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Abstract

Nowadays, it is increasingly common to design mechanical components taking into account their
longevity. In the aeronautical, railway and automotive industries, the number of mechanical com-
ponents subjected to a number of load cycles between 107 and 10! cycles has been increasing.
In many materials recurrently used in the engineering world, fatigue failures have been verified
after 107 load cycles, that is, in the Very High Cycle Fatigue (VHCF) regime. Obtaining informa-
tion about the behavior of different materials in the VHCF regime is becoming more crucial, and
with the development of ultrasonic testing equipment it is possible to experimentally define the
behavior of different materials in this regime.

The main objective of this dissertation is the development of an ultrasonic fatigue testing
equipment which operates at a frequency of 20 kHz. Thereby, the designed components that in-
tegrate the dynamic system of this fatigue equipment need to have their first longitudinal natural
frequency similar to the excitation frequency of the utilized piezoelectric transducer, 20 kHz. This
equipment needs to be able to apply a maximum static load of 10 kN to the specimen, in order to
carry out tests with different stress ratios, R. Thereby, in a first phase, it was carried out a literature
review on the history and evolution of the VHCF regime, principles of fracture mechanics, ultra-
sonic machines and the expected behavior of materials in the VHCF regime. The literature review
was followed by a conceptual design phase, in which the final layout of the ultrasonic fatigue
testing equipment was defined in SOLIDWORKS.

After the final layout was established, a functional validation of each of the components and
the selection of the various mechanical components were conducted. For this purpose, analyti-
cal calculations and different finite element analyses on Abaqus were carried out, static analysis
for certain components and modal analysis in applicable cases. Afterwards, the manufacturing
materials of the various components were established and presented. Subsequently, the final stiff-
ness of the equipment was determined. Then, technical drawings of the various ultrasonic fatigue
equipment components were produced and the manufacturing process of different components of
the fatigue equipment began.

The main goal of this dissertation has been accomplished. The project of a ultrasonic fatigue
testing equipment that operates at a frequency of 20 kHz and is capable of applying a static load
of 10 kN to the specimen has been concluded.

Keywords: Fatigue, Very High Cycle Fatigue, Ultrasonic, Stress Ratio, Finite Element Method,
Fatigue Testing.
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Resumo

Actualmente, é cada vez mais comum projetar componentes mecanicos tendo em conta a sua
longevidade. Nas industrias aerondutica, ferrovidria e automével tem vindo a aumentar o nimero
de componentes mecanicos sujeitos a ciclos de carga entre os 107 e 10'° ciclos. Em muitos mate-
riais utilizados recorrentemente no mundo da engenharia, as falhas de fadiga tém sido verificadas
ap6s os 107 ciclos de carga, ou seja, no regime Very High Cycle Fatigue, VHCF. A obtengio de
informacdo acerca do comportamento de diversos materiais no regime VHCEF é cada vez mais cru-
cial, sendo que, com o desenvolvimento de equipamentos de teste ultra-sénicos é possivel definir
experimentalmente o comportamento de diversos materiais neste regime.

O objetivo principal desta dissertacdo € o desenvolvimento de um equipamento de testes de
fadiga ultra-sénico que opere a uma frequéncia de 20 kHz. Deste modo, os componentes projeta-
dos para integrar o sistema dindmico deste equipamento de fadiga, necessitam de ter a sua primeira
frequéncia natural longitudinal semelhante a frequéncia de excitacdo do transdutor piezoelétrico
utilizado, 20 kHz. Este equipamento necessita de ser capaz de aplicar uma carga estdtica maxima
de 10 kN ao provete a ser testado, de modo a realizar testes com diferentes razdes de tensdo, R.
Sendo assim, numa primeira fase foi feita uma revisdo literdria sobre a histéria e a evolug¢do do
regime VHCE, principios da mecénica da fractura, maquinas ultra-sénicas € 0 comportamento es-
perado dos materiais no regime VHCEF. A isto, seguiu-se uma fase de design conceptual, na qual o
layout final do equipamento de testes de fadiga ultra-sénico ficou definido no SOLIDWORKS.

Ap6s o layout final ser definido, procedeu-se a validagdo funcional de cada um dos compo-
nentes e a escolha dos diversos componentes mecanicos. Isto foi feito com recurso a cdlculos
analiticos e diversas andlises de elementos finitos no Abaqus, foram realizadas andlises estati-
cas a diversos componentes e andlises modais aos casos aplicdveis. De seguida, procedeu-se a
determinacdo dos materiais de fabrico dos diversos componentes. Posteriormente, realizou-se a
determinagdo da rigidez final do equipamento. Por fim, foram realizados os desenhos técnicos dos
diversos componentes do equipamento ultra-sénico e iniciou-se a produgdo dos mesmos.

O principal objetivo da dissertagdo foi atingido, sendo que o projeto do equipamento de testes
de fadiga ultra-sénico que opera a uma frequéncia de 20 kHz e que é capaz de aplicar uma carga
estatica de 10 kN ao provete a ser testado foi concluido.

Palavras-chave: Fadiga, Very High Cycle Fatigue, Ultra-Sénico, Razdo de Tensdao, Método
dos Elementos Finitos, Testes de Fadiga.
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Chapter 1

Introduction

In Section 1.1, the framework and motivations of the present dissertation are presented. The
project objectives are discussed in Section 1.2, and the outline of this dissertation is presented in
Section 1.3. Finally, a description of the tools used to develop the present project is presented in
Section 1.4.

1.1 Framework and motivation

Understanding the fatigue behavior of materials is essential in the current engineering world. The
ability to accurately predict the longevity of materials permits the creation of more reliable and, of
course, safer components. Nowadays, fatigue life is one of the most important design criteria of
an engineering component and is measured by the number of load cycles it can withstand before
fatigue failure takes place [1]. Based on the fatigue life concept, it is possible to divide the fatigue
in three regimes according to the number of load cycles to failure. When the failure occurs between
10* and 10° loading cycles the regime is called Low Cycle Fatigue, LCF. When the failure occurs
between 10° and 107 loading cycles the regime is called High Cycle Fatigue, HCF. For failures
above 107 loading cycles the regime is called Very High Cycle Fatigue, VHCF [2].

In the modern world, the number of mechanical components designed to withstand a number
of loading cycles superior to 107 has been increasing in the aerospace, automotive, military and
transportation industries, raising the interest in the fatigue behaviour of different materials in the
VHCEF regime. However, the fatigue studies carried out within the last century have been mainly
focused on the LCF and HCF regimes, due to the costs and time constraints that would result
from testing materials in the VHCF regime in conventional fatigue machines. Therefore, the
development of high power piezoceramic actuators allowed the development of ultrasonic fatigue
testing machines that are capable of experimentally defining the behaviour of materials in the
VHCEF regime in significantly less time when compared with the conventional hydraulic fatigue

machines [3].
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This dissertation integrates the Giga-Cycle Fatigue Behaviour of Engineering Metallic Alloys
research project by carrying out the structural development of an ultrasonic fatigue testing equip-
ment. The developed work was performed at Institute of Science and Innovation in Mechanical
and Industrial Engineering (INEGI).

1.2 Project objectives

This dissertation’s primary objective is to develop an ultrasonic fatigue testing equipment under

the following constraints:

* A dynamic system that has a resonance frequency near the excitation frequency of the piezo-

electric transducer, 20 kHz;
* Reuse as many components as possible from a pre-existing structure;

* The dynamic components must be designed in order to be able to considerably amplify the

external displacement imposed by the piezoelectric transducer;

* The developed equipment must be capable of performing fully reversed longitudinal ultra-

sonic fatigue tests, R = —1, and non fully reversed ultrasonic fatigue tests, R > —1;

* The developed equipment must be able to apply a maximum 10 kN static load to the speci-

men;

* The ultrasonic fatigue equipment must be able to measure the static load applied to the

specimen.
To ensure that the main goal is achieved, multiple intermediate objectives were established:

* Literature review on the history and evolution of the VHCF;
* Literature review on the principles of fracture mechanics;

* Literature review on the ultrasonic machines, namely concerning the longitudinal ultrasonic

testing machines;
* Literature review on the expected behavior of materials under the VHCF regime;

 Study and establishment of the final layout of the ultrasonic fatigue testing equipment, com-

plying with the parameters set for the present project;

« Static analytical analysis and Finite Element analysis on the different designed components,

for purposes of validation;

* Mechanical components selection and definition of the manufacturing material of the dif-

ferent designed components;
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* Analytical determination of the final stiffness of the equipment and the load/rotation ratio

of the utilized power screw;

* Production of the technical drawings of the various ultrasonic equipment components.

1.3 Outline
The dissertation is divided into four different chapters:

 Introduction: The framework and motivation of the thesis are presented. Additionally, the

main goals and steps to achieve them are described;

* Background Theory: This chapter presents a literature review on the main topics that
concern this dissertation: History and evolution of the VHCF regime, principles of fracture
mechanics, ultrasonic machines and the expected behaviour of materials under the VHCF

regime;

* Structural Development of an Ultrasonic Fatigue Testing Equipment: In this chapter,
the pre-existing structure is presented and analyzed. Additionally, the final layout of the
equipment is established and all the designed and chosen components are validated. Fur-
thermore, the stiffness of the equipment and the load/rotation ratio of the utilized power

screw are analytically calculated;

* Conclusions and Future Work: The final chapter of the dissertation includes the final

remarks of the developed work and a discussion about future works.

1.4 Tools

The following softwares were utilized for the development of this dissertation:

* SOLIDWORKS - development of the CAD model of the final layout of the ultrasonic

fatigue testing equipment;

¢ Abaqus - Finite Element analysis.
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Chapter 2
Background Theory

This chapter’s goal is to introduce readers to the foundations of VHCEF, Very High Cycle Fatigue,
regime testing equipments. The fundamentals of fracture mechanics will be discussed, additionally
an approach to the ultrasonic fatigue testing equipments, their key characteristics, and current
solutions available in the industry will be presented, as well as a review of the behavior of materials
under the VHCF regime.

2.1 History and evolution of the VHCF

In the field of mechanical engineering, many components are subjected to cyclic loading, motor
parts, vehicle parts, railway wheels, rails, bridges, medical equipment, and extremely pressured
power plant components including engines and rotors must withstand more than 107 cycles of
loading. These high numbers of cycles can be a result from high frequency or a long product life.
In the Figure 2.1 it is shown the average number of cycles that various components go through

over their lifetime [4].

Turbine
engine

High speed
train

Car engine

10E+00 10E+02 10E+04 10E+06 10E+08 10E+10 cycles

Standard
fatigue limit

Figure 2.1: Average number of loading cycles of some components
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It is possible to divide the fatigue in three regimes according to the number of cycles to failure.
When the failure occurs between 10* and 10° loading cycles the regime is called Low Cycle
Fatigue, LCF. When the failure occurs between 10° and 107 loading cycles the regime is called
High Cycle Fatigue, HCF. For failures above 107 loading cycles the regime is called Very High
Cycle Fatigue, VHCF [2].

At the close of 20" century, the concept of materials failing after a large number of cycles
became stronger in the academy, particularly in Japan. Afterwards in 1999, Bathias stated that
there is no infinite fatigue life in metallic materials. Assuming that the fatigue life of engineering
components and structures can range above 107 cycles, it is very important to determine a safe
fatigue strength up to 10'° cycles, this is in the VHCF’s regime [4, 5, 6].

Generally, the shape of the S-N curve, Stress amplitude - Number of loading cycles Curve,
beyond 107 cycles is unknown except in some statistical approaches, however this is not a very
rigorous method [6]. Testing samples up to 10'? cycles in a conventional fatigue machine creates
a problem. It would be very expensive and time consuming. Just to exemplify, testing one sample
up to 10” cycles on a conventional servo-hydraulic machine operating at 100 Hz would take more
than three years for a single specimen [4]. As a result, it’s no surprise that achieving results under
the VHCEF regime necessitated the use of a different testing procedure.

The ultrasonic fatigue testing methods were developed to give a reliable method of testing
specimens up to fatigue failure in a much faster and less expensive manner than the conventional
testing methods. The frequency of ultrasonic fatigue testing ranges from 15 kHz to 30 kHz, with
a typical frequency being 20 kHz [4]. In Table 2.1, the differences in time used by conventional
and ultrasonic machines for various numbers of cycles in the VHCF regime are compared [7].

Table 2.1: Time consumed on ultrasonic and conventional machines.

Number of Cycles Conventional(100 Hz)  Ultrasonic(20 kHz)

107 1 day 9 minutes
10° 4 months 14 hours
1010 3 years 6 days

Near the beginning of the 20" century, Hopkinson developed the first 116 Hz electromagnetic
resonance device, which cleared the way for ultrasonic fatigue testing. The maximum frequency
of fatigue testing with a mechanically system had never exceeded 33 Hz before that.

In 1925, Jenkin used similar techniques to test copper, iron, and steel wires at the frequency
of 2.5 kHz and in 1929, Jenkin colaborated with Lehmann to develop a pulsating air resonance

system that were capable of achieving a frequency of 10 kHz [4].

The year 1950 is remembered as a major milestone in the evolution of ultrasonic fatigue testing
techniques. Mason introduced piezoelectric transducers that were capable of translating 20 kHz
electrical voltage signals into controlled mechanical displacements, and used high power 20 kHz

ultrasonic waves to induce fracture of materials in fatigue. This design of Mason’s 20 kHz machine
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has been used as the basis for most modern ultrasonic fatigue testing machines. After that, even
higher frequencies of fatigue testing were achieved, such as 92 kHz by Girard in 1959, and 199
kHz by Kikukawa in 1965 [4].

As stated before, nowadays the most used frequency is still the 20kHz, because using much
higher frequencies will lead to high strain rates, causing the samples to overheat, leading to unde-

sirable temperatures and changing the results [4, 5].

In the year of 1959, Neppiras proposed to apply the ultrasonic fatigue testing techniques to
the determination of the S-N curves. This proposal originated a series of research work within the
scope of measuring fatigue life and fatigue limits under constant amplitude loading conditions,
R=-1. Where R is the stress ratio, that is usually defined as the minimum stress value divided by
the maximum stress value [8].

In 1973, Mitsche presented the first ultrasonic data on the % versus AK curves, using ul-
trasonic fatigue technologies, being ﬁ—l‘\‘, the crack growth rate and AK the stress intensity range.
Mitsche was one of the first to apply ultrasonic technology to fatigue fracture propagation testing

[4, 9]. In the Section 2.4, an approach on the principles of fracture mechanics will be presented.

In 1994, Bathias in collaboration with Wu and Ni, developed the first computer control system
for ultrasonic fatigue testing which allowed them to control a piezoelectric fatigue machine. It
was a significant step forward in the development of ultrasonic fatigue technologies since it en-
abled them to conduct tests that followed certain load sequences, and so characterize the fatigue

properties of materials under variable amplitude loadings.

The ultrasonic fatigue technologies, which generates very-high cycle fatigue data in a short
amount of time, that can be directly used on a wide range of fields, such as aviation, automo-
biles, railways, offshore, and other constructions are gaining popularity and significance. It is one

feasible method for getting very high cycle fatigue data [4, 9].



8 Background Theory

2.2 Ultrasonic machines

2.2.1 Typical ultrasonic testing machine

As previously stated, most modern ultrasonic fatigue testing machines are based on Mason’s 20
kHz machine, and nowadays, the primary experimental methodologies and data linked to VHCF
have been established and gathered on the basis of Bathias investigations and published scientific
publications [7].

An ultrasonic fatigue test machine usually works at an excitation frequency that corresponds
to one of the natural frequencies of the specimen. On a conventional fatigue test machine, the
external load system is different from the natural frequencies of the specimen. In other words, the

specimen is in forced vibration [4].

The most common and basic ultrasonic testing machine is the longitudinal testing machine,
which configuration is shown in Figure 2.2. This type of ultrasonic testing machine only allows
to produce fully reversed fatigue tests, R = —1, being R the stress ratio which is given by the ratio
between the minimum stress and maximum stress. It can be seen that the points A, B, C and the
top of the piezoelectric transducer are stress nodes. The specimen centre is a displacement node,
null displacement, and the stress amplitude is maximum there. This type of ultrasonic machine is

called a longitudinal ultrasonic testing machine [4].
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Figure 2.2: Layout of basic ultrasonic testing machine and its stress and displacement fields
(Adapted from [4])
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The basic longitudinal ultrasonic machine is made up of the following components:

1. A Power Generator capable of transforming a 50 or 60 Hz voltage signal into ultrasonic 20
kHz electrical sinusoidal signal and it must control the amplitude of the transducer in order

to ensure that the system’s resonance regime is maintained [4, 7].

2. A Piezoelectric Transducer fed by the power generator, which transforms the electrical
signal into longitudinal ultrasonic waves and mechanical vibration of the same frequency.
The Piezoelectric transducer must function within a narrow frequency band in order to tol-
erate minor inaccuracies on the specimens resonance, or variations in this resonance owing

to crack propagation [4, 5].

3. An Ultrasonic Horn that amplifies vibrations from the transducer to achieve the desired

stress amplitude in the specimen’s center section.

4. The Test Specimen that must be developed such that it can resonate at the desired excitation

frequency [5].

On certain longitudinal ultrasonic machines, between the Piezoelectric transducer and the Ul-
trasonic Horn, there is a Booster. It can be seen in Figure 2.3 a basic structure layout of a longi-
tudinal Ultrasonic Machine that has a Booster included. The function of the Booster is to amplify
or minimize the amplitude of the vibrations from the transducer and it serves as a link between the
the Piezoelectric transducer and the Ultrasonic Horn, allowing the support of the entire resonance
system. The Booster presents a crucial role in the ultrasonic fatigue machines capable of subject-
ing the specimen to a static preload, R different from -1, due to its fixation. However, the Booster

is not a mandatory component for the ultrasonic machines [7].

Piczoclectric Actuator
{imposcd displaccment)

Booster
{mechanical
amplificanon)

Support

(vibration node)

Horn
{mechanical
amplification)

Uniaxial Specimen

Figure 2.3: Layout of basic Ultrasonic testing machine (Adapted from [10])
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The resonant system is composed by the piezoelectric transducer, the booster, the ultrasonic
horn and the specimen, sequentially assembled together in series by screw connections (usually
studs are used to ensure the correct connection between the different components). The booster,
the ultrasonic horn and the specimen need to be designed so that their first natural longitudinal
frequency coincides with the excitation frequency of the piezoelectric transducer. As it can be
seen in the layouts presented in the Figures 2.2 and 2.3, the specimen has one free end. And so,
the loading applied to the specimen is a consequence of its own inertia. The higher the inertia of the
specimen, mass or displacements, the greater the stresses. The resonant system is linear, in other
words: there is a constant relation between the displacement amplitudes and stress amplitudes. It

is necessary only to measure the amplitude of one of them [4, 10].

The mechanical vibrations are transmitted from the piezoelectric transducer, element to ele-
ment, down to the bottom of the specimen with the displacement and stress field schematically
shown in Figure 2.2. The specimens usually have a dumbbell, Gaussian or hourglass shape where
the thinner middle part acts as a stress concentrator. The system needs to be designed in order to

have stress-free zones at the interfaces between the components.

The piezoelectric transducer is the "heart" of the machine and the most important mechanical
component of all the assembly. It is constituted by ceramic plates that expand or contract when
an electrically induced tension is applied. The tension is proportional to the expansion or the

contraction; that is, the tension is proportional to the displacement in the mechanical system [4].

Besides the Resonant System and the Power Generator, the Ultrasonic Testing Machines also
include a cooling system. Due to the effect of the internal friction the temperature increases
significantly on the specimen, influencing its behaviour. Therefore, the specimen must be cooled.

The most common is to use clean, dry compressed air to cool the specimen [7].

Additionally, it is common for the Ultrasonic Testing Machines to have a measurement or data
acquisition system which can be made of various instrumentation devices like strain gauges, sen-
sors to measure displacement (or velocities) during the tests, pyrometers and other data-gathering

transducers [5, 10].

As it was stated before, the longitudinal testing machines layout demonstrated in the Figures
2.2 and 2.3 only allow to test different materials at a stress ratio, R, equal to -1. However, it is
possible to realize tests at different values of stress ratio by adding a second horn to the layout. In
the Figure 2.4 it is schematically demonstrated the application of the second horn. It can be seen
that the new horn is connected at the free end of the specimen and it is fixed to the base, allowing
the application of a static compression or tension force. Therefore, the various values of R will be
determined by the application of the static force. The new horn also needs to have a longitudinal
resonance frequency that is equal to the excitation frequency of the transducer. If the resonance
system also includes a booster, the layout must have two horns and two boosters in order to realize
tests at different values of R [10].
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Figure 2.4: Layout of Ultrasonic testing machine for testing materials at different values of R
(Adapted from [4])

2.2.2 Elastic waves, analytical stresses and displacements

The ultrasonic fatigue test machines, as was previously mentioned in the preceding subsection,
have an excitation frequency that is exactly one of the natural frequencies of the specimen (usually
20-30 kHz). This is contrary to the conventional fatigue machines, where the specimen is excited
by an external load at a frequency that differs from its natural frequencies [4, 5].

Piezoelectric transducers with frequencies between 20 and 30 kHz are preferred over those
with higher frequencies mostly due to the specimen’s resonance length, which is inversely pro-
portional to frequency. In order to properly understand this statement it is essential to carefully

review the elastic wave theory [7].

For an isotropic three dimensional elastic case, the three governing general differential equa-

tions are [4]:

d%u E 1 de _,
paﬂ_(1+v)<1—2v8x+V ”) @D
9% E 1 de _,
patz_(1+v)(l—2v(9)z+vv) ¢

%’w E 1 de _,
P o C(14v) <1—2v8z+vw> @3



12 Background Theory

Where ¢ is the time, x, y and z are the Cartesian coordinates and u, v and w the correspondent
displacements over these directions, respectively. In addiction, E is the Young’s modulus, v is the
Poisson’s ratio, p is the density, V? is the Laplace operator and e is the volume dilatation, which

1s written as :

e= Z + g; + ?ZV 2.4)

According to the Elastic Wave Theory, there are two possible types of waves that can exist in
an infinite and isotropic elastic body. These waves are the longitudinal wave and the transverse
wave [4].

The longitudinal wave is characterized by a displacement of particles that is parallel to the
wave travelling direction. In the Figure 2.5 it is illustrated the propagation of longitudinal waves.
After an initial stimulation applied to the material, the particles will move from their equilibrium
position to another position. The interaction between the moving particles will cause the different

transverse to propagation sections of the material to compress and to expand until the particles

)1

Direction of Direction of
Propagation Vibration

reach the initial equilibrium position [7].

Figure 2.5: Propagation of Longitudinal Waves (Adapted from [7])

The velocity of longitudinal wave propagation is given by the following equation:

B E(1—v)
C_\/(l—i—v)(l—Zv)p 23)

It is possible to write the velocity of wave propagation in the following way for the transverse
wave, which occurs when the wave traveling direction and particle displacement are perpendicular

to one another.

€= 2(1+v)p (2-6)
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2.2.2.1 Constant transversal section specimen

Considering a one-dimensional specimen with a straight cylinder body (constant transverse sec-
tion), such as the elastic bar depicted in Figure 2.6, it is easier to perceive that a longitudinal wave
starting at one end of the elastic bar will travel through the bar and then be reflected at the other

end, returning to its initial point of entry [4, 5].

e=-kAgsin (kx)

\\\kx—x

U=Aqcos(kx)

Figure 2.6: Displacement and strain variation along an elastic bar [4]

Since it is being considered a one-dimensional specimen, certain simplifications can be made.

For one-dimensional bodies v = 0, so the longitudinal wave velocity, ¢, can be determined by

E
=,/= 2.7
¢ Up 2.7

And the three general differential equations, 2.1, 2.2 and 2.3, can be now reduced to a single

using the equation 2.5 :

equation:

2 E 2
du_EJu 2.8)
o2 p dx?
Whose solution is given by:
u= Z up(x,1) (2.9)
n=1

Where:
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Ccos —— (2.10)

With A,,_; and B,_; being constants.
In the Figure 2.6 it can be understood that during a longitudinal ultrasonic fatigue test, the

displacement is set to be maximum at both ends of the specimen whereas the strain vanishes at the

same places. What was stated previously can be displayed as:

u
(ax>x—0,l - 10

Therefore, for the first mode of vibration, the equation 2.10 can be reduced to:

u(x,t) = Agcos(k1x) sin( ot ) (2.12)

Where Ay is the amplitude of displacement and:

k) = % (2.13)
And, additionally:
o= % (2.14)

The vibration amplitude at each point along the bar, shown in the Figure 2.6, is given by

U(x) = Agcos(kix) (2.15)

Where Ay is the displacement amplitude at both ends of the bar. The strain, €, can be obtained

by taking the derivative over x of the equation 2.15:

€(x,1) = —kjAgsin(kyx) sin(t) (2.16)

With its amplitude being given by :
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£(x) = —k;Agsin(k;x) 2.17)

As stated in the preceding section, the excitation frequency of an ultrasonic fatigue testing
equipment coincides to one of the specimen’s natural frequencies, so the correct length of the
specimen, resonance length, must be calculated in order to obtain the correct natural frequency
[4].

For the present specimen one-dimensional case and for the first mode of vibration, where f
is known and it is the excitation frequency that corresponds to the first natural frequency of the

specimen, the correct length of resonance can be obtained through the equations 2.7, 2.13 and

1 [E,
= —/— 2.18
Al (2.18)

Where E,; is the dynamic elastic modulus and:

2.14, originating:

f=— (2.19)

The equation 2.18 shows that the resonance length is inversely proportional to the excitation
frequency, as stated in the beginning of the present subsection (2.2.2). This explains why extremely
high frequencies cannot be utilized, as they contribute to challenges in machining, displacement
or strain measurements, and energy dissipation, leading to the increase of the temperature of the
specimen and uncertain results [4].

