Republic of Iraq
Ministry of Higher Education and

Scientific Research
University of Kerbala
Collage of Engineerin

Studying the Effect of Notch Depth and

Position on Fatigue Properties

A Thesis
Submitted to the College of Engineering / University of Kerbala in
Partial Fulfillment of the Requierments for the Degree of Master of

Science in Mechanical Engineering —Applied Mechanics

By
Laith Hussain Mohammed
B.Sc. 2008

Supervised By

Asst. Prof. Dr. Luay Sadiq Al-Ansari
Dr. Mohammed Wahhab Al-Jibory

March PRI IER DEN
2017 1438



a1 a3l A aluy

{1!..’ y .‘5}/,.0/' .
At ale o3 08 (538" LT Ba s 3 ady
R = .JJ@J_\'}

ankinl) /dad) A (3

L gl o) g

WEN



Supervisors Certification

We certify that this thesis entitled (Studying the Effect of
Notch Depth and Position on Fatigue Properties) has been
carried out under our supervision at the University of Kerbala /
College of Engineering — Mechanical Engineering Department in
partial fulfillment of the requirements for the degree of Master of

Science in Mechanical Engineering /Applied Mechanics.

Signature:

Name: Asst. Prof. Dr Luay Sadiq Al-Ansari

Date: / /2017

Signature:

Name: br Mohammed Wahhab Al-Jibory

Date: / /2017



LANGUAGE CERTIFICATE

| certify that this thesis entitled “Studying the Effect of Notch
Depth and Position on Fatigue Properties” was prepared by (Laith
Hussain Mohammed) under my linguistic supervision. It was amended to

meet the style of English language.

Signature:

Name: Dr. Ahmed Niameh Mehdy AL-Husseny
(Linguistic advisor)

College of Engineering

University of Kufa

Date: [/ /2017



EXAMINING COMMITTEE CERTIFICATION

We certify that we have read this thesis entitled (Studying the Effect
of Notch Depth and Position on Fatigue Properties) and as an
examining committee examined the student (Laith Hussain Mohammed) in
its content and that in our opinion it meets the standard of a thesis and is
adequate for the award of the Degree of Master of Science in Mechanical

Engineering /Applied Mechanics.

Signature: Signature:
Name: Asst. Prof. Dr. Luay Sadiq Al-Ansari Name: Dr. Mohammed Wahhab Al-Jibory
Date: /12/2017 Date: /12/2017

(Supervisor) (Supervisor)
Signature: Signature:
Name: Dr. ALAA M. H. ALJASSANI Name: Dr.Salah Noori Abbood AL-Nomani
(Assist. Prof. University of Kufa / Faculty of Eng.)
Date: /12 /2017 Date: [/ 12 /2017

(Member) (Member)

Signature:

Name: Prof. Dr. H. J. M. Alalkawi
Date: [/ 12/2017

(Chairman)
Approval of Mechanical Engineering Approval of Deanery of the College of
Department Engineering / University of Kerbala
Signature: Signature:
Name: Dr. Hazim Umran Alwan Name: Assist. Prof. Dr. Basim Khalil Nile
(Head of Mechanical Engineering Dept.) (Dean of the College of Engineering)

Date: /12/2017 Date: [/12/2017



DEDICATION

To My Parents



ACKNOWLEDGMENT

Thanks to Allah for all his blessings, thanks to the Merciful
Prophet Mohammad and Ahl-Albait (peace be upon them) for
lightning my way.

| would like to gratefully and sincerely thank my supervisors
Asst. Prof Dr. Luay S. Al-Ansari, and Dr. Mohammed W. Al-Jibory for their
invaluable help, advice, guidance, understanding, and encouragement
during this work. It has been pride to work with them.

I would like to thank the Staff of Mechanical Engineering
Department at Kerbala University for their support and encouragement to
complete this thesis.

I would like to thank the Mechanical Engineering Department staff
at University of Kufa and Assist. Lec. Mr. Hayder Zuhair Zainy to whom
| would like to express my sincere appreciation for their help, immense
knowledge, and guidance throughout the preparation of the work described
in this thesis.

| thank my father and mother for their support and allowing me to be
as ambitious as | wanted. | hope they always be well and able to get their
satisfaction. | appreciate my brothers' support.

Finally, I would like to thank my dear wife, her continuous help,

support, and encouragement enabled me to end the thesis.

LAITH






Abstract

The present work investigates the effects of notch depth, location and
load magnitude on fatigue life and thermal behavior of a rotating cantilever
beam made of low carbon steel (ST37-2) by applying fully reversed load,
zero mean stress. During the fatigue test, the temperature variation on the
testing specimens was monitored using an IR camera, particularly at two
specific points (edge and notch). By the way studying the effects of the
above parameters on the area of sudden fracture surface and hardness of
two points on fractured surface (point on propagation region and other
point on the sudden fracture region) was done. Numerically, finite element
simulation for the fatigue test was implemented using ANSYS Workbench
15.0, where the ANSYS input data was based on an experimental S/N
curve.

From the results, the notch location can change the fracture position
from the notch to the edge position. Furthermore, the fatigue life is
increased to its maximum value through shifting the notch by the maximum
ratio: experimentally more than (75) % and numerically more than (73) %.
On the other hand, the shifting of notch away from the edge position
produces a decreasing the area of sudden fracture surface as well as the
hardness of the fracture surface till the transforming point. The comparison
between the experimental and numerical results shows apparent agreement
in behavior, where the ANSYS model based on experimental S/N curve
provides a good prediction for fatigue life. Temperature variation at
different points on the specimens offers a practical way to predict the

fracture position before it happens.



Abstract

List of Contents

Contents

List of Contents

Nomenclature
List of Tables
List of Figures

1.1
1.2
1.2.1
1.2.2
1.2.3
1.3
1.4
1.4.1
1.5
1.6
1.7

2.1
2.2
2.3

Chapter One
Introduction

Phenomenon of Fatigue Failure

Fatigue Failure Stages

Crack Initiation

Crack Propagation

Crack Fracture

Stress Concentration

S/N Curve

Basqunis's Formula

Notch Effects

Plastic Deformation

Thesis Objectives

Chapter Two

Literature Review

Introduction
Summary of Literature Survey

Conclusion Remarks

© o oo oo o0 A M W LW W B

10
15
22



3.1
3.2
3.3
3.4
34.1
3.4.2
3.5
3.6
3.7

4.1
4.2
4.3
4.4
44.1
4.4.2
4.5
4.6
4.7

5.1
5.2

Chapter Three
Theoretical Background
Theoretical Considerations
Fatigue Methodologies
Fatigue Parameters
Notch
Stress Concentration Factor K;
Fatigue Notch Factor K¢
ANSY'S Procedure
Fatigue Analysis by ANSYS
Steps for ANSYS Analysis
Chapter Four
Experimental Work
General
Chemical Composition Test
Tensile Test
Fatigue Test
Fatigue Testing Specimen
Fatigue Testing Machine
Temperature Change Monitoring
Macroscopic Test

Hardness Test

Chapter Five
Results and Discussion
Introduction

Fatigue Test

2Y
2Y
24
25
25
26
28
28
29

Y¢
¥
¥
Yy
37
39
41
42
42

43
43



5.3

Macroscopic Test

5.4 Hardness Test
Chapter Six
Conclusions and Recommendations
1.1 Introduction
1.2 Conclusions
1.3 Recommendations
References
Appendix -A
Results Certifications
A.l Material Grade Certification
A2 Chemical Composition Test results Certification
Appendix —B
Heat Indication
B.1 Heat Indication
B.2 Heat Indication Results

48
49

75
75
75

76

A-1
A-Y



Nomenclatures

Symbol Title Unit
A Avrea of contact m®
B Fatigue strength coefficient MPa
b Fatigue strength exponent
C Specific heat J/IKg. K
D Dimeter of the specimen's shoulder mm
d Dimeter of the specimen mm
dx Effective length mm
F Applied farce N
h Heat convection coefficient W/(m®.K)
K Thermal Conductivity W/(m.K)
K Fatigue notch factor
K Stress concentration factor
L Length of the specimen mm
I Notch location mm
Ni¢ Fatigue life Cycles
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Qgen. Heat generation w
Qrad. Heat Radiation w
Qsto Heat stored w
Qx Heat input. w
Qu:ax | Heat output W
Ogen Heat generation per unit volume w/m®
Usto. Heat stored per unit volume w/m®
R Stress ratio
Re Reynold number




Tamb Ambient temperature K
Ts Surface temperature K
t Notch depth mm
\/ Notch shape
My Bending moment N.mm
W, Section modulus of specimen m®
v Kinematic viscosity m°/s
D Material density kg/m®
o Stefan boltzman constant W/(m*.K*
Oa Amplitude Stress MPa
Oe endurance limit MPa
Of Fatigue limit MPa
Om Mean stress MPa
ON, Fatigue strength MPa
Oult Ultimate stress MPa
AV | Volume m’
Ao Range stress MPa
a Notch angle 0
® Angular velocity rpm
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Chapter One

Introduction

1.1 Phenomenon of Fatigue Failure

Fatigue knowledge has been developed step by step until this moment.
In the 1840s, people in railway industry noticed that railroad axles failed at
its shoulders, which was the first major impact of failures due to repeated
load. The expression "fatigue™ has been used during the 1840s and 1850s to
explain failures due to repeated stresses. From 1850 to 1860, WOhler
executed many experimental testing on fatigue, when the concept of the
S/N curve was introduced for the first time. After that, a lot of researchers
worked in this field to develop theories enriching the knowledge on fatigue
as we currently know it [1].

