samples. However, this change in the failure mechanism was not shown in these results. The failure

mechanism changes here as at a higher temperature, there is more available slip systems, and due
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to the higher temperature and softening of the grains, the grains can elongate, and the slip systems
orient to fracture the sample sooner, and through the global necking that is shown in the fracture

surface.

Bode et al. [38], compared the effect of punching on the fatigue of electrical steel and found that
the life of the material is lower due to a higher surface roughness, residual stresses and work hard-
ening that occurs at the cutting edge. Compressive residual stresses slow crack growth, and tensile
residual stresses accelerate crack growth. Work hardening can yield the material and can also make
the material brittle and accelerate crack propagation. The surface roughness can cause a stress
concentration on the cutting edge. Below is the micro-hardness measurements taken near the edge
of the electrical steel sample, shown in figure 79. As the measurement of micro-hardness approaches
the punched edge, the micro-hardness values increase. This also increases even further (looking at
line 4) the surface hardness near the burr of the sample is measured. It is important to note that
residual stress was not measured for this material, only the micro-hardness. However, the trend
in the micro-hardness agrees with what is known for punched samples [23, 24, 25]. This point is

significant and leads into another trend.
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Figure 79: Laminated sample micro-hardness

A significant trend that was observed was that the crack always initiated from the burr region
of the cutting edge regardless of load level or temperature. When the electrical steel is punched,
the cutting edge is split into two distinct zones. When the die comes down to punch the sample,

there is first some bending that occurs, this is the rollover region. The force of the die then causes
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the electrical steel to shear, which gives a shear zone. However, the die does not shear the entire
thickness of the electrical steel. Once the die has travelled about halfway down the thickness of the
sample, a sudden fracture occurs where the sample separates from the sheet, and this is categorized
as the tear/fracture zone. This is illustrated in figure 80 below. At the tip of this tear zone is a
burr, and this is the area where the crack always initiates, as it is a point of stress concentration.
Plastic deformation occurs in this area and causes the formation of micro-cracks that eventually
propagate to fracture the sample [38]. This trend of increasing micro-hardness near the cutting
edge of the electrical steel was also noted by Baudouin et al. [22] as he measured a peak of 280 HV
near the cutting edge. He also found that the increase in silicon content increased the hardness of
the overall material. Here the micro-hardness is much higher. However, if the cutting edge of the
stamped samples are polished, this drastically increases the fatigue life, by eliminating the area of
stress concentration and work hardening [47]. This finding is very similar to the findings of Schayes

et al. [40] as the crack in their study always initiated from the tear zone.

-----

ear/fracture

Figure 80: Cutting edge of punched electrical steel

Typically the stamped samples are known to have tensile residual stresses in the rollover and shear
region and it transitions to a compressive residual stress in the tear/fracture region [21]. The
stress distribution is not uniform in the thickness. It peaks in compressive stresses at the burr
and reaches a maximum in tensile stresses in the rollover region [21]. It is important to note that
the compressive residual stresses reside in the breakaway region of the cutting edge which is the

tear/fracture region and extends to the burr of the sample. When the temperature increases, the
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residual stresses will relax, and when the compressive residual stresses relax, there is a lower force
closing the crack mouth, causing the overall life the of the sample to decrease here. This is another
reason why the overall life decreases at 150°C. It is important to note that residual stresses were

not measured in this study however.

5.5 Chapter Conclusion

The electrical steel single sheet samples were cyclic-tested at room temperature and at an elevated
temperature of 150°. After analyzing the results the following conclusions can be made based off

the findings of the research.

e As the temperature increases, the fatigue strength of the electrical steel decreases.

e The fracture surface shows that as the temperature increases, the fatigue damage zone de-
creases. The results also show a change in the failure mechanism changes where the room
temperature samples show trans-granular cleavage facets as the main failure mechanism, and

the high temperature samples show necking as the main failure mechanism.

e The reason that the life of the samples decreases at 150°C is because more available slip
systems are present and grain softening is occurring. It is theorized that the residual stresses
at this temperature decrease and the effect of the work hardening also decreases, which reduces

the force closing the crack mount, resulting in a lower life.

e [t was also noted that the crack always initiates at the burr for each sample, regardless of

temperature.