Now, it is possible to go back to Figure 2.6 and make some observations taking into account

!

the preceding equations. At the center of the specimen, x = 3, we have a displacement node,

which is where the maximum stress and strain occurs.

— 1
Forx—2

u=20, e(Amplitude) = —kAy, o (Amplitude) = —E kAo (2.20)

And at both ends of the specimen, we have the nodes of stress and strain, which is where the

maximum displacement occurs.



16 Background Theory

Forx=0, [

U(Amplitude) = Ay, e=0, o=0 (2.21)

2.2.2.2 Variable transversal section specimen

In the most cases, the specimen utilized in the ultrasonic fatigue testing machines have a reduced
section in the middle of its length in order to obtain a stress concentration, an example of a variable

transversal section specimen is shown in Figure 2.7.

By (or exponential profile)

ZR1 [ )

2E2
T
| -

Figure 2.7: Ultrasonic variable cross section specimen [4]

Typically, a numerical methodology, such as the Finite Element method, is required for the
accurate estimation of the dimensions of a specimen with a variable cross section. However, if
the center part is in an exponential profile, as shown in Figure 2.7, an analytical solution for the
resonance length, stress and strain fields was developed by Kong [4, 11].

For a specimen with a variable cross section, the longitudinal wave equation may be expressed

as:

’u 9
pS(¥) 5 = a% (2.22)

Where S(x) is the cross sectional area and f is the force acting on the cross sectional area at

the same x coordinate. The force, f, can be expressed as:
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du

f= EdS(x)a (2.23)
Therefore, combining the equations 2.22 and 2.23 and additionally considering that ¢ = %

the following equation can be obtained:

d%u(x,1) du(x,t)  d%u(x,1)
57 = ¢ {p(x) I + 3.2 } =0 (2.24)
Where
S (x

p®238 (2.25)

The solution of the equation 2.24 is:
u(x,t) = U(x)sin(wr) (2.26)

The amplitude of vibration, U(x), at each x coordinate along the specimen, can be obtained

through the following equation:

"

U' (x)+px)U (x) +KU(x) =0 (2.27)

Where:

k=

@ (2.28)
C

The formulation of the aforementioned equation, 2.27, will be provided in Appendix A. Con-
sidering that the curve on the central part of the specimen shown in Figure 2.7 is a profile of

hyperbolic cosine, it is possible to define the curve in the subsequent manner:

y(x) =Rz, Ly < |x| <L (2.29)
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y(x) = R;cosh(ox), |x| <L (2.30)
Where:
L=L;+L, (2.31)
And:
1 R
= —cosh™/(L= 2.32
o chos (R]) (2.32)

Through the equations presented above, the Figure 2.7 specimen’s resonance length, L1 in the

present case, can be defined as:

L= % arctan {]1( [Bcoth(BLy) — octanh (aLy)] } (2.33)

Where:

B=+voa2-—k (2.34)

As it can be seen in the equation 2.33, the resonance length is dependable of L; so if the value
of L, is unknown, the resonance length can only be determined through an iterative process.

The solution of the equation 2.27 is going to be presented next.

For |x| < L, (variable cross section) :

sinh(Bx)

V) =Aoo(LirLa) Saos

(2.35)

And for L, < |x| < L (constant cross section):

U(x) =Apcos(k(L—x)) (2.36)
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Where ¢ takes the following value:

cos(kL;)cosh(aLy)

O(Lrlz) = =G LB

(2.37)

The specimen’s resonance length final equation, 2.33 and the different final equations that
provide the amplitude of vibration, U(x), 2.35 and 2.36, will be formulated in Appendix A.
Finally, we can obtain the strain field and consequently, through the Hooke’s law, the stress

field for both of the parts of the specimen shown in Figure 2.7.

For the reduced section part |x| < L;:

[B cosh(Bx) cosh(ax) — asinh(Bx) sinh(owx)]

€(x) =Aop(Ly,L2) cosh? (@) (2.38)
(x) = EgAoo(Ls, L) [B cosh(Bx) cosh(ax) 2— o sinh(Bx) sinh(ox)] (2:39)
cosh” (o)
For the cylindrical part L; < |x| < L:
£(x) = kAgsin(k(L — x)) (2.40)

€(x) = EgkAgsin(k(L— x)) (2.41)
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2.2.3 Different types of ultrasonic machines
2.2.3.1 Ultrasonic testing at unconventional conditions

Due to the wide variety of applications and environments that a given material can be submitted, it
is of interest to study its different behaviors when submitted to non conventional situations. Many
of the environments and applications to which they are subjected can greatly influence their fatigue
resistance.

As a consequence of the changes in the behavior of materials at different temperatures, tests
where the specimen is subjected to very high or very low temperatures are required. This type of
tests aims to understand how the VHCF could be affected by different extreme temperatures. The
test temperatures vary with the material to be tested as each material has different characteristics,
behaviours and brittle to ductile transition temperatures [12].

These tests are also of high importance to the ultrasonic testing realized at room temperature.
As said before in the previous subsection, the temperature on the specimen tends to increase due
to the internal friction and without a cooling system it would affect the results. Knowing the
permissible temperature range that provides the best results, the test can be paused to allow the
specimen to cool down. In other words, the machine operates for some fractions of a second.
Throughout this period, the specimen will heat up. The machine then pauses for a period of time
(fractions of a second) to allow the specimen to cool, and this process is repeated throughout the
tests to maintain a temperature that is reasonably low and constant. For high temperatures tests it

is used a high-frequency inductor and the test temperature can reach up to 1000 °C [13].

In Figure 2.8 it is shown a high temperature ultrasonic fatigue test. Throughout the test, the
temperature of the specimen is continually checked to guarantee a constant temperature. Due
to the Young’s modulus and density decrease at high temperatures, the length of the ultrasonic
fatigue specimen will be shorter than that the specimens used for ambient temperature testing. For
temperature sensitive materials, this change in the Young’s modulus must be taken into account
[13, 14].

For Ultrasonic testing at low temperatures, liquid nitrogen, liquid hydrogen or liquid helium
are used to create a cryogenic temperature atmosphere. In Figure 2.9 it is shown the machine built
in Bathias laboratory for low temperature ultrasonic testing. The machine consists of three parts:
a cryostat, a mechanical vibrator and a controlled power generator. The cryostat contains liquefied
gases to keep the testing temperature constant. For a load ratio R > -1 ultrasonic fatigue tests at
cryogenic temperatures are also possible by adding a second horn to the other end of the specimen
[13].
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Figure 2.9: Ultrasonic fatigue testing at low temperatures [13]
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In addiction to the ultrasonic tests realized at extreme temperatures it is also important to
investigate the behaviour of the materials under High Pressures. A high pressure piezoelectric
fatigue machine has been built in Bathias’s laboratory. It is schematically represented in Figure
2.10. This piezoelectric fatigue machine can function under a pressure up to 300 bar. With the use
of this ultrasonic system, it is feasible to comprehend and advance research on how high pressures
might change a material’s behavior in the VHCEF regime and, in turn, how high pressures can affect
its S-N curve [13].
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Figure 2.10: Bathias’s High pressure piezoelectric fatigue machine (Adapted from [4])

2.2.3.2 Ultrasonic torsion test equipment

There are two types of ultrasonic torsion fatigue testing machines: (i) direct and (ii) indirect. The
first one is based on a torsional piezoelectric converter. The second one (i.e. indirect machine) is
based on an longitudinal piezoelectric converter.

Bathias and co-workers developed a torsion piezoelectric system that works in the continu-
ous regime. This testing system is an ‘indirect’ machine based on a longitudinal piezoelectric
transducer. The developed system consists of two perpendicular ultrasonic horns and transforms
longitudinal vibration into angular vibration. This ultrasonic torsion machine is controlled by a

high performance computer and includes an air-cooling system that allows continuous constant
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amplitude torsion tests to be carried out. In Figure 2.11 it is shown this torsion piezoelectric
system [15].

Figure 2.11: Ultrasonic torsion test equipment in Bathias’s laboratory [4]

The test device designed by Bathias and co-workers is illustrated in Figure 2.12 and it is
comprised of two sections referred as sections A and B. Section A is composed of a piezoelectric
transducer and an ultrasonic horn (with longitudinal resonance), this section is only capable of
inducing longitudinal vibration. To transform the longitudinal displacements provided by section
A into a torsional vibratory motion, section B was coupled to section A by mean of a pin. Section
B is composed of another ultrasonic horn and the specimen. The second horn has a torsional
resonance that is equal to the longitudinal resonance of the first one [16].

The system described above presents a limitation. The connecting component (i.e. the pin) is
subject to ultrasonic bending, resulting in a limited in-service lifetime. This implies that the pin

needs to be changed after approximately 10'° cycles [15].
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Figure 2.12: Torsional ultrasonic fatigue test system schematic figure (Adapted from [16])
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A piezoelectric torsional transducer, such as the one seen in Figure 2.13, can be used to build a
direct and simpler ultrasonic torsional machine. The disadvantage of employing two perpendicular
horns and the failure of their connecting pin can be overcome by using a direct piezoelectric
torsional transducer [15].

It is possible to acquire a stress ratio, R, in these experiments that is different from R=-1.
Another horn has to be inserted into the specimen’s free end in order to do that. This horn needs

to be fixed and can apply a static torsion to the specimen [12].

"

Branson Torsional Transducer Horn

Figure 2.13: Torsional piezoelectric transducer, ultrasonic horn and specimen (Adapted from [12])

2.2.3.3 Tension/Torsion ultrasonic fatigue testing equipment

A multiaxial ultrasonic fatigue testing device, which allows for a combined tension/torsion load-
ing, was recently developed and presented in [17]. This equipment uses a piezoelectric longitu-
dinal transducer, an ultrasonic booster, a custom horn and specimen, which are presented in the
Figure 2.14. This horn was developed to convert the actuator’s longitudinal displacement into
both axial and rotational motion, subjecting the specimen to a combined stretch/compression and

rotational motion [10].

specimen

_ ’A’? l 4

5 horn booster

Figure 2.14: 3D model of the multiaxial fatigue testing device (Adapted from [18])
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The utilized specimen in this fatigue equipment presents three "throats", as it can be seen in the
Figure 2.15. A cylindrical specimen with three "throats" design was considered since it presents
its first axial mode and its third torsional mode at a similar inherent natural frequency [19]. The
fatigue failure is expected to occur in the central "throat", which is where the maximum tension/-
torsion combined motion is achieved, leading to maximum stresses and higher temperatures. After
further analysis, it was experimentally confirmed that the combination of stresses is the highest on

the middle "throat", suffering with the highest combination of axial and shear stresses [17].

Central Throat

Upper Throat Lower Throat

Figure 2.15: Horn and specimen for tension/torsion biaxial testing (Adapted from [19])

2.2.3.4 Three-point bending fatigue testing machine

The three-point bending ultrasonic fatigue testing system developed in Bathias’s laboratory is il-
lustrated in Figure 2.16. It consists of a generator, a piezoelectric transducer, a booster, a horn,
the specimen and the control system. The difference between the three-point bending ultrasonic
fatigue system and the longitudinal ultrasonic fatigue machine is that the three-point bending ul-
trasonic fatigue test provides transverse vibratory loading to the fatigue specimen [20].

The specimen will suffer transverse displacements through the axial displacements of the horn
and will be in three-point bending, with its central section being under bending and shearing
forces. An initial displacement of the specimen originated by the vertical displacement of the
movable plate of the INSTRON, will cause the specimen to be statically loaded and under an
average stress. The booster seen in the Figure 2.16 needs to be secured in a vibration node such
that it contributes as little as possible to the system’s vibration.

Dynamic loading was provided by the ultrasonic transducer, which is controlled by a computer
control system. This Three-point bending ultrasonic fatigue machine has a 20 kHz resonance
frequency; so, the booster, horn and specimen in the bending fatigue system must have a 20 kHz
resonance frequency [20].

The three-point bending fatigue testing machine described above and shown in Figure 2.16
is capable of working from R = 0.1 to R = 0.5 and beyond, at 20 kHz. The establishment of
different R values can be obtained through the movement of the movable plate of the INSTRON.
The maximum displacement amplitude in the middle of the three-point bending specimen is of the
order of 30 um [13].
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Figure 2.16: Bathias’s three-point bending fatigue machine [4]

2.2.3.5 Ultrasonic fretting fatigue testing

Fretting can result in fretting wear or fretting fatigue, both of which can significantly worsen
the material’s fatigue characteristics. It is originated by an oscillatory sliding motion of small slip
amplitude between two surfaces in contact. It frequently happens in clamped joints and is typically
induced by high frequency, low amplitude vibratory movements [21].

Fretting fatigue is a combination of fretting friction and the fatigue process, it is conditioned
by the magnitude and distribution of contact pressure, the amplitude of relative slip, friction forces,
surface conditions, materials of the contact surfaces, cyclic frequency and the environment. Wheel
shafts, steam and gas turbines, bolted plates, wire ropes, and springs are a few common real-world
examples where fretting fatigue failures can be observed [4].

In order to study the characteristics and the influence of fretting fatigue, it was developed in
Bathias’s laboratory an Ultrasonic fretting fatigue testing system that is able to provide data for

the purpose of determining the S—N curves of a given material with fretting.
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Figure 2.17: Ultrasonic fretting fatigue test system developed in Bathias’s laboratory (Adapted
from [21])

The Ultrasonic fretting fatigue testing system that was developed in Bathias’s laboratory can be
seen in Figure 2.17. It is based on a longitudinal ultrasonic fatigue test machine and has a resonant
frequency of 20 kHz. The specimen used in this machine has an elongated uniform throat in
order to accommodate the application of the fretting pads. The system has a fixture to hold the
two cylinder pads pressed against the specimen by two springs, whose displacement controls the
normal contact force applied to the specimen. Different values of relative slip amplitude can be
obtained by changing the position of the pads along the specimen axis. This whole system is
controlled by a computer. The specimen fracture will occur where the fretting pads are acting
[22].
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2.2.4 Ultrasonic machines and parts available in the market

The importance of ultrasonic testing, as well as the demand for it, has steadily increased over the
years. The significance of knowing how various materials react after 107 cycles is growing, and
the use of ultrasonic technology to build testing systems is becoming increasingly unavoidable.
This is due to the speed with which reliable data can be obtained using ultrasonic technology, as
well as the low cost of the tests when compared to the expense of using conventional machines.
In order that, nowadays there are already a variety of ultrasonic fatigue testing machines avail-
able in the market. In the Figure 2.18 is presented a fully reversed fatigue machine built and sold

by a company named 3R, based in France.

Figure 2.18: MEG 20 - Fully reversed fatigue machine - 3R [23]

The MEG 20 is a completely reversed fatigue testing machine (R=-1) operating at 20 kHz.
It is compact, allowing it to be put on the work table. It is set to terminate automatically when
the specimen breaks. This fatigue testing system consists of two components: a testing frame in
which the transducer permits the testing specimen to be subjected to a fatigue stress at 20 kHz,
and a separate control cabinet responsible for the system’s control and data acquisition [23].

Another example of the ultrasonic testing machines available on the market is the Shimadzu
USF-2000A, which can be seen in the Figure 2.19. The Shimadzu USF-2000A ultrasonic fatigue
testing system operates at a frequency of 20 kHz + 500 Hz and can be configured to produce fully
reversed fatigue tests, standard configuration, or tests with an average tensile stress loaded, mean
stress configuration. This fatigue testing system allows to load the specimen with a maximum

average tensile stress load of 1.5 kN. By applying a tensile stress to the specimen, different values
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of R can be obtained, enabling the investigation of the fatigue behavior of different materials under

different tensile loads.

Figure 2.19: Ultrasonic fatigue testing system USF-2000A - Shimadzu [24]

The full Shimadzu USF-2000A system is composed by an ultrasonic resonance system, a com-
puter responsible for the interface board and test control, a cooling system and an average stress
loading mechanism [24]. However, due to the high price of the ultrasonic testing machines avail-
able on the market, many researchers end up developing their own systems because the system’s
fundamental working concept is not overly complex and it is not difficult to design or construct.
There are a large number of different solutions for transducers available in the industry. In the
Figure 2.13 it is presented a torsion transducer sold by BRANSON. In the figure bellow it is pos-
sible to see another solution available, it is a 20 kHz transducer sold by Sonic Power, which is a

company based in Germany.

Figure 2.20: Ultrasonic transducer 3300W — 20kHz - Sonic Power [25]
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A huge number of ultrasonic material retailers provide a vast selection of 20 kHz tuned horns
and boosters for purchase. There are also several options available for different tuning frequencies.
In the Figures 2.21 and 2.22, it is presented a titanium horn sold by Sonitek and different boosters
with various amplifications sold by BRANSON, respectively. BRANSON also presents a vast

number of horn models with different tuning frequencies in their catalog [26].

Silver Black
1:22.0 125

Figure 2.22: Boosters with different amplifications (ratio between the displacement of the top and
displacement of the bottom) - BRANSON (Adapted from [26])
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2.3 Behavior of the materials under the VHCF regime

As stated before, the VHCF regime is established to a number of loading cycles superior to 107
[22]. There are numerous reasons why structural components may fail under repeated loading
cycles, including geometrical and manufacturing imperfections or notches, insufficient or inad-
equate maintenance, overloads in operational conditions or secondary efforts not considered in
normal service conditions, and environmental factors such as extreme temperatures or corrosion
[28].

Defects like inclusions or porosities, common sites for fatigue crack nucleation, are present
in most materials as a result of deoxidization additions, impurities or entrained exogenous ma-
terial [29]. In the gigacycle fatigue regime, VHCF, for brittle and well-polished materials the
crack initiation usually occurs inside the specimen and not at the surface like on the other fatigue
regimes, low cycle fatigue (less than 10° cycles) and in the conventional megacycle range (10° to
107 cycles).

N; = 10* Cycles N; = 10° Cycles Ny = 10° Cycles

Figure 2.23: Mechanisms of fatigue initiation (Adapted from [4])

According to Bathias and Paris, there are three forms of fracture initiation in a cylindrical
specimen with a polished surface, depending on whether the specimen is at a low cycle, high
cycle, or very high cycle regime. Through the Figure 2.23 it is possible to verify that for the
smallest number of cycles to rupture, the initiation sites are multiple and on the surface. For the
specimen at the high cycle regime, usually there is only one crack initiation site which is also on
the surface. For a much higher number of cycles to rupture, VHCE, the initiation site is located in

an internal zone as stated before.

For specimens of nickel, titanium alloys and high strength steels in the VHCF regime, the
initiation sites are usually located in an internal zone. For ductile materials, the crack initiation
appears at the surface of the specimens in the VHCF regime, especially in castings where voids at

the surface are the main locations for crack formation. [4].
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At the VHCF regime there are three main factors that influence the crack initiation mechanisms
[4][28] :

1. Anisotropy of metals: Plasticity emerges only if the grain orientation and grain size are
in agreement with dislocations sliding at the surface or in the volume of the metals at the

gigacycle regime, where the plastic strain is very modest.

2. Stress Concentration: When the applied load is low, it is thought that stress concentration
owing to metallurgical micro structural misfit becomes a significant factor. Effective con-

centrators include defects and grain size.

3. Statistical Conditions: The likelihood of finding a significant stress concentration in the bulk

of the metals is higher than on the surface.

The characteristic feature of VHCEF fracture surface is the formation of the “fish-eye” when a
nucleation at an internal zone occurs. It could be defined as the circular area that surrounds fatigue
initiating site and was formed as a result of internal circular crack propagation. The initiation sites
are usually found at inclusions located in the interior of the specimens [1]. In the Figure 2.24 it is

possible to visualize the "fish-eye" and the internal inclusion that originated the fatigue crack.

Figure 2.24: "Fish-eye" with focus on the internal inclusion [4]

As shown in Figure 2.25, the fatigue failure in the VHCF regime is divided into multiple
stages. The first stage is the Crack Formation from a microstructural defect. The fatigue crack
might be created by either cracking or de-cohesion of the defect from the matrix, followed by
early crack formation from the defect cavity, depending on the kind of microstructural defect.
The duration of this stage is expected to be short due to the high notch severity of the defect
cavity. The next phase is the Initial Crack Growth. This phase covers the initial crack propagation
from the microstructural defect which is governed by an extremely slow mechanism of crack
growth and results in the formation of a rough area on the fracture surface adjacent to the fatigue
initiating defect. It has been observed by many researchers that 90 to 99% of the total VHCEF life
is consumed in this phase [1, 9].
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Figure 2.25: Illustration of a fracture surface showing different stages of VHCF crack development

(1]

The following stage is the crack growth within the "fish-eye". As the rough area is formed, the
crack is increasing and reaches the size representative of the threshold stress intensity factor range
for crack propagation (AK;;). From that point a steady crack growth within the “fish-eye” begins
resulting in a smooth fracture surface morphology. The crack growth rates are slowly increasing
as the crack approaches the “fish-eye” border. Then, it occurs the crack growth outside the “fish-
eye”. The crack spreads from the "fish- eye’s" border until it reaches a critical size, at which point
it fractures completely [1].

As stated above in the present subsection, there are mainly two fatigue failure initiation sites.
For the most cases, such as for low and medium strength steels subjected to high stresses, fatigue
failure is initiated at the surface of the material. For those cases, the fatigue behaviour can be

schematize by a traditional S-N curve as the one demonstrated in the Figure 2.26 [30].
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Figure 2.26: Traditional concept of S-N curve (Adapted from [30])
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The traditional concept of the S-N curve, plots the correlation between the stress range and the
number of cycles to failure of a given material [4]. This concept consists of a sloping regression
which represents the finite life range of a material, which is connected, at normally around 10° cy-
cles, to a leveled part that represents the infinite life range of the material. The stress at which the
leveled part is established is recognized as fatigue limit. The fatigue failure in the finite life range
is triggered by the progressive propagation of microcracks, which are initiated at the specimen sur-
face. Additionally, the fatigue limit corresponds to a critical stress value in which this microcracks
do not propagate [30]. However, as demonstrated earlier, the fatigue failures can be initiated from
the interior of the material, as an example for cases of materials that present strengthened surfaces
and are subjected to relative low stresses and a high number of loading cycles, nonetheless, these
same materials could have a failure initiated at the surface if higher stresses are originated [9].
And so, two types of failure modes can occur, leading to the conclusion that the traditional S-N
curve does not fully express the fatigue behaviour of materials, especially in the case of surface
strengthened materials. Since the present dissertation is related to the VHCF regime, in which the
initiation sites are usually located in an internal zone, it becomes essential to fully understand the

fatigue failure mechanisms of different materials [6].

With the development of ultrasonic fatigue testing machines, which operate at extremely high
frequencies, it is now possible to test specimens to a very high number of cycles in a short amount
of time, when compared with the conventional fatigue machines. And so, experimental data, like
the two-fold curve presented in the Figure 2.27, can be obtained in a relative short amount of time

[4].
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Figure 2.27: Stepwise S-N curve for a carburized steel (Adapted from [30])
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In the Figure 2.27, it is presented a plot of data for a carburized steel. It is notable the existence
of two sloping parts, and the plot can be divided into two groups of fatigue failure, one below 10°
cycles and the other above 107 cycles. The fatigue failure group below 10° cycles is characterized
by crack initiation from the specimen’s surface, therefore it is designated as the surface fatigue
mode. Additionally, the second fatigue failure group, above 107 cycles, is characterized by internal
crack initiation and usually the surface fracture presents a "fish-eye", similar to the one seen in
Figure 2.24. The second fatigue failure group is also known as internal fatigue mode. The leveled
part between the two slops is the fatigue limit for the surface fatigue mode. This type of plot of
data is called the stepwise S-N curve [30]. The stepwise S-N curve describes in a more complete
manner the fatigue failure behaviour of materials since it reflects in its two-fold shape the two-fold
behaviour of fatigue failure, surface and internal crack initiation. In the Figure 2.28 it is presented

an expected general stepwise S-N curve for a high strength steel or titanium alloy [31].
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Figure 2.28: General stepwise S-N curve for a high strength steel (Adapted from [31])
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2.4 Fundamentals of fracture mechanics

The fracture mechanics field of study deals with the inevitability of cracks and their growth during
the service life of components. Cracks can appear as a consequence of the manufacturing process,
such as voids or metallurgical discontinuities like particle inclusions, or, form due to fatigue during
the service life of a component [32, 33].