Now, fatigue is defined as "a form of failure caused by fluctuating or
cyclic loads over a short or prolong period of time™. On the other hand, it is
attributed to an ultimate stress less than the static yield strength of a certain
metal [2]. Fatigue behavior can be divided into two regions. The first one is
when applying high loads resulting in two types of strain, elastic and plastic
for each single cycle. The fatigue life in this region is a bit less than
10%cycle, which is called a low—cycle fatigue (LCF). The other region is
known as a high—cycle fatigue (HCF), in which the stress is less than it is in
the (LCF). In such a sort of fatigue, the deformations are totally elastic, and
hence, longer fatigue life is achieved, i.e. more than 10 cycle [3]. This can

be demonstrated by having a look at the S-N curve shown in figure (1.1).
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Figure (1.1): S-N Curve of Annealed Steel 4340 [4]

Moreover, this type of failure is known as a progressive failure "due to
the crack initiation (stage 1), crack growth (stage Il), and sadden fracture
(stage 111" [2], where these three stages of fatigue life are illustrated in
Figure (1.2). These stages require the availability of cyclic stress, tensile
stress and plastic strain, where the crack will not initiate if one of them

does not exist [5].
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Initiation Stage I Fatigue Beach Mark Stage IT

Stnations

Final Fracture Stage III

Figure (1.2): Fatigue Fracture Surface [6]

1.2 Fatigue Failure Stages

1.2.1 Crack Initiation

Crack initiation, which is a micro-scale process, begins from the
surface toward inside, and meanwhile, propagates starting from a notch or
any discontinuity region that has the greatest value of concentrated stress
[6].
1.2.2 Crack Propagation

It is macroscopic process moving perpendicularly to the load direction
and away from the surface. Stress concentration is higher around the crack
tip while every time the load is tensile, the crack size increases a small
amount. Hence, the cross section area resisting the applied stress decreases
and reaches a critical limit, where it becomes unable to resist the applied
load [7].
Furthermore, the peach markets or clamshells are fabricated due to the
movement of cracked surface open and close, rubbing together for each
cycle depending on the stress magnitude, load frequency and the
environment [3].
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1.2.3 Crack Fracture
After the crack continues in propagation reaching a critical length, it

will grow very quickly without any caution until acquiring the sudden
fracture. So, it can be said that the final cycle is done, when the material

area is not sufficient to support the applied stress [2].

1.3 Stress Concentration

It is the increment of the maximum stress in small area near cracks,
notches, grooves, sharp corners and other change in cross section. It
happens due to the force lines being closer to each other causing
concentration in stress. This increment, shown in figure (1.3), is calculated
in terms of what is known as the stress concentrated factor [8].

I

P arce lines

it

Y ."

|

Figure (1.3): Stress Concentration Phenomenon[9]
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1.4 S/IN Curve

It is a traditional way to describe material behavior under fatigue [10].
Experimentally, the S/N curve has been plotted for different stress
amplitude loadings on smooth fatigue specimens. It shows the number of
life cycle to failure (Nf) with respect to the stress amplitude(o,). There are
two types of S/N curve depending on whether the material considered is

ferrous or nonferrous, as shown in figures (1.4) and (1.5), respectively [4].

1000
1000
N .
£ = e — o \
5 - = N
100 100 [ o>
103 106 109 103 106 109
N, cycles to failure N, Cycles to failure
Figure (1.4): S/N Curve of Annealed Figure (1.5): S/N Curve of
4340 Steel [4] Aluminum Alloy 7075T-6[4]

It shows some important characteristics including the fatigue life, fatigue
limit and fatigue strength (endurance limit), which are defined as follows:
Fatigue life (Nf): is a number of stress cycles to failure.

Fatigue strength (aNf): Is the stress value at failure for exactly N¢ cycles.

Fatigue limit(ay) or endurance limit(a,): is the value of applied load

applied on a part being safe for infinite number of cycles, or is an applied
stress at which S/N curve diagram becomes or remains horizontal. It can be
estimated using the following empirical relations [1]:

For cast and wrought steel endurance limit:



Chapter ONe.......ovviiiiiii e Introduction

of=0.5 oy For o, < 1400 MPa(200 Kpsi)
or =700 MPa For o, > 1400 MPa(200 Kpsi)
For nonferrous materials:
of =~ (0.35—-0.5) o, (Approximated)
There is a number of correction factors added to the above relations to be
closest to the experimental results such as surface finishing, size, load,
temperature, reliability and miscellaneous effects factors [3].
1.4.1 Basqunis's Formula

It is a relation between fatigue life and applied stress used to make
approximate for the S/N curve [1].
6, = BNP .. (1.1
Where;
o,= Stress amplitude (MPa).
N¢ = Number of cycle to failure.
B = Fatigue strength coefficient (for most materials = o; fracture strength).
b = Fatigue strength exponent (Basqunis's exponent).
1.5 Notch Effects

Notch can be defined as a discontinuity in shape such as the v- shape,
threads, nut-bolt connection, square shape key, scratches and fillets [11].
Although it has two principal effects, the first one is called the "stress riser"
because it notch existence concentrates the stress resulting in crack
initiation (decreasing the fatigue strength and increasing stress
concentration). Thus, it is the main parameter affecting the fatigue strength
of structures, as shown in the figure (1.6). Thus, the fatigue limit in the
type of smooth (unnotched) structure is higher than the notched one. For
this reason, designers always try to avoid using the notches where possible,

but mostly it is indispensable to use them due to design requirements [12].
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The second effect is the increase in the fatigue strength with reducing the

stress concentration.
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Figure (1.6): S-N Curve for Notched and Free -Notch Specimen of E360
Steel Subjected to bending moment [9]

The latest effect can be demonstrated through what is called the
removing material technique, as illustrated in figure (1.7). This technique is
based on transition flow to improve it and reducing stress concentration by
cut off material from low-stress area, this will transfer the high stress out of
the region of stress concentration toward the low-stress region, which
decreasing the stress in the high stress area [8].

Figure (1.7): Flow Stress Around the Notch [8]

\¢
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1.6 Plastic Deformation

When a material is stressed, the response sequence will be usually as:
elastic deformation, plastic deformation and fracture. Plastic deformation is
an irreversible process coming from breaking and reforming atomic bonds.
So, the material will stay in deformed shape after releasing the stress [10],
as illustrated in figure (1.8). On the other hand, when the plastic
deformation occurs, a significant heat will generate particularly when
deformation is concentrated due to dislocation of material crystalline. The
amount of heat generation depends on the strain rate and deformation [13].

(C):Elastic and plastic (D): stress release and deformed
plastically

Figure (1.8): Plastic behavior of metals[5]
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1.7 Thesis Objectives
The objectives to be achieved in this thesis can be summarized as
follows:

1- Studying the effect of notch position on fatigue life with four different
notch depths and two different load magnitudes and doing a comparison
between the experimental and numerical (ANSY'S) results.

2- Studying the effect of notch position on thermal behavior (heat
generation due to plastic deformation) with two different notch depths
and two different load magnitude.

3- Studying the effect of notch position on hardness of the fracture surface
with four different notch depths and two different load magnitude.

4- Studying the effect of notch position on the area of sudden fracture
region of fractured surface four different notch depths and two different

load magnitude.
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Chapter Two

Literature Review

2.1 Introduction:

Several researches have been presented so far dealing with fatigue
phenomena of metal alloys. Some of these researches are reviewed in this
section.

A. Rabiei, et al, (2000), [14], studied heat generation during the
fatigue of a Celluler Al-alloy. They applied Compression- compression
fatigue technique on a perforated plate using infrared (IR) camera to
calculate temperature change during fatigue progressing to indicate thermal
behavior. From the results, it was found that the heat generated by plastic
cycles is too small to cause fatigue by thermal softening, and hence, it was
not responsible for fatigue failure.

N. Kadi, (2001), [15], investigated the effects of notch on fatigue
behavior at high fatigue cycles by using notched shafts and applying the
volumetric method to estimate the fatigue life particularly for the shafts
specimens with key — seats. From the results, it was found that there were
geometries such as key — seats, where their (k;) cannot be calculated by
using classical method, while volumetric method gives accepted results.