Electric motors can achieve high temperatures. Over the life of the electric motor, the motor will
be loaded and unloaded a countless number of times, and it is important to know this behavior of

the electrical steel as it can help to prevent premature failure in the electric motor.
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Chapter 6: Laminated Electrical Steel Quasi-Static and Fatigue

Testing Behavior

Both quasi-static and cyclic tests were conducted on the single sheet electrical steel samples to
understand the mechanical behavior and failure mechanisms of the electrical steel at room temper-
ature and 150°C in chapters 5 and 6. The same quasi-static and cyclic tests were conducted on the
laminated samples under the same conditions. The stress-strain curves, S-N curves, and fracture
mechanisms have been analyzed and will be discussed in this chapter. The goal of this chapter is
to determine the effect of laminating on the quasi-static and fatigue properties of electrical steel

and compare the results to what was found in the single sheet electrical steel in chapters 5 and 6.

6.1 Methods and Materials

The testing method for the quasi-static testing at room temperature and high temperature follows
the method described above in section 3.2.1. The testing method for the fatigue testing at room
temperature and high temperature follows the method described above in section 3.2.2. The sample
preparation for the quasi-static testing and the fatigue testing at both room and high temperature
follows the method described above in section 3.3. The test setup for the quasi-static testing at both
room temperature and high temperature follows the method described above in section 3.4. The
test setup for the fatigue testing at room temperature and high temperature follows the method as

described above in section 3.5.
6.2 Results

6.2.1 Quasi-Static Testing Room Temperature

The results for the quasi-static testing at an room temperature for the laminated samples are
shown below. Three quasi-static tests were conducted and their results were averaged to estimate
the quasi-static properties of the material. The results have been normalized by the yield strength
of the electrical steel obtained at room temperature by Tolofari et al. [44] using ASTM E8/E345
samples [36, 37].
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Figure 81: Room temperature quasi-static test results for laminated samples (a) engineering and

(b) true stress-strain curves

Table 7: Normalized quasi-static test results at room temperature for the laminated samples

Mechanical Properties Sample 1 | Sample 2 | Sample 3 | Average | Standard Dev.
Elastic Modulus [MPa/MPal: 410 413 416 413 3

Yield Strength (0.2% offset) [MPa/MPal: 0.98 0.97 1.02 0.99 0.03

True Ultimate Strength (MPa/MPa) 1.42 1.43 1.42 1.42 0.00
Engineering Ultimate Strength (MPa/MPa) | 1.25 1.26 1.26 1.25 0.00
Engineering Fracture Strain [%]: 20 21 20 20 0

Strength coefficient, H [MPa/MPa] (*): 1.93 1.95 1.94 1.94 0.01

Strain hardening exponent, n (*): 0.15 0.15 0.15 0.15 0.00

Poisson’s Ratio: 0.31 0.32 0.28 0.30 0.02

The samples before and after the room temperature quasi-static test are shown below.
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Figure 82: Room temperature quasi-static tested laminated samples, painted and speckled for

strain measurement using DIC (a) before and (b) after testing

6.2.2 Quasi-Static Testing High Temperature

The results for the quasi-static testing at 150°C for the laminated samples are shown below. Three
quasi-static tests were conducted and their results were averaged to estimate the quasi-static prop-
erties of the material. The results have been normalized by the yield strength of the electrical steel

obtained at room temperature by Tolofari et al. [44] using ASTM E8/E345 samples [36, 37].
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Figure 83: High temperature quasi-static test results for laminated samples (a) engineering and (b)

true stress-strain curves
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Table 8: Normalized quasi-static test results at high temperature for the laminated samples

Mechanical Properties Sample 1 | Sample 2 | Sample 3 | Average | Standard Dev.
Elastic Modulus [MPa/MPal: 382 382 397 387 9

Yield Strength (0.2% offset) [MPa/MPal: 0.84 0.84 0.85 0.84 0.01

True Ultimate Strength (MPa/MPa) 1.38 1.36 1.36 1.37 0.01
Engineering Ultimate Strength (MPa/MPa) | 1.22 1.22 1.21 1.22 0.00
Engineering Fracture Strain [%)]: 15 15 14 15 1

Strength coefficient, H [MPa/MPa] (*): 2.01 2.02 2.01 2.01 0.00

Strain hardening exponent, n (*): 0.18 0.18 0.18 0.18 0.00

Poisson’s Ratio: 0.25 0.18 0.18 0.20 0.04

The samples before and after the elevated temperature quasi-static test are shown below.