There are three main loading types, Mode I, Mode II and Mode 111, as it is identified in the
Figure 2.29. Mode I is generally called as the "opening mode" and it is the most common in
fatigue. It is present during tensile loading (normal stresses). Mode 11 is called as "sliding mode"
and occurs when in-plane shear is present. Finally, Mode III is designated as "tearing mode" and
it is created by out-of-plane shear. Any other existing loading mode is a combination of the three
described above [5, 32].
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Figure 2.29: Loading modes of crack propagation [34]

Since mode I is the most common mode of failure and the predominant mode to which the
dynamic system of the equipment being developed in the present document will be subjected,
only this loading mode will be further discussed and using the elasticity theory it will be analyzed.
Irwin, proposed the usage of the term stress intensity factor, which for the first mode is written as
K, to characterize the stress concentration adjacent to the crack’s tip. The stress intensity factor is

a function of the geometry and size of the crack and loading mode [5, 35]. It is given by:

Ki=Yovna (2.42)

Where Y is the stress intensity magnification factor, o is the applied stress which needs to be
applied far enough from the crack’s tip and a is the length of the crack. Clearly, the stress intensity
factor increases as the crack length increases. When a certain critical value of the stress intensity
factor is reached, the crack propagates in an unstable and unpredictable way. This value is called

the fracture toughness of the material, K¢, and it is a property of a material which depends on the
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material itself, the crack, the environmental conditions and a function of the width of the specimen
and the crack length. Furthermore, the fracture toughness of the material is the critical value of
the stress intensity factor, for a given load, geometry and crack length necessary to cause fracture
[32, 33]. It is described as:

Kic = oc/Tacf () 2.43)

Where o, is the applied nominal stress at crack instability, a. is the crack length at instability
and w is the width of the specimen. The value of K; below which the fatigue crack won’t propagate
is called the fatigue crack threshold, AK;,. When discussing about cyclic loads, it’s more relevant
to speak about the stress intensity factor range AKj, and the stress range, Ao, which represents

Omax — Omin- Furthermore, the equation 2.42 can now be rewritten as [32, 36]:

AK; =YAo+/Ta (2.44)

In Figure 2.30, it is presented a graph with the crack length as a function of the number of
stress cycles. As it can be noticed, three stress ranges are presented, (Ac);, (Ac), and (Ao),,

respectively, in descending order. Since the (Ac); is the higher stress range, it is expected to lead
d

b ﬁ,

three cases the same initial crack length, the (Ac); case will reach a bigger crack length with

to a faster crack growth rate per cycle than the other two stress ranges, i.e., having all the

lower number of stress cycles [5]. The relation between the crack growth rate per cycle and the

stress intensity factor, which is dependent of the stress range, is known as the Paris law [37].
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Figure 2.30: Crack length over number of cycles for different stress ranges (Adapted from [8])
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The Paris law is presented in the equation 2.45 and it is only valid for the linear part of the plot

presented in the Figure 2.31, Region II.

da m
N C(AK) (2.45)
Where the constants C and m are empirical material constants. In the Figure 2.31, it is pre-
sented a graph in log-log coordinates with the crack growth per cycle as a function of the stress
intensity range. On the leftmost portion of the graph, Region I, the crack growth per number of cy-
cles is very small and can achieve a critical value in which there is no effective crack propagation.
This critical value, as stated earlier, is defined as AK};, fatigue crack propagation threshold. For
the rightmost portion of the plot, Region III, the crack propagation becomes unstable leading to
failure. This instability occurs due to the approximation of the value of the stress intensity factor

to the fracture toughness of the material, K¢, as defined earlier [5].
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Figure 2.31: Crack growth per cycle as a function of the stress intensity range (Adapted from [8])

An essential point to highlight is that the data on the middle portion of the graph, Region I, is
linear in log-log coordinates. Furthermore, the Paris law, equation 2.45, is only valid in this region
and it allows the determination of the estimated number of cycles to failure after a crack is formed.

The application of the Paris law on the other two regions will lead to inaccurate projections. The
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number of cycles a component can withstand before failure after an initial crack is formed, Ny,

can be predicted by combining the equations 2.44 and 2.45, leading to:

Ny 1 [ 1
dN=Ny=— | ———pd 2.46
I "= Clu (vaoyma)™™ (240

Where a; is the initial crack length and ay is the final crack length, which corresponds to failure
[32].
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Chapter 3

Structural Development of an
Ultrasonic Fatigue Testing Equipment

This chapter concerns the structural development of the ultrasonic fatigue testing equipment. The
pre-existing structure, requirements for the new machine, appropriate layout and all the numerical
and analytical validation will be presented in the next sections within this chapter. All the decisions
were made based on literature review and also according to cost, reuse of components from the

original structure and ease of manufacturing.

3.1 Ultrasonic testing equipment requirements

The ultrasonic fatigue testing equipment that will be developed in this chapter must fulfill certain
requirements that were imposed for this project.

The equipment must be capable of performing fully reversed ultrasonic fatigue tests, R = —1,
it also must be able to apply a maximum 10 kN static load to the specimen in order to allow the
fatigue characterization of different materials subjected to different values of R. Regarding cost
containment, it is essential to reuse as many components from a given structure as possible. In
addition, the simplicity of manufacturing will be a primary consideration in the design of every
component. The designed dynamic system of the ultrasonic testing equipment must have a reso-
nance frequency near the excitation frequency of the chosen piezoelectric transducer and it must
be able to increase significantly the external displacement imposed by the piezoelectric transducer.
Furthermore, the designed testing equipment must be capable of measuring the external applied

static load to the specimen.

41
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3.2 Pre-existing structure

In this section, the pre-existing structure will be presented. The ultrasonic fatigue testing equip-
ment that is going to be developed as a result of this document will be planned with the reutilization
of the structure that is depicted in Figure 3.1 as the basis for its design. Afterwards, in the follow-
ing sections, the final layout of the developed equipment will be presented and an analysis will be
made to the pre-existing structure in order to evaluate its safety when subjecting the specimens to

the maximum static load (10 kIN).

Figure 3.1: Pre-existing structure
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The equipment shown in the Figure 3.1 is composed by two cast iron blocks (one at the top and
the other at the bottom), a M50 X 3.0 power screw setup which is responsible for the traction, a
reinforced chrome steel support which travels vertically on the two chrome steel guide shafts with
the assistance of two linear ball bearings that are mounted on the support. The power screw and
the linear ball bearings can be seen in more detail in the Figure 3.2. The lower block of cast iron
is supported on a robust metal box that has the potential to be utilized for storing various machine
components and accessories. Due to simplicity, the metallic box will be absent from the layouts
presented in the subsequent section. However, it will serve as a support for one of the cast iron

blocks in the final designed ultrasonic fatigue testing equipment.
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(a) M50 X 3.0 Power Screw (b) Linear Ball Bearing
Figure 3.2: Power Screw and Linear Ball Bearing existing in the original structure
Due to its robustness, compactness, and large distance between the two cast iron blocks, which

is required to incorporate the ultrasonic fatigue components, the pre-existing structure shown in

Figure 3.1 fits well into the project of building the ultrasonic fatigue testing equipment.
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3.3 Layout of the ultrasonic machine

In this section the different iterations of the layout of the machine will be presented.

3.3.1 Firstiteration
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Figure 3.3: First design of the ultrasonic fatigue testing equipment
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Table 3.1: Component identification of Figure 3.3

Number Component
1 Piezoelectric Transducer
2 First Booster
3 Booster Flange
4 Chrome Steel Guide Shaft From The Original Structure
5 Original Lower Cast Iron Block
6 First Horn
7 Specimen
8 Second Horn
9 Second Booster
10 Flange Between Bearing And Booster
11 Double Direction Ball Bearing
12 Bearing Case
13 2 X Original Linear Ball Bearing
14 Support Plate
15 2 X Load Cell
16 Traction Connection Bars and Traction Support Plate
17 Accessory To Secure The Bearing (Bearing Holder)
18 Bearing Case
19 Double Direction Ball Bearing
20 Original M50 X 3.0 Power Screw
21 Original Upper Cast Iron Block
22 Original Power Screw Flange

The first preliminary sketch of the ultrasonic machine that is being developed in this document
is present in the Figure 3.3 with the Figure 2.4 serving as the inspiration for its development. This
first preliminary draft is shown in a sectional view in order to allow a better comprehension and to

aid in the presentation of the concept.

According to the Bathias theory that is mentioned in chapter 2, ultrasonic fatigue testing equip-
ment are able to carry out tests with a static force being applied to the specimen if the machine’s
configuration includes a second set of horn and booster. The second set of horn and booster are
necessary to ensure the symmetry of the fatigue equipment and to enable a correct application of
the static load, from the power screw to the specimen. In addition, one of the requirements for the
project is that the developed machine must be able to carry out tests with a stress ratio equal to -1,
which means without any applied static force, and also must be able to carry out tests with different

values of R. This requirement must be met in order for the project to be considered successful.

Another objective of the project is to reuse the original structure’s components as much as
possible. Therefore, it was decided to utilize the pre-structure chrome steel guide shafts and cast

iron blocks to create a foundation for the introduction of the new components.
As it can be seen in the Figure 3.3, it was chosen to have the first booster and horn, fed by
the piezoelectric transducer, coupled through a flange to the upper cast iron block. The primary

justification for this decision is the need for adequate vertical space to be able to conduct tests
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without any static force applied. Thus, one of the ultrasonic machine’s primary requirements is

met through this design.

After a choice has been made about the first pair of booster and horn, another decision would
need to be taken regarding the second pair of booster and horn, as well as the system via which

they will transmit the static force.

One of the considered ideas was to attach the second booster to a support plate that would be
moved vertically by ball screws driven by an electric motor, similar to the scheme shown in the
Figure 3.4. And so, the static force would be originated by the displacement of the support plate
after the specimen was threaded on both horns.
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Figure 3.4: Schematic figure of an universal traction machine (Adapted from [38])

This idea, however, was discarded due to cost concerns as well as the desire to reuse the
maximum number of components from the initial structure. Therefore, it was decided to utilize
the original power screw and its flange to move the booster and to create the static force. The
booster will be attached to a support plate, which will travel up and down on the guide shafts with
the aid of the original linear ball bearings. And so, the static force will be created manually after
the specimen is threaded on both horns. It can be seen in the Figure 3.1 that the power screw
and its flange are connected to the upper cast iron block, however it was decided to rearrange the
order of the cast iron blocks in the new ultrasonic machine so that the block that is connected with
the power screw would be placed in the lower position in order to facilitate the manual rotation.

Everything that has been presented up until this point may be seen in Figure 3.3.
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The power screw will transmit the movement and static force to the support plate through the
traction connection bars and the traction support plate. A double direction ball bearing is utilized
to assure the correct connection between the power screw and the traction support plate. Two load
cells are added between the support plate and the traction connection bars in order to verify and
to guarantee that the correct static load is being applied. Additionally, another double direction
ball bearing was added to the support plate in order to allow the rotation of the second horn that is
coupled to the second booster. This rotation is required for threading the specimen into the second
horn.

Unfortunately, the sketch presented in Figure 3.3 and described above presents a practical
difficulty which led to the need of reevaluating the presented concept and developing a new layout
for the ultrasonic fatigue testing equipment. Due to the pitch difference between the power screw
and the specimen, it would be very difficult to synchronize the upward manual movement of the
second booster, originated by the rotation of the power screw, with the screwing of the specimen
onto one of the boosters, assuming that the specimen had already one of the ends already screw
onto the other booster.

This first draft, presented in Figure 3.3, was extremely simplified. However its presentation
and explanation are of greatest importance since the final layout will be presented and discussed
in the following subsection, and it will be based on this initial one but with a practical solution for

the problem stated above.

3.3.2 Final design of the ultrasonic fatigue testing equipment

In this subsection, the final layout of the ultrasonic fatigue testing equipment will be presented. A
very detailed and complete version of the machine design will be displayed. In the next section,
an analytical and numerical analysis to the original structure and to the different component sub-
assemblies will be carried out in order to fully validate the concept and to ensure the machine’s
reliability when carrying out tests at its maximum load.

To assist the understanding and the discussion of the machine’s architecture, the layout of the
machine was divided into four sections, A, B, C and D. In the Figure 3.5 it is possible to see a
section view of the final design of the ultrasonic machine as well as the identification of the dif-
ferent sections. The components that are required in order to carry out fully reversed longitudinal
ultrasonic fatigue tests are included in Section A. The specimen utilized to perform fully reversed
longitudinal ultrasonic fatigue tests only needs to have one threaded end, to ensure the connection
with the upper horn. Section B includes the original linear ball bearings from the pre-structure,
two load cells and a valid solution for the introduction of the second booster and horn. Section C
will demonstrate the necessary connection to the original M50 X 3.0 power screw be able to move
the second booster and horn vertically to induce a static load to the specimen. Finally, Section D
will present the power screw flange connected to the original upper cast iron block. Each section
will be presented and explained next in detail, as well as the bolted connections within each sec-
tion. The different mechanical components chosen for this project, will be defined and justified

within each respective section.
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Section A

Section B

Section C

Section D

Figure 3.5: Section view of the final design of the ultrasonic machine with the identification of the
corresponding sections
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The base structure of the design depicted in Figure 3.5 consists of the two guide shafts and
the two cast iron blocks from the original pre-structure shown in Figure 3.1, with the block that is
connected to the power screw placed in the lower position, as in the layout of Figure 3.3. These

four original components will not be mentioned or identified further owing to simplicity.

3.3.2.1 Section A

Section A is depicted in greater detail in Figure 3.6 and in Figure 3.7 it is presented a section view
with all the components of this subassembly identified. The component identification is shown in
Table 3.2.

This section contains all required components to produce an ultrasonic fatigue testing equip-
ment capable of producing fully reversed longitudinal tests, R =-1. The booster and horn presented
must have their first longitudinal natural frequency equal to the excitation frequency of the piezo-
electric transducer, approximately 20 kHz. The first longitudinal natural frequency is dependent
on the booster and horn geometry and material. Their main characteristics and manufacturing
material will be presented in the next section. The piezoelectric transducer, booster and horn are
linked through threaded studs, which have been omitted from the Figure 3.7 for convenience. The
chosen Piezoelectric transducer for this project was bought from the online store MPInterconsult-
ing [39], and it is shown in Figure 3.8. It works between a range of 20 &+ 1.2 kHz when no other
component is attached and its maximum vibration amplitude is between 17 — 20 um.

Figure 3.6: Section A shown in more detail
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Figure 3.7: Section view of Section A with respective component identification

Table 3.2: Component identification of Figure 3.7

Number Component
1 Piezoelectric Transducer
2 First Booster
3 4 X ISO 7089 - M6 Washers
4 4 X 1SO 4762 - M6 X 30 - 12.9 Bolts
5 Vibration Absorbing Flange
6 First Horn

Figure 3.8: 20 kHz Piezoelectric Transducer MPInterconsulting - 3KW



3.3 Layout of the ultrasonic machine 51

As it can be seen in the Figure 3.7, the booster is threaded to the vibration absorbing flange,
which has an internal threaded section. The vibration absorbing flange can be seen in more detail in
the figures below. The threaded part on the booster needs to be a vibration node, in order to induce
the minimal vibration into the system as possible. The adoption of the use of a vibration absorbing
flange is necessitated to avoid the transmission of unwanted vibrations from the dynamic system
to the structure. The vibration absorbing flange has internal grooves, as it can be seen in the Figure
3.10, which minimize the transmission of unwanted vibrations. The vibration absorbing flange is
fixed to the superior cast iron block through the use of four ISO 4762 - M6 X 30 - 12.9 Bolts with
four ISO 7089 - M6 Washers. This component needs to be able to resist the static load of 10 kN.
The flange and cast iron block connection will be numerically analysed in the next section in order
to assure safety when the ultrasonic fatigue testing equipment is operating. Next, Section B from

Figure 3.5 will be displayed.

Figure 3.9: Top view of the Vibration Absorbing Flange

Figure 3.10: Section view of the Vibration Absorbing Flange
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3.3.2.2 Section B

In the Figures 3.11 and 3.12, Section B is presented. The bolted connections are not identified
in the Figure 3.12 due to enhance the image’s readability, however, they will be addressed as the
text progresses. The main purpose of Section B is to introduce a practical assembly capable of
correctly securing the second pair of booster and horn in safety, when the specimen is under load.
Furthermore, it allows the correct fixation of the specimen as well as the measurement of the
applied static force.

The connection between the booster and horn is ensured throughout a threaded stud, which
is not represented in the Figure 3.12. The booster is threaded to a booster support, on its vibra-
tion node in order to minimize unwanted vibrations. The concept is to first screw the specimen
into the second horn, and then raise the specimen, the second horn, the second booster, and the
booster support subassembly manually in order to screw it into the first horn. After the specimen is
threaded into both horns, the booster support can now be placed on the support plate. The upward
vertical movement of the support plate is guaranteed through the manual rotation of the power
screw as it can be seen in the Figure 3.5. Once the booster support is in its correct place on the
support plate, two locking supports are used to secure it via a screw and nut bolted connection, six
ISO 4762 - M8 x 70 - 12.9 bolts, six ISO 4033 - M8 - 12 nuts and twelve ISO 7089 - M8 washers

are used.

Figure 3.11: Section B shown in more detail
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Figure 3.12: Section view of the Section B

Table 3.3: Component identification of Figure 3.12

Number Component
Specimen

Second Horn

Second Booster

Upper rubber ring

Lower rubber ring

Booster Support

2 X Locking Support

2 X Original Linear Ball Bearing

2 X Original Linear Ball Bearing fixing hardware
Support Plate

2 X Load Cell

—_— = 0 00 NN AW

— O
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In the next section, the connection between the two locking supports and the booster support
will be numerically analyzed. Between the booster support, support plate and locking support, two
rubber rings, one on top of the booster support and the other at the bottom, were designed in order
to reduce the metal to metal contact of the components and to minimize the transfer of unwanted
vibrations to the ultrasonic machine structure.

In order to aid the upward and downward movement of the support plate, the original linear
ball bearings were used. The original linear ball bearing fixing hardwares from the original pre-
structure, which are shown in Figure 3.13, were also integrated into the final design to decrease
manufacturing expenses. To ensure compatibility, it was required to reduce the thickness of the

support plate in the installation area as it can be seen in Figure 3.11, from 20 mm to 10 mm.

Figure 3.13: Original Linear Ball Bearing fixing hardware

As it can be seen in the Figures 3.11 and 3.12, two load cells were added to the support plate.
The load cells are essential for ensuring that the static force is distributed equally through the
entire support plate. In addition, it is possible to identify the magnitude of the force that is being
applied through the use of them. The load cells are secured to the support plate through the use of
two ISO 4762- M12 x 40 - 12.9 bolts and two ISO 7089 - M12 washers.

Two S-type tension load cells, each with a capacity of weighing up to 500 kgf, 1-RSCC3/500KG-
1 sold by HBM, were selected as the load cells of choice. The maximum load applied by the ul-
trasonic fatigue testing equipment being developed in this document is 1000 kg and the load cells
can be seen in Figure 3.14. This decision was influenced by a large number of considerations,

including their compact size, affordable price and speedy delivery.
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Figure 3.14: 1-RSCC3/500KG-1 Load Cell from HBM [40]

3.3.2.3 Section C

Section C is demonstrated in greater detail in the Figures 3.15 and 3.16 with all the components
being identified in Table 3.4. In order to improve the clarity of Figure 3.16, the bolted connections
are not labeled; nonetheless, they will be discussed as the text develops. The connection between
Section B and Section C is made by two squared section bars with threaded ends; however, this

connection elements will be covered in greater detail in a later section of this present text.

Figure 3.15: Zoomed view of section C
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Figure 3.16: Section view of the Section C

Table 3.4: Component identification of Figure 3.16

Number Component
1 Accessory To Secure The Bearing (Bearing holder)
2 2 X Bearing Case
3 Traction Plate
4 Double Direction Thrust Ball Bearing
5 Original M50 X 3.0 Power Screw

The bearing connection is the main aspect of Section C since it enables the correct attachment
between the power screw and the traction plate. It allows for the rotation of the power screw with-
out causing the rotation of the traction plate. The chosen bearing needs to be able to accommodate
axial loads in both directions since the power screw can have an upward and downward vertical
movement. The bearing will not be subjected to any radial load and in addition of that, the re-
quirements of the project specify a maximum static load of 10 kN to be applied to the specimen.
Regardless of the fact that the bearing fixes the dynamic system, it is predominantly subject to
static loads, so in practise the applied dynamic load to the bearing will be very small. Addition-
ally the bearing would have to be compatible with the diameter of the original M50 X 3.0 Power
Screw. After further investigation, it was determined that the 52210- Double direction thrust ball
bearing, shown in Figure 3.17, sold by SKF would be the best option since it satisfies all of the
aforementioned criteria, in addition to having a low cost and a high level of reliability. However,
due to the requirement of the selected bearing compatibility with the diameter of the Power Screw,

the chosen bearing can withstand greater loads than required. The performance parameters of the
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52210 Double direction thrust ball bearing are shown in the Table 3.5 and the abutment dimensions
are demonstrated and tabled on Figure 3.18 and Table 3.6, respectively.

Figure 3.17: 52210 - SKF - Double direction thrust ball bearing (Adapted from [41])

Table 3.5: Performance parameters of the 52210 - SKF - Double direction thrust ball bearing [41]

Basic dynamic load rating, C 49.4 kN

Basic static load rating, Cy 116 kN
Reference speed 2 400 r/min
Limiting speed 3 400 r/min
Da
da
Ma
b

Figure 3.18: Nomenclature and identification of the different abutment dimensions of the double
direction thrust ball bearing [41]

Table 3.6: Abutment dimensions [41]

Abutment diameter shaft, d, 50 mm
Abutment diameter housing, D, max.61 mm
Fillet radius housing, r, max.1 mm

Fillet radius shaft, r;, max.0.6 mm
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As it can be seen in the Figure 3.16, the double direction thrust ball bearing is secured through
the use of two bearing cases and one bearing holder. The bearing cases are fixed to each other and
to the traction plate through a screw and nut bolted connection, as shown in the Figure 3.15. For
this connection are used a total of four ISO 4762- M6 x 60 - 12.9 bolts, four ISO 4033 - M6 -
12 nuts and eight ISO 7089 - M6 washers. The bearing holder is connected to the original Power
Screw through an ISO 4762 - M10 x 80 - 12.9 bolt and ISO 7089 - M10 washer. The connection
between the two bearing cases with the traction plate and the connection between the bearing
holder and the power screw will be numerically analyzed in the next section in order to evaluate

its influence on the double direction thrust ball bearing.

As already mentioned above, the connection between Section B and Section C is made by two
squared section bars with M 12 threaded ends. It can be seen in more detail in the Figures 3.19 and
3.20. The two squared section bars are identified with the number 1 in the Figure 3.20. To prevent
load unevenness and to guarantee that the static load is spread evenly throughout the sections, the
threaded portion of the squared section bars are designed with extra length and nuts are utilized to

regulate the connections.

Figure 3.19: View of the connection between Section B and Section C
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Figure 3.20: Section view of the connection between Section B and Section C

3.3.2.4 Section D

Section D is detailed in the Figures 3.21 and 3.22 with all the component identification being
illustrated in Table 3.7. In an effort to reuse as many components from the original pre-structure
as feasible and save the expense of machining a new bushing, it was decided to utilize the original
power screw bushing and replace just the old bolts. The power screw bushing is connected to the
cast iron block through four ISO 4762 - M6 x 20 - 12.9 Bolts.

Figure 3.21: Close-up view of Section D with increased transparency in the lower cast iron block
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Figure 3.22: Section view of the Section D

Table 3.7: Component identification of Figure 3.22

Number Component
1 Original M50 X 3.0 Power Screw
2 Original Power Screw Bushing
3 4 X IS0 4762 - M6 x 20 - 12.9 Bolts
4 Original Upper Cast Iron Block

An analytical and numerical stress and strain analysis will be carried out in the next section
on the pre-structure, as well on various components and subassemblies of the ultrasonic fatigue

testing equipment that was designed, presented, and discussed in this section.
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3.4 Analytical and numerical analysis of the designed ultrasonic fa-

tigue equipment

In this section, an analytical and numerical analysis will be presented concerning the safety of
the ultrasonic fatigue testing equipment when performing tests with the maximum static load ap-
plied to the specimen (design check). All calculations and considerations will be presented and
discussed, additionally the numerical analysis will be performed using the Abaqus software.
First, the original pre-structure will be analyzed to ensure that it can be utilized as a stable
foundation for this project. Then, various components and subassemblies of the final design, pre-
sented and discussed in the previous section, will be examined both analytically and numerically to
ensure the fatigue ultrasonic machine’s proper operation. After the results of analytical and numer-
ical analyses, the manufacturing material of the new components will be selected and presented.

The definition drawing of each component is presented in Appendix C.

3.4.1 Analysis of the original pre-structure

First, a thorough examination of the original guide shafts will be conducted. As the connection
between the two cast iron blocks and the mounting spots of the linear ball bearings, these guide
shafts are crucial. The maximum static load to which the ultrasonic fatigue machine is capable of
subjecting the specimens is 10 kN. Ignoring the weight of the other machine components, which
are significantly smaller, the forces acting on the guide shafts can be simplified as seen in Figure

3.23. So, each guide shaft will be submitted to an uniaxial compression of 5 kN.

!

1

Figure 3.23: Chrome Steel Guide Shaft From The Original Structure
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The radius of the vital part of the guide shaft is 25 millimeters, hence the stress can be calcu-

lated as follows:

F 5000
;w252

=2.6 MPa 3.1

BN

Since the exact material of manufacture of the guide shafts was unknown, a yield strength of
200 MPa was assumed. This value is conservative because the guide shafts are made of stainless
steel, which generally have a higher yield strength than it was considered. Furthermore, a Safety
Factor, SF, could be obtained.

200
SF=_—="785 32
2.5 (3-2)

The calculated Safety Factor is very high, but because it relates to an original structure com-
ponent, guide shaft, it was decided to retain its use and not incur additional costs to produce or

buy new components to replace it.

— 19—t

Figure 3.24: Buckling end conditions (Adapted from [8])

The buckling critical load is the load at which instability and, ultimately, the collapse of a
structure can occur. The buckling critical load, P, of the guide shafts can be determined by the
following formula [42][43]:
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—_— = (3.3)

Where A is the transversal area, C is a coefficient given by the buckling end conditions, it can
be seen in the Figure 3.24, E the Young’s modulus and A the slenderness ratio.

The slenderness ratio is determined by:

A= (3.4)

Where [ is the guide shaft length and i is the radius of gyration. The radius of gyration, i, can
be calculated through the moment of Inertia of the guide shaft, /, and the cross-sectional area, A.

The moment of inertia of the guide shaft, /, is given by the following equation.

L4 .054
=T - =306796.2 mm* (3.5)

And so, the radius of gyration, i, can now be determined through:

i= \/iz 12.5 mm (3.6)

The length of the guide shaft, /, is 970 mm, and the slenderness ratio, A, can now be calculated

through the equations 3.4 and 3.6.

970
r=135=T16 (3.7)

Assuming a Young’s modulus of 200 GPa for the material of the guide shafts, and determining
the coefficient C by considering the worst case scenario, C = %, which coincides with the present
case due to the upper cast iron block being free and the lower being fixed, it is possible now to

calculate the buckling critical load by returning to the equation 3.3.