A. Fatemi, et. al., (2004), [16], studied the effects of notches on
fatigue life for notched around specimens and double notched plate of
micro - alloyed steel, which were treated to study the ability of strain life
and stress life methods in predicting fatigue behavior. From the results
obtained, the effect of notch is purely clear at high fatigue cycle and be
smaller step by step at low fatigue cycle. Also, stress life method is more
accurate than strain life method for notch around specimens in expecting
their fatigue life.



Chapter tWO ... ... e, Literature Review

Michele Ciaverella and Giovanni Meneghetti, (2004), [17],
established a new strategy for calculating (Ks) by using some results from
literature experiments for many types of alloy steel, different in notch
dimensions and geometries. They studied the contrast between Neuber and
Peterson and the modifying equation of Neuber and many modern
formulas. From the results, they found that it is possible to expect the K¢
value from classical and modern criteria compared to multi experimental
fatigue limit, where they concluded that the accuracy of prediction was
improved by modern criteria.

Borivoj Sustarsic, et. al., (2007), [18], examined the effects of
v — notch specimens of Charpy standard samples of steel spring on fatigue
behavior. They planned to get a suitable comparison with testing results of
real spring. It was found that Charpy testing samples can be used to study
fatigue strength of real spring steel instead of the real spring, where fatigue
strength of steel can be increased to 20%. Also, it was observed that the
strength of fatigue is reduced when defects or notches are present in testing
specimens.

Y. Verreman and H. Guo, (2009), [19], tried to study the effects of
notches on fatigue life by using different dimensions of V- notch in
cylindrical specimens of medium carbon steel under torsional and axial
applied load. Finite element method was applied for checking the
experimental data. They found that the resistance of material to crack
propagation has a great influence on fatigue behavior. Furthermore, K was
near unity because resistance to crack propagation was very high.

Dargi Stamenkovic, et. al., (2010), [20], tried to predict numerically
and analytically the duration of crack growth cycles on notched structural
components. From the results, it was found that the numerical way is a
good method to be utilized in examining the effect of crack on the

performance of the components of notched structure, where there is an
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agreement between numerical, analytical and experimental data that
acquired by classical method.

XU Jian, et. al., (2011), [21] focused on the hole shape effects on the
connecting bolts on fatigue behavior. Finite element method was used by
MSC. Software. By looking at the outcomes of this study, the effect of hole
shape on fatigue behavior is clear. Also, the fatigue life decreased step by
step through expanding the short axis. The calculated data can be used as
outline notes in design of bolted connection.

N.A, Alang, et. al., (2011), [22], studied the effect surface roughness
on fatigue cycles using rotating cantilever notched beam specimens of
carbon steel with 0.2 C (wt%), where rotating bending fatigue technique
was also used. In this project, it was found that there is no great variation in
fatigue life for specimens in the low fatigue cycle part. For the high fatigue
cycle, on the other hand, the smoothest specimens produce much higher
fatigue cycles, and numbers of crack initiation increase due to the increase
in the surface roughness.

Masao Sakane, et. al., (2011), [23], discussed the effects of notchs on
fatigue in low cycles utilizing multi-axial load (torsion and tension) at 873
K. Experimental work was done on notched specimens of stainless steel
(SUS304) load condition. An easy way was used to calculate strain at
notches. The results revealed that notch has a great influence on crack
initiation cycles, while it has small influence on crack propagation cycles.
So, the life cycles to failure were influenced by propagation and initiation
effects.

Goanta Viorel, et. al., (2011),[24], established in their paper a
relation between the hardness value and plastic deformation level. The
study was done in the vicinity of the fractured surface of the tested
specimens by applying Vickers micro hardness technique. The material
used in the experiments was normal and annealed steel (OLC45) under
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static and fatigue loading. From the results, it was found that the hardness
of the final area of fractured surfaces is high because the speed of crack
propagation is higher; and for crack propagation area has lower value of
hardness.

Nasim Daemi and Gholam Hossein Majzoobi, (2011), [25] focused
on the effects of notches dimensions for different shapes on the fatigue life.
In the experimental work, rotating bending machine specimens of low
carbon steel alloy were used under constant load (bending fatigue life) and
room temperature. Analytically, they used Manson — caffin's way to create
S/N curves for testing samples and compare between the experimentally
and analytically calculated results. From the results, the analytical method
(Manson Caffin) cannot able to expect the fatigue life of the notched
samples.

Deepan Marudachalam, et al., (2011), [26], studied shaft design of
drive system manufactured from CC55 Mn75 under various conditions of
fatigue loading using Good man method, and investigated the failed by
implemented the shaft in spanning machine. ANSYS software program was
utilized for finite element analysis technique to check values of stresses.
The shaft was subjected to shear and bending stresses. On the other hand,
the forces and torques that acting on the shaft were estimated, where the
stresses revolving at the fracture surface, fatigue limit, and safety factor
were all calculated in addition to plotting the stress life curve. In this
project, it was found that failure is likely to occur at the notch position
when the fillet radius of the shaft is increased from (0.6) mm to (2) mm,
and the support position changed, the factor of stress concentration is
decreased also factor of safety increased from (0.71) to (1.05) and
endurance limit of fatigue is increasing.

Bikash Joadder, et. al., (2011), [27], tried to predict the fatigue life
of stainless steel (SS316) for notched specimens with different geometries
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under different strain amplitudes. Strain-life data and Low cycle fatigue
were performed for all specimens. The modeling of finite element analysis
was implemented using ABAQUS software program. So, it was concluded
that the maximum strain occurs at notch tip and there was a difference
between the applied strain and the total strain life curve generated. Also, it
was found the predicted life is less than the experimental result for all
notched specimens with variation ratio up to 27.7%.

Caroline Hyll, et. al., (2012), [28], studied the heat generation during
plastic deformation to fracture. In this experimental work, uniaxial tensile
load was applied on a sock paper samples with using infrared camera for
thermal indication. It was found that 40%-60% of thermal energy is coming
from mechanical energy. At rupture time, a sharp temperature increase was
acquired. Furthermore, the increase in thermal energy at rupture time was
because of the elastic energy stored in the sample at that time.

G. Meneghetti and S. Masaggia, (2012), [29], evaluated
experimentally and theoretically the effect of notch depth on fatigue limit
by testing V-notches with 120° notch opening angle on a round samples
and gears samples made of Austempered ductile iron grad (1050) . Tension
to tension fatigue tests were implemented on all samples with R (0.2) at
frequency ranging from (15-20) Hz and the room temperature. ANSYS
program was used for finite element analyses. Theoretical results were in
acceptable error with respect to experimental results, i.e <20%.
Furthermore, it was proved that when the notch radius reached to zero, the
stress concentration factor (K;) will not be true anymore because stresses
approach to an infinity value unlike when the notch radius tends to large

value, where stress concentration factor is matched.
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Reda I. Elghnam, (2013), [30], studied the heat transferred from
horizontal rotating cylinder in constant round air. On the other hands, a
new relation was applied between the Nu and Re numbers compatible with
this work cases.

Qasim Bader, (2014), [31], experimented the effect of v — notch
location on fatigue life by using cantilever beam specimens of (Low,
Medium, and high) Carbone Steel, which were applied in cantilever
rotating—bending fatigue testing machine. Their experimental data were
compared with numerical results obtained from ANSY'S software program.
From the results found that, there is no significant effect of notch locution

on fatigue life.
2.2 Summary of Literature Survey

In this section, the researches reviewed in previous section were
summarized in Table (2-1).
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Table (2-1): Summary of Literature Review

No.| Author and year Paper Type of Work Case Study Type of load Results
1 A.Rabiei, et. al. |Heat Generation during| Experimental | Cellar Al- Alloy Compression — [* Generated heat was due to plastic
(2000) the Fatigue of a Cellar holed plate compression  [deformation.
[14] Al Alloy fatigue with  |* The temperature calculated was very small
thermal camera [to be responsible for fatigue failure.
2 N. Kadi Notch effect in High | Experimental |Notched shaft with [High Cycle Fatigue|Estimate different way for fatigue life
(2001) Cycle Fatigue key-seats duration of notched shaft for not applicable
[15] geometries (cannot calculate stress
concentration factor by classic way) such as
key-seats.
3 A. Fatemi, et. al. Fatigue Behavior and | Experimental | Notched bar and | R=-1 for notched [*S/N method is more accurate than strain life

(2004)
[16]

Life Predictions of
Notched Specimens
Made of QT and Forged
Micro Alloyed Steels

double notched flat
plate of treated
medium carbon
steel AISI (1141)

bar and pulsating
tension for notched
flat plate

method for longer life.

*S/N approach was more accurate for notched
bar in fatigue prediction than flat plate.