Figure 84: High temperature quasi-static tested laminated samples, painted and speckled for strain

measurement using DIC (a) before and (b) after testing

6.2.3 Fatigue Testing Room Temperature

The results from the cyclic testing done at room temperature are shown below. Here a total of 21

tests were conducted and the stress amplitude was varied between 0.57 and 0.37. 2-3 tests were
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conducted at each load level and the sample reached run-out at a normalized stress of 0.37. The
results have been normalized by the yield strength of the electrical steel obtained at room temper-
ature by Tolofari et al. [44] using ASTM E8/E345 samples [36, 37].
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Figure 85: Fatigue results for room temperature tested laminated samples

Table 9: Normalized room temperature fatigue results for laminated samples

Test # Sample # Roratio Stress Amplitude Loading Total life, Initial Sheet Failure, Failure Location
(Mpa/MPa) Freq (Hz) Nf (cycles) Ni (cycles)

1 29 0.1 0.57 0.5 285 - within gauge section
2 28 0.1 0.57 0.5 300 - within gauge section
3 34 0.1 0.55 0.5 1648 - within gauge section
4 24 0.1 0.55 0.5 1997 - within gauge section
5 40 0.1 0.55 0.5 2169 - within gauge section
6 25 0.1 0.53 0.5 8915 - within gauge section
7 33 0.1 0.53 0.5 12132 - within gauge section
8 22 0.1 0.51 2 20423 - within gauge section
9 36 0.1 0.51 2 24570 - within gauge section
10 42 0.1 0.51 2 34918 - within gauge section
11 31 0.1 0.48 3 55977 - within gauge section
12 35 0.1 0.48 3 65950 - within gauge section
13 38 0.1 0.48 3 77703 - within gauge section
14 32 0.1 0.44 5 179292 - within gauge section
15 39 0.1 0.44 5 180940 - within gauge section
16 41 0.1 0.44 5 205124 - within gauge section
17 27 0.1 0.40 10 233684 203200 within gauge section
18 26 0.1 0.40 10 757698 - within gauge section
19 30 0.1 0.40 10 843747 - within gauge section
20 23 0.1 0.37 10 2000000 - Run-out

21 37 0.1 0.37 10 2000000 - Run-out
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The samples from the room temperature tests are shown below in figure 86. All samples that did

not reach run-out, completely separated upon failure.

Figure 86: Fatigue samples for room temperature tested laminated samples

6.2.4 Fatigue Testing High Temperature

The results from the fatigue testing done at high temperature are shown below. The testing was
brief and only 11 tests were conducted where the stress amplitude was varied between 0.53 and
0.37. 2 tests were conducted at each load level and the sample reached run-out at a normalized
stress of 0.37. The results have been normalized by the yield strength of the electrical steel obtained
at room temperature by Tolofari et al. [44] using ASTM E8/E345 samples [36, 37].
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Figure 87: Fatigue results for high temperature tested laminated samples

Table 10: Normalized high temperature fatigue results for laminated samples

Test # Sample # Reratio Stress Amplitude Loading Total life, Failure Location
(Mpa/MPa) Freq (Hz) Nf (cycles)

1 50 0.1 0.53 0.5 12930 within gauge section
2 52 0.1 0.51 2 12471 within gauge section
3 48 0.1 0.51 2 20364 within gauge section
4 53 0.1 0.51 3 36302 within gauge section
5 46 0.1 0.48 3 41559 within gauge section
6 56 0.1 0.44 5 55583 within gauge section
7 45 0.1 0.44 5 87709 within gauge section
8 51 0.1 0.40 10 135929 within gauge section
9 47 0.1 0.40 10 196237 within gauge section
10 57 0.1 0.37 10 471123 within gauge section
11 49 0.1 0.37 10 2000000 Runout

The samples from the high temperature tests are shown below in figure 88. All samples that did not
reach run-out, completely separated upon failure, with the exception of samples 55 which reached

the displacement limit of 5mm.
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Figure 88: Fatigue samples for high temperature tested laminated samples

6.3 Analysis
6.3.1 Quasi-Static Properties

The results of the testing done at both temperatures is shown below. Here both stress-strain curves
are overlaid in figure 89 and the resulting mechanical properties are tabulated and compared in

table 11.
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Figure 89: Quasi-static stress-strain curves of laminated samples
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Table 11: Normalized quasi-static test results for the laminated samples

