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Abstract

This thesis work, developed in cooperation with the Czech

Technical University in Prague, systematically analyses and

compares different approaches for the local fatigue strength

assessment of notched specimens. The paper collects
experimental data from the FABEST analysis campaign. After
the experimental tests using the Amsler testing machine were
performed, the data were efficiently collected and processed using

statistical techniques to determine the classical S-N curves, i.e.

stress versus number of cycles to failure. Subsequently, the theory

of critical distances, the relative stress gradient method and the
strain energy density were applied through finite element analysis
and other computer tools in order to compare the theoretical
approaches with experiment. To achieve this goal, the thesis has
been divided into eight chapters:

= In the first chapter, the classical fatigue strength analysis, i.e.
the one that takes a nominal stress as a reference, was
introduced by means of some historical references. In the final
paragraphs, a particular criticality in the use of this approach
was highlighted.

» The second chapter is based on Neuber’s innovative idea from
which multiple approaches for the evaluation of fatigue
strength will arise. In particular, the theory of critical
distances - TCD - is described and it brings together two
methods: the first is based on an integral average determined

up to a certain length e and the second is based on the

extraction of a certain stress at a distance x.. Both of them
use the material curve to determine an effective stress.

* The third chapter presented the theory of the relative stress
gradient - RSG - which defines a local component S-N curve
to determine fatigue strength. Various techniques from
different authors and also from the FKM guidelines were
studied.

* In the fourth chapter, the point of view was changed, i.e. a
new physical quantity was considered: the strain energy
density - SED. Again, this approach rests its foundation on
Neuber’s idea of structural volume.

* In the fifth chapter, the experimental apparatus adopted to
obtain the necessary data was described. Furthermore, not
only the statistical methods for the determination of fatigue
curves were described, but further results of fatigue tests
performed on other types of material and geometries were
added.

* In Chapter Six, the fatigue crack initiation points and the
fatigue failure surface of the specimens under analysis were
described by means of microscopic analysis.

= In the seventh chapter, FEM analyses were conducted to
determine the physical quantities required to apply the
theoretical approaches described in the first chapters of the
thesis. In the second part, all useful parameters were
determined using the Matlab programming language in order
to establish a comparison between TCD, RSG and SED with
the experimental tests in order to determine the deviations
between experimental reality and the analytical approach.

* In the eighth and final chapter, an accuracy analysis between
the different approaches was performed with the aim of finding
the best method to predict the fatigue strength.

Finally, the various appendices describe the static tensile tests
for determining certain parameters useful for the analyses and

the programming codes used.






Chapter 1

FATIGUE OF METALLIC
MATERIALS: NOMINAL
APPROACH

1.1 Brief historical description of fatigue

The first studies on fatigue of metallic materials date back to 1829 when the German engineer W. A. J.
Albert, Fig. 1.1,director of the mining industry in Claustimathe Harz regionpbserved and studied

the failure of chains of iron mining convedfties. many experimental observations, carried out thanks

to a testing machine built by himdedfpublished in 1837 the studies related to the phenofd&anon.

finding was that fatigue was not associated with an accidental overload, but was dependent on load and
the number of repetitions of load cyclesAd@&krly as the first half of the 1800s, the first concepts of

the phenomenon of fatigue, as it is known today, were inthoghactidular, the idea of "repetitions"
associated with "number of cycles" hinted that the fatigue must be protracted over time.

Figure 1.1: Engineer Wilhelm August Julius Albert

Because of the excessive cost of replacing chains, Albert invented the wire rope, which was certainly mo
important than the early fatigue studies.

With the development of metallic materials and their use in applications such as bridges and railroads,
sudden breaks began to become more freQuerth the railway accident at Versailles, France, fatigue
research was performed in 184a.particular,W. J. M. Rankine (Fig.1.2a),commonly known for

his studies in the field of thermodynandisgussed the railway axles failure and he said that areas of
concentrated stress could initiate failihés.was an early example of defining the notch effect [46].

In 1853 the french physicist Arthur-Jules Mofiig. 1.2b,discussed axles failure of horse-drawn mail
coaches and he asserted that the replacement of the axles should be made approximately at 60000 km.
This was a first example dhe safe life design approaci. addition,he noticed that cracks mainly

occurred at section changes [46].

The term fatigue was mentioned for the first time by the Englishman anehgiwieer Braithwaite in

1854 Fig. 1.3a.Braithwaitehoweversays that Mr.Field coined the termn his paperBraithwaite,
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(a)
Figure 1.2: (a) Engineer William John Macquorn Rankine, (b) Physicist Arthur-Jules Morin

describes many service fatigue failures of brewery equipment, water pumps, propeller shafts, crankshaft
railway axles, levers, cranes,Adtawable stresses for fatigue-loaded components are also discussed [46].