*The effect of notch is purely clear at high
fatigue cycle and be smaller step by step at

low fatigue cycle.
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Michele Ciavarella
and Giovanni
Meneghetti
(2004)

[17]

On fatigue limit in the
presence of notches:
classical vs. recent

unified formulations

Theoretical
based on
experimental
results are
getting from the
literature for
various steels

and alloys

various steels and

alloys

Modern criteria improve the accuracy of

prediction of Kf with respect to older ones.

Borivoj Sustarsic, et.
al.
(2007)
[18]

The Notch Effect on the
Fatigue Strength of
51CrV4Mo Spring Steel

Experimental

Charpy V-notched
specimens of steel
springs
(51CrVv4Mo)

Pulsating fatigue

*Possible to determine fatigue strength of

to 20%.

* Strength of fatigue was reduced when
defects or notches were present in testing
specimens.

*Fatigue strength is affected by surface
roughness and notch, also residual stress

caused by machining and shoot-peening.

Y. Verreman, H.
Guo
(2009)

[19]

Short cracks at notches
and fatigue life
prediction under mode |

and mode 111 loadings

Experimental
and
Numerical
(FEM)

Circumferential
V-notched plane
cylindrical of
medium carbon

steel

Axial and torsional

fatigue

*Fatigue behavior was affected by material
resistance to crack propagation.

*Fatigue notch factor was close to unity
because of high resistance to crack

propagation.

ARY%

spring steel by using Charpy V test specimens.

* Fatigue strength of steel can be increased up
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Dragi Stamenkovic
& Katarina
Maksimovic

(2010)
[20]

Fatigue Life Estimation
of Notched Structural

Components

Analytical
and
Numerical
(FEM)
(Calculating
stress intensity

factor)

Fatigue crack
growth in 1- Air
craft wing lug.
2- Riveted holes.

*FEM is efficient method for investigating the
impact crack on the performance of notched
structural components.

*Good agreement between analytical and
numerical results with respect to classical

methods (photo elasticity and fatigue tests).

XU Jian-Xin, et. al.

The effect of hole shape

Numerical(FE

Bolted connection

*Fatigue life of bolted connectors is affected

(2011) on fatigue life of bolted M) by hole's shape.
[21] connectors with using *Fatigue life decreases gradually by
MSC software increasing short axis.
*Calculated results can give reference outline
of bolted connection in air craft and vehicle
structures.
N.A, Alang, et. al. Effect of Surface Experimental | Notched rotating | rotating bending [*In low cycle, there was no significant

(2011)
[22]

Roughness on Fatigue
Life of Notched Carbon
Steel

cantilever beam
specimen of carbon
steel (0.2C wt. %)

With different

surface roughness

fatigue
(R=-1)

influence of surface roughness, but in high
fatigue cycle, the smoothest specimens
produce much higher fatigue cycle.
*Increasing the number of crack initiation

due to increasing the surface roughness.
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10 |Masao Sakane, et. al. Notch Effect on Experimental | Notched round Multi axial low [*Crack initiation is affected by notch while
(2011) Multiaxial Low Cycle and specimens of cyclic fatigue  [crack propagation is slightly affected by
[23] Fatigue Numerical SUS 304 stainless (tension notch.
(FEA) steel and torsion)  [*cycles to failure combined effects (initiation
and propagation).
11 |Goanta Viorel, et. al.| The Variation of the | Experimental normal and Static and fatigue [The hardness of the final area of fractured
(2011) Vickers Micro — annealed steel loading surfaces was high because the crack
[24] Hardness in the Vicinity (OLC45) propagation speed is higher, and for crack

of the Fracture Surface

at Static Loading

propagation area has lower value of hardness.

12 | Nasim Daemi & Experimental and Experimental | Notched round [Bending fatigue lifeManson-caffin analytical method cannot
Gholam Hossein Theoretical and specimens different satisfactory predict the fatigue life of notched
Majzoobi Investigation on Analytical in shapes and specimens
(2011) Notched Specimens Life dimension of
[25] Under Bending Loading notches
13 Deepan Optimization of shaft | Experimental Steel shaft of  |Torsional - bendingf*Failure would occur at the notch position.
Marudachalam & | design under fatigue and C55Mn75 fatigue *Increase in fillet radii of the shaft and
R.Krishnaraj loading using Goodman| Numerical change in the position of the support
(2011) method (FEM) decreases the stress concentration factor and
[26] with using increases the endurance limit and fatigue
ANSYS factor of safety of the shaft from 0.71 t01.05
software
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14

Bikash Joadder, et.
al.
(2011)
[27]

Fatigue Failure of
Notched Specimen -A
Strain-Life Approach

Experimental
and
Numerical
(FEA) with
using
ABAQUS
software

Plane and notched
round specimens of
stainless steel
(SS316)

Strain controlled

cyclic load

Predicted life was less than the experimental
result for all notched specimens with variation
up to 27.7%.

15

Caroline Hyll, et. al.
(2012)
(28]

Analysis of the Plastic
and Elastic Energy
during the Deformation
and rupture of Paper
Sample Using
Thermography

Experimental

sock paper samples

Uniaxial tensile
load

with using infrared
camera

*40%-60% of thermal energy is coming from
mechanical energy.

* At rupture time, a sharp temperature
increase is acquired.

*increasing in thermal energy at rupture, that
because of stored elastic energy in the sample

at that time.

16

G. Meneghetti and S.
Masaggia
(2012)

[29]

Estimation of the fatigue
limit of components
made of Austempered
Ductile Iron weakened

by V-shaped notches

Experimental
and
Numerical
(FEM)
with using
ANSYS

software

V-notched
specimen of
Austempered

Ductile Iron

*Acceptable error with respect to
experimental results, i.e. <20 %. *Proved that
when the notch radius reached to zero, the
stress concentration factor (K;) will not be
true anymore because of stresses growth to

infinity value, unlike that when the notch
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17 |Reda I. Elghnam, Experimental and Experimental |Rotating specimen Applied a new relation between the Nu
(2013) Numerical Investigation and Number and Re number can be used in these
[30] of Heat Transfer from Analytical work cases.
Rotating Horizontal
Cylinder Rotating in
Still Air Round its own
Horizontal Axes
18 |Qasim Bader Effect of V Shape Notch| Experimental | Notched rotating | Bending fatigue [There is no significant effect of notch locution
(2014) Location on Fatigue Life and cantilever beam load on fatigue life.
[31] in Steel Beam Made of | Numerical specimen of Low, *S-N curve of this material can be used to
Carbon Steel Alloys (FEM) Medium and High predict the life of notched specimens based on
with Different Content |  with using Carbone Steel the real stress developed at the notch tip
of Carbon ANSYS
software
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2.3 Concluding Remarks
From the previous review, several points of new researches
can be concluded. In this work, the following points will be
considered:
1-Effects of notch location on fatigue life were little considered in
previous papers, especially when the fatigue test is
implemented for cantilever configuration under applying load.
2-The heat generation due to plastic deformation during fatigue
test with bending load was not studied previously. In the case of
Health monitoring, the heat generation due to plastic
deformation will be studied in this work as a phenomenon

appears in fatigue test.

Yy



&)

O

CHAPTER THREE
THEORETICAL
BACKGROUND




Chapter Three......oooiiii e, Theoretical Background

Chapter Three

Theoretical Background

This chapter contains three main parts: the first one is about
theoretical considerations of fatigue analysis (Analytical or Empirical
method), the second one is concerning the numerical investigation using
the finite element method (using ANSYS Software), and the final part is
dedicated for heat indication.

3.1 Theoretical Considerations

Generally, fatigue is a problem occurring in 90% of moving structural
components subjected to constant or variable amplitude loading and other
parameters affecting the fatigue phenomenon [12]. So types and magnitude
of loading and environment effects, also type of material, microstructure,
mechanical properties, surface finishing and stress concentration all of
these and others can effect on fatigue life. So, it is very difficult to predict
the fatigue life [32]. In this work, the main parameters affecting fatigue life
were loading magnitude, S/N curve of the material and notch.

3.2 Fatigue Methodologies

There are three methods for studying fatigue behavior through
predicting fatigue life as a number of cycle to fracture in specific loading
level, where the fatigue life "I<N<10"" is classified into the low cycle
fatigue region, while "N > 10™" in the high cycle fatigue region [3]. These
methods are as follows:

1- Stress — life method.
2- Strain — life method.
3- Fracture mechanic method.

Where stress life method depends on stress level only. It is the least
accurate especially for low cycle application, most traditional and simple.

Also, it can be applied for a wide range of applications of high fatigue
Yy
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cycle and infinite cycle with being in safe region. In Strain life method,
strain and stress are considered for predicting fatigue life, hence, it needs
more detailed analysis of plastic deformation and is used for low cycle
fatigue. Finally, fracture mechanics method supposes a crack to be already
formed and employed to predict crack growth with respect to stress
intensity, and thus, it is suitable for practical application [3].
3.3 Fatigue Parameters

There are a lot of parameters should be considered in predicting
fatigue life. Below are some important parameters used in fatigue life
prediction [33].