Mechanical Properties

Room Temperature

High Temperature

% Difference

Elastic Modulus [MPa/MPa]: 413 + 3 387+ 9 -6.7
Yield Strength (0.2% offset) [MPa/MPal: 0.99 £ 0.03 0.84 £ 0.01 -18
True Ultimate Strength [MPa/MPal: 1.42 £+ 0.00 1.37 £ 0.01 -3.6
Engineering Ultimate Strength [MPa/MPa]: | 1.25 £+ 0.00 1.22 £ 0.00 -2.5
Engineering Fracture Strain [%]: 20+ 04 15 £ 0.8 -33
Strength coefficient, H [MPa/MPa] (*): 1.94 £+ 0.01 2.01 £+ 0.00 3.5
Strain hardening exponent, n (*): 0.15 £ 0.00 0.18 £ 0.00 17

Poisson’s Ratio 0.30 £ 0.02 0.20 £ 0.04 -20

6.3.2 Fatigue Properties

A comparison of the S-N curves for both the room temperature testing and high temperature testing

of the laminated samples is shown below in figure 90.
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Figure 90: Fatigue results for room and high temperature tested laminated samples
A line of best fit was drawn for both the room temperature and high temperature results for the
fatigue results in chapter 6 for the single sheet samples. However, the number of samples tested

at high temperature was very small, and as a result, a Basquin model comparison cannot be done

between the room temperature and high temperature results.
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6.3.3 Fracture Analysis of Quasi-Static Testing

Below the fracture surfaces of the quasi-static tested samples will be discussed. One sample that
was used for quasi-static testing at room temperature is shown below in figure 91. The sample
fractured in an irregular manner where each sheet fractured at a different location. This behavior
was observed with all of the laminated electrical steel samples. When looking at the fracture analysis
below, some sheets may be difficult to see, and the reason for this is due to this phenomenon as it

can be difficult to analyze multiple sheets on a fracture surface.

Close-Up View Angled View Side View

Front View

Figure 91: Fractured quasi-static laminated sample grain structure (a) front view (b) close-up to

fracture surface (c) angled view (d) side view

The fracture surface for a QS samples at room temperature shown in figure 92. Here it is shows
that each sheet had a different failure mechanisms along the cross section and these mechanisms
are not all necessarily aligned and grouped together. The failure mechanisms at room temperature
are local necking (shown with red arrows in figures 92b and 92c) and trans-granular cleavage facets
(shown with green arrows in figures 92b and 92d). The same failure mechanism observed for the
single sheet samples was observed here with the laminated samples. However, the samples do not
align in failure mechanism along the thickness of the sample. This is likely due to a mis-alignment
of the samples as all sheets are not perfectly aligned to one another (see figure 92a). Since they

may not perfectly aligned when they were laminated, this small difference could have caused the
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uneven failure mechanisms in the fracture surface and the uneven failure of individual sheets seen

in figure 91 above.

Misalignment
- =

Figure 92: Fracture surface laminated quasi-static sample room temperature, (a) overall sample

(b) cleavage facets and local necking (c) local necking (d) bending and cleavage facets

Below is the fracture surface for the laminated QS samples at high temperature. Here there is a
lot of local necking that has occurred and this is indicated by the red arrows in figures 93b and
93d. In contrast to the room temperature samples, the high temperature samples all failed evenly
at the 45 degree angle as seen in figure 84. At this high of temperature, the adhesive layer is
known to weaken, and the result of this is a more even failure of the samples. There is still a slight
misalignment present in this sample however, the misalignment is not obstructed by the adhesive

layer, allowing the individual sheets to naturally align themselves.

91



s

(IS  Ductile adhesive

Figure 93: Fracture surface laminated quasi-static sample high temperature (a) overall sample (b)

sheet 6, local necking (c) sheet 5, local necking (d) sheet 5, local necking

6.3.4 Fracture Analysis of Fatigue Testing

This section is an in-depth analysis of the fracture surfaces for the samples tested at room tem-
perature and 150°C under cyclic loading. To understand the failure mechanisms occurring during
cyclic testing, two samples at room temperature and two samples from the high temperature cyclic
testing will be compared. At each temperature, one sample from the LCF and one sample from

the HCF-regime will be compared to see the differences in the failure mechanism.