P., = 160907.5 N (3.8)
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As it can be seen from the results that are demonstrated in the equations 3.2 and 3.8, the use of
the pre-structure guide shafts offers the essential safety that is required for the proper performance
of the ultrasonic fatigue testing equipment when testing specimens loaded with 10 kN statically.
These conclusions, on the other hand, may only be considered an approximation due to the lack
of information on the guide shafts material’s properties.

Now, an analysis of the cast iron pre-structure blocks will be presented. As both blocks have
similar dimensions and are made off the same material, only the upper cast iron block will be
analyzed. In the Figure 3.25 it is possible to see the upper cast iron block correctly mounted on

the original guide shafts.

Figure 3.25: Identification of the original upper cast iron block

As the material mechanical properties of the cast iron blocks are not known, the following
properties will be assumed, which represent a conservative value among different types of cast

iron:

e Tensile strength, o, = 200 MPa
* Young’s modulus, £ = 100 GPa

¢ Poisson’s ratio, v = 0.3

The cross sectional area of the upper cast iron block has the following dimensions:
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e width, b = 0.254 m
* height, 7 =0.085 m

o area = 0.023 m?

The free body diagram of the upper cast iron block is presented in the figure bellow. When
the ultrasonic fatigue testing equipment performs tests subjecting the specimen to 10 kN, the top
cast iron block will be subjected to a force of the same magnitude, F, which will be assumed to
be concentrated for the purpose of simplicity. Another simplification was taken into account, the
upper cast iron block was considered to be solid, without the central hole. Since the cast iron block
is supported symmetrically by both shaft guides, two vertical reactions, each with a magnitude of

%, will develop.

F

¥

F/2 F/2

Figure 3.26: Free body diagram of the upper cast iron block

The length between the center of the two supports is L = 0.4 m, and so, the shear force dis-
tribution, V(x), and the bending moment distribution, M(x), can be obtained and are presented

bellow. The coordinate x represents the distance between the two supports.
Shear Force Distribution
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Figure 3.27: Shear force distribution of the upper cast iron block
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Bending Moment Distribution
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Figure 3.28: Bending moment distribution of the upper cast iron block

The Bending Moment Distribution can be divided into two sections, for % >x>0:

x (3.9

And for L > x > %:

M(x)=—-L— 7x (3.10)

The bending stress, Opp, varies linearly with the distance from the neutral axis, y, which in

this case is coincident with the centroidal axis of the cross section, and is given by [8]:

M(x)

OBp(X,y) = (3.11)

Where M is the Bending Moment presented in the Figure 3.28 and [/ is the the second moment

of area of section of beam about its neutral axis, which can be seen in the figure bellow [8].
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Figure 3.29: Second Moment of area of section of rectangular beam

So, for the upper cast iron block:

bh3
[ = = 1.333-10° m* (3.12)

And, the maximum bending moment can be seen in the Figure 3.28, M,,,, = 1000 Nm,

allowing for the calculation of the maximum bending stress magnitude through the equation 3.11.

1000 - (+ 0.0425)
1.333-10°

OBD—MAX = = =+ 3269487.508 Pa (3.13)

OBD—MAX = + 3.269 MPa (314)

Now, the Safety Factor, SF, in relation to the tensile strength, oy, can be determined:

200
F=—-=061.172 1
S 3.270 61.17 (3.15)

The calculated Safety Factor is extremely high, however as it is a component of the original
structure that can be reused, its integration in the ultrasonic machine will be maintained. In addi-
tion, a bending stress distribution graphic in the zone of greatest bending moment, x = % as can

be seen in the Figure 3.11, is presented below. This plot represents the bending stress distribution

L

along the cross-sectional area of the upper cast iron block, at x = 3.
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Bending Stress Distribution at x=L/2
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Figure 3.30: Bending stress distribution along the cross sectional area at x =

Furthermore, the distribution of shear stresses, T, in the cross section of the cast iron block
will be examined. The shear stress distribution, 7, can be obtained through the following equation

[44]:

V(00 516

Where V is the shear force, presented in the Figure 3.27, [ is the second moment of area, b is

the width of the cross section and Q is the first moment of area which is given by:

b (h?
o0) =5 <4 y2> (3.17)

With £ being the height of the cross section and y the distance above or bellow the neutral
axis. By combining the equations 3.16 and 3.17, and considering the highest value of shear force,
V =+£5000 N, it is possible to obtain the distribution of shear stress in the cross section of the cast

iron block. The obtained equation and shear stress distribution are presented bellow.

V [ h?
) = 5; <4 —y2> (3.18)
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Shear Stress Distribution at x=L/2
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Figure 3.31: Shear stress distribution along the cross sectional area at x =

[Sllel

As it was expected, the maximum shear stress, T = 0.347 MPa, occurs at the middle of the
height of the cast iron block cross section, unlike the bending stress which is maximum at the tops
of the cast iron block cross section. Now, after obtaining the distribution of both the bending stress
and shear stress at x = % it is possible to plot the Von Mises equivalent stress distribution, oy (y),
through the following equation [8].

1
ovm = \/2 [(G“ —00)* + (00— 033) + (033 — 611)2] +3 (04 +05+0%) (3.19)

Which leads to the following stress distribution across the cross sectional area of the cast iron
block:

oVM Distribution at x=L/2
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Figure 3.32: Von Mises equivalent stress distribution along the cross sectional area at x = %
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The maximum Oy, stress occurs at the tops of the cast iron block cross section, due to the
high contribution of the bending stress. With its maximum being oy = 3.270 MPa, leading to a
Safety Factor of 61.172, which is high, however as the upper cast iron block is available it will be
used. After the stress analysis presented above, a deflection analysis of the upper cast iron block
was performed. The double integration method was utilized in order to obtain the deflection, y(x).

Following is the primary equation of this approach [8][45].

%y _ M(x)
5= (3.20)

dy _ [ M(x)
Tl s (3.21)
& y(x) = / / Aﬁ;) dx0x (3.22)

By applying the formula 3.22 to the equations 3.9 and 3.10, it is possible to obtain the follow-

ing two expressions:

For%ZxZO:

1 [FxX®
= [12 +c1x+c2] (3:23)
And for L > x > %:
1 Fx* FL
Y2 = E |:—12 + TXZ +C3X+C4:| (324)

With C;, C;, C3 and C4 being integration constants. The analytical value of these constants

will be obtained through the imposition of the following four different boundary conditions.

* y1(0) =0, no deflection on the support;

* y2(L) = 0, no deflection on the support;

(Slle}

* y1(5) = y2(%). continuity condition;

* 61(%) = 6:(%), continuity condition.
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Being 0 = %, the slope. By replacing the values of the four constants into the equations 3.23
and 3.24, it is possible to generate the graphic below, which depicts the deflection distribution

along the upper cast iron block.

Deflection of the upper cast iron block
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Figure 3.33: Deflection of the upper cast iron block

According to the analysis performed and detailed above, the original pre-structure’s cast iron
blocks are compatible with the project. The exceptional robustness of the blocks results in a very
high safety factor, around 61.2, when the ultrasonic fatigue testing equipment applies a static 10 kN
load to the specimen. In addition to the high safety factor, there is extremely minimal deflection,
its maximum is around 0.01 mm as it can be seen in the Figure 3.33, making the use of the original
blocks even more desirable. However, the mechanical properties of the cast iron blocks are not

known, so the results need to be considered as an approximation.

3.4.2 Analysis of the new designed components and subassemblies

In this subsection, an analytical and numerical analysis of different new designed components and
subassemblies presented in the subsection 3.3.2 will be conducted and discussed. The definition
drawing of each component is presented in Appendix C. The main goals of this subsection are to
specify the manufacture material and to evaluate the behaviour of different designed components
and subassemblies when the ultrasonic fatigue testing equipment is performing tests with a static
10 kN load applied to the specimen. The ultrasonic booster and horn will be presented in the
subsection 3.4.4.

All of the screws used in the fastened connections are ISO 4762 - 12.9, the nuts are ISO 4033
- 12 and ISO 7089 washers were also used. The bolt grade 12.9 was chosen owing to the fact
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that it provided screws with the highest yield and tensile strength. In order to make the reading
of this document easier to comprehend, from this point forward it will only be stated the nominal
diameter of the utilized screws, nuts and washers. The different preloads and tightening torques
applied to the screws are listed in the tables presented in Appendix D.

In all of the upcoming Finite Element analysis, all the adjacent pairs of surfaces were con-
sidered to have a surface to surface interaction with a penalty tangential behaviour with a friction
coefficient of 0.14 and a hard contact normal behaviour. Additionally, the threaded portion of the
bolts was considered to be tied to the surrounding surface.

3.4.2.1 Analysis and validation of Section A subassembly

The first subassembly to be analyzed will be the connection between the upper cast iron block and
the vibration absorbing flange. This subassembly can be seen in more detail in the Figures 3.6 and
3.7. The primary purpose of this study will be to validate the design of the vibration absorbing
flange and choose its material of manufacture. This subassembly will be numerically analyzed
through the software Abaqus and only a static analysis will be performed due to the booster being

fixed on a vibration node, i.e. no relevant dynamic forces on the subassembly.

Figure 3.34: Symmetry view of the subassembly of upper cast iron block and vibration absorbing
flange on Abaqus

For this analysis, it was considered two half M6 screws (1), two half M6 washers (2), the
vibration absorbing flange (3) and the upper cast iron block (4) as it can be seen in the Figure 3.34.
In the Figure 3.34 it is possible to see the symmetry view, with regard to the XY and YZ symmetry
plane, of the Section A subassembly on Abaqus. It was taken advantage of the subassembly’s
symmetry in order to make the Abaqus analysis less mathematically expensive. Furthermore, it
was necessary to apply different symmetry conditions on the simmetry planes of the subassembly
as it can be seen in the Figure 3.35. On the XY symmetry plane, the displacement according to

the Z coordinate and the rotation according the X and Y axis was considered to be null. On the
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YZ symmetry plane, the displacement according the X coordinate and the rotation according the

Y and Z axis was considered to be zero.

Figure 3.35: Demonstration of the application of symmetry conditions on the Section A subassem-
bly

The mechanical properties considered for the cast iron were the same as those used in the
analytical calculation in the previous subsection. The material of the vibration absorbing flange,
screws and washers, steel, were considered to have a Young’s modulus, E, of 200 GPa and a Pois-
son’s ratio, v, of 0.3. In the Figure 3.36 is presented the mesh density of this Abaqus analysis. It
was utilized the hexahedron element type with reduced integration, C3D8R, to save computational
time and to relax the mathematical model. The elements within each component are presented in
the Table 3.8.

Figure 3.36: Mesh density of the Section A subassembly
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Table 3.8: Number of elements of each component of the subassembly presented in the Figure
3.36

Component Number of elements
Upper cast iron block 124280
Vibration absorbing flange 32620
Each M6 half bolt 912
Each M6 half washer 522

In the Figure 3.37 it is presented the subassembly with the bolt preloads, the static applied
load and the boundary condition. However, due to simplification the symmetry conditions are
not identified in the figure. This analysis represents the case where the ultrasonic fatigue testing
machine exerts a static load of 10 kN on the specimen, as described previously. And so, the
vibration absorbing flange will also be under a 10 kN load. In order to simulate this static load, a
reference point, RP-2, was created and coupled to the the threaded part of the vibration absorbing
flange, where the booster threads. Therefore, the static force is applied to the reference point,
which is only -2500 N owing to symmetry. The preload of the bolts was specified according to the
table in Appendix D. However, due to symmetry, only half of this load was applied to each bolt,
7592.2 N. For this analysis it were considered two consecutive steps. The first one regarding the

bolts preload and the second one regarding the considered external load.

Figure 3.37: Boundary condition and loads on the Section A subassembly without the symmetry
conditions

In addition to the symmetry conditions, another boundary condition was considered. As it can
be seen in the Figure above, the displacement on the Y direction was considered to be null in the
location where the guide shafts support the upper cast iron block. The Abaqus analysis results will

be presented next.
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S, Mises

(Avg: 75%)
+6.08%+02
+5.582e+02
+5.074e+02
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+3.552e402
+3.045e+02
+2.537e+02
+2.030e+02
+1.522e+02
+1.015e+402
+5.074e+401
+1.010e-03

Figure 3.38: Von Mises stress on the full Section A subassembly (MPa)

S, Mises

(Avg: 75%)
+1.344e+02
+1.232e+02
+1.120e+02
+1.008e+02
+8.963e+01
+7.842e+01
+6.722e+01
+5.602e+01
+4.481e+01
+3.361e+401
+2.241e+01
+1.120e+01
+1.010e-03

Figure 3.39: Von Mises stress on the upper cast iron block (MPa)

U, U2
+5.954e-03
+3.834e-03
+1.714e-03
-4,060e-04
-2.526e-03
-4,646e-03
-6.766e-03
-8.887e-03
-1.101e-02
-1.313e-02
-1.525e-02
-1.737e-02
-1.949e-02
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Figure 3.40: Vertical displacement on the upper cast iron block (mm)
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S, Mises

(Avg: 75%)
+2.3782+02
+2.180e+02
+1.982e+02
+1.784e+02
+1.586e+02
+1.388e+02
+1.190e+02
+9.923e+01
+7.943e+01
+5.963e+01
+3.984e+01
+2.004e+01
+2.445e-01

Figure 3.41: Von Mises stress on the vibration absorbing flange (MPa)

u, u2

-9.064e-03
-1.317e-02
-1.727e-02
-2.137e-02
-2.547e-02
-2.957e-02
-3.367e-02
-3.778e-02
-4,188e-02

-4,598e-02
-5.008e-02
-5.418e-02

-5.828e-02

Figure 3.42: Vertical displacement on the vibration absorbing flange (mm)

The results of the Abaqus analysis presented above demonstrate that the maximum Von Mises
stress occurs at the bolts, with its value being around 609 MPa. The maximum Von Mises stress
on the top cast iron block is around 134 MPa, however this is owing to the theoretical high stress
concentration factor in the bolt holes, in practice, this concentration factor will be reduced due to
the rounded edges of the holes. The maximum vertical displacement of the upper cast iron block
is very minimal, with its value being —1.95-10~2 mm. The differences noted on the analytical
and numerical results regarding the upper cast iron block can be justified by the model used for
the analytical analysis. For the analytical analysis it was considered a simplified cast iron block
with no holes, i.e. with improved rigidity. Furthermore, the numerical results with regard to the
upper cast iron block provide evidence that supports the claims made in the preceding subsection.
It is desirable to employ the cast iron blocks in the structure of the ultrasonic fatigue testing

machine due to its high robustness leading to low vertical displacement and low stresses when
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the equipment is testing the specimen with a 10 kN static load applied. This Abaqus analysis also
indicates that due to the bolt holes, the highest Von Mises stresses in the vibration absorbing flange
also occur in the zone of high theoretical stress concentration, 238 MPa. Nonetheless, stresses of
160 MPa and vertical displacements of —5.83 - 1072 mm are verified at the region where the

booster threads into the vibration absorbing flange.

The material that will be used to manufacture the vibration absorbing flange was selected after
taking a number of factors into consideration, including economics, the stresses and displacements
that were verified in the present numerical analysis, and the fact that it is a material that will be used
to manufacture additional components of the ultrasonic fatigue machine, which will be presented
later in this subsection. The selected material was the EN 40 CrMnNiMo 8-6-4 steel, designated at
Ramada Acos as PM300. This Cr-Ni-Mo-alloyed steel is supplied in the hardened and tempered
condition and offers the advantages of having good machinability, a high purity, good homogeneity
and an uniform hardness, which makes him suitable to be utilized as the manufacturing steel
of machine components requiring improved reliability. The mechanical properties of the EN 40
CrMnNiMo 8-6-4 steel, also known as AISI P20, are presented in the Table 3.9[46]. The definition

drawing of the vibration absorbing flange can be seen in the Appendix C.

Table 3.9: Mechanical Properties of the AISI P20 steel at 20°C [46]

Yield strength, oy 900 MPa
Ultimate tensile strength, og 1020 MPa
Density, p 7800 kg/m?
Modulus of elasticity, E 205 GPa
Poisson’s ratio, v 0.3

3.4.2.2 Analysis and validation of Section B subassembly

After completing the analysis of the first subassembly, an analytical and numerical analysis of the
subassembly presented in the Figures 3.11 and 3.12 will be conducted and discussed. The primary
goals of this analysis are to validate the design of the booster support, locking support and support
plate in order to ensure the safety and proper operation of the ultrasonic fatigue testing machine

when the maximum static load is applied to the specimen during testing.

To reduce the cost of the project described in this document, it was chosen to use an existing
S690 steel plate at INEGI to produce the support plate. The original thickness of the plate was
20 mm, and it was decided to retain it to avoid incurring further machining expenses. However, it
was required to reduce the thickness to 10 mm in the regions where the original linear ball bearing
pre-structure mounting hardware, shown in Figure 3.13, would be installed. The final design of
the support plate can be seen in the Figure 3.43. The mechanical properties of the S690 steel can
be seen in the Table 3.10.
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Figure 3.43: Final design of the S690 steel support plate

Table 3.10: Mechanical Properties of the S690 Structural Steel [47]

Yield strength, oy 781 MPa
Ultimate tensile strength, og 819 MPa
Density, p 7815.66 kg/m?
Modulus of elasticity, E 211593 MPa
Poisson’s ratio, v 0.3

The following analytical and numerical study will consist only in a static analysis because the
booster is fixed to the structure on a vibration node, therefore, the components of this subassembly
are not subjected to any considerable dynamic forces. The primary step of this analysis is going
to consist of an analytical study on the S690 steel support plate presented in the Figure 3.43.

The free body diagram of the S690 structural steel support plate is presented in the figure bel-
low. When the ultrasonic fatigue testing equipment performs tests subjecting the specimen to a

static load of 10 kN, F, the support plate will be subjected to two vertical forces of half the mag-
F

IR

of the power screw. The load cells are tractioned due to the propagation of the vertical movement

nitude at the connecting point with the load cells, originated due to the vertical displacement
of the power screw through the traction plate and the two squared section bars, as can be better
perceived through the Figures 3.19 and 3.20. Additionally, a force with the maximum magnitude,
F, with the opposite direction of the forces discussed above, is developed in the support plate due
to the traction applied to the specimen by the second pair of booster and horn. All the forces will
be assumed to be concentrated for the purpose of simplicity and only the segment of interest of
the support plate will be analyzed, the region between the two load cells connecting point, which
as a length of L = 0.21 m. Furthermore, the support plate will be considered without any holes in

order to simplify this first analytical approach.
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F

L)

F/2 F/2

Figure 3.44: Free body diagram of the support plate

The cross sectional area of interest of the support plate has the following dimensions:

e width, »=0.19 m

¢ height, 7 =0.02 m

 area=0.38-102 m?

And so, the second moment of area, I, can be calculated through the Figure 3.29:
bk

[= = 1.27-10 " m* (3.25)

The shear force distribution, V(x), and the bending moment distribution, M(x), are presented

in the figures bellow. The coordinate x represents the distance between the two load cells.
Shear Force Distribution
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Figure 3.45: Shear force distribution of the support plate
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Bending Moment Distribution
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Figure 3.46: Bending moment distribution of the support plate
It is possible to divide the bending moment distribution into two sections.
For % >x>0:
F
M(x) = —5X (3.26)
And for L > x> %:
F F
M(x)=—x——=L 3.27
(W=7 (3:27)

Through the Figure 3.46, it is possible to identify the maximum bending moment, Myax =
—525 Nm and it occurs at x = % The bending stress distribution graphic in the zone of greatest
bending moment, opp(y), can be obtained through the equation 3.11, and it is presented in the
Figure 3.47. This plot represents the bending stress distribution along the cross sectional area of

the support plate, at x = % and y is the distance above or bellow the neutral axis.
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Bending Stress Distribution at x=L/2
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Figure 3.47: Bending stress distribution along the cross sectional area of the support plate at x = 3

Additionally, the shear stress distribution, 7(y), along the cross section of the support plate at
x= % can be obtained through the equation 3.18. The highest value of shear force, V = £5000 N,

can be seen in the Figure 3.45 and the shear stress distribution is presented bellow.

Shear Stress Distribution at x=L/2
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Figure 3.48: Shear stress distribution along the cross sectional area of the support plate at x = 3

Furthermore, after getting the bending stress and shear stress distributions at x = % it is fea-

sible to plot the Von Mises equivalent stress distribution of the support plate, Gy (y), using the

equation 3.19. The Von Mises equivalent stress distribution is presented next.



82 Structural Development of an Ultrasonic Fatigue Testing Equipment

oVM Distribution at x=L/2
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Figure 3.49: Von Mises equivalent stress distribution along the cross sectional area of the support

_L
plate at x = 5

Due to the significant contribution of the bending stress, the highest oy, stress occurs at the
tops of the support plate cross section, as it can be seen from the figure above. The maximum
value of the oy, is 41.45 MPa, leading to a safety factor SF = % = 18.79.

A deflection analysis of the support plate was undertaken after it was determined that the
outcomes of the stress analysis that were provided above were favorable. In order to calculate the
deflection, y(x), the double integration method was employed. So, the formula 3.22 was applied to
the two bending moment distribution equations, 3.26 and 3.27, and the results are presented next.

For%zxZO:

o 3
yi(x) 1|:Fx+C1X+C2:| (3.28)

And for L > x > %:

1 [sz‘ —FLx*

y) = o |+

2
12 4 + C3X + C4:| (3 9)

Being Cy, (3, C3 and C; the integration constants. The implementation of the following distinct
boundary conditions will result in the determination of the analytical value of these constants,

allowing the generation of the the graphic illustrating the deflection distribution along the support

plate. This graphic is presented in the Figure 3.50.
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* y1(0) =0, zero deflection at the beginning of the length of interest of the support plate;

* y2(L) = 0, zero deflection at the end of the length of interest of the support plate;

[Sllyy)

* y1(5) = y2(%), continuity condition on the deflection;

. 91(

D~

) = 6,(%), continuity condition on the slope;

. 9(%) = 0, no slope on the middle of the length of interest of the support plate.
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Figure 3.50: Deflection of the support plate

Through the examination of the data depicted in the Figures 3.49 and 3.50, it is possible to
perceive that the support plate will offer the required level of safety to be included in the ultrasonic
fatigue testing equipment. The maximum deflection of the support plate is 0.07 mm as can be seen
in the figure above. This level of deflection is advantageous to the design since it provides some
flexibility which facilitates the use of the power screw to generate the static load. The design of
the support plate is advantageous to the project due to its high safety factor and low manufacturing
cost, which result from the utilization of an existing S690 steel plate at INEGI.

After the validation of the support plate was completed through the analytical analysis pro-
vided and discussed above, a numerical analysis was conducted on the subassembly presented in
the Figures 3.11 and 3.12. The primary objectives of this analysis, which will be carried out using
the Abaqus software, are to validate the design of the remaining subassembly components, i.e., to
ensure that they are capable of providing the necessary safety when the ultrasonic fatigue testing
machine is applying the maximum static load to the specimen, and to define their manufacturing
material. In the Figure 3.51 it is presented the symmetry view of the subassembly on Abaqus with
regard to the XY and YZ symmetry planes. For this analysis, the locking support (1), the booster
support (2), the support plate (3), two M8 bolts, two M8 nuts and four M8 washers were taken into
account, the fixing hardware are not numbered in the Figure 3.51 for simplicity. As said before,
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the ultrasonic booster and horn will be analyzed and discussed in the subsection 3.4.4. The locking
support (1) must have no direct contact with the support plate (3) before the bolts being tightened,
a gap of 0.5 mm exists before the tightening of the bolts, in order to ensure the correct clamping of
the booster support (2). In order to simplify the analysis, the rubber rings presented in the Figures
3.11 and 3.12 were disregarded.

Figure 3.51: Symmetry view of the Section B subassembly presented in the Figures 3.11 and 3.12
on Abaqus

The mechanical properties of the S690 steel support plate are the same as shown in Table
3.10. The rest of the components were considered to be manufactured out of a regular steel with
a Young’s modulus, E, of 200 GPa and a Poisson’s ratio, v, of 0.3. For this numerical analysis
only the hexahedron element type with reduced integration, C3D8R, was utilized and in the figure
bellow the mesh density of this Abaqus analysis can be seen. The Table 3.52 provides an overview

of the total number of elements that constitute each component.

Figure 3.52: Mesh density of the Section B subassembly
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Table 3.11: Number of elements of each component of the subassembly presented in the Figure
3.52

Component Number of elements
Support plate 32110
Locking support 28176
Booster support 12285
Full M8 bolt 6376
Full M8 nut 2160
Full M8 washer 320

The M8 half bolt, M8 half nut and M8 half washers visible in the Figure 3.51 are not identified
in the table above as they have half of the entire component elements. To reduce the mathematical
cost and to save computational time of the Abaqus analysis, it was taken advantage of the symme-
try of the subassembly; hence, it was required to impose different symmetry requirements on the
subassembly’s simmetry planes, as shown in the Figure 3.53. As in the Abaqus analysis of Figure
3.35, on the XY symmetry plane, the displacement according to the Z coordinate and the rotation
according the X and Y axis was considered to be null. Furthermore, the displacement according
the X coordinate and the rotation according the Y and Z axis was considered to be zero on the YZ

symmetry plane.