Mean stress Om = (Omax + Omin)/2 ... (3.1
Amplitude stress o, = (Omax — Omin)/2 ...(3.2)
Range stress A6 = (Opmax — Omin) = 20, ...(3.3)
Also stress ratio R = (Omin/ Omax ) ...(3.4)

Where 0y, 4, and 0,5, are respectively the maximum and minimum stress

level as illustrated in figure (3.1).

stress

time

Figure (3.1): Fatigue Stress Profile[4]
These parameters are influenced by the type and nature of loading
(bending, tension, torsion and combination, repeating, fluctuating or
alternating), as well as frequency of loading, and other factors such as
geometrical, metallurgical and mechanical properties. All of these and

other can effect on fatigue behavior [33].
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In this work the loading type condition is fully reversed loading (R= -1)
with mean stress equal to zero, which was due to fatigue testing machine
availability.
3.4 Notch

A lot of engineering structural designs contain stress concentration
regions causing failure due to a discontinuity in section called a notch. The
notch produces an increase in the stress, which can be calculated in terms
of the stress concentration factor K,. In fatigue process, the crack initiation
and then propagation occur at this region (notched region).
3.4.1 Stress Concentration Factor K;

Stress concentration results from ununiformed stress distribution
through a cross section creating a stress increase in this region as shown
figures (3.2) and (3.3).

yy

max

ON

case 1 tension case 2 bending

Figure (3.2): Stress concentration Due to Two Edge Notches in Tension
and Bending [9]
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Computed from flexure
formula based on minimum
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Onom l T Chom
-
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il N — N SN
H /I Actual stress i M
distribution for Actual stress A
. notched section distribution ;;
—_ 1 . .

Figure (3.3): Stress concentration Due to Notches in Shouldered Beam [37]

Stress concentration factor K; is defined as the ratio of peak stress to
the nominal stress in case of no stress concentration. It depends on the

geometry of notch and type of loading [6].

K. = Omaximum
= —

Onominal

(3.6)
3.4.2 Fatigue Notch Factor K

It is the effective stress concentration in fatigue or may be defined as a
decreased K; values. So, it depends on the stress concentration value and
material [3].

fatigue strength of smooth specimen

£ fatigue strength of notched specimen
There is another parameter joining the K; and K; known as the Notch
Sensitivity Factor (g) that is defined by the relation below and it has an

experimental value between zero to unity as shown in figure (3.4) [1].
_ K¢-1
T ke—1

... (3.7)
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Match radius r, mm

] Dn 0.5 1.0 1.5 20 25 30 35 4.0
- ks {14 GFa)
0.5
L=
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———— Alum. alloy
0z
0
0 0.0z 004 005 .08 0.10 0.1z 014 016

Match radius r, in

Figure (3.4): Chart of Notch sensitivity of steel and UNS A92024-T
Wrought Aluminum Alloys under axial and reversed bending load[3]

This work includes two sources of stress concentration different in
geometry under bending loading. The first one is a filet, which can be

calculated from figure (3.5).
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.0 e % ;'Y’;‘-{ i
LB

» ‘ > =2 . » . (R »
’ = ey« () + caCHE) ca(HD)
1 OV Ss/ru 2O 1 RO Ss/r 200
O BA7 = ) OB TF - O AN e I VAN - OBARF O O0N /»

»

- QORE <« DAOB VI 5 » O DI » A B » O DOBT T - OO /) -
‘» QD - VPP T T - O mnne /e T AED - A BODTTE - O et S
- O BIO & O AZB T v OB 7 » DD . B OTOSTT 5 o O OO

«*
>
«

o

Figure (3.5): Stress Concentration Factor of Shouldered Beam Under
Bending [34]
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The other source of stress concentration is the v-notch on round bar.
The stress concentration factor (K;) of this type can calculated using figure
(3.6)

5.0

sS.0

K. i D/a=2.00%
¥ X.70%

Figure (3.6): Stress Concentration Factor of V-Notched Beam Under
Bending [35]

3.5 ANSYS Procedure

The most accurate numerical method used to solve engineering
problems is the Finite Element Analysis (FEA). Currently, there are many
software programs, e.g. ANSYS, using this method for solving such
problems [36]. In this work, ANSYS workbench15.0 is used.
3.6 Fatigue Analysis by ANSYS

The steps generally applied for ANSYS analysis are building the
geometry, applying the boundary conditions, and finally getting the

solution and results illustration [37].
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From ANSY'S program, the following results can be obtained [37]:

o Fatigue life.

e Safety factor.

e Stress biaxiality.

e Fatigue damage.

e Fatigue sensitivity chart.

e Rain flow and damage matrix chart (for strain-life method only).

Fatigue analysis includes three parts: material, analysis and results.
Also, three methods are available for analysis; stress — life, strain — life, and
fracture mechanics methods. On the other hand, there are five important
inputs that fatigue results depend on [37]:

e Type of fatigue analysis.

e Mean stress type.

e Load type.

e Fatigue modification factor.

e Multiaxial stress correction.
3.7 Steps for ANSYS Analysis
1- Building the geometry; it is done by using AutoCAD15 program to draw

the geometry of all modules and then import it to the ANSYS program as
IGES file format, as shown in figure (3.7).
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Figure (3.7): AutoCAD Program Window With a Sample

2- Opening ANSYS program window and choosing Metric units from
menu bar icons, and the choosing the Static Structural in order to go to
the Engineering Data.

3- From Engineering Data window, the mechanical properties will be set
and the experimental S/N curve of the material is specified as shown in
figure (3.8).

15 @ # [ Jret @ oagemns x

—_ o EE— 100G oduls 206e+005 MPaE

Poisson’s Ratio N
Density 185e006 kg/mr{&
Thermal Expansion TN
Altemating Stress [L

Tensile Yield Strength 5. MPa
Compressive Yield Strength 629, MPs
Tensile Ultimate Strength 105 MPa

Figure (3.8): ANSY'S Engineering Data window
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0.00 30.00 ¢mm)
e
15.00 Z‘_Z\-

Figure (3.9): Meshed model

4- Closing the Engineering Data window and then opening the Geometry
window to import the designed model that has been drown before. After
that, Model window is opened to start analysis procedure. Firstly, apply
a mesh with element type Tetrahedron (SOLID 187), to obtain about
(335000) elements and (507000) nods, as shown in figure (3.9). In this
work, the suitable element size was found by calculating fatigue life for

one case. For different element size and then figure (3.10) was drawn.
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Number of Fatigue

0 50000 100000 150000 200000 250000 300000 350000
Number of Elements

Figure (3.10): Effect of Number of Elements on Fatigue Cycle Results

AR



Chapter Three.........coooviiiiiiiii e Theoretical Background

5- Boundary conditions; fixed support is applied on one side while a force

is applied on the other side, as shown in figure (3.11).

0.00 30.00 {mm)
L I
15.00

Figure (3.11): Model with Applied Load and Fixed Support

6- Frame choosing Wizard (1, 2) choosing Fatigue analysis: Finding
Fatigue Life and Safety Factor (3), and then inserting Fatigue Tools (4),
finally Solving (5) to get the results, as shown in figure (3.12).
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Figure (3.12): Solving Procedure
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Chapter Four

Experimental Work
4.1 General

In this work, (28Y) standard material specimens of Low Carbone Steel
(ST37-2) were provided by The State Company for Mechanical Industries.
These specimens were machined to appropriate shapes in the workshop of
the Mechanical Engineering Department in Faculty of Engineering/
University of Kufa. In order to study the effects of depth and location along
the 60° v-notched specimens (0.5mm, Imm, 1.5mm and 2mm) depth on
fatigue life, two magnitudes of load (100N and 150N) were applied as fully
reversed cyclic load. The experimental work contains six main parts. The
first one was chemical composition test. The second one was tensile test.
Third was fatigue test, which was divided into two parts: S/N curve plot,
and the effect of notch depth and location on fatigue life. During the fatigue
life test, an infrared camera was used to monitor the temperature change
during the process, which was fourth part. The fifth part of experimental
work was a macroscopic test for fracture surface, while the final part was a
hardness test for the fracture surfaces. Figure (4.1) shows the experimental

procedure followed in this work.
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Figure (4.1): Experimental Work Strategy
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4.2 Chemical Composition Test
In this work, chemical composition test of Low Carbone Steel
(ST37-2) was done in State Company for Inspection and Engineering
Rehabilitation (SIER) by using spectrometer device (SPECTRO MAXX)
type (ARC. MET 8000) at room temperature (20.3°C) and relative humidity
(35%).
Table (4.1) shows the results that were got from the testing device and

certificated on appendix (A).