Sample 22 from the LCF regime of the room temperature testing is shown below in figure 94.
This sample had a life of 20,423 cycles. This sample had a single failure, where the entire sample
fractured at once. The fracture surface shows that only sheet 1 has a fatigue damage zone visible.
Sheet 1 has a fatigue damage zone that is 1.05mm long, and its failure mode transitions to trans-
granular cleavage facets, shown with green arrows on figure 94b. Sheet 2-8 only show trans-granular
cleavage facets, and this indicates that the sheets all failed suddenly, with an exception to the first
sheet. The first sheet had a crack initiate from the burr on the cutting edge (shown in figure 94c),
and reached the length of 1.05mm, after which the sample overloaded (shown in figure 94b). Once
the first sheet failed, the remaining 8 sheets were overloaded and also failed soon after. Similar to

the single sheet samples some striations are also visible near the point of crack initiation, shown
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with blue arrows on figure 94c.

Crack ; )

Initiation

1 Striations

Figure 94: Fatigue samples for room temperature tested laminated sample Nf = 20,423 cycles (a)

overall sample (b) close-up view for sheets 1 and 2 (c) fatigue damage zone for sheet 1

Sample 27 from the HCF regime of the room temperature testing is shown below in figure 95 (a)
- (j)- This sample had one sheet fail at 200,000 cycles before it had a sudden failure at the life
of 233,684 cycles. This is the result of a two-step failure and is the only specimen that had a
two-step failure in this testing. The first sheet that failed was sheet 1 and this sheet had a large
fatigue damage zone (figure 95b and c¢) of 6.94mm, where it showed a mixed cleavage facet type
of failure (shown in figure 95d indicated by the green arrows). Outside of this zone the failure
mechanism transitioned to trans-granular cleavage facets. The next sheet that failed was sheet 4
shown in figure 95e. This is evident from its fatigue damage zone which has a length of 1.61mm and
outside of this zone, the failure mechanism changed to trans-granular cleavage facets (highlighted
with green arrows) shown in figure 95e. Here there is some striations visible indicated by the blue
arrows in figure 95f. Once sheet 4 failed, the remaining sheets on the sample overloaded and the
entire sample failed. It appears as if the sample had failed suddenly with emphasis on Sheet 8.

Sheet 8, shown in figure 95g to 95j, shows some local necking (indicated by red arrows in figure 951)
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and trans-granular cleavage facets (highlighted with green arrows in figure 95h) and some mixed

cleavage facets (highlighted with green arrows in figure 95j).

5

S Mixe’;{(}ﬂéavaéefaé ‘

Trans-Granular
Cleavage Facets 8(Qy

Figure 95: Fatigue sample for room temperature tested laminated sample, Nf = 233,684 cycles,
(a) overall view of fracture surface (b) overall view of sheet 1 (c) fatigue damage zone (d) crack
initiation zone (e) overall view of sheet 4 (f) crack initiation zone (g) overall view of sheet 8 (h)

trans-granular cleavage facets (i) severe necking (j) crack initiation zone
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Sample 48 from the LCF regime of the high temperature testing is shown below in figure 96. This
sample had a life of 20,364 cycles and was tested at the same load as sample 22 shown in figure 94.
This sample, had a single failure, where the entire sample fractured at once. The fracture surface
shows that each sheet had a small fatigue damage zone visible. Sheet 1 has a fatigue damage zone
that is 0.65mm long and is likely the first sheet that failed. The crack initiated from the burr
and there is some striations (highlighted with blue arrows) shown in figure 96¢. Its failure mode
then changes to local necking (figure 96d). Likely sheet 1 failed first and then the other sheets
followed at the same time. Sheet 8 failed in the same way with a similar sized fatigue damage
zone of 0.35mm, with some visible striations in figure 96f and then the sample transitioned to local
thinning. The sheets had a crack initiate from the burr on the cutting edge similar to the room

temperature samples, after which the sample overloaded and failed.