Figure 3.53: Demonstration of the application of symmetry conditions on the Section B subassem-
bly
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Figure 3.54: Boundary condition and loads on the Section B subassembly without the symmetry
conditions

The figure above illustrates the subassembly with the bolt preloads, the applied static load
and the boundary condition considered in this Abaqus analysis. The figure was simplified, so
the symmetry conditions presented in the Figure 3.53 are not shown. This numerical analysis
represents the situation in which the ultrasonic fatigue testing machine is performing tests with the
maximum static load applied to the specimen, 10 kN. To replicate the aforementioned condition,
a reference point, RP-1, was coupled to the threaded portion of the booster support, where the
booster screws, and a positive static force of 2500 N, due to symmetry, was applied to the reference
point. The M8 bolts preload was specified based on the data in the Appendix D, so a preload of
27896.5 N was applied to the full M8 bolt and a preload of 13948.3 N was applied to the half
MS bolt. Additionally, the vertical displacement on the upper zone of the bolt hole that connects
the support plate with the load cell was considered to be null, since the load cell is fixed trough a
bolt. For this finite element analysis, two consecutive steps were utilized. The first one regarding
the bolts preload and the second one regarding the considered external load. The results of this

numerical analysis are presented next.

S, Mises

(Avg: 75%)
+6.873e+02
+6.301e+402
+5.728e+02
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Figure 3.55: Von Mises stress on the full Section B subassembly (MPa)
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S, Mises

(Avg: 75%)
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Figure 3.56: Von Mises stress on the support plate (MPa)
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Figure 3.57: Vertical displacement on the support plate (mm)

S, Mises

(Avg: 75%)
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Figure 3.58: Von Mises stress on the locking support (MPa)
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u, uz
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Figure 3.59: Vertical displacement on the locking support (mm)

S, Mises

(Avg: 75%)
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Figure 3.60: Von Mises stress on the booster support (MPa) - Front

S, Mises
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Figure 3.61: Von Mises stress on the booster support (MPa) - Back
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U, u2
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Figure 3.62: Vertical displacement on the booster support (mm) - Front
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Figure 3.63: Vertical displacement on the booster support (mm) - Back

In the Figure 3.55, it is presented the Von Mises stress distribution on the full Section B sub-
assembly, with its maximum stress occuring on the M8 bolts, around 687 MPa. The maximum Von
Mises stress presented in the support plate is around 283 MPa, as it can be seen in the Figure 3.56,
and the maximum vertical displacement is 8.87 - 1072 mm, as shown in the Figure 3.57. These
results differ from the ones obtained analytically due to the simplified support plate model utilized
to the analytical analysis. Despite that, the numerically obtained results still ensure the needed
safety for the ultrasonic fatigue equipment proper operation. As mentioned before, the primary
objectives of this analysis are the validation of the design of the booster support and locking sup-
port, and the establishment of their manufacturing material based on the results presented above.
Through the Figure 3.58 it is possible to identify that the locking support presents a maximum
Von Mises stress of around 345 MPa on the top of the through holes for the M8 bolts. The booster
support, as it can be seen in the Figures 3.60 and 3.61, presents a maximum stress of around 271
MPa on the edges that are contacting with the locking support and the support plate. Both of the
previously identified maximum stress locations are zones of high theoretical stress concentration

due to being sharp edges. In practice, owing to the manufacturing processes, these edges will have
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some radius of curvature, fillets, decreasing the verified stresses in the present analysis. The max-
imum vertical displacement for both locking support and booster support is, as it can be identified
in the Figures 3.59 and 3.63, —1.31-10~! mm and —8.17 - 1072 mm, respectively. Considering
the results that were mentioned previously, it was decided that the manufacturing material of both
of the components, locking support and booster support, is going to be the AISI P20 steel. The
mechanical properties of this steel are already listed in the Table 3.9. This selection was primarily

influenced by the material’s ease of machining, accessible price and high yield strength.

3.4.2.3 Analysis and validation of Section C subassembly

Following the conclusion of the analytical and numerical analysis of the Section B subassembly,
an analytical and numerical analysis of the Section C subassembly, which is depicted in Figures
3.15 and 3.16, will be carried out, presented and then discussed.

In order to guarantee the safety and correct operation of the ultrasonic fatigue testing equip-
ment, being developed in the present document, when the maximum static load is being applied
to the specimen during testing, this analytical and numerical analysis seeks to validate the design
and define the material of manufacture of the bearing holder, bearing cases and traction plate,
presented in the Figure 3.16 and identified in the Table 3.4. First, an analytical evaluation and
validation of the traction plate will be presented. Then, two numerical analyses using the Abaqus
software will be performed. The primary goals of these two numerical analyses are to define the
final design of the bearing holder and bearing cases and to examine how the applied tightening

torque to the bolts affects the double direction thrust ball bearing.

Identically to the support plate presented in the Figure 3.43, the traction plate will similarly
be fabricated using the existing S690 steel plates at INEGI. The original thickness of the plate, 20
mm, will be maintained in order to prevent any additional costs associated with machining. The
mechanical properties of the S690 steel are already presented in the Table 3.10. The final design of
the S690 steel traction plate is presented in the Figure 3.64 and the considered free body diagram
of the S690 steel traction plate for the analytical analysis is presented in the Figure 3.65. When
the ultrasonic fatigue testing equipment is subjecting the specimen to a static load of 10 kN, the
traction plate will be subjected to a concentrated force, F, of the same magnitude being applied in
the middle of its length. This force, F, is originated due to the downward vertical movement of
the power screw. In addition, there are two vertical reactions of magnitude %, with the opposite
direction of F, at the center of the through holes where the traction plate connects with the two

squared section bars, as can be seen in the Figures 3.19 and 3.20.
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Figure 3.64: Final design of the S690 steel traction plate
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Figure 3.65: Free body diagram of the S690 steel traction plate

All the forces will be assumed to be concentrated for the purpose of simplicity and only the
segment of interest of the traction plate will be analyzed, the region between the center points of
the through holes, where the reactions are considered. So, the considered length of the traction
plate is L = 0.21 m, which is the distance between the supports. Furthermore, the traction plate

will be considered without holes for the analytical analysis.

The cross sectional area of the traction plate has the following dimensions:
e width, b>=0.12 m

* height, h =0.02 m

* area=0.24-107? m?

The second moment of area, I, can be calculated through the Figure 3.29 and the dimensions

presented above:
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bh3
[ = = 8-10 8 m* (3.30)

The Figures below illustrate the shear force distribution, denoted by the notation V(x), as well
as the bending moment distribution, denoted by the notation M(x). The coordinate x represents the

distance between the center points of the through holes.

Shear Force Distribution
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Figure 3.66: Shear force distribution of the traction plate

Bending Moment Distribution
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Figure 3.67: Bending moment distribution of the traction plate

The Bending moment distribution, shown in the Figure 3.67, can be partitioned into two dis-

tinct sections.
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For%ZxZO:

M(x) = (3.31)

And for L > x > %:

M(x) = EL— —X (3.32)

The maximum bending moment, Myax = 525 Nm, occurs at x = % as it can be seen in the
Figure 3.67. The graphic representation of the bending stress distribution in the zone of highest

bending moment, opp(y), can be determined through the utilization of the equation 3.11, and it is

shown below in the Figure 3.68.

Bending Stress Distribution at x=L/2
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Figure 3.68: Bending stress distribution along the cross sectional area of the traction plate at x = 3

The graphic shown above illustrates the distribution of bending stress throughout the cross
sectional area of the traction plate at x = % and y is the distance above or below the neutral axis
of the traction plate. The maximum shear force can be identified in the Figure 3.66 as being V =
+5000 N. And so, the shear stress distribution, 7(y), along the cross section of the traction support
atx = % can be obtained through the equation 3.18. The shear stress distribution is presented in

the Figure 3.69.
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Shear Stress Distribution at x=L/2
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Figure 3.69: Shear stress distribution along the cross sectional area of the traction plate at x = %

The maximum bending stress occurs at the tops of the traction plate cross section, as it can
be seen in the Figure 3.68, with its value being ogp = £65.63 MPa, whereas the maximum shear
stress, T = 3.13 MPa, occurs at the middle of the height of the traction plate cross section as can
be verified in the figure bellow. Now that the distributions of both the bending stress and the shear
stress have been determined and presented at x = %, it is possible to plot the Von Mises equivalent
stress distribution, oy (y), using the equation 3.19. The Von Mises distribution at x = % of the
traction plate is presented bellow.

oVM Distribution at x=L/2
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Figure 3.70: Von Mises equivalent stress distribution along the cross sectional area of the traction

_L
plate at x = 5

Through the Figure 3.70, it is possible to perceive that the tops of the traction plate cross

section experience the highest oy, stresses due to the superior contribution of the bending stress.
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The maximum value of the oy is 65.63 MPa, leading to a high safety factor of SF = 6757%693 =
11.87.

Following the results of the stress analysis presented before, a deflection analysis of the trac-
tion plate was carried out. In order to calculate the deflection, y(x), the double integration method
was utilized, and so, the following two deflection equations were obtained through the two bending

moment distribution equations, 3.31 and 3.32.

For%zxZO:

1 [Fx°
y1 = El |:12 +C1X+C2:| (333)
And for L > x > %:
1 [ FX* FL
2= —ﬁ+7x2+C3x+C4 (3.34)

Where C, >, C3 and Cy are the integration constants. The application of four of the following
distinct boundary conditions will result in the calculation of the analytical value of these constants,
which will enable to generate a graphic that illustrates the deflection distribution along the length

of the traction plate.

* y1(0) =0, no deflection at the beginning of the length of interest of the traction plate;

* y2(L) = 0, no deflection at the end of the length of interest of the traction plate;

* ¥ (%) = yz(%), continuity condition on the deflection;

61(%) = 6:(%), continuity condition on the slope;

. 0(%) =0, no slope on the middle of the length of interest of the traction plate.

The deflection distribution along the traction plate can be seen in the Figure 3.71.
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Deflection of the traction plate
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Figure 3.71: Deflection of the traction plate

The designed traction plate is compatible with the project being developed in this document,
based on the analytical analysis completed and described above. The maximum deflection of the
traction plate is 0.11 mm as can be seen in the Figure 3.71. The high safety factor, SF = 11.87,
and flexibility of the traction plate benefits the project. In addiction of that, there is no need to
purchase S690 steel since it already exists at INEGI.

Following the discussion of the traction plate design and the subsequent validation of the de-
sign through the analysis presented previously, two distinct numerical analyses, using the Abaqus
software, regarding the subassembly presented in the Figures 3.15 and 3.16 are going to be pre-
sented and the results will be discussed. The key goals of these two analyses are to establish
the final design of the remaining subassembly components, define the manufacturing material for
those components and evaluate the effect that the applied tightening torque on the bolts has on the
bearing.

In the Figure 3.72, the first finite element analysis on Abaqus is displayed. This analysis
considered an M10 bolt (1), an M10 washer (2), the bearing holder (3), a solid ring representing a
section of the bearing (4) and a portion of the original power screw (5). The bearing holder (3) was
designed in order to left a 0.5 mm gap between it and the power screw (5) before the tightening of
the M10 bolt (1), in order to ensure the correct clamping of the bearing. All of the components of
this analysis were considered to be manufactured out of a regular steel with a Young’s modulus,
E, of 200 GPa and a Poisson’s ratio, v, of 0.3. The mesh density of this analysis is presented in
the Figure 3.73 and the total number of elements within each component is displayed in the Table
3.12. For this numerical analysis only the hexahedron element type with reduced integration,
C3DS8R, was utilized. It is possible to visualize in the Figure 3.72 the boundary conditions and
loads considered in this analysis. The bottom of the power screw was considered to be fixed and
since this analysis considers that the ultrasonic fatigue testing equipment is performing tests with

the maximum static load applied to the specimen, a 10 kN distributed force was considered to
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be applied on the upper surface of the bearing solid ring to replicate the aforementioned situation,
which is the most critical case. For this analysis, two different and consecutive steps were assumed.
The first one regarded the bolt load and the second one the external force.

Figure 3.72: Bolt tightening torque influence analysis assembly on Abaqus
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Figure 3.73: Mesh density of the bolt tightening torque influence analysis
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Table 3.12: Number of elements of each component of the subassembly presented in the Figure
3.73

Component Number of elements
Portion of the power screw 19806
Full M10 bolt 11520
Bearing holder 8010
Bearing solid ring 4100
Full M10 washer 480

Additionally, the M10 bolt preload was specified based on the data displayed in the Appendix
D, so a preload of 44440 N was considered. The results of this finite element analysis are going to

be presented next.

S, Mises
(Avg: 75%)

+7.074e402
+6.4862402
+5.898e+02
+5.311e402
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+2.960e+402
+2.372e+402

+1.785e+02
[ +1.197e+4+02

+6.093e+01
+2.169e+400

Figure 3.74: Von Mises stress on the section view of the assembly of the bolt tightening torque
influence analysis (MPa)
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S, Mises

(Avg: 75%)
+2.911e4-02
+2.671e+402
+2.431e+402
+2.191e402
+1.951e4-02
+1.711e402
+1.471e+4+02
+1.231e+402
+9.912e401
+7.512e+401
+5.113e401
+2.713e+01
+3.137e+400

Figure 3.75: Von Mises stress on the section view of the bearing holder (MPa)
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Figure 3.76: Vertical displacement on the section view of the bearing holder (mm)

As it is possible to identify in the Figure 3.74, the maximum Von Misses stress occurring
in the present finite element analysis is located in the M10 bolt, on the sharp edge where it is
connected with the washer, being its value around 707 MPa. Through the Figures 3.75 and 3.76
it is possible to point out that the bearing holder presents a maximum Von Mises stress of around
291 MPa and a maximum vertical displacement of —2.27 - 10~> mm which both occur on the top
of the through hole for the M10 bolt. Due to the top of the through hole being a sharp edge, it

is a high stress concentration zone which in practice will have a radius of curvature due to the
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manufacturing process, decreasing the stresses. One of the objectives of the present analysis is to
define the manufacturing material of the bearing holder, and so, through the consideration of the
present results and the ease of machining it was decided to manufacture the bearing holder in AISI
P20 steel, whose mechanical properties are listed in the Table 3.9. Furthermore, in the Figure 3.77
it is presented the Von Mises stress distribution on the bearing solid ring. It can be noticed that the
maximum Von Mises stress is 91 MPa allowing to conclude that the applied M10 bolt tightening
torque will not lead to an incorrect bearing behavior when in operation, i.e. the bolt tightening

torque will not cause the plastic deformation of the bearing.

S, Mises
(Avg: 75%)

+9.15% 401
.E +8.424e401

+7.689%e+01
+6.954e401
+6.219%+401
+5.485e+401
+4.750e+401
+4.015e401
+3.280e+01

+2.546e+401
[ +1.811e+401

+1.076e+01
+3.412e+400

Figure 3.77: Von Mises stress on the section view of the bearing solid ring (MPa)

Following the conclusion of the preceding numerical analysis, the second and last finite ele-
ment analysis on Abaqus of the Section C subassembly, which can be seen in the Figures 3.15 and
3.16, is going to be presented next. In order to decrease the computational time of this Abaqus
analysis, as it is more mathematically expensive than the previous finite element analysis, the sim-
metry of the Section C subassembly was considered with regard to the XY and YZ symmetry
planes, and the symmetry view of the subassembly on Abaqus is displayed in the Figure 3.78. For
this analysis, the traction plate (1), the two bearing cases (2) & (3), a simplified solid bearing (4),
two M6 bolts, two M6 nuts and four M6 washers visible in the Figures 3.15 and 3.16 were taken
into account. The fixing hardware is not numbered in the Figure 3.78 for simplicity. In order to
ensure the correct installation of the bearing, before the tightening of the bolts there’s a 0.04 mm
gap between both of the bearing cases (2) & (3) and the traction plate (1), which will guarantee
the correct bearing clamping and functioning after the tightening of the bolts. The primary goals
of this analysis are identical to those of the preceding one. In the Figure 3.79, it is presented the
mesh density of this finite element analysis and in the Table 3.13 it is listed the number of finite
elements that constitute each component. This numerical analysis was carried out by only using
hexahedron elements with reduced integration, C3D8R elements. As it was stated before, it was
taken advantage of the symmetry of the subassembly and in the Figure 3.80 it is presented the
different symmetry conditions that were considered.
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Figure 3.78: Symmetry view of the Section C subassembly presented in the Figures 3.15 and 3.16

on Abaqus

Figure 3.79: Mesh density of the Section C subassembly on Abaqus



102 Structural Development of an Ultrasonic Fatigue Testing Equipment

Table 3.13: Number of elements of each component of the subassembly presented in the Figure
3.79

Component Number of elements
Each bearing case 47160
Traction plate 17660
Simplified solid bearing 8159
Each M6 half bolt 1572
Each M6 half washer 684
Each M6 half nut 210

Figure 3.80: Demonstration of the application of symmetry conditions on the Section C subassem-
bly
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As in the previous Abaqus analysis of the present document, where different symmetry condi-
tions were employed, on the XY symmetry plane, the displacement according to the Z coordinate
and the rotation according the X and Y axis was considered to be null. In addition, on the YZ
symmetry plane, the displacement according to the X coordinate and the rotation according to the
Y and Z axis were considered to be zero.

Figure 3.81: Boundary condition and loads on the Section C subassembly without the symmetry
conditions

The S690 steel traction plate was considered to have the mechanical properties displayed in
the Table 3.10 and all the other components of the present analysis were considered to be man-
ufactured out of steel, Young’s modulus, E, of 200 GPa and a Poisson’s ratio, v, of 0.3. In the
Figure 3.81 it is presented the section C subassembly without the symmetry conditions presented
in the Figure 3.80 and discussed earlier, due to simplification. However, the half bolt preloads,
considered static load and boundary condition taken into account in this Abaqus analysis are illus-
trated. For this finite element analysis, two consecutive steps were utilized. The first one regarding
the bolts preload and the second one regarding the considered external load. The M6 half bolts
preload were specified based on the data displayed in the Appendix D, so both of the M6 half
bolts were subjected to a preload of 7592.2 N. The vertical displacement on the lower zone of the
through hole in the traction plate, where it connects with the squared section bar as it is possible
to identify in the Figures 3.19 and 3.20, is defined to be zero. A distributed static load of 2500 N
was applied to the simplified solid bearing in order to simulate the most extreme scenario in which
the ultrasonic fatigue testing equipment is conducting tests with the specimen subjected to the
maximum static load, 10 kN. The results of this finite element analysis are going to be presented

next.
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Structural Development of an Ultrasonic Fatigue Testing Equipment

Figure 3.82: Von Mises stress on the full Section C subassembly (MPa)
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Figure 3.83: Von Mises stress on the traction plate (MPa)
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Figure 3.84: Vertical displacement on the traction plate (mm)
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5, Mises
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Figure 3.85: Von Mises stress on the simplified solid bearing (MPa)
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Figure 3.86: Vertical displacement on the simplified solid bearing (mm)
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Figure 3.87: Von Mises stress on the upper bearing case (MPa)
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U, U2
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Figure 3.88: Vertical displacement on the upper bearing case (mm)
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Figure 3.89: Von Mises stress on the lower bearing case (MPa)
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Figure 3.90: Vertical displacement on the lower bearing case (mm)

The maximum Von Mises stress occurring in the present Abaqus analysis of the section C
subassembly was verified in the M6 half bolts, as it can be noted through the Figure 3.82, being
its value around 651 MPa. The maximum Von Mises stress verified on the traction plate was

around 348 MPa, as it can be seen in the Figure 3.83, and the maximum vertical displacement
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can be noted on the Figure 3.84 as being —2.66 - 10~* mm. These results differ from the ones
obtained analytically due to the high stress concentration factor zones considered on the numerical
analysis and due to the simplifications made on the analytical model. Furthermore, the traction
plate offers and ensures the necessary safety for the correct operation of the ultrasonic fatigue
equipment. As stated previously, one of the key purposes of this analysis was to guarantee the
bearing’s proper performance in the most extreme operating condition of the fatigue equipment
being developed in the present document, i.e. the bearing’s proper functioning in the most extreme
scenario without suffer plastic deformation. Through the Figure 3.85, it is possible to verify
that the higher Von Mises stress ocurring in the simplified solid bearing was around 175 MPa.
The maximum stress verified on the bearing is confined to relatively localized areas and will not
interfere with the bearing’s proper operation. Furthermore, through the results presented in the
Figures 3.87, 3.88, 3.89 and 3.90 it is possible to validate the design of the bearing cases and
define their manufacturing material. Both of the bearing cases present the maximum Von Mises
stress around the edge of the through hole for the M6 bolts, with the upper bearing case presenting
a stress of around 269 MPa and the lower bearing case presenting a stress of around 256 MPa, as
it can be seen in the Figures 3.87 and 3.89. The maximum vertical displacement of the upper and
lower bearing case is minimal. The maximum vertical displacement occurring in the upper bearing
case is —8.62- 1072 mm, as it can be denoted in the Figure 3.88, and for the lower bearing case, a
maximum vertical displacement of —2.16-10~2 mm can be verified in the Figure 3.90. In light of
the results that were presented earlier, it was determined that the AISI P20 steel, whose mechanical
properties are already listed in the Table 3.9, would be the material of choice for the manufacture
of the bearing cases. This option was principally driven by the material’s high yield strength, low
cost and ease of machining. The final definition drawings of the traction plate, bearing holder and

bearing cases are presented in the Appendix C.
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3.4.3 Thread stresses

In the present subsection, the thread stresses on the most critical points of the threaded portion of
the vibration absorbing flange and booster support will be analytically analyzed. This analysis’s
primary purpose is to supplement the finite element analyses whose results are presented in the
Figures 3.41, for the vibration absorbing flange, and 3.60, for the booster support. These two
components are manufactured from the the same material, AISI P20 steel, have the same thread
dimensions and have the same effective number of threads in the engagement zone, hence, the

following analysis will be valid for both the vibration absorbing flange and booster support.
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Figure 3.91: Critical points and stress components (Adapted from [48])

In the figure above, it is presented the most critical points in a threaded connection. The point
A is only considered for power screw threads, so, this analysis will only be focused on the points
B and C. At critical point B, the most likely to occur failure modes are stripping and fatigue. As it
can be seen in the Figure 3.91, the stress components acting on the critical point B are the direct
tensile stress, oy, due to the tensile force acting on the threads, the torsional shear, 7y, due to the
tightening and the transverse shearing stress, T;_qx, due to the thread bending [48].

The direct tensile stress, o;, can be calculated through the following equation:

AF,
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Where Fj, is the tensile force, which includes the preload, and d, the root diameter of the

thread. Furthermore, the torsional shear, 7y, is given by the following equation:

16 (T, — Tyy)

With T, being the torque to overcome friction at the contact face of the considered nut and 7;

the tightening torque to produce the desired preload, which can be calculated through:

T, = K1 Fyd, (Nmm) (3.37)

Where K7 is the torque coefficient and dj, the nominal diameter of the thread. Finally, the

transverse shearing stress, T;,_max, 1S given by the equation 3.38.

3F,
wd,pn,

(MPa) (3.38)

Tir—max =

Where p is the thread pitch and 7, the effective number of threads in the engagement zone. At
critical point C, the most critical failure modes are yielding and fatigue, with the stress components
being the direct tensile stress, o;, presented in the equation 3.35, the torsional shear, T, given by
the equation 3.36 and the thread bending stress, o}, presented in the following equation, with d),
being the pitch diameter of the thread [48].

o, _ 126 (dp—dy)

MP 3.39
dnep? (MPa) (3.39)

The thread dimensions, regarding the threaded portion of the vibration absorbing flange and

booster support, are going to be presented next [49].

e Nominal diameter (dp) = 53 mm;
* Pitch diameter (d,,) = 52.4 mm;

¢ Root diameter (d,) = 51.9 mm;

Pitch (p) = 1 mm;

The effective number of threads, n,, will be calculated through the following equation:
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n, = Smaller length of sz t:readed connection _95 (3.40)
itc

The result presented above, took into account the smaller threaded length of the components
of the two connections, vibration absorbing flange & booster and booster support & booster. The
threaded lengths can be seen in more detail in the technical drawings presented in the Appendix
C. Nonetheless, a value of n, equal to 8 will be considered due to being more conservative. Fur-
thermore, the present analysis will consider a null value for the 7, ¢ in order to simulate the most
extreme scenario, F, will be considered as 15 kN, a value of 0.2 will be considered to the torque
coefficient due to being a common and conservative value for this types of connections [48]. In
light of the preceding information and according to the equations 3.35, 3.36, 3.37, 3.38 and 3.39

it is possible to reach the following results:

0, =7.1 MPa (3.41)
oy = 59.7 MPa (3.42)
7, = 5.8 MPa (3.43)
Tr—max = 34.5 MPa (3.44)

Additionally, through the results presented above and through the use of the equation 3.19, it
is possible to calculate the equivalent Von Mises stress on the critical points B and C. The verified
Von Mises equivalent stress on point B was 61.0 MPa and the verified Von Mises equivalent stress
on point C was 57.4 MPa, so, the point B is the most critical in the present analysis. Finally, a
safety factor can be calculated on point B with the use of the mechanical properties presented in
the Table 3.9. The safety factor presents a value of 14.8, which ensures the necessary safety for

the correct operation of the ultrasonic fatigue testing equipment.
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3.4.4 Ultrasonic booster and horn
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In this subsection, the ultrasonic booster and horn selected to be utilized in the project being
developed in this document will be presented and discussed. Ti-6Al-4V was chosen as the manu-

facturing material for both the booster and the horn. One of the primary reasons that led for this

decision were the titanium’s low loss coefficient, 17, as can be seen highlighted in green in the

Figure 3.92. The loss coefficient, 1, of a material is directly related with the material’s damping

[50]. As a result, the higher the loss coefficient, the higher the mechanical energy dissipation.
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In steady state, the ultrasonic fatigue machine must provide the same quantity of mechanical
energy that was lost. Using a material with a higher damping, implies a higher loss coefficient,
which would result in a greater quantity of mechanical energy being dissipated, which would
be largely dissipated as heat, affecting the ultrasonic system and the expected results, leading
to an increase in the ultrasonic fatigue machine’s energy consumption. The following equation,

correlates the average specimen power density dissipated, ¢, with the loss coefficient, 1 [52]:

g =nEn fye? (3.45)

Where E is the Young’s modulus, fj is the resonance frequency of the specimen and € is the
strain amplitude. As it can be noted, the dissipated power is proportional to the loss coefficient,
so, it is desirable to have a low loss coefficient. Another of the primary factors that contributed
to the titanium’s selection as the manufacturing material for the booster and horn, was its rela-
tively constant Elastic Modulus, E, when compared with the materials that present a lower loss
coefficient. Additionally, the Ti-6Al-4V is the most standard solution for the choice of the man-
ufacturing materials of the ultrasonic boosters and horns. Furthermore, the low variation of the
modulus of elasticity, E, presented by the Ti-6Al-4V increases the reliability of the design/project.
Two Ti-6Al-4V cylinders were purchased from JACQUET Portugal for the production of the two
boosters and the two horns. Both cylinders have a length of 300 mm, however, one has a diameter
of 60 mm, to manufacture the boosters, and the other a diameter of 40 mm, to manufacture the
horns, in order to reduce material loss during machining operation. The mechanical properties of
the bought titanium, Ti-6Al-4V, are demonstrated in the Appendix B. A table summarizing the
mechanical properties of the Ti-6Al-4V will be presented below.