Table (4.1) Chemical Composition

Elem. [C% |Fe% P% |S% |Si% |Al% [Cr% Mn% [Ni% |[Cu% [Mo0%

Exp. |0.187| Bal. |0.0041|0.021|0.281| 0.02 |0.122| 0.636 [0.091]0.136|0.011

Standard| 0.17 | Bal. | 0.05 | 0.05 | - - - - 10.009| -

4.3 Tensile Test

In this test, used four samples of ( DIN 50125) standard, as shown in
figure (4.2), were tested using device type (GUNT WP 300). The testing
process was done in in the laboratory of Mechanical Engineering
Department/ University of Kufa. This test was done to get the mechanical

properties of the material tested, where the results are shown in table (4.2).

&6 mm *
e ——
30 mm 1 10X1.25 ranL
64 mm

Figure (4.2): Tensile Specimens of ( DIN 50125)

1
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Table (4.2) Mechanical Properties of steel (ST37-2)

Hardness | Yield strength | Tensile strength | Elongation | Modulus of
(HRB) (Mpa) (Mpa) % elasticity
(Gpa)
65 655 704.74 14.17 200

4.4 Fatigue Test
4.4.1 Fatigue Testing Specimen

This test is divided into two parts. The first one was done to draw the

S/N curve using 38 samples. The second part was done to investigate the

effect of notch depth and location on fatigue life, as illustrated in figure

(4.3), using 240 samples with about three tests for each case. The fatigue

samples were machined in appropriate dimensions (D = 12mm and L = 40

mm) and (d =8 mm and L = 106 mm).

e First group included smooth samples without notch in order to draw the
S/N curve as shown in figure (4.4).

e Second group included notched specimens to study the effects of notch
location and notch depth through doing a v-notch with angle 60° and
four different depths (0.5mm, 1mm, 1.5mm and 2mm). Every notch
depth was localized in different locations on different samples. The v-
notches were located at distance (10, 20, 30... 100) mm from the edge as
shown in figure (3.5) and this figure explained the named strategy that be

used then in cases.
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612

4%
%&?
98

} )|

40

All Dimentions in (mm)

Figure (4.4): Fatigue Test Sample

V1-10-150N

uﬂmﬂ unit (V)
Load magnitude (100and150)
1in (mm) (10,20,30...100)

t in{mm) (1l and 1.5)
Notch shape

D =12mm

d=8mm

o= 60*

Figure (4.5): Notched Specimen Showed the Notch Position

4.4.2 Fatigue Testing Machine
It has been conducted in the laboratories of Mechanical Engineering

Department/ University of Kufa. The tests were implemented using fatigue
testing machine (Gunt WP140), which uses a single cantilever rotating
bending beam specimen with a fully reversed bending load and constant
amplitude. This testing machine can record the fatigue strength of the
tested material by drawing the stress — number of fatigue life curve. Also, it

Is possible to investigate the effects of notch or surface finishing on fatigue
Y4
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life. The amplitude stress can be adjusted according to the study
requirements. This device has two digital screens displaying the number of
cycle and load magnitude in (N). The tested sample was clamped from one
side, while the other side was connected to the concentrated adjustable
force with range (0-300 N) to produce bending load. The device has a
constant frequency of (50Hz). Through the experiments, the load applied
was sinusoidal cyclic with stress rate R= (-1). The tests were done at room
temperature (27-34) °C and environment humidity of (40-57) %. When the
specimen was fractured, the testing machine stopped automatically by the
shutdown sensor. There is a digital screen illustrating the number of
rotation and stop accounting at failure.

The bending moment and stress amplitude that was applied as figure

(4.6) calculating from the equations as below:

B.M.

Figure (4.6): Schematic of Applied Load on The Testing Specimen

M, =F.L .. (4.1)
By using the section modulus of the specimen, the alternating stress

amplitude can be calculated as shown below.

d3
W, = ’;—2 .. (4.2)
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M 32XFXL
o, = W_z = =——— (Mpa) ... (4.3)
Where;
F = Applied force (N).
L= Bending Moment arm = 106 mm = 0.1mm.

d = Specimen Diameter = 8 mm + 0.1mm.
M, = Bending moment (N.mm).

Wb = Section modulus of the specimen.

4.5 Temperature Change Monitoring

This type of test was conducted in the laboratories of Mechanical
Engineering Department / University of Kufa, using an infrared camera
type (FILIR E50), which has a color LCD large touched monitoring screen
(3.51n), and its specification as detailed in table (4.3).

Table (4.3) Specification of IR Camera

1 | Temperature Range -20° t0650° C

2 | Thermal Sensitivity <0.05° t030° C

3 | Accuracy Range +2% C or + 2% of reading
4 | IR Resolution 240X180 pixels

5 | Frame Rate 60Hz

6 | Digital Zoom 4X continuous

7 | Dimensions 246X97X184mm

8 | Weight 0.825Kg

Furthermore, this camera has the ability to monitor temperature
change for three different moveable spot points and auto hot / cold spot
point during the thermal viewing screen and recording. Can Record either
in the form of pictures or continuous video. Also, manual focus, auto

calibration, and auto orientation for screen view are all available to utilize.

&)
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4.6 Macroscopic Test

It was done on fractured surface of the fatigue test specimens by using
digital camera type Canon IXY 12.1MEGA PIXELS with external
amplifier lens X4. This test was implemented in the laboratories of
Mechanical Engineering Department / University of Kufa. This type of test
was to analyze fracture surface of fatigue test specimens, as shown in
figure (4.7).

Crack
propagation

Crack initiation
points

area

X Sudden
S Y oo d ]
B #7/| fracture area

Figure (4.7): Fracture Surface of The Rotating Bending Fatigue Testing
Specimen

4.7 Hardness Test

It was done on the fractured surface of the fatigue test specimens by
using Brinell Hardness Test model (HB-30008). This test was conducted in
the laboratories of Mechanical Engineering Department / University of
Kufa. This type of test was meant to analyze the hardness of fracture
surfaces of fatigue test specimens at sudden fracture and crack propagation

areas, as shown in figure (4.7).
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Chapter Five

Results and Discussion

5.1 Introduction

In this chapter, the results obtained in this work will be displayed in
three different sections. The first one is related to the experimental and
numerical (by ANSYS work bench 15.0) results of fatigue life tests and
then comparing them with the values of load, notch depth and notch
position. The second section deals with changing the sudden fracture area
in the fatigue testing specimens with respect to notch position. The third
section discusses the hardness test results for the fracture area of the fatigue
testing specimens with respect to notch position
5.2 Fatigue Test

This section is divided into two parts; the first part shows the
experimental S/N curve, and the second part deals with experimentally and
numerically measured effect of notch position on fatigue life. Furthermore
tables (5.1) to (5.4) show the cases that were studied and the positions of
fracture. Figure (5-1) shows the first part of the experimental results which
was for S/N curve for the material used in this research, where the test was
done to get (12) points, and found that the fatigue strength of the testing
material was about (175 Mpa). The experimental results of S/N curve will
be used in the theoretical part (ANSYS program) to obtain the number of
fatigue life by building a mathematical model that simulates the process of
failure in the fatigue. The Basqunis's Formula was applied for describing

the relationship between stress and number of fatigue life (see 1.4.1).

o = (2464.1) (Ny) (0189 .. (5-1)

¢y
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The second part of the experimental aspect of the test was the testing
of samples containing notch. The criteria studied in this part of study were:
1- Depth of the notch: where the study of four depths of the notches

(0.5,1, 1.5and 2) mm.

2- Notch position: Ten positions were studied with respect to the edge of
the large part of the sample (see Figure (4.5)).

3- The applied load magnitude: have been used two forces in this research,
(100 and 150) N.

The results will be compared with the theoretical results obtained from
the ANSYS program.

Figures (5 - 2) to (5 - 5) show the comparison between the
experimental and ANSYS results of the samples with notch depths of
(0.5, 1, 1.5 and 2) mm, respectively and load magnitude (100) N. While
Figures (5-6) to (5-9) show the comparison between the experimental and
ANSYS results for the samples with notch depths of (0.5, 1, 1.5 and 2) mm
respectively and load magnitude (150) N. Also the figures (5-10) and
(5-11) illustrated the effect of changing the depth of notch on the value of
experimental fatigue life when the applied load is (100 and 150) N
respectively. While (5 - 12) and (5 - 13) explained the effect of changing
the depth of notch on the value of fatigue life calculated
by ANSYS at load magnitude (100 and 150) N.
From these figures, the following points can observe:

1- The presence of the notch will change the location of the fracture in the
smooth sample (un — notched sample) where the fracture position in the
smooth sample is always on the wide edge (supported edge) and this is
observed during the experimental work. This is due to two points; the
first one: the greatest value of stress at the wide edge (the largest arm
and the least diameter observed in equation 4-3)). The second one: there
Is a source of stress concentration at this edge (see figure (3-5)). In the

case of notched sample, the fracture will change its position. Once the
¢¢
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fracture located in the notch and then the fracture located at the edge (see
Tables (5-1) — (5-4)). The changing of fracture location necessarily
means changing the location of the greatest stress affecting on the
sample. Therefore, the factors affecting on the smooth sample, arm
length and source of stress concentration, are no longer influential alone,
but other factors influence the fracture.