Figure 96: Fatigue sample for high temperature tested laminated sample, Nf = 20,364 cycles, (a)
overall view of fracture surface (b) view of sheet 1 (¢) crack initiation point of sheet 1 (d) some local
necking on sheet 1 (e) view of sheet 8 (f) crack initiation point of sheet 8 (g) some local necking

on sheet 8

Sample 51 from the HCF regime of the high temperature testing is shown below in figure 97. This
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sample had a life of 135,929 cycles before it had a sudden failure. This sample was tested at the
same load level as sample 27 shown in figure 95. This fracture was a single, sudden failure. The
first sheet that failed was sheet 5, this sheet had a large fatigue damage zone of 6.7mm, where it
showed a mixed cleavage facet type of failure (highlighted with green arrows) as shown in figure
97e and 97f. Outside of this zone the failure mechanism transitioned to local necking shown in
figure 97g. The next sheet that failed is likely sheet 1 shown in figure 97b. This is evident from its
fatigue damage zone which has a length of 0.35mm and outside of this zone, the failure mechanism

changed to local necking (figure 97c). Once sheet 5 failed, the entire sample failed suddenly.
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Figure 97: Fatigue sample for high temperature tested laminated sample, Nf = 135,929 cycles, (a)
overall view of fracture surface (b) view of sheet 1 (c¢) crack initiation point of sheet 1 (d) view of
sheet 5 (e) fatigue damage zone of sheet 5 (f) crack initiation point on sheet 5 (g) local necking on

sheet 5
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6.4 Discussion
6.4.1 Quasi-Static

The results of the testing done at both temperatures is overlaid in figure 89 and the resulting
mechanical properties are tabulated and compared in table 11. These results show that the elastic
modulus, yield strength, and ultimate tensile strength. This is the expected behavior as docu-
mented by Fortese et al. [41], where he observed a similar decrease in these mechanical properties
at elevated temperatures. However, since the laminating adhesive broke down at 150°C, this tem-
perature can be considered to be a limit for the material as beyond this temperature, the sample
will de-laminate. Additionally, the fracture surface and failure mechanisms observed in figure 92 at
room temperature is expected as this is the same findings as Bode et al. [38], where they found that
under quasi-static loading, the specimens undergo a ductile failure, show trans-granular cleavage
facets and show that the failure mechanism transitions to global necking. At 150° each sheet on
the sample undergoes global necking (see figure 93) which is a distinct finding of this research. The
laminated samples is behaving similarly in many respects to the single sheet sample as discussed

in chapter 5, and the change in failure mechanism is written in great detail there.

Figures 98 and 99 show the overlaid quasi-static test results for both the room temperature testing
and high temperature testing of single and laminated sheets. This is to compare the effects of the
lamination process on the mechanical strength. This is important to understand as the electrical
steel will be laminated when used in electric motor applications and it is important to understand

the effect of the adhesive to ensure there is no detrimental effects to the mechanical strength.
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Figure 98: Comparison of quasi-static curves between laminated samples and sheet samples at

room temperature
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Figure 99: Comparison of quasi-static curves between laminated samples and sheet samples at

150°C

The high temperature results in figure 99 shows that there only a small difference between the test
results for the laminated samples and the single sheet samples. This indicates that the laminating
process has no significant effect at 150°. The room temperature results in figure 98 show a slight dif-
ference between the two sample geometries. The single sample and laminated sample stress-strain
curves at room temperature differ slightly. However, the difference is minor and there does not
appear to he a significant effect of the adhesive here. The samples are however closer in behavior at
150°C than at room temperature. The reason why the laminated samples differ in behavior more at
room temperature is a result of the adhesive that holds the sheets together. The adhesive restricts
the movement of the individual sheets, and doesn’t allow the sheets to elongate independent of

each other. This causes some sheets to yield in a more uneven manner due to the misalignment of
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the sheets shown above in figure 92. This is not seen however in the high temperature results as
this adhesive has been known to break down at 150°C and the individual sheets can de-laminate at
this temperature. In general however, the effect of the adhesive layer is very minor and does not

appear to effect the quasi-static properties of this material.

6.4.2 Fatigue

The fatigue results in figure 90 show that as the temperature increases to 150°C the fatigue life
decreases in general. This is the expected trend, as this decrease in overall life is confirmed by
Dehmani et al. [47] when he tested electrical steel at 180°C and saw a similar decrease in the
overall life of the samples. This failure mechanism is also similar to what is expected for electrical
steel as Schayes et al. [40] also found that at room temperature the failure was both trans-granular
and inter-granular in nature, which transitioned to a sudden brittle fracture of the material. The
failure mechanism at high temperature is global necking outside the fatigue damage zones, which
are smaller in size compared to the room temperature samples. A more detailed analysis on this

behavior is discussed in chapter 6 for the single sheet samples.