Table 3.14: Minimum Values of the Mechanical Properties of the Ti-6Al-4V at room temperature
[53]

Yield strength, oy 825 MPa
Ultimate tensile strength, og 895 MPa
Density, p 4430 kg/m?
Modulus of elasticity, E 114 GPa
Poisson’s ratio, v 0.3

The connection between the piezoelectric transducer, presented in the Figure 3.8, and the
booster is ensured through a % - 20 stud. Therefore, it was decided that a % - 20 stud would also
be used to secure the connection between the booster and the horn. Additionally, the % - 20 studs
will be made from titanium. An existing Ti-6Al-4V plate at INEGI will be used to manufacture
them.

In Chapter 2, it was stated that the ultrasonic booster and horn needed to be designed so
that their first natural longitudinal frequency corresponds with the excitation frequency of the

piezoelectric transducer, 20 kHz in the present project. The chosen booster design can be seen in
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the Figure 3.93 (a), and it was provided by MPInterconsulting [39]. The booster definition drawing
is presented in Appendix C. This booster’s first longitudinal frequency is set to be near to 20
kHz. In order to confirm what had been stated, an Abaqus modal analysis of the titanium booster
with two titanium half studs was conducted, as can be seen in the Figure 3.93 (b). The contact
between the booster and the studs was assumed to be a tie constraint and the modal simulation was
performed on a free body condition, so, the first vibration modes of the present modal analysis will
present rigid body motion and so will be discarded. The utilized titanium mechanical properties
are listed in the Table 3.14. For this finite element analysis, it was utilized the tetrahedron element
type with quadratic geometric order, C3D10, and the considered mesh density is presented in the

following table.

Table 3.15: Number of elements of each component of the Booster Modal Analysis

Component Number of elements
Booster 68414
Each Stud 10561

(a) Booster 3D design [39] (b) Section View of the Abaqus Modal
Analysis assembly on the Booster

Figure 3.93: 3D Booster design and Abaqus Modal Analysis assembly
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The results of the Abaqus modal analysis are presented in the figures bellow. As it can be
noticed, the corresponding first natural longitudinal frequency is 19770 Hz, very close to the 20
kHz, as expected. One of the main features of this booster is the existence of a threaded part,
which can be seen in more detail in the definition drawing presented in the Appendix C, where it

will thread on a flange, vibration absorbing flange and booster support in the present project.

u, u2
+1.104e+400
+7.79%e-01
+4.556e-01
+1.312e-01
-1.931e-01
— -5,174e-01
-8.418e-01
-1.166e+00
-1.490e+00
-1.815e+00
-2.139e+00
-2.463e+00
-2.788e+00

ODB: Modal_4.0db Abaqus/Standard 2020
z "1‘)( Step: Modal
Mode 12: Value = 1.54304E+10 Freq = 19770
Primary Var: U, U2

Figure 3.94: Abaqus Modal Analysis on the chosen Booster (m)

U, u2

+1.104e+4-00
+2.000e-01
+1.667e-01
+1.333e-01
+1.000e-01
— +6.667e-02
+3.333e-02
-7.451e-09
-3.333e-02
-6.667e-02
-1.000e-01
-1.333e-01
-1.667e-01
-2.000e-01
-2.788e+00

Y
ODB: Modal_4.0db Abaqus/Standard 2020
z "1*)( Step: Modal
Mode 12: Value = 1.54304E+10 Freq = 19770
Primary Var: U, U2

Figure 3.95: Abaqus Modal Analysis on the chosen Booster - Vibration Node (m)
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Through the Figure 3.95, it is possible to notice a vertical displacement node on the threaded
part of the booster, very important to reduce the transmission of unwanted vibrations to the other
components. This booster also has 3 X ¢5.1 blind holes, on the top portion of the booster, that
enable a torque application in order to ensure a properly connection between the booster and horn.
Additionally, this booster features a vibration amplification equal to % = ';’515—:; =1.2.
In order to match the total vibration amplification of the Shimadzu USF-2000 longitudinal ultra-
sonic testing machine existing at INEGI, 2.46, which results from the multiplication of the booster
amplification with the horn amplification, the designed ultrasonic horn must have a vibration am-
plification of 2.04, it will be considered 2.0. The ultrasonic horn was developed using an iterative
method. It is known that the first longitudinal natural frequency of the horn must be equal to the
piezoelectric transducer’s excitation frequency, 20 kHz. In addition, it must have a vibration factor
of amplification of 2.0. In light of what was stated previously and using the Figure 3.96 (a) as a
reference, the ¢ Top diameter of the horn was considered to be equal to the bottom diameter of the
booster, ¢ Top = 31.7 mm, leading to a ¢ Bottom of the horn of 15.85 mm and ensuring the correct
factor of amplification. The total length of the horn was split into three sections, L1, L2 and L3,
as shown in Figure 3.96 (a). Where L1 is the length of the horn constant section with the higher
diameter, L2 is the length of the portion of the horn with variable section and L3 is the length
of the horn constant section with the lower diameter. Parameterizing these values simplifies the

project/design and may result in fewer iterations.

@Top

T

L1

L2

L3

q Boﬂod1

(a) Legend of the ultrasonic horn measure- (b) Section view of the horn modal

ments Abaqus simulation assembly

Figure 3.96: Horn measurements and modal analysis
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The length L1 was considered to be equal to 40 mm, the length L2 was defined has 35 mm and
the length L3 was determined through diverse modal Abaqus simulations in order to achieve the
intended first longitudinal natural frequency of the horn. An initial value of L3 was arbitrated and
the generated horn was numerically simulated. A section view of the modal Abaqus simulation
assembly can be seen in the Figure 3.96 (b). In this simulation, a whole horn (2) with an arbitrated
value for L3 was considered, together with a half titanium stud (1), and a steel stud (3), simulating
the titanium stud that connects the booster to the horn, and the threaded portion of a steel specimen.
The utilized mechanical properties of the titanium for the horn and stud are listed in the Table 3.14,
and for the steel it was considered a Density, p, of 7800 kg/m?, a Modulus of elasticity, E of 200
GPa and a Poisson’s ratio, v, of 0.3. The contact between the horn and the studs was assumed to
be a tie constraint. Furthermore, this finite element simulation was carried out with the utilization
of tetrahedron elements with quadratic geometric order, C3D10 elements, and the mesh density is
presented in the Table 3.16.

Table 3.16: Number of elements of each component of the Horn Modal Analysis

Component Number of elements
Titanium Horn 43967
Titanium Stud 10725
Steel Stud 3576

It is know that the stiffness of a bar, &, is given by % and that the frequency is proportional to

\/% , 80, if the numerically obtained frequency is bellow 20 kHz, that implies that the numerical
system is excessively flexible. Thereby, it is necessary to reduce the L3 length in order to improve
the stiffness of the horn. Thus, another L3 value, smaller than the previous one, needs to be chosen
and another numerical simulation, similar to the one described above in the Figure 3.96 (b), on the
new generated horn needs to be computed. Furthermore, after diverse simulations with different
L3 length values, the obtained results can be approximated to a linear regression which is capable

of estimating the final value of the L3 length, which will lead to the expected frequency.

20030
20000
15550
15500
19850
15800
19750

15700
19650 y=-235.52x+ 4
R*=0.9999

First Longitudinal Frequency (Hz)

15600
119 119.5 120 120.5 121 121.5

Total Length (mm)

Figure 3.97: Results of the different Abaqus modal simulations regarding the Horn
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The results of the various simulations, linear regression, are depicted in the Figure 3.97, which
compares the total length of the horn to its first longitudinal natural frequency. Furthermore, a
frequency of 20010 Hz was considered, the additional 10 Hz were included to allow for post-
manufacturing adjustments, and a L3 length of 44.35 mm was obtained. Subsequently, the simu-

lation of Figure 3.96 (b) was repeated, with the previously defined L3 length.

The results of the final modal analysis are presented in the Figure 3.98 and it can be verified
that the first longitudinal natural frequency of the horn is 20010 Hz, as intended. Next, a stress
analysis of the horn will be performed and presented. In this analysis, the situation were the
ultrasonic fatigue testing equipment is performing tests with the maximum static load applied to
the specimen will be simulated, and so, the horn will be under a dynamic load and additionally
under a static load of 10 kN.

u, U2

+1.530e+00
[ +9.6008-01

+3.897e-01
°1.806e-01
-7 5098-01
-1.321e400
-1.8918+00
-2 4622+00
-3.0322+00

-3.6022+00
-4.173e+400
-4.7432+00

-5.313e+400

Y

ODB: Furados_Modal_4.0db Abaqus/Standard 2020
A Step: Modal_Furados

z X Mode 12: Value = 1.58070E+10 Freq = 20010

Figure 3.98: Results of the final Abaqus modal simulation regarding the Horn

First, a static simulation on Abaqus was carried out. For this static simulation, only the tita-
nium horn was considered and only tetrahedron elements with quadratic geometric order, C3D10
elements, were utilized. In total, it was generated 50181 finite elements. The considered titanium
for the simulation has the mechanical properties listed in the Table 3.14. The horn was considered
to be fixed on the top end and subjected to a static 10 kN load on the other end, as can be seen in
the Figure 3.99. The results of this static analysis are presented in the Figure 3.100. The maximum
Von Mises stress, Ogaqric, can be identified has being 51.99 MPa. Following the completion of the

static analysis, a dynamic analysis was carried out and it is going to be presented next.



118 Structural Development of an Ultrasonic Fatigue Testing Equipment

Z

I

Figure 3.99: Load and boundary condition of the static Abaqus simulation regarding the Horn

S, Mises
(Avg: 75%)

+5.199%e+07
+4.818e+07
+4.437e+07
+4.056e+07
+3.675e+07
+3.294e+07
+2.914e+07
+2.533e+07
+2.152e+07
+1.771e+407
+1.390e+07
+1.009e+407
+6.283e+06

Figure 3.100: Results of the static Abaqus simulation regarding the Horn (Pa)
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A modal analysis in Abaqus was used to accomplish the dynamic analysis. Only the titanium
ultrasonic horn was taken into account, with no applied loads or boundary conditions. The primary
purpose of this analysis is to determine the stress distribution in the ultrasonic horn when it is
merely subject to its own inertia, on its first natural longitudinal mode. The horn model taken
into account was the same as the one used to perform the static analysis presented before, Figures
3.99 and 3.100, thus, the number of finite elements and the mechanical properties of the titanium
are the same as previously. In the Figures 3.101 and 3.102 are presented the results of the modal

analysis described above.

It is possible to conclude from the Figure 3.101, that the maximum dynamic stress amplitude,
Odynamic> occurring in the ultrasonic horn is 14.45 - 10'2 Pa. This maximum stress value amplitude,
on the other hand, has to have a correction made to it due to the maximum vertical displacement
that can be identified in the Figure 3.102, |5.334| m. The maximum vertical displacement, most
extreme scenario in which the higher dynamic stresses are originated, for the new designed ultra-
sonic horn is set to be 60 um, as it was the value measured in the Shimadzu longitudinal ultrasonic
testing machine existing at INEGI, Shimadzu USF-2000. So, the following proportional factor is
going to be applied to the Ggynamic:

FEM Vertical Displacement ~ 5.334
Desired Vertical Displacement ~ 6-1075

= 88900 (3.46)

Proportional Factor =

S, Mises
(Avg: 75%)

+1.445e+13
.E +1.324e+13

+1.204e+13
+1.083e+13
+9.631e+12
+8.427e+12
+7.223e+12
+6.020e+12
+4.816e+12
+3.612e+12
+2.408e+12
+1.204e+12
+4.599%+08

Figure 3.101: Results of the dynamic Abaqus simulation regarding the Horn (Pa)
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u, U2
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+4.196e+00
+3.626e+00
+3.057e+00
+2.488e+00
+1.919e+00
+1.350e+00
+7.803e-01

+2.111e-01
-3.581e-01
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-1.497e+00

ODB: horn_3 3d_ estatico.odb
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Figure 3.102: Results of the dynamic Abaqus simulation regarding the Horn (m)

Through the application of the Proportional Factor on the Gyynamic it is possible to obtain the

corrected dynamic stress amplitude, Ggynamic,:

Odynamic
o, icr = = 162542182.2 P 3.47
dynamicc = poportional Factor 4 (347)

& Gynamice = 162.54 MPa (3.48)

Finally, it is feasible to calculate the maximum and minimum stresses estimated in the ultra-
sonic horn by taking into account the static and dynamic stresses previously determined. Since the
entire system is linear elastic, the loads can be added or subtracted using the principle of superpo-
sition. In the most extreme case, the component is subjected to both a dynamic load and a static
load.

Oumax = Ostatic + Odynamicc = 214.53 MPa (3.49)
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OMIN = Ostatic — Odynamicc = —110.55 MPa (3.50)

Following the determination of the cy;4x and oy, the Soderberg criteria will be utilized in
order to obtain a safety factor and to complete the ultrasonic horn analysis. The main equation of

the Soderberg criteria that will lead to the definition of a safety factor is presented next [54].

Kr- o, o 1
#+—’"=S—F (3.51)
) Oy

Where K is the practical stress concentration factor, 0% is the practical endurance limit, o,
is the average stress, 0, is the stress amplitude, oy is the yield strength and SF is the safety factor.
Starting by defining the o7, [8]:

G}OZC1-C2-C3'C4~Gfo (3.52)

The endurance limit, G, stress to cause failure of a material at a fully reversed stress solicita-
tion in 107 cycles, takes the value of 430 MPa as it can be seen in the Appendix B. The constants
C1, (3, C3 and Cy are the Marin factors and their value will be defined next. Starting by the load
modification factor, Cj, it will take the value of 0.85 due to the horn being only subject to ax-
ial loading. The various possible values for the load modification factor, C;, are depicted in the

scheme below [8].

Bending - 1
¢ = Axial - 0.85

Torsion - 0.59

The Marin factor C; is the size modification factor and for axial loading there is no size effect,
so C; = 1. The surface condition modification factor is represented by C3 and its value is defined

by the following equation [8].

Ci=a-oh (3.53)
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Where the factor a and exponent b depend on the surface finish of the horn and take the values

presented in the Table 3.17.

Table 3.17: Surface Condition Modification Factor [8]

Surface Finish Factora Exponentb

Ground 1.58 -0.085
Machined 4.51 -0.265
Hot-rolled 57.7 -0.718
As-forged 272 -0.995

Assuming a machined surface finish and utilizing the titanium mechanical properties presented
in the Table 3.14, it is possible to obtain the following surface condition modification factor, Cs,

analytical value.

C; = 4.51-89570255 = (.744 (3.54)

The C, Marin factor is related to other factors such like reliability factor and miscellaneous-
effects modification factor. Nonetheless, it will be considered C4 = 1 because there isn’t any factor

that needs to be considered for the present project. Finally, it is possible to obtain [54]:

%) = 0.85-1-0.744 - 1-430 = 272.164 MPa (3.55)

Now, the practical stress concentration factor, K, is going to be calculated through the follow-

ing equation [8].

Kp=1+q-(K—1) (3.56)

Where ¢ is the notch sensitivity factor and K; the stress concentration factor. In order to get
more conservative estimates, the notch sensitivity factor, g, will be considered to be equal to 1.

The stress concentration factor, K, is going to be determined through the following equations [55].

K, =B +B 2 +B 2 2+B 2)” (3.57)
r=birb | 4 3\ p “\p .
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B =0.926+ 1.157\/3— 0.099; (3.58)
By — 0.012—3.036\/2 +0.961£ (3.59)
Bs = —0.302+3.977 ; - 1.744; (3.60)
By 0.3652.098\/z+0.878i (3.61)

The necessary dimensions of the ultrasonic horn, D, r and ¢, are identified in the figure bellow
and presented in the Table 3.18.

r

e

P <=

— —

—_—

Figure 3.103: Identification of the dimensions for the K; calculation (Adapted from [55])

Table 3.18: Ultrasonic Horn Dimensions

Identification Dimension

D 31.7 mm
r 81.25 mm
t 7.925 mm

Through the substitution of the values presented in the Table above in the Equations 3.57, 3.58,
3.59, 3.60 and 3.61 the following K; value is obtained.

K, =1.025 (3.62)
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Finally, returning to the equation 3.56 and considering all the information presented above, it

is possible to obtain:

K;=1.025 (3.63)

Now, the average stress, 0;,, and the stress amplitude, o,, will be calculated based on the

results given in the equations 3.49 and 3.50.

_ Omax + OMIN

m = > =51.99 MPa (3.64)

And

s = M OMIN 162,54 MPa (3.65)

Finally, by returning to the equation 3.51 and taking the outcomes of equations 3.55, 3.63,
3.64 and 3.65 into consideration, it is possible to acquire a safety factor, SF, of 1.48, which en-
sures the necessary safety for its efficient performance. In practice, the calculated safety factor
is lower than the one presented because the oy was calculated for 107 cycles and the horn will
be subjected to a much higher number of cycles. Nonetheless, in a normal testing scenario, static
loads greater than 3 or 4 kN will hardly be applied. It was chosen to connect the specimens to
the horn via a M8X0.75 threaded connection. Assuming an analogy with a bolt and by knowing
the utilized titanium properties, presented in the Table 3.14, it is possible to acquire through the
tables presented in the Appendix D that an M8X1.0 bolt with an 8.8 grade, the most similar to the
titanium, presents a maximum permissible preload of 19.6 kN, which is higher than the maximum
static load considered for the developed testing equipment. A M8X0.75 thread presents a higher
resistant section than an M8X1.0, so, the considered threaded connection is conservative. And so,
the horn design is validated. The final definition drawing of the ultrasonic horn can be seen in the

Appendix C.
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3.5 Stiffness evaluation of the fatigue equipment

The main objective of the present section is the calculation of the ratio between the angle of rota-
tion of the power screw and the force generated. To that end, a stiffness evaluation of the ultrasonic
fatigue testing equipment will be presented and discussed. First, the vertical displacements of the
different components and subassemblies that constitute the fatigue equipment are going to be cal-
culated and listed. Furthermore, the stiffness of the equipment is going to be calculated through
a parallel/series spring analogy and later on the present section, the ratio between the angle of

rotation of the power screw and the force generated will be discussed.

The rotation of the power screw that subjects the ultrasonic fatigue testing equipment to the
total vertical displacement that occurs when the ultrasonic equipment is performing tests with the

maximum static load applied to the specimen can be calculated by the following equation.

Total Displacement - 360
Power Screw Pitch

Rotation (°) = (3.66)

The Total Displacement regards the total vertical displacements of the different ultrasonic
machine components through the assumption of an equivalent system of springs of the different
components that constitute the ultrasonic fatigue testing equipment. The generated force by 1° of

rotation of the power screw can be calculated through the following formula:

1° - Maxi Load
Generated Force (N) = _ axzmb.tm od , (3.67)
Rotation for the Maximum Displacement

So, it is essential to calculate the vertical displacement of the different components and sub-
assemblies that constitute the fatigue equipment in the most extreme scenario, when the equipment
is testing specimens with a 10 kN static load applied. In order that, the equivalent spring system
presented in the Figure 3.104 was considered. Section 1 regards the vibration absorbing flange and
the upper cast iron block, whose numerical analysis is presented in the Figure 3.37. Furthermore,
Section 2 is related to the support plate, to the booster support, to the locking supports and rub-
ber rings, which were numerically analyzed in the Figure 3.51. Additionally, Section 3 is related
with the bearing, bearing cases, bearing holder and the traction plate, whose numerical analysis is
presented in the Figure 3.78. The resonant system regards the the two ultrasonic boosters, the two

horns and the specimen and will be numerically analyzed within the present section, Figure 3.107.
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Figure 3.104: Equivalent spring system of the ultrasonic fatigue equipment

First, the vertical displacement of the original power screw, when its originating a static load of
10 kN, is going to be calculated and presented. The power screw will be only analyzed analytically
hence it is already a physical component which came from the original structure. The following

equations allows for the calculation of the vertical displacement of the power screw.
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AL=L-¢ (3.68)

Where AL is the vertical displacement, L the considered length of the power screw and € the

strain. Additionally:
F
=——=—E- 3.69
o " £ ( )

F
= 3.70
sSe Z (3.70)

S

With F being the 10 kN, A the cross sectional area of the power screw and E the Young’s
modulus of the power screw. Through the combination of the Equations 3.68 and 3.70, it is

possible to achieve:

E

AL=L- 3.71)

A-

e

Thus, by assuming that the length of interest of the power screw is 210 mm, a diameter of 50

mm and a Young’s modulus of 200 GPa it is possible to obtain that :

AL = 0.0054 mm (3.72)

Now, the vertical displacement of the squared section bars, that connect the Section B with
Section C of the fatigue equipment as it can be seen in the Figures 3.19 and 3.20, are going to be
computed through a finite element analysis on the Abaqus software. As this is a newly designed
CAD component, a numerical analysis will be performed. In this analysis, only the squared section
part of the bar was considered and 2772 hexahedral elements with reduced integration were gener-
ated. As it can be seen in the Figure 3.105 (a), the top of the squared section bar was considered to
be fixed and the bottom was subjected to a distributed load of 5000 N. When the ultrasonic fatigue
testing equipment is performing tests with the maximum static load applied to the specimen, each

of the squared section bars is submitted to a traction of 5000 N, due to being in parallel.
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u, u2

+0.000e+00
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(a) Considered loads and bound- (b) Results of the analysis (mm)
ary conditions

Figure 3.105: Finite element analysis on the Squared Section Bar

The maximum vertical displacement of the squared section bar can be seen in the Figure 3.105
(b), and, it is going to be considered as 0.015 mm for the calculation of the fatigue equipment
stiffness. Next, the vertical displacement regarding the resonant system of the equipment is going
to be calculated through the Abaqus software. The resonant system of the fatigue equipment
being developed in the present document compiles the two ultrasonic boosters, the two horns and
the specimen, for this analysis a regular steel specimen was considered. It was chosen a specimen
with a large test section, i.e. a specimen with a high stiffness. The utilized ultrasonic booster and
horn are illustrated in the previous subsection, 3.4.4. And the considered specimen is presented
in the Figure 3.106. In order to simplify the finite element analysis, the symmetry of the resonant
system will be taken advantage off and only a quarter of the complete resonant system will be
analyzed. So, different symmetry conditions were employed to the mathematical model and for

the interest of straightforwardness, they will not be demonstrated.

@100

Figure 3.106: Specimen drawing
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Figure 3.107: Finite element analysis on the Resonant System

In the Figure 3.107 (a), it is presented the loads and boundary conditions considered for this
Abaqus analysis. The vertical displacement on the threaded portion of the upper booster was
considered to be null and a force of -2500 N was coupled to the reference point, RP-1. This
reference point is attached to the middle of the lower booster. The force of -2500 N represents
the situation in which the ultrasonic fatigue testing equipment is performing tests at its maximum
static load. Furthermore, in this analyses where utilized two different types of finite elements. The
tetrahedron element type with quadratic geometric order was utilized to mesh the boosters and
horns. The hexahedron element type with reduced integration was utilized in the specimen. The

mesh density is displayed in the following table.

Table 3.19: Number of elements of each component of the Resonant Static Analysis

Component ~ Number of elements
Each Booster 47417
Each Horn 13416
Specimen 2116




130 Structural Development of an Ultrasonic Fatigue Testing Equipment

The results of the finite element analysis described above, are presented in the Figure 3.107
(b), with the maximum vertical displacement of the resonant system being 0.188 mm. Finally,
it is possible to calculate the total vertical displacement of the ultrasonic fatigue equipment by
considering the equivalent system of springs, presented in the Figure 3.104. It will be taken into
account the vertical displacement of the middle portion of each of the different sections of the fa-
tigue testing equipment, that were considered for the equivalent spring system, in order to achieve
the same relative position in the different subassemblies. For the Section 1, it will be considered
the vertical displacement on the middle part of the vibration absorbing flange, 0.053 mm as it can
be noted in the Figure 3.42, for the Section 2, the considered displacement will be that off the
central section of the booster support, 0.066 mm as can be noted in the Figure 3.62, and for the
Section 3, it will be considered the vertical displacement occurring in the middle portion of the
simplified solid bearing, noted in the Figure 3.86 as 0.015 mm. The table bellow lists the different

vertical displacements of the various parts of the ultrasonic fatigue testing equipment.