2- When the notch is creating in the sample at appropriate position that will
increase the fatigue life of this sample by a ratio depending on the depth
of the notch and its position and the magnitude of applied load. So with
the increasing the depth of notch, the amount of increasing in the fatigue
life will decrease with proven applied load. Also with the increasing in
applied load, the increasing in fatigue life will decrease at proven notch
depth. For the location of the notch, when the notch go away from the
edge, the increasing in the value of the fatigue life until reach the highest
value and then the fatigue life begin to decrease, and all of this occurs
when proven the depth of notch and the applied load. This shown clearly
when the depth of notch (1 and 1, 5) mm. The highest value for the
fatigue life can be getting when the fracture position is moved from the
notch to the edge. In other words, if the notch is located between the
wide edge and the position of highest fatigue life, the fracture location is
in the notch position. And when the notch located between the position
of highest fatigue life and free end, the fracture position will be at the
edge.

3-The location of the highest value of the fatigue life calculated
experimentally is different from those calculated using the ANSYS
program by not more than 20 mm. The depth of the notch is the factor
that greatly effects on the location of the highest value of the fatigue life.

4- Maximum increasing in fatigue life was experimentally by the ratio more
than (75) % and numerically by the ratio more than (73) % with respect

to the smooth sample.
¢0
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To explain this phenomenon it is necessary to draw the stress causing
the fracture experimentally using Basqunis's Formula obtained from the
S/N curve (see equation (5-1)). Figures (5 - 14) to (5 - 17) show the
comparison between the fracture stress value calculated from the
experimental and ANSYS results when the notch depth is
(0.5, 1, 1.5 and 2) mm respectively, and at a load of 100 N. When the
applied load is 150N, the figures from (5-18) to (5-21) illustrate the
comparison between the value of fracture stress calculated from the
experimental and ANSYS results when the notch depth is
(0.5, 1, 1.5 and 2) mm, respectively. Figures (5-22) and (5-23) show the
comparison between fracture stress calculated from the experimental
results when the notch depth is (0.5, 1, 1.5 and 2) mm at the load is (100
and 150) N respectively. Finally, the figures (5-24) and (5-25) show the
comparison between fractional stress calculated from the ANSYS results
when the depth of the notch is (0.5, 1, 1.5 and 2) mm at the load is (100 and
150) N respectively. From these curves, the following points can be
observed:

1- The fracture stress (maximum stress) decreased gradually with the
progress of the notch position toward the free end until it reached a
certain point after which the stress begins to increase again. This point is
the point of the coup in which the fracture positon is transformed from
the notch to the edge. This condition is clearly shown when the depth is
(1 and 1.5 mm) and the load is (100 and 150) N and also shown when the
depth of notch is (0.5) mm and the load (150) N.

2- When the depth of the notch is (2) mm, the point of the coup does not
appear experimentally because of the position of the fracture is always in
the notch position (because of maximum stress was always at notch)
when the applied load was (100 and 150) N. In ANSYS, the fracture
position will move from the notch position to the edge when the notch

position is (90) mm and the load was (100 and 150) N.
£
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3-When the depth of the notch was (0.5) mm and the applied load was
(100) N, the point of the coup point does not appear experimentally or
theoretically (using ANSYS). In this case, the stress is equal to the
minimum stress in the S/N curve (Endurance Limit), so there is no
fracture.

When notch depth (0.5 and 2) mm the phenomenon is not clearly
appeared to be explained, so the case of notch depth (1.5) mm will be
discussed the phenomenon of decreasing and increasing stress fracture
depending on the following points:

1- The smooth sample contains two diameters; the first diameter is 12 mm
and is the large diameter. The first diameter length is (10) mm. The
second diameter is (8) mm and second diameter length is (106) mm. Due
to the difference in length and diameter, and due to the notch (location
and depth), the value of the equivalent second moment of area will
change (see equation (4-3)). Figure (5-28-A) explained how the
equivalent second moment of area increased by moving the position of
the notch towards the free end for the notched sample when the depth of
notch is (1.5) mm (see [38], [39]). As a result of this increasing in the
value of equivalent second moment of area, the value of stress at the
notch and at the edge will decrease as shown in Figures (5 - 28 — B) and
(5-28- C). From the figures, the decreasing in stress at the notch was
higher than the decreasing of stress at the edge, this is the reason of
moving the fracture position from the notch to the edge.

2- Edge and notch were two sources of stress concentration, but the effect
of notch was greater than that of the edge (see figures (3-°) and (3-1)).
The effect of one of them on the other will vary depending on the
proximity between them and the value of stress on each of them (see
paragraph 1.°).

3-The effect of plastic deformation on the mechanical properties

(Strain Hardening).
1Y
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From above points, the changing of fracture position explain clearly,
and the figures (5-26), (5 - 27), and (5 - 29) indicate the change in the
equivalent second moment of area and the stresses at the edge and the
notch at load 100 N and 150 N when the notch depth is 0.5, 1 and 2 mm
respectively.

5.3 Fracture Surface Test

Figure (5 - 30) shows the fracture of the samples containing a notch
with depth (1 and 1.5) mm and the applied load is (150) and at different
positions of notches, because When notch depth (0.5 and 2) mm the
phenomenon is not clearly appeared to be explained. From the figure can
see there were a coarse areas and a little bit smooth areas. The coarse areas
indicate sudden rapid fracture, while smooth areas indicate slow fracture
(crack propagation area). On this basis, the rough fracture area was
calculated for all samples. The figures were obtained from figures (5 — 31)
to (5 - 34), which shown the area of the sudden fracture of samples
containing a particular depth and in a specific location and when applying
loads of (100 and 150) N. From these figures the following points can be
observed:

1- The area of the sudden fracture decreased as the notch moved away from
the wide edge, which is the same behavior that we observed in the
fracture stress at the fracture position (note the figures from (5-14) to
(5-21)). Where increasing stress on the fracture position, cause an
increasing on the area of sudden fracture and vice versa. Decreasing
stress on the fracture position, leads to the decreasing on the area of the
sudden fracture.

2-The area of sudden fracture increases with the applied load on the
sample. Where noticed that the area of sudden fracture when the
application of (150) N load is greater than the equivalent when the
applied load of (100) N (the same reason in point (1)).

EA
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3-The area of sudden fracture increases by increasing the depth of the
notch in the sample and when applying the same load. Where noticed
that the area of sudden fracture at notch depth (2) mm was greater than
the others when the notch depth was less than (2) mm (the same reason
in point (1)).

4-The results of the area of sudden fracture gives a clear indication of the
increase in the fatigue life of the samples containing notches, where can
see the increase in the fatigue life will necessarily decrease the area of

sudden fracture because of decreasing of stress at the fracture position.
5.4 Hardness Test

Figure (5-35) shows the surface fracture of the fatigue testing
specimens. This test was applied on two regions on the fracture surface.
The first one is the sudden fracture area (Al), while the second is the
propagation area (A2) for each tested specimens. From the results obtained,
shown in figures (5.36) to (5.43), the following points are noticed;

1- The hardness of sudden fracture area (Al) is higher than it is in the
propagation area (A2). This is due to increasing the crack propagation
speed on sudden fracture area (see [24]).

2- Decreasing the hardness of sudden fracture area at notch region is due to
moving the notch away from the edge region, which in turn leads to
decreasing the maximum stress in notch region due to this shifting (note
the figures from (5-14) to  (5-21)), and hence, results in a decrease in
plastic deformation (see [24]).

3-Hardness of sudden fracture surface is directly proportional to the
applied load because of the increase in the stress at fracture region.