Figure 100 and 101 show the comparison of the stress life curve values for the room and high
temperature fatigue testing of the single sheet samples and the laminated samples. Here there is a
very good overlap of these two tests in the mid to high cycle fatigue results. This shows that the

laminated samples behave very similarly to the single sheet samples.
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Figure 100: Stress life curve of laminated samples compared to single sheet samples at room

temperature
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Figure 101: Stress life curve of laminated samples compared to single sheet samples at high tem-

perature

While the overall life of the samples are very similar at room temperature and high temperature,
the failure mechanism is slightly different. For the laminated samples, the main failure mechanism
for the room temperature testing is a mixed cleavage facet failure in the fatigue damage zone and

trans-granular cleavage facets outside the fatigue damage zone. For the high temperature sam-
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ples, the main failure mechanism was global necking, and this was prevalent outside of the fatigue
damage zone. This is the same failure mechanism observed for the single sheet samples discussed
in chapter 6. However, the first sheet to fail in the laminated stack is different depending on the
conditions. At room temperature the first sheet to fail was always the outer-most sheet (sheet 1
or 8) however at high temperatures it is possible for any of the sheets to be the first to fail due
to the adhesive weakening at high temperatures. This was observed in sample 51 from figure 97.
This sample had a life of 135,929 cycles and the first sheet to fail was the fifth sheet in the stack.
This is a result of the adhesive weakening. Since the sample is pinned at both ends in the high
temperature test setup, as shown in section 3.3 figure 49, once the adhesive weakens, the sample
acts more similar to 8 individual sheets rather than as a single stack. What these findings conclude
is that it is possible to have an internal sheet be the cause of the failure at high temperatures, and

in general, the first sheet to fail is likely the outermost sheet (1 or 8).

The fatigue damage zone size for the first sheet to fail, increases dramatically in the high cycle
regime for both the room and high temperature samples, and the cracks always initiated from the
burr region of the cutting edge as seen in figures 94 to 97. This shows that the stack fails in two
steps. Firstly, one sheet has a crack initiation and accumulates fatigue damage. After this sheet has
a sudden failure, the entire stack fails. To add to this, sample 27 was observed to have this behavior
during the test. Its first sheet failed at approximately 200,000 cycles and then the sample had a
sudden failure at 233,684 cycles. The fracture analysis confirmed that the first sheet accumulated
a lot of fatigue damage, and that the fatigue damage was then accumulated on the fourth sheet.

This shows that the failure damage is not equally distributed across all of the sheets in the stack.

6.5 Chapter Conclusion

The laminated electrical steel samples were both tensile and cyclic-tested at room temperature and
at an elevated temperature of 150°. After analyzing the results the following conclusions can be

made based off the findings of the research.

e The laminated samples, and the single sheet samples show great overlap as they behave very

similarly when comparing the quasi-static results and the fatigue results.

e In terms of the fracture mechanism, they are also very comparable where the same failure
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mechanisms are shared between the single sheet samples and the laminated samples.

For the laminated samples, the main failure mechanism for the room temperature testing
was a mixed cleavage facet failure in the fatigue damage zone and trans-granular cleavage
facets outside the fatigue damage zone. For the high temperature samples, the main failure

mechanism was global necking, and this was prevalent outside of the fatigue damage zone.

The fatigue damage zone for the first sheet to fail, increases dramatically in the high cycle
regime for both the room and high temperature samples, and the cracks always initiated from

the burr region of the cutting edge as seen in figures 94 to 97.

Fatigue damage is not evenly distributed, and is concentrated at a single sheet, which fails

before the subsequent sheets

At room temperature the first sheet to fail was always the outer-most sheet (sheet 1 or 8)
however at high temperatures it is possible for any of the sheets to be the first to fail due to

the adhesive losing its strength at high temperatures.
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Conclusion, Research Contribution and Future Work

Thesis Conclusions

This thesis characterized the quasi-static, and fatigue properties of electrical steel. Chapter 4
outlined the microstructural analysis that was completed on the electrical steel before the testing
began and then discussed the quasi-static properties of stamped, single sheet electrical steel at room
temperature and at 150C. Chapter 5 discussed the fatigue properties of the stamped, single sheet
electrical steel at room temperature and then investigated the fatigue behavior at 150°C. Chapter
6 then investigated the effects of laminating on the quasi-static and fatigue properties of electrical

steel at both room temperature and at elevated temperatures.