Table 3.20: Vertical displacement of the different parts of the fatigue equipment

Part Vertical displacement (mm)
Section 1 0.053
Section 2 0.066
Section 3 0.015
Power Screw 0.005
Squared Section Bar 0.015
Resonant System 0.188
Total 0.342 mm

As it can be noticed from the Table 3.20, the total vertical displacement of the ultrasonic
fatigue testing equipment is 0.342 mm. The most flexible section is the resonant system with a
vertical displacement of 0.188 mm. A further analysis on the finite element analysis presented in
the Figure 3.107 (a) and (b), indicates that the maximum vertical displacement of the specimen
was 0.108 mm. This result signifies that the specimen, presented in the Figure 3.106, is the most
flexible component of the ultrasonic fatigue testing equipment. Furthermore, this flexibility can
be rearranged by changing the material and geometry of the specimen. Next, the stiffness of the

fatigue equipment will be calculated through the following equation:

F=k-d (3.73)

Where F is the applied load, k is the stiffness and d the vertical displacement. By assuming an
applied load of 10 kN and the total vertical displacement depicted in the Table 3.20, it is possible

to obtain the stiffness of the equipment:
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F 10000 »
k== 3 = 29205608 Nm (3.74)
& k =29205.608 Nmm ™! (3.75)

The result reported above indicates the predicted stiffness of the ultrasonic fatigue testing
equipment. This result is highly influenced by the vertical displacement of the resonant system, as
it can be noted from the Table 3.20, being the specimen the component that has the most influence
on the stiffness of the ultrasonic fatigue testing equipment. Now, the ratio between the angle of
rotation of the power screw and the generated force can be calculated. The utilized power screw,
identified in the Figure 3.2 (a), has a pitch of 3 mm. And so, for a full 360° rotation it is assumed
to originate a vertical displacement of 3 mm. Additionally, the necessary rotation of the power
screw that originates the total vertical displacement depicted in the Table 3.20 can be calculated

through the equation 3.66, which leads to the following result:

Rotation (°) = 41.088° (3.76)

Finally, the generated force by 1° of rotation of the power screw is going to be calculated

through equation 3.67:

1-10000
F = ———— =243, N .
Generated Force 11088 3.380 3.77)

The result presented in the equation 3.77 implies that for each degree of rotation of the original
power screw, an additional force of 243.380 N is originated. This outcome is positive and it means
that the "operator" will have good control and will be able to apply the desired force accurately.

Finally, it is possible to conclude that the use of the original power screw will be advantageous.
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3.6 Assembly procedure to execute a VHCEF test in the developed

equipment

In the present section, the required assembly steps necessary for testing specimens on the devel-
oped fatigue testing equipment will be detailed. In the subsection 3.6.1, it will be explained the
mounting procedure of the specimen in order to carry out fully reversed longitudinal ultrasonic
fatigue tests. Furthermore, in the subsection 3.6.2 it will be presented the steps regarding the re-
alization of ultrasonic fatigue tests with a static load applied to the specimen. All the considered

tightenings are according to the recommended torques.

3.6.1 Testing specimens at a R=-1 constant stress ratio

In order to realize fully reversed ultrasonic fatigue tests, R=-1, in the fatigue equipment developed
in the present document, it is only necessary to use the Section A components, Figures 3.6 and
3.7, hence the specimen should be threaded to the upper horn with the appropriate torque through
the use of the INEGI’s pre-existing tightening tool, which consists of a torque wrench with an
adaptor which enables the specimen’s tightening. The specimens utilized to realize fully reversed
ultrasonic fatigue tests only present one threaded end, and so, the final assembly should be similar

to the one presented in the figure bellow.

Figure 3.108: Assembly to realize fully reversed ultrasonic fatigue tests



3.6 Assembly procedure to execute a VHCEF test in the developed equipment 133

3.6.2 Testing specimens at a R>-1 stress ratio

In order to conduct ultrasonic fatigue tests at a stress ratio R>-1 in the developed equipment, it is
necessary to apply an external static load to the specimen. This static load will be applied through
the use of the power screw and the second pair of booster and horn will be utilized. So, a different
assembly procedure, than the one explained for the fully reversed ultrasonic fatigue tests, will be
detailed. The pre-existing tightening tool used for the R=-1 case can’t be used in this assembly
procedure, because it requires that the specimen has one free end, which will not be verified further
in the steps of the Figure 3.110 (a) and (b). Hence, a new adaptor needs to be designed.

The initial step is preliminary, because it only needs to be performed once. It consists to attach
together the second pair of ultrasonic booster and horn, with the use of a %— 20 stud. Afterwards,
the second booster needs to be threaded to the booster support, which can be identified in the
Figures 3.11 and 3.12, creating the subassembly depicted in the Figure 3.109 (a). There’s no
need to disassemble this subassembly after the specimen is tested. The next step is to thread the
specimen to the subassembly, shown in Figure 3.109 (a), with the use of a new tightening tool to
apply the specified torque. The specimen utilized for the fatigue tests at a stress ratio R>-1 have
two threaded ends, as it can be seen in the Figure 3.106. The result is depicted in the Figure 3.109
(b)

(a) Preliminary step (b) Fist step of the pro-
cedure

Figure 3.109: First part of the assembly procedure to conduct ultrasonic fatigue tests at a stress
ratio R>-1
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Now, it is convenient to place both of the rubber rings on its correct installation sites. As it
can be seen in the Figure 3.12, the upper rubber ring is installed on the second level of the booster
support and the lower rubber ring is installed around the central hole of the support plate. The
next step is to thread all of the subassembly depicted in the Figure 3.109 (b), with the rubber ring
installed, to the upper horn, as can be seen in the Figure 3.110 (a). For this step, it is convenient to
have the support plate lowered in order to have more free vertical space. The new tightening tool
needs to be used for the correct application of the defined torque. Furthermore, the utilization of
the power screw is required to move vertically the support plate in order for the booster support to

sit on top of the lower rubber ring, as illustrated in the Figure 3.110 (b).

(a) Second step of the procedure (b) Third step of the procedure

Figure 3.110: Second part of the assembly procedure to conduct ultrasonic fatigue tests at a stress
ratio R>-1

Now, the two locking supports, identified in the Figure 3.12, can be installed around the booster
support. Finally, all the fixing hardware, bolts, nuts and washers, selected for this connection can
be installed properly. The bolts tightening torque is defined in the Appendix D and there is a
tightening sequence for the six screws. In the Figure 3.111 it is presented the complete dynamic
assembly of the ultrasonic fatigue testing equipment which conducts ultrasonic fatigue tests at a
stress ratio R>-1. The defined external static load is applied through the rotation of the power

screw and the incorporation of the load cells allows to ensure that the applied load is symmetric
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and the defined one. The original power screw has a mechanism that allows it to lock in position
after applying the desired load.

Figure 3.111: Last part of the assembly procedure to conduct ultrasonic fatigue tests at a stress
ratio R>-1
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3.7 Bill of Materials

In this section, three different tables regarding a complete bill of materials regarding the mechan-
ical components of the project developed in this document are going to be presented. In the Table
3.21 is presented a list with the components that were utilized from the original structure, addi-
tionally, in the Table 3.22 it is exposed the designed components and their manufacturing material,
finally, in the Table 3.23 it is presented the different fixing hardware necessary for the different
fastened connections of the present project. In addition to all the mechanical components listed
below, there’s also the electrical components of the ultrasonic fatigue testing equipment, which
includes the piezoelectric transducer, data acquisition system, strain gauges, sensors to measure

displacement (or velocities) during tests, pyrometers, wave generator and computer.

Table 3.21: Utilized Components from the Original Structure

Component Quantity
Chrome Steel Guide Shaft

Linear Ball Bearing

Linear Ball Bearing Fixing Hardware
Lower Cast Iron Block

M50 X 3.0 Power Screw

Power Screw Flange

Upper Cast Iron Block

— e = DN DN DN

Table 3.22: Designed and Chosen Components

Component Material Quantity
Bearing Case AISI P20 Steel 2
Bearing Holder AISI P20 Steel 1
Booster Support AISI P20 Steel 1
Locking Support AISI P20 Steel 1
Lower Rubber Ring Rubber 1
Squared Section Bars S690 Steel 2
Support Plate S690 Steel 1
Traction Plate S690 Steel 1
Ultrasonic Booster Ti-6Al-4V 2
Ultrasonic Horn Ti-6Al-4V 2
Upper Rubber Ring Rubber 1
Vibration Absorbing Flange AISI P20 Steel 1
3-20 Studs Ti-6Al-4V 4
1-RSCC3/500KG-1 Load Cell Stainless Steel 2
52210 - SKF - Double Direction Thrust Ball Bearing  Steel 1
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Table 3.23: Fixing Hardware

Component Part Quantity
ISO 4762 - M12x40-12.9 Bolt 2
1SO 4762 - M10x 80-12.9 Bolt 1
ISO 4762 -M8x70-129  Bolt 6
1ISO 4762 - M6x60-12.9  Bolt 4
ISO 4762 -M6x30-12.9  Bolt 4
1ISO 4762 -M6x20-12.9 Bolt 4
1ISO 4033 -M12 - 12 Nut 6
ISO 4033 - M8 - 12 Nut 6
ISO 4033 - M6 - 12 Nut 4
ISO 7089 - M12 Washer 2
ISO 7089 - M10 Washer 1
ISO 7089 - M8 Washer 12
ISO 7089 - M6 Washer 12
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3.8 Estimated cost of the ultrasonic fatigue equipment

In this section, the estimated cost of the designed ultrasonic fatigue testing equipment is going
to be listed, the presented prices don’t include VAT. In the Table 3.24, the manufacturing plus
material prices of the designed components are going to be presented. Additionally, in the Table

3.25 the prices of the chosen components are listed.

Table 3.24: Estimated Price for Manufacturing the Designed Components

Component Quantity Price per unit (€) Total (€)
Bearing Case 2 35.0 70.0
Bearing Holder 1 30.0 30.0
Booster Support 1 100.0 100.0
Locking Support 2 75.0 150.0
Lower Rubber Ring 1 32.9 32.9
Squared Section Bars 2 40.0 80.0
Support Plate 1 180.0 180.0
Traction Plate 1 80.0 80.0
Ultrasonic Booster 2 352.5 705.0
Ultrasonic Horn 2 261.9 523.8
Upper Rubber Ring 1 32.9 32.9
Vibration Absorbing Flange 1 245.0 245.0
3- 20 Studs 1 15.0 60.0
Total Price (€) 2289.6 €

Table 3.25: Price of the Chosen Components

Component Quantity Price per unit (€) Total (€)
Generator MPI - 2KW 1 4800.0 4800.0
1-RSCC3/500KG-1 Load Cell 2 484.0 968.0
20 kHz Transducer MPI 1 4650.0 4650.0
52210 - SKF - Double Direction Thrust Ball Bearing 1 70.7 70.7
Total Price (€) 10488.7 €

The total price of the ultrasonic fatigue testing equipment if only fully reversed ultrasonic
fatigue tests were going to be conducted, R=-1, is 10339.4 € and the total price for the full equip-
ment, capable of applying a 10 kN static load to the specimen, is 12778.3 €.



Chapter 4

Conclusions and Future Work

The main purpose of this dissertation was to design an ultrasonic fatigue testing equipment, which
complied with the present project’s specifications. All the conclusions that were reached along
the realization of this work are described in Section 4.1. Additionally, Section 4.2 of this chapter

provides suggestions for future work.

4.1 Conclusions

The primary objective of the present work was to design and develop structurally an ultrasonic
fatigue testing equipment, capable of performing fully reversed ultrasonic fatigue tests and addi-
tionally capable of applying a maximum 10 kN static load to the specimen, in order to realize tests
at different values of R. This objective was successfully accomplished. Through the incorpora-
tion of load cells into the layout of the machine it will be possible to measure the load applied to
the specimen, which was another of the ultrasonic fatigue machine’s primary objectives. Further-
more, the development of a dynamic system with a resonance frequency near 20 kHz, as well as
the ability to considerably amplify the external displacement imposed by the piezoelectric trans-
ducer was another of the primary goals that were fulfilled. The subsequent phase, the manufacture
of the new designed components for the ultrasonic fatigue equipment, was carried out with the
knowledge that all the primary objectives had been achieved.

Currently, the designed components required to conduct fully reversed ultrasonic fatigue tests
are being manufactured, however, they will not be finished in time to be included in the present
document. Following the manufacturing of the first ultrasonic booster and horn, a phase of testing
will be conducted to determine whether they exhibit the first longitudinal natural frequency ap-
proximately equal to the excitation frequency of the piezoelectric transducer, 20 kHz, and if their
vibration amplification matches the one for which they were designed. If the tested frequency
doesn’t match the piezoelectric transducer excitation frequency range or if the vibration ampli-
fication of the ultrasonic components doesn’t match the desired one, due to material properties
variations or fabrication tolerances, these components will have to be rectified or adjusted in order

to ensure the correct operation of the ultrasonic fatigue equipment.

139
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Regarding the utilized pre-existing structure and original components, the precise values of
the mechanical properties of the different utilized components were unknown, hence conservative
values for these mechanical properties were assumed. Nevertheless, for the most extreme scenario
of the ultrasonic equipment operation, where the specimens are subjected to an additional static
load of 10 kN, high safety factors were obtained, guaranteeing the usability of the original pre-
existing components and the ultrasonic equipment safety when testing specimens.

Furthermore, the enhancement of the newly designed components for the ultrasonic fatigue
testing equipment is an iterative process, that takes time and study. The different FEA, using
the Abaqus software, on the different subassemblies and components of the ultrasonic equipment
developed in the present document, presented many stress concentrations and some singularities
which influenced the verified stresses. Nevertheless, the manufacturing material of the different
designed components was chosen taken into account the higher stresses for a more conservative
approach. Regarding the manufacturing material of the ultrasonic booster and horn, the Ti-6Al-
4V was chosen due to being the most standard material for the manufacturing of these type of
ultrasonic components and due to its low variation of the modulus of elasticity, E, which decreases
the chance of these components needing to be adjusted after their manufacture due to having their
first longitudinal natural frequency fundamentally different of the excitation frequency range of
the piezoelectric transducer. The ultrasonic horn is the most critical component of the ultrasonic
fatigue equipment developed in this work, presenting a safety factor of 1.48, although ensuring the

necessary safety for its correct operation.

4.2 Future work

In order to continue developing the work presented in this thesis, the following suggestions are

provided:

* Full manufacture of the remaining ultrasonic equipment’s components. The second pair
of ultrasonic booster and horn needs to be tested regarding their first longitudinal natural
frequency and vibration amplification. Despite the fact that the theoretical geometry is the
same as the first pair, there are always imperfections in the manufacturing process, geometric
variations, and minor variations in the manufacturing material properties. If the ultrasonic
components are within the expected specs, the total ultrasonic testing equipment can be

assembled;

 This dissertation’s development was largely theoretical and numerical; the resulting ultra-
sonic testing equipment requires experimental validation. Therefore, it would be beneficial
to perform ultrasonic fatigue tests and then compare the results with the ones available in the
academy, or, compare with the results obtained through the use of the Shimadzu USF-2000

longitudinal ultrasonic testing machine existing at INEGI;

* Continuation of the development of the ultrasonic machine, so that it may be capable of

conducting ultrasonic fatigue testing at unconventional conditions, such as under extreme
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pressures and temperatures. Implementation of a gripping system that enables the developed

ultrasonic testing equipment to perform fatigue tests on unconventional specimens;

* In order to dissipate undesirable vibrations in the areas where the booster is threaded onto
the ultrasonic fatigue machine, if necessary, vibration dissipating grooves may be produced

on the Section B structural components of the ultrasonic equipment;

» With the current configuration of the ultrasonic fatigue testing equipment, if someone ap-
plied an extremely high static load that would cause damage to the machine, the first part of
the fatigue equipment to fail would be one of the ultrasonic horns, which would be catas-
trophic and extremely expensive. It would be interesting to convert on purpose another com-
ponent of the ultrasonic testing equipment into "the weakest link", while yet maintaining
the safety required to conduct testing with the maximum static load applied to the spec-
imen, such as the bolts that connect the squared section bars with the other components.
Therefore, if an individual "incorrectly" applied an extreme load to the machine, while test-
ing specimens, the bolts would fail instead of the ultrasonic horns, decreasing the possible

financial damage.
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Appendix A

Derivation of Equations Presented in
Chapter 2

This appendix provides the derivation of several final equations stated in Chapter 2.

A.1 Dynamic Equilibrium Equation

In this section, the equation 2.27 from Chapter 2 will be obtained. The complete procedure is
presented below [7].

First, let’s assume an element of length dx from a variable cross section bar, the forces acting
on that same element can be represented as shown in the figure below:

P dF; P+dP

L

dx
—_—
Figure A.1: Balance of forces on an element of length dx [7]

Through the figure A.1 it is possible to perceive that:

ap =L (A1)
ox

The elementary inertial force, dF; is given by:

2%u

(A.2)

Which can be decomposed into:
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d%u
dF;, = pS(x)ﬁdx (A.3)
Then, by assuming that:
dP = dF; (A.4)

It is possible to obtain the following equation:

JdP 2%u
— =pS(x)== A5
PR Te (A-)

The internal force P, is given by the product of stress and cross sectional area. By applying
the Hooke’s law, it is possible to perceive that:

P=EeS(x) = ES(x)gZ (A.0)

By introducing the equation A.6 into the equation A.5, we obtain:

0 Ju 0%u
2 <Es<x)8x) — pS() 2 4 (A7)

Developing the above equation will lead to the following form:

E aiu §'(x) du _ d%u
or*  S(x) dx

p C oo

A8
> (A.8)

As was shown in chapter 2, the longitudinal wave velocity, c, is given by:

E
=,/= A9
c ”p (A.9)

And, by substituting the equation A.9 into the equation A.8 it is possible to obtain the following
equation:

’u  S'(x) du d%u
2027 - —_
¢ <8t2 K 8x> n (A.10)

The solution to the preceding equation is:
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u(x,t) = U(x)sin (1) (A.11)

Substituting the equation A.11 into the equation A.10, we obtain:

S/
c? (U”(x) sin(t) + S((x)) U'(x) sin((ot)> = —0*U(x)sin(ot) (A.12)
X
Finally, assuming that k = 2, p(x) = i((;)) and dividing the equation A.12 by sin(wt) we
obtain the equation 2.27.
U (x)+p(x)U (x) +KU(x) =0 (A.13)

A.2 Resonance Length and Amplitude of Vibration

In this section, the complete procedure to formulate the equations of the resonance length,
equation 2.33, and the amplitude of vibration, equations 2.35 and 2.36, presented in Chapter 2, is
going to be fully presented [4].

Firstly, it is going to be defined the cross sectional area, S(x), for both the cylindrical and the
reduced section part of the specimen shown in figure 2.7.

S(x)=7R3, Ly < |x| <L (A.14)

S(x) = mR3 cosh?(x), |x| < L, (A.15)

For the cylindrical part, the cross sectional area keeps constant, so:

p(x) = =0 (A.16)
Consequently the equation 2.27 simplifies to:

U'(x) +KU(x) =0 (A.17)

The equation show above is an ordinary differential equation of second order, and its general
solution is given by:
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U(x) = C) cos(kx) + Cy sin(kx) (A.18)

For the reduced section part, it is possible to perceive that:

p(x) = = 2o tanh( o) (A.19)
(x)
The outcome of combining the equations 2.27 and A.19 can be seen bellow:

U’ (x) + 2octanh(ax) U (x) + K2 U(x) = 0 (A.20)

In order to obtain the general solution of the equation above, the following function will be
introduced:

w(x) = cosh(ax)U (x) (A.21)

The first two derivatives of the equation A.21 are shown below:

w'(x) = U’ (x) cosh(ax) + asinh(ox) U (x) (A.22)

w”(x) = [U"(x) + 2 tanh(ox) U’ (x) + a*U (x)] cosh(ax) (A.23)
By comparing the equations A.20 and A.23 it is possible to establish the following equation:
w”(x) = (o> — k?) cosh(ox)U (x) (A.24)
And, consequently:
w(x) — (o> —k*) w(x) =0 (A.25)
Whose general solution is presented bellow:

w(x) = C3eP* + Cpe P* (A.26)

Now, by substituting the equation A.26 into the equation A.21, the general solution of the
equation A.20 can be obtained and it is presented bellow:
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. C3eﬁx + C4efﬁx

U cosh(ax)

(A.27)

The solutions for the cylindrical and reduced section part of the specimen have now been
presented, A.18 and A.27 respectively. The four constants, C1, C2, C3 and C4, will be determined
though boundary and continuity conditions.

It was stated in Chapter 2, equation 2.21 that at both ends of the specimen, we have the nodes
of stress and strain, which is where the maximum displacement occurs. So, by applying these
boundary conditions to the equation A.18 it is possible to obtain:

Cicos(kL) +Cysin(kL) = Ay (A.28)

G =C tan(kL) (A.29)

Through the combination of the two equations shown above, the following relation can be
obtained:

Ci [cos(kL) + sin(kL)tan(kL)] = Ao (A.30)

That leads to :
Cy = Agcos(kL) (A.31)
C> = Agsin(kL) (A.32)

By substituting the values of the constants given above into the equation A.18, the displace-
ment amplitude in the cylindrical portion of the specimen may be calculated. So:

U(x) = Agcos [k(L—x)] (A.33)

Which is the equation 2.36.

In order to calculate the constants C3 and Cy4, the continuity condition at x = L, and the bound-
ary condition U(0) = 0 will be used. Therefore, the result of applying U(0) = 0 to the equation
A.27 is present bellow:
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G+C=0 (A.34)

So, the equation A.27 can be now rewritten as:

2Cssinh(Bx)
Ulx) =——F——= A.35
(x) cosh(ax) ( )
The continuity condition at x = L, requires that the displacement amplitude and the strain am-
plitude calculated through the equations A.33 and A.35 must be equal. So, the following relations
can be obtained:

2C5sinh(BL
Agcos[k(L— Ly)] = CZSS?(OEZ)Z) (A.36)

kAosin [k(L—L,)] = 265 |P cosh(Bls) COS}::((ZEZZ () O:Lj;Sinh(BLZ) sinh(als) (A.37)

Finally, the constants C3 and Cy4 can be obtained through the equations A.34 and A.36:

Cre —C _ Aqcos(kLy)cosh(aLy,)
ST 2sinh(BL,)

(A.38)

Consequently, the equation 2.35 can be now obtained by substituting the constants C3 and Cy4
into the equation A.27.

Through the comparison of the equations A.36 and A.37, and considering that L = L; + L, the
following expression can be achieved:

ktan(kL;) = B coth(BL,) — atanh(aLy) (A.39)

The equation above can be rearranged, through mathematical manipulation, into the equation
of the resonance length, equation 2.33 :

L= % arctan {]lc [Bcoth(BLy) — atanh (al,)] } (A.40)



Appendix B

Titanium Ti-6A1-4V Properties

The information presented in this Appendix was provided by JACQUET Portugal [53].
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TITANIUM Grade 5
Ti - 6Al - 4V Alpha-beta alloy

The data given is for information not for design

Chemical composition (weight %) (Maximum values unless range is shown)

)

N C H Fe

Al

Vv Ni Mo | Others | Residuals

0.20

0.05 | 0.08 | 0.015 | 0.40

5.5-6.75

3.5-4.5 0.4

This is the most widely used titanium alloy. It has very high strength but relatively low ductility.
The main application of this alloy is in aircraft and spacecraft. Offshore use is growing. The
alloy is weldable and can be precipitation hardened.

Mechanical properties at room temperature

Minimum values Typical values
Yield Strength 825 MPa 910 MPa
Ultimate Strength 895 MPa 1000 MPa
Elongation in 50 mm, AS 10 % 18 %
Reduction in Area 20 % %
Hardness 330-390 HV
Modulus of elasticity 114 GPa
Charpy V-Notch Impact 20-27 )

YS / MPa

850 ¢
800 +
750 4
700 +

600 +
5650 +

Yield strength vs. temperature

1] 100 200 300 400
Temperature / °C

500

Tensile strength vs. temperature

950

UTS /| MPa
283833348

0 100 200 300 400 500
Temperature / °C

Fatigue properties at room temperature (Stress to cause failure in 10’Cycles)

Direct stress limit

Rotating bend
Smooth K=1 430-520 MPa Smooth K=1 376 MPa
Notch K=3 MPa Notch K=3 270 MPa




Physical properties
Melting point, £ 15 °C 1650 °C
Density 443 g/cm3
Beta transus, = 15 °C 995 °C
Thermal expansion, 20 - 100 °C 9.0 *10° K
Thermal expansion, 0 - 300 °C 9.5 *10° K"
Thermal conductivity, room temperature 6.6 W/mK
Thermal conductivity, 400 °C 13 W/mK
Specific heat, room temperature 0.57 J/gK
Specific heat, 400 °C 0.65 J/gK
Electrical resistivity, room temperature 171 uW*cm
Poisson's ratio 0.30-0.33
Heat treating
Temperature Time
[Solution treating temperature 950-970°C 1 hour
Ageing temperature 480-595°C 4-8hours
Annealing 710-790°C 1-4hours
Stress relieving 480-650°C 1-4hours

Weldability — good
Since the two-phase microstructure of alpha-beta titanium alloys responds to thermal treatment,
the temperatures encountered during the welding cycle can affect the material being welded.

Available mill products
Bar, billet, extrusions, plate, sheet, strip, wire

Typical Applications
Compressor blades, discs and rings for jet engineers, aircraft components, pressure vessels,
rocket engine cases, offshore pressure vessels.