4- Hardness of sudden fracture surface is directly proportional to the depth

of notch because of the increase in the stress calculated at this region.
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Table (5.1) Cases of Experimental and ANSY'S Fatigue Test of 0.5 mm
Depth

1 10 100 10 10

2 20 100 20 To endurance Limit
3 30 100 30 To endurance Limit
4 40 100 | To endurance Limit Edge

5 50 100 | To endurance Limit Edge

6 60 100 Edge Edge

7 70 100 Edge Edge

8 80 100 Edge Edge

9 90 100 Edge Edge

10 100 100 Edge Edge

11 10 150 10 10

12 20 150 20 20

13 30 150 30 Edge

14 40 150 Edge Edge

15 50 150 Edge Edge

16 60 150 Edge Edge

17 70 150 Edge Edge

18 80 150 Edge Edge

19 90 150 Edge Edge

20 100 150 Edge Edge
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Table (5.2) Cases of Experimental and ANSY'S Fatigue Test of 1 mm
Depth

1 10 100 10 10
2 20 100 20 20
3 30 100 30 30
4 40 100 40 40
5 50 100 50 Edge
6 60 100 60 Edge
7 70 100 Edge Edge
8 80 100 Edge Edge
9 90 100 Edge Edge
10 100 100 Edge Edge
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Table (5.3) Cases of Experimental and ANSYS Fatigue Test of 1.5 mm
Depth

1 10 100 10 10
2 20 100 20 20
3 30 100 30 30
4 40 100 40 40
5 50 100 50 50
6 60 100 60 Edge
7 70 100 70 Edge
8 80 100 Edge Edge
9 90 100 Edge Edge
10 100 100 Edge Edge
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Table (5.4) Cases of Experimental and ANSY'S Fatigue Test of 2 mm
Depth

1 10 100 10 10
2 20 100 20 20
3 30 100 30 30
4 40 100 40 40
5 50 100 50 50
6 60 100 60 60
7 70 100 70 70
8 80 100 80 80
9 90 100 90 Edge
10 100 100 100 Edge
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Figure (5.11): Comparison Among Experimental Fatigue Life for
Different Notch Positions When the Applied Load is 150N
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Figure (5.18): Comparison Between Experimental and ANSY'S Stresses
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Figure (5.26): Equivalent Second Moment of Area and Stress Due to
Equivalent Second Moment of Area When the Depth of Notch is ( 0.5) mm
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Figure (5.27): Equivalent Second Moment of Area and Stress Due to
Equivalent Second Moment of Area When the Depth of Notch is (1) mm
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Figure (5.28): Equivalent Second Moment of Area and Stress Due to
Equivalent Second Moment of Area When the Depth of Notch is 1.5 mm
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Chapter Six Conclusions and Recommendations

Chapter Six

Conclusions and Recommendations
6.1 Conclusions
The most important conclusions and remarks obtained in this thesis
are summarized in this chapter. Furthermore, some recommendations for
future research work are mentioned as well. The following conclusions are
obtained from this work:
1- There are two different effects of notches concerning to their position.

The first one is decreasing the fatigue life, while the second one is
increasing the fatigue life, and the fatigue life has been increased
experimentally by the ratio more than (75) % and numerically by the
ratio more than (73) %.

2- Can expect the S/N curve of the notched specimens according to the S/N
curve of smooth specimens (based on the fracture stress developed at the
notch tip).

3-IR camera is a good instrument to investigate problems incorporating
failure due to stress concentration over the designed limit.

4- Using numerical methods (ANSY'S) gives a good visualization similar to
the experimental results, so the ANSYS program can be used to study
the effects of notch on fatigue life.

5- Shifting the notch position results in maximum fatigue life.

6- Hardness of fracture surface and area of sudden fracture region of notch
region is decreased due to notch shifting.

6.2 Recommendations

The recommendations for future work are sorted as follows:

1- Studying the effects of double notches.

2- Studying the effect of notch location for other notch shapes.

3- Studying the effect of Nano surface hardening on fatigue life of notched

specimens.
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Appendix — A Results Certifications

A. 1. Material Grade Certification
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Appendix — A Results Certifications

A. 2. Chemical Composition Test results Certification
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Appendix — B Heat Indication

B.1 Heat Indication
This part of theoretical work deals with heat that is generated as a

result of the fatigue testing process until the fracture. Due to plastic
deformation, the temperature of the specimen increases in the fractured
region (see section 1.6). At the beginning, there are many assumptions
must be used to reduce the complicity in calculating the temperature
change due to plastic deformation. These assumptions will be mentioned
later in this part of work. Figure (B.1) demonstrate the control volume,
where the heat is generated or plastic deformation happens until the

fracture. The heat balance at this region can be written as:

Qsto. Qeonv.  Qraa
N,
QK___._ Quen Qxtdx

S

Figure (B.1): Control Volume of Deformed Region

B}



Appendix — B Heat Indication

Qx + Qgen. = Qx+dx + Qsto. + Qconv. + Qrad. .. (B.l)

The components of the heat balance are;
1- Qx = Heat Input.

2- Qgen. = Heat Generation.

3- Q+gx = Heat Output.
4- Qg, = Heat Stored and it can be calculated by:
Quo. =G0 AV=p CAV S .. (B.2)
Where;
p = Material Density = (7800 Kg/m®).
C = Specific Heat. (490 J/Kg. K) (For carbon steel).

A V=Volume
5- Qconv. = Heat Convection and it can be calculated by:

Qconv. =N A (Ts - Tamp) (Newton's Law of cooling) ... (B.3)
Where;
h = Heat Convection Coefficient that can be calculated from the following

relation[40].
h = Nux*K

dx
Where;

K=Thermal Conductivity of Air at max. Temp. 35° C = 0.0267(W/(m.K))
Nu = Nusselt number and it calculated from below relation [30]:

... (B.49)

Nu = 0.022 * Re%821 ... (B.5)

Where:

Re = Reynolds number and it was calculated from below equation [30]:
wxd?

Re = —— ... (B.6)

Where;

o = is the angular velocity and equals 2800 rpm= 293.215 rad/sec.
d = is the diameter of specimen and equals (0.008 m).
v = Kinematic viscosity of air that temp. = 16.505*10° (m*/s) [40].
A = Area of Contact.
T, = Surface Temperature.
Tamp, = Ambient Temperature (Air Temperature).

6- Qg = Heat Radiation and it can be calculated by:
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Q. = 0A (TS4 - T:mb.) (B.7)
Where;

o = Stefan Boltzman Constant = 5.669 = 1078 W/m2 Ké -

A = Area of Radiation.

T, = Surface Temperature.

T.mb. = Ambient Temperature (Air Temperature).

In order to simplify equation (B.9), the following assumptions were made:

(@) Qx= Qu+ax (dX is very small) ... (B.8)

If dx is very small, the heat transfer in x-coordinate is very small.
(b) The heat transfer in r-coordinate is very large (i.e. the temperature
of element reaches to steady state temperature as fast as possible).
Therefore, equation (B.) becomes:

— dT
Qgen. = QQen.* AV = p CAV E + h A (Ts - Tamb.) + cA (T§,l - T:mb.)“' (B.g)
Equation (B.9) is an empirical equation depends on some experiments

which represented by the figure (B.1).
The heat generation can be calculated for this work using Eq. (B.9) after

calculating (i—f) . The value of Qge, can be calculated as:

(1) The temperature - time curve of fatigue specimen must be measured
using IR camera (see Figure (B.2)).
T(t) =0.0034 xt+ 312.72
(2) The equation, described the temperature as a function of time, must
found by using curve fitting and the function will be derivative with
respect to time.

Where, (%) represent the rate of change of temperature of specimen,
and its value as bellow:

ar = 0.0034
dt

(3) Calculating Qge, at any time.
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Figure (B.2): Temperature Varying With Time at Edge (Position of
Fracture) During Fatigue Test

For more simplifying:
(c) The Heat Convection part can be neglected.
(d) The Heat Radiation can be neglected.
So Eq. (B.17) becomes as bellow;

Qgen. =Qsto- ... (B.10)
qgen. *AV= qsto. * AV

— dT
— dT
Qun =pC o (W/) ... (B.11)

So, equation (3.9) (or equation (3.11)) can be used to calculate the heat
generation due to plastic deformation at any fracture point during fatigue
test.
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B.2 Heat Indication Results

Figures (B.3) and (B.4) show the pictures of thermal camera for
temperature distribution along the specimen and temperature change during
the fatigue test. Also, Figures (B-6) to (B.8) show the temperature change
at critical points (edge and notch points) during the fatigue life, where the
following points can be found:

1- At specific notch position, thermal behavior is similar for all cases. For
example, at notch position (40) mm for the cases (V1-100N, V1-150N,
V1.5-100N, V1.5-150N), the same thermal behavior is observed.

2- Maximum amount of heat generation occurs in fracture position because
of concentrating the stress and strain at this region.

3- Heat generation is promoted with increasing the strain rate. This can be
seen during the fracture occurrence, where the temperature variation
curve slope is increased.

4- The rate of temperature change at the edge point is increased gradually
due to shifting the notch away from the edge as a result of increasing the
strain at the edge position.

5-In the cases before transforming the crack from the notch to edge
position, it is observed that the thermal behavior is similar at both the
edge and notch points. This is because the stresses at these points are
almost equal.

6- The thermal behavior change (Temperature Increasing at Notch and
Edge Points during Fatigue Test) for case (V1-60-100N) has not been
measured because its process duration was too long, so the IR camera is

not able to record during such a long time.
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Figure (B.3): Temperature Distribution Measured by IR. Camera
Consequently During Fatigue Test of VV1-20-150N
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Figure (B.4): Temperature Distribution Measured by IR. Camera During
Fatigue Test of V1.5—20-100N and V1.5-20-150N
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Figure (B.5): Temperature Increasing of Notch and Edge Points During
Fatigue Test on V1-100N
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Figure (B.6): Temperature Increasing of Notch and Edge Points During

Fatigue Test on V1.5-100N
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Figure (B.7): Temperature Increasing of Notch and Edge Points During
Fatigue Test on V1-150N
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