The material used in this study was a 3% silicon non-oriented electrical steel. In the beginning of
the thesis, it was verified that the composition, the grain structure, grain sizes and grain orienta-
tion was correct and was what is expected for this material. In conducting the quasi-static testing
at room temperature the behavior was verified to match the behavior found in literature and the
behavior at 150°C was a new finding. Similarly for the fatigue testing, the room temperature re-
sults helped to verify the findings in the literature and the findings as 150°C was a new addition
to the current knowledge for electrical steel. Finally, the quasi-static and fatigue testing done on
the laminated samples showed that they behave almost the same as the single sheet samples in
terms of the mechanical behavior and the failure mechanisms with some key differences in how the
laminated samples fail. There is a very significant and important change to the material behavior
at 150°C compared to how it behaves at room temperature. This finding is important as it will help
engineers to better design electric motors to perform well, and not fail under repeated loading and
under high temperatures. The findings of the laminated electrical steel testing in particular can
be extrapolated to see how an electric motor can fail. In this research, the laminated stack had its
fatigue damage concentrated on a single sheet in the laminated stack. Once that sheet reached the
critical crack length at the end of its life, that sheet will fail and cause the remaining stack to fail
due to an overloading. These findings are very important and deserve to be studied even further as
the worldwide transportation industry moves towards electrification. As the number of applications
increases for the electric motor, it will become more and more critical that the behavior of electrical

steel be better understood to ensure that a reliable design is made in each application.
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Research Contributions

This research presented in this thesis has contributed greatly to current literature available for
electrical steel by adding new found knowledge and confirming the observations made by others
on this specific electrical steel. The findings in Chapters 4-6 are very similar to what is available
in literature as the microstructure, the quasi-static and the fatigue properties at room tempera-

ture for the single sheet samples align well with existing research that has been conducted by others.

Existing literature has shown that the failure mechanisms in great detail for room temperature
quasi-static and fatigue testing. However, the failure mechanism that occurs at 150° was not avail-
able in the literature, and the in-depth analysis conducted in this research helps to contribute to the
literature. Additionally, the severe thinning that occurs at 150° as well as the complete reduction
in the cross sectional area is a point that was not available in the literature at the time of this

research and is an important contribution to the current web of knowledge.

Another contribution is the findings of Chapter 6. There is no literature that discusses the effects of
laminating on the quasi-static and fatigue properties of electrical steel. This research found that in
quasi-static and fatigue loading, the laminated samples behave almost the same as the single sheet
samples in terms of their mechanical properties. The failure mechanisms are also the same between
the single sheet and the laminated samples however, for the laminated samples the behavior is
not evenly distributed across the 8 sheets. In quasi-static loading, The crack initiates typically
on one sheet, and once this sheet fails, the rest of the sample has a rapid and sudden failure. In
fatigue testing, the fatigue damage is not evenly distributed across all of the sheets rather, it is
concentrated at a single sheet which fails before the subsequent sheets. At room temperature the
research found that the first sheet to fail was always the outer-most sheet and at high temperatures
it is possible for any of the sheets to be the first to fail due to the adhesive losing its strength at

high temperatures.
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Recommended Future Work

Concluding the research, there is still some open questions that have yet to be answered. One
observation that is not yet fully understood is the effect of the higher temperature on the failure
mechanism, and why at 150°C, severe thinning occurs. Research into the failure mechanism and
why there is a transition between the different failure mechanisms and how this contributes to the
thinning of the material is needed to better understand the material behavior of electrical steel.
This information will help to better understand the decrease in fatigue life and decrease in quasi-
static properties of electrical steel. EBSD is a great method to see the strain response at room
and higher temperatures and could help to better understand this change in failure mechanism of

electrical steel.

One observation that was not quantified was the effect of the residual stresses on the material. It is
recommended to measure the residual stresses on the cutting edge of the samples in detail and then
expand the analysis to see what effect their presence has on the fatigue and quasi-static properties
of stamped electrical steel. It is also recommended to measure the quasi-static properties using
the correct sample geometry that follows ASTM E8 [36] and ASTM E345 [37] standards to better
understand the stamping effect on the quasi-static results as the results in this thesis were not done
using this geometry. Using the correct geometry and a DIC can help to see if the effect stamping

has on the strain response of the material.
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