Industry specifications ASTM GradeS5, ST-Al40, AMS4911D, MIL-T-9047G
Sheet and plate ASTM B265 Gr5, AMS 4911

Bars and billets ASTM B348 Gr5

Bars, billets and forging (+circular

forging) AMS 4928, AMS 4965, AMS 4967

Extruded products AMS 4935

Castings ASTM B367 Gr5
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Appendix C

Definition Drawings of Components

This Appendix presents the definition drawings made for the different components designed for
the ultrasonic fatigue testing equipment developed in the present document.
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SECTION a-a

_$790 _

|
20,0

250,0 _

Ra 0,8

B Toler@ncias Gerais ; ISO 2768 - m K B

UNLESS OTHERWISE SPECIFIED: FINISH:
DIMENSIONS ARE IN MILLIMETERS DO NOT SCALE DRAWING REVISION
SURFACE FINISH:
TOLERANCES: ISO 2768 - m K

LINEAR:

ANGULAR:
NAME SIGNATURE DATE TITLE:

DRAWN ' Ricardo Lobo 14/06/22 o

Traction Plate
APPV'D

A o A
Q.A MATERIAL: DWG NO.
A4
Aco S690
SCALE:1:3 SHEET 1 OF 1

2 |

SOLIDWORKS Educati40-na| Product. For Instructional U:sse Only.
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D SECTION a-a D

38,5
30,0

? 40,0 h5
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Ra 0,8

B Toler@ncias Gerais : ISO 2768 - m K B

UNLESS OTHERWISE SPECIFIED: FINISH:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH:
TOLERANCES: ISO2768 - m K
LINEAR:
ANGULAR:

DO NOT SCALE DRAWING REVISION

NAME SIGNATURE DATE TITLE:
DRAWN Ricardo Lobo 14/06/22

Bearing Holder

APPV'D

A wro A

QA MATERIAL: DWG NO.
A4

Aco P20 (PM300 F.Ramada) ] 4

SCALE:1:1 SHEET 1 OF 1

2 1

SOLIDWORKS Educatﬁnd Product. For Instructional Use Only.
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SECTION a-a

45,5
53,5

Toleréncias gerais : ISO 2768 - m k

UNLESS OTHERWISE SPECIFIED: FINISH:
DIMENSIONS ARE IN MILLIMETERS DO NOT SCALE DRAWING REVISION
SURFACE FINISH:
TOLERANCES:
LINEAR:
ANGULAR:

NAME SIGNATURE DATE TITLE:
DRAWN Ricardo Lobo 14/06/22

oo Power Screw
A MFG

Q.A MATERIAL: DWG NO.

]5 A4

SCALE:1:3 SHEET 1 OF 1

SOLIDWORKS Educati40-na| Product. For Instructional U:sse Only. 2 ]



Appendix D

Bolts Tightening Torque

The tables presented in this Appendix are exposed in [56], however, a correction was made to the
subtitles.
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FORCA DE TRACGAO E BINARIO DE APERTO

Classe de parafusos - Passe largo
o o E -
O ! f
iR 5.8 6.8 88 | 109 | 129
L 2 32155
- 0 fargade | pinario ds | 1 - forga de L - f
A0 (6] 5 1530 Rl (v mome [ oes e mce |manas | osase |uneo | oo [ore
mm | mm | mm | mm? N Nm N Nm N Nm N Nm N Nm N Nm
- adn 010 | 4830 | 045 | 6106 | 019 | 7327 | 023 | 9769 | 031 | 13738 | 043 | 16486 | 052
(M2 15 | 4 JOSOY 207 | g4 | 4495 | ot9 | s619 | 028 | 6743 | 028 | 8es0 | o0& | 12643 | 082 | 15171 | 063
: 010 | 8135 | 031 | 10169 | 039 | 12202 | o047 | 16270 | 083 | 22880 | 088 | 27456 | 106
W28 2 | 5 0K 339 | 51a| 7499 | 038 | 74 | o048 | 11249 | ose | 14098 | o077 | 21091 | 108 | 25310 | 130
e 010 | 12199 | 054 | 15249 | o0g8 | 18209 | o082 | 24399 | 100 | 4310 | 183 | 41172 | 184
M3 | 25 | 55 (080 503 | gy | 11259 | 60 | 14074 | 083 | 6@ | 190 | 2519 | 184 | dess | 18 | 36000 | 22
. 6 logo]s7s|010| 19982 | 084 | 20478 | 105 | 24573 | 126 | 32764 | 168 | 46075 | 236 | Ssem9 | 284
3,5 O 678 | oya | 15113 | 1,03 | 18892 | 128 | 22670 | 154 | 30226 | 205 | 42506 | 289 | 51007 | 347
Me | 3| 7 logo]as |00 2us4 | 125 | 26443 | 186 | 31731 | 189 | 42208 | 250 | 50496 | 382 | 71305 | 422
o QR 878 | 14 [ 19500 | 159 | 24387 | 191 | 20264 | 220 | 39019 | 306 | 54870 | 430 | 85844 | 516
ms | o« | 8 losol a2 |00 | 3616 | 246 | 4270 | 308 | 51923 [ 370 | 69231 | 493 | 97357 | 683 | 116628 | 832
“|ot4| 31968 | 302 | 39960 | 378 | 47952 | 453 | 63937 | 604 | 89911 | 850 | 107893 | 10,20
s | 5 | 10 ‘,' 204 | 010 | 48747 | 424 | B0S34 | 530 | 73121 | 635 | 97494 | B47 | 137101 | 1182 | 164522 | 14,30
L3 ‘ V1014 | 44091 | 519 | 56239 | 648 | 67466 | 778 | 89982 | 1037 | 126537 | 1450 | 151844 | 17,50
M7 i |y | 250|010 71345 | 697 [ 8o182 | 871 | 107018 | 1045 | 142601 | 1394 | 200859 | 1960 | 240791 | 2352
’ 0,14 | 65996 8,60 82495 10,76 9899 4 12,90 131992 1721 18561 4 2420 222736 29,04
h, 6 | 12 [128] 265|010 [ 80471 | 1020 | 111889 | 1275 | 134207 | 1530 | 1782 | 2041 | 251637 | 2870 | 301965 | 344
= WS 001 014 | 82656 | 1254 | 103320 | 1567 | 123984 | 1880 | 165312 | 2507 | 202470 | 3526 | 278965 | 4231
Mio| s | 16 |50 s [ 010 [ 142045 | 2011 | 178056 | 2514 | 213668 | 3016 | 264890 | 4022 | 400627 | 656 | 480753 | G787
g 014 | 131674 | 2476 | 164502 | 30,06 | 197511 | 3714 | 263348 | 4952 | 370333 | 60,64 | 444309 | 8356
w12 10 | 16 [ 178 ] a43 | 010 | 207666 | 3443 | 250583 | 4303 | 311499 | 5164 | 415332 | 6886 | 584061 | 9683 | 7073 | 11620
M2 WS B33 | 014 | 192040 | 4242 | 240050 | 5303 | 288060 | 6363 | 384080 | 8484 | 540112 | 11931 | 648135 | 14317
Mia| 12 | 21 | 2 | 115 | 010 | 283898 | 5477 | 354874 | 6846 | 425849 | 8215 | 567798 | 10953 | 798466 | 15403 | 956160 | 18484
0.4 | 262612 | 67,56 | 328265 | 84,45 | 393918 | 101,34 | 525224 | 13513 | 738506 | 19002 | 886315 | 228,03
lﬁﬂ‘ i | 26 | @ | 157 | 010 [ 302421 | 8518 400527 | 10843 | 588632 | 12772 | 784843 | 17029 | 1103685 | 23947 | 1324422 | 287,36
AR L 014 | 363642 | 10580 | 454553 | 13226 | 545463 | 158,71 | 727285 | 21161 | 1022744 | 20758 |1227293 | 357,08
Mis| ¢ | 27 [250| 1o | 010 | 475330 | 11748 | 594163 | 14685 | 712996 | 17622 | 950661 | 23496 (1336867 ( 33041 (1604241 | 396,49
014 | 439861 | 145,16 | 549627 | 18145 | 659792 | 217,74 | 879723 | 20032 | 1287110 | 40226 |1484532 | 489,92
20| 17 | 20 |280 245 | 010 | 612380 | 16608 | 765475 | 20761 | 918570 | 24813 | 1224760 | 33217 | 1722319 | 46711 | 2066782 | 56054
- & 0.14 | 56747.1 | 20639 | 709339 | 257,98 | 851206 | 309,58 | 1134042 | 41278 | 1566012 | 56047 |1915215 | 696,56
17 | 3¢ |280| a0 | 010 | 783052 | 227.22 | o538t | 28402 |1144578 | 34082 | 1526104 | 45443 | 2146083 | 63905 | 2575300 | 76685
014 | 707919 | 283,79 | 884898 | 35474 |1061878 | 42569 |1415837 | 56758 |1991021| 798,16 |2389225 | 957,80
M24| 10 | o6 | @ | s [ 010 | 88224 | 2716 | 1102005 | 35804 | 1323486 | 43073 | 1764649 | 57431 | 2481507 | BOT6Y | 2077844 | 969,15
' 014 | 817618 | 35684 | 1022022 | 446,05 |1226427 | 53526 | 165236 | 71368 | 2299551 | 1003,61 |275946,1 | 1204,33
mzz| 1o | a4 | 3 | asg | 0101157788 | 42004 | 1447235 | 52505 (1736682 | 630,06 (2315576 | 840,08 (3256279 | 118136 [3007534 | 141763
0.14 | 1074415 | 525,08 | 1343015 | 65635 | 1611622 | 787,62 | 2148830 | 1050,16 | 3021792 | 1476,79 | 3626150 | 172,15
M30| 2 | 46 | @80 | sor | 010 [1409995| 57283 | 1762494 | 71603 |2114993 | 85924 | 2819990 | 114585 | 3965611 | 161,08 | 4758704 | 193320
i 014 [ 1307706 | 71449 |1634633 | 893,11 |1961559 | 107173 | 2615412 | 142897 | 3677923 | 200949 | 4413508 | 2411,39
M33| 20 | so | 350 sos | 010 1756181 | 77465 | 2195226 | 96832 | 2634271 | 116198 |351206.2 | 154931 | 4930258 | 217872 | 5927110 | 261446
014 | 1630580 | 97043 |2038225 | 1213,03 | 2445670 | 1455,64 | 3261159 | 1940,86 | 4586005 | 272033 | 5503206 | 3275,19
M3e| 27 | ss | & | a7 | 010 |2080817 | 98860 |2576022 | 124825 | 3001226 | 149789 | 4121635 | 197,19 | 5796048 | 28085 | 6955258 | 3370,26
wad - 0.14 | 1912418 | 1248,41 | 2390523 | 156051 | 2868627 | 187261 | 3824836 | 2496,81 | 537867,6 | 351,14 | 6454411 | 421337
ma9| - | eo | 4 | o7 | 010 |2475200 | 129181 | 3084000 | 161477 | 3712799 | 183772 | 4950399 | 256363 | 6961498 | 3633,23 | 8353798 | 435988
0.14 | 2209026 | 1620,96 | 2873783 | 2026,20 | 3448539 | 2431,44 | 4598052 | 3241,92 | 6466010 | 4558,96 | 7759213 | 5470,75
a2 3 | 65 | 480 | 1120 | 010 |2832250 | 160125 | 3540312 | 200167 | 4248674 | 240188 | 5664499 | 320251 | 796570.1 | 450353 (9556842 | 540423
s 0.14 | 262939.0 | 200546 | 3286738 | 2506,83 | 3944085 | 300820 | 5258780 | 4010,03 | 7395160 | 564037 | 8874192 | 6768,44
Mas 70 | 450 | 1310 | 010 [3327515 | 200551 | 4159394 | 250689 |4991273 | 300826 | 6655030 | 4011,02 | 9358636 | 564050 |1123036,0| 6768,60
- 0.14 | 3091518 | 2519,55 | 386430.7 | 3149,43 | 463727.7 | 379,32 | 6183036 | 5039,09 | 8594893 | 7086,23 [1043387.0| 850347
mag| 26 | 75 | 5 |14 | 010 3724293 | 240851 | 4655365 | 300814 | 5595440 | 360977 | 7448586 | 481303 |10474570) 676832 |1256043,0| 812198
ke ) 014 | 345662.9 | 3018,11 | 4323087 | 3772,64 | 5187944 | 4527,17 | 6917258 | 6036,23 | 9727304 | 8488,45 |1167287,0| 10186,14
Ms2 5 | 1750 | 0.10 | 4481089 | 3099.96 | 5601361 | 387405 | 6721634 | 4649.93 (8962178 | 6199.91 (12603060 871863 |1512388.0| 10462,36
: 0,14 | 416499.0 | 3900,52 | 5206238 65 | 6247485 78 | 8320980 | 7801,04 |1171404,0 10970,21 |1405684.0 13164,25
Mse| 41 | o5 | 580 | 2000 | 010 [5162029 | 383814 | 6452536 | 479768 | 7743044 | 577,21 (10324060 7676, |1451821,0) 1079478 | 17421850 1295373
— 0.14 | 4796834 | 4824.40 | 5096042 | 603050 | 7195251 | 723660 | 9593668 | 964880 |1349110,0( 1356863 |1618931,0| 16282,36
M60 60 | 580 [ 2350 | 010 [ 6024985 | 475484 | 7531231 | 594330 |903747,8 | 713196 |1204997.0/ 9509,28 |1694527,0| 1337243 |2033432,0| 16046,91
0,14 | 5602675 | 5992,71 | 700334 4 | 7490,88 |B404012 | 898906 |11205350| 1198542 1575752.0| 16854,49 |1890903.0| 16282,36
% | o5 | & |z680| 0106833395 | 574671 | 8541744 | 7182,71 [1025009,0( 8619.25 |1366679.0| 11492,34 | 19218920/ 16161,10 [2306271,0 18393,32
: 0,14 | 6352999 | 723513 | 7941246 | 9043,92 | 9529498 | 10852,70 |1270600,0| 14470,27 |1786781,0| 20348,82 |2144137.0| 24418,58
w00 | 8 | 3060 | 010 [782799.9 | 6939,64 | 9784998 | 867455 |1174200.0 1040946 |1565600,0| 13879.28 |2201625,0 19517,74 |2641950,0 | 23421,29
0,14 | 7282018 | B758,24 | 9102522 | 10947,80 [1092303,0) 13137,36 |1456404,0| 17516,48 | 2048068,0| 24632,55 |2457681.0| 29559,06




’ Classe de parafusos - Passe fino
~ i)
L) o
q VIR 5.8 6.8 88 | 1008 | 129
2 |8 oo
-5 o Uele
- d @ G |88 SEO Forga de [Binario de | Forca de |Bindrio de | Farga de [Bindiio de| Forca de [Bindrio de|Foica de [Bindio de |Forga de [Bindrio de
) 3; 20 0| froccao | operdo | trocgoo | agpero | 10cgdo | aperio | tocgdo | aperdo |hocgoe | aperfo | ocgoo | apeto
mm | mm | mm | mm? N Nm N Nm N Nm N Nm N Nm N Nm
'“! 6 13 | % |3a2]|010 9798,1 1087 | 122476 | 1359 | 146971 | 16,31 | 195860 | 21,75 | 27557,1 | 3058 | 330685 | 36,70
Wi il 014 | 90795 | 13,53 | 113484 | 1691 | 136193 ( 20,29 [ 181591 | 27,05 | 255362 | 38,04 | 306434 | 45,65
Mi0| & 16 | 125 612 010 | 152969 | 21,13 | 191211 | 2641 | 229453 | 31,69 | 305938 | 4225 | 430225 | 5942 | 516270 | 7130
s | 014 | 141750 | 2627 (177188 | 32B4 | 212626 | 3941 | 283501 | 52,55 | 398673 | 73,89 | 478408 | 88,67
(10| & | 16 | 1 |645 |00 163836 | 2212 |204795 | 2766 | 245754 | 33,19 | 327672 | 4425 | 46078 | 6228 | 552046 | 74,67
i 1 014 | 152216 | 27,80 | 190270 | 3475 | 228325 | 41,70 | 304433 | 5561 | 428108 | 78,20 | 513730 | 9384
Miz2! 10 18 | 150 | ggq | 010 | 220207 | 3583 | 275250 | 4479 | 330310 | 5375 | 440414 | 7167 | 619332 | 10078 | 743198 | 12094
' "] 0,14 | 204058 | 4453 | 255072 | 5566 | 306087 | 66,79 | 408116 | 8906 | 573913 | 12524 | 688695 | 150,29
Ilii’ 10 | 18 | 125 921 010 | 233337 | 37,26 | 20167.1 | 46,57 | 350006 | 5588 | 466674 | 74,51 | 656261 | 104,78 | 787513 | 125,74
bt s | 014 | 216692 | 46,70 | 270865 | 58,38 | 325038 | 70,06 | 433384 | 93,41 | 609446 | 131,36 | 731335 | 157,63
Mia| 12 | 21 | 150 | 125 | 0.10 | 316100 | 5904 | 395125 | 7380 | 474150 | 8857 | 632200 | 11809 | 889031 | 166,06 | 1066837 ( 199,27
~ 014 | 203459 | 7392 | 366824 | 92,40 | 440189 | 11089 | 586919 | 14785 | 825354 | 207,91 | 990425 | 24949
rlﬂt 14 | 24 .Lm 167 | 010 | 425813 B9,78 | 532266 | 11233 | 638719 | 134,67 | 851625 | 179,56 | 1197598 | 25251 | 1437118 | 303,02
. s 2ig 0,14 | 395878 | 113,06 | 494847 | 141,32 | 593816 | 169,59 | 791755 | 22612 | 1113406 | 317,98 | 1336087 | 381,57
Mi8| 14 | 27 | 2 | 204 | 010 | 514572 | 12403 | 643215 | 15503 | 771858 | 186,04 | 1029144 | 24806 | 1447233 | 34883 | 1736680 | 418,59
D14 | 477517 | 155,02 | 506896 | 193,78 | 716275 | 232,53 | 955033 | 310,05 | 1343016 | 436,00 | 1611619 523,20
m. 14 | 27 150 216 0,10 | 554151 | 130,17 | 692689 | 162,72 | 83122,7 | 19526 | 1108303 | 26035 | 1558551 | 366,12 | 1870261 | 439,34
s ¥ i 0,14 | 515776 | 164,67 | 644720 | 20584 | 773664 | 247,01 [103155.2| 32935 | 1450621 463,15 | 1740745 | 555,77
M20| 17 | 30 | 2 | 258 | 010 | 653341 | 17372 | 819177 | 217,16 | 983012 | 260,59 | 1310683 | 34745 | 1843148 | 486,60 | 2211778 | 586,32
0.14 | 608862 | 218,17 | 761078 | 272,71 | 913293 | 327,26 |1217724 | 43634 | 1712425 | 613,61 |205491,0 | 736,33
im20| 17 | 20 ﬂ.ﬂ o7o | 010 | 701147 | 181,58 | 876433 | 22697 |1051720 | 27236 (1402293 | 363,15 | 1971975 | 510,68 | 2366370 | 612,82
o ; ! D14 | 653191 | 230,55 | 816484 | 288,19 | 979786 | 34582 | 1306381 | 461,90 | 1837099 | 64842 | 2204519 | 778,10
m22| 17 | m 9 | 319 | 010 | 812208 | 23688 |1015260 296,10 1218312 | 355,32 | 1624415 47376 | 2284334 | 666,23 | 2741201 | 799,48
014 | 755339 | 298,75 | 944174 | 37343 | 1133009 | 44812 | 1510678 | 59749 | 2124391 | 840,22 | 2549270 | 1008,27
M22| 17 | ‘hﬁ a33 | 0.10 | 861642 | 246,02 | 1077053 | 307,53 | 1292464 | 36904 (1723285 | 49205 | 2423370 691,94 | 2908043 | 830,33
s 0,14 | 803318 | 31341 | 1004147 | 391,76 | 1204877 | 470,11 | 1606636 | 62682 | 2259332 | BB146 | 2711198 | 1057,75
M24| 19 36 2 | as4 0,10 | 985156 | 308,56 |123144,5| 38570 (1477734 [ 462,84 (1970311 | 617,12 | 2770750 | 867,83 |3324900 | 1041,40
; 014 | 916933 | 390,33 | 1146166 | 487,92 | 1375399 | 586,50 | 1833865 | 780,67 | 2578873 | 1097,82 | 3094648 | 1371,38
M24 % | 150 | 401 0,10 [ 1040794 | 319,62 | 1300992 | 309,52 (1561190 | 479,43 |208158,7 | 639,23 | 2927232 | 898,92 | 3512679 | 1078,71
- = ; 0,14 | 970960 | 408,12 |121370,1 | 51015 1456441 ( 61218 (1941921 | 816,24 | 2730826 | 1147,84 | 3276991 | 1377,41
m2z| 10 | a1 | 2 | agg | 010 | 1279223 | 448,43 1599029 | 560,54 |1918835 | 67265 |2558447 | 896,87 | 3507816 | 1261,22 | 4317370 | 151346
014 | 1191850 | 569,67 |1489813 | 712,09 | 1787775 | 854,51 |238370.1 | 1139.34 | 3352079 | 1602,20 | 4022495 | 1922,64
Imao| 22 | 46 | 2 | 6or | 010 [ 1608175 | 62380 (2010218| 779,75 |2412262 ) 935,70 |3216350 | 1247.60 | 4522992 | 1754,43 | 5427500 | 2105,32
» , 014 | 1499570 | 795,14 |1874463 | 093,93 |2249355 | 1192,72 | 299914,0 | 1590,20 | 4217542 | 2236,34 | 5061050 | 2683,61
M33| 2¢ | 50 | 2 | 78 | 010 | 1977169 835,81 | 2471461 | 1044,76 | 2965754 | 125372 | 3854336 | 1671,62 | 5560788 | 2350,72 | 6672945 | 2820,87
0.14 | 184490.1 | 1068,24 | 2306126 | 133530 | 276735,1 | 1602,36 | 3689802 | 213649 | 518878,4 | 3004,43 | 622654,0 | 3605,32
M3s| 27 | 55 | @ | ees 0,10 | 2219168 | 1048,15 | 2773960 | 1310,18 | 3328751 | 1572,22 | 4438335 | 2086,20 | 624140.0 | 204791 | 7489600 | 3537,49
g : 0,14 | 2065489 | 1326,13 |258186.2 | 1657,66 | 3098234 | 1989,19 | 4130979 | 2652,26 | 5809189 | 3729,74 | 6971027 | 447568
Mao 80 3 | 1030 | 010 265219,6 | 1351,70 | 3315245 | 1689,63 | 3978295 | 2027,56 | 5304393 | 270341 | 7459302 | 3801,67 | 8951162 | 4562,00
0,14 | 2470270 | 1715,15 | 3087838 | 2143,94 | 3705405 | 2572,72 | 454054,1 | 343030 | 6947635 | 4823,86 | 833716.1 | 5788,63
imaz| 22 | 65 | 3 | 1210 0,10 [ 3125293 | 1709,52 | 3906616 | 213690 (4687939 [ 256428 | 6250585 | 3419,04 | B78088 6 | 4808,02 (10547860( 5769,62
PRV Tl 0,14 | 2912687 | 2174,50 | 3640859 | 2718,24 |436903,1 | 3261,80 [ 5825374 | 4349,18 | 8191933 | 6116,04 | 9830319 | 7339.4
M45 70 | @ | 1400 | 010 | 3625517 | 218,52 | 453189,7 | 2648,14 | 5438276 | 317,77 |725103.5 | 4237,03 |10196770( 5958,33 |12236120) 7149,99
0,14 | 3380678 | 2700,72 | 422584,7 | 337590 |507101,7 [ 405108 | 6761355 | 540143 | O50815.6 | 7595,77 (1140979.0( 9114,92
mag| 35 | 75 | @ | 1e0p | 010 | 4152780 | 2581,68 | 5190987 | 3227,11 6229185 [ 387253 | B30558,0 | 5163,37 |1167972,0| 7260,99 |1401567,0| 8713,18
o . 0,14 | 3874153 | 3207,46 | 4842602 | 4121,83 | 5811230 | 4046,20 | 774830,6 | 6594,93 |1089606,0| 9274,12 |1307527,0] 11128,94
M52 80 3 | 1900 | 0,10 | 4944052 | 3299,14 |6180065 | 4123,92 | 7416078 | 4948,71 | 0888104 | 6598,28 |1390515.5| 9278,83 16686180 11134,60
0,14 | 4614827 | 4222,62 | 5768533 | 527828 | 6922240 | 633394 | 0229653 | 844525 |12979200| 11876,13 | 1557504.0| 14251,36
Ms6| 41 | 85 ! 4 | 2140 | 010 | 5527384 | 4008,26 | 6909230 5010,32 | 829107.5 | 6012,39 [1105477.0| 8016,51 | 1554577 0 11273,22 |1865492,0| 13527,87
st “ 0,14 | 5151372 | 5097,95 | 6439215 | 6372,43 | 7727058 | 764692 [1030274,0| 1019589 |1448823,0( 14337,98 |1738588,0( 17205,57
M60 a0 | 4 | 2480 | 010 [6422351 | 495024 | 8027939 | 6187,80 (9633527 | 742536 12844700 990049 |1806286.0| 13922,56 |2167544.0 16707,07
0,14 | 598863.8 | 6309,01 | 7485798 | 7886,27 | 8982957 | 946352 |1197728,0| 12618,02 | 1684304,0| 17744,10 |2021165,0| 21292,92
Mea| 45 | o5 | 4 |osso| 010 [ 7397163 | 603907 | 6246454 | 754884 |1109574,0) 905860 |14794330| 12078,14 2080452 0| 16984,88 2496543,0| 20381,86
= 0,14 | 6900843 | 7710,76 | 8626053 | 963845 |1035126,0| 11566,14 |1380169,0| 15421,52 | 1940862.0| 21686,51 |2329034,0| 26023 81
M68 100 | 4 | 3240 | 010 | 8425885 | 7263,31 |1053236.0( 9079,14 |1263883.0| 10894,97 | 16851770 14526,62 |2369780,0| 20428,06 |2843736,0( 24513,68
0,14 | 786380,1 | 9288,98 | 9829751 | 11611,23 [1178570,0( 1393347 [1572760,0| 18577,86 |2211694,0| 26125,26 |2654033,0( 31350,31
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