(a) (b)

Figure 1.3: (3) Engineer John Braithwaite, (b) Mathematician and Engineer Jean-Victor Poncelet

The mathematician and engineer Jean-Victor Poncélgt,1.3a,professor ofnechanics at the école
d’application in 1825 [46]in his lectures he coined the term fatigue to describe the statabdrials

subjected to streslde is particularly interested in the design of turbines and water wheels.

Between 1850 and 1860, the german engineer August Wohler, Fig. 1.4, royal Obermaschinenmeister of the
Niederschlesische-Mérkische Bahn Railways in Frankfurt an der Oder, conducted a series of experiments

on railway axles with self-developed deflection gdbestests were performed in fatigue laboratory

under repeated stresses subjected to bendirgipn and axialoads. These studies showed that the

fatigue life increased with decreasing applied stress so that below a certain amount of tension componer
seemed to have infinite litexen Wohlerin those yearsjoted that the fatigue life of the component
decreased drastically in the presence of notching effects [46].

Wohler represented his test results in the forntaifles. Spangenberdyis successoms director of

the Mechanisch-Technische-Versuchsanstalt in Berlin [43], plotted the results of Wohler as curves forms,
although in the unusuldrm of linear abscissa and ordinatgaining S-N curves;here S stands for

Stress and N stands for Number of cycle§he S-N curves were called Wéhler curves since 1936 [46][52].

1.2 Introduction to fatigue phenomenon

Nowadays, mechanical structures have to meet a number of design requirements such as static strength
fatigue strength and stiffneddoweverfatigue tends to be the most common reason for the limited

2
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Figure 1.4: Engineer August Wohler

lifetime ofa mechanicatomponentFatigue is a progressive damage mechanismatdrialthat can
lead to failure of a mechanical component subjected to repeated stressesewar tirthee external
load cause stresses well below the ultimate tensile stgengithnaaterialThese stresses, in order to
cause fatigue fracture, are not only well bglowbat also the yield stresgs tn other words, stresses
that would be absolutely safe from a static point of view can cause fatigue failure.

Crack initiation point

\ Stress flow
Repeated force - j / =l Repeated force
D R A =
~ a(t)
| A N———

. Resistant section
Crack propagation

Figure 1.5: Phenomenon of crack propagation on a specimen subjected to a tension-compression load

To describe the fatigue phenomenon a metallic mapedahen is considered (for examgttel),as

depicted in Fig. 1.5, repeatedly subjected to tension-compressifitdoadtertain number of cycles

N , a first sign of damage occurs when a crack is initiated from the sAfticehis initial phase has
developeds the tensile and compressive load cycles cortfieuaack propagates in the orthogonal
direction to the stress flohhe repeated action of the stresses causes a propagation until the resistant
section is reduced to such an extent that it can no longer bear the maximum load of the stress, at which
point a failure occurBatigue phenomenon described above is very dangerous, in fact:

* Fracture occurs without any obvious warning sigritsjd.manifested in a brittle manner even in
materials that prove to be ductile in a tensile test, such as steel.

* Fatigue failure occurs over time (just when the structure is considered tested).

80-90% of mechanical failures in operation occur through fatigue, hence the importance of these studies
Static failures are very rare and occuttie designer did something wrong during verification or the
structure was subjected to excessive load.

As will be better seen in Ch. 6, in the following Fig. 1.6 it is possible to identify the three main phases
involved in fatigue damage.

As can be seen, the first phase of fatigue damage is characterized by a smooth shdexraréao

traces of plastic deformation that have altered the g@tiabn of the specimenhe finalresistance

section presents a rough surface as can be easily verified in the static tensile test.
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Beach marks

Rough surface (propagation)

(crash)

Origin of
fracture

Figure 1.6: The 3 phases of fatigue damage:initiation, propagation and failure

1.3 Armonic load description

At the beginning a simple case of repeated stress over time is consadanedpidal spectrum stress
as shown in Fig. 1.7:

O‘lllﬂ‘X

N\ [\ ]
O-Ill AU
O-kL

\/ \

N N Omin

< » <
. 5 > -¢

Stress

»

Time

Figure 1.7: 0 = a(t) function [1]

The meaning of the symbols are as follows [4]:

0, = Amplitude of stress
Ao = Range of stress
Omax = Maximum stress
Omin = Minimum stress
Omn = Mean stress
N = Number of cycles
N' = Alternation

Another parameter of the stress sine wave is defined, that is stress ratio R:

R = Imin (1.1)

Omax
The parameters mentioned above are linked to eachHropeeticular, for the stress range:

AT = Omax — Omin (1.2)

and for the stress amplitude:

O, = ATG — 9max ~ Omin (1.3)

2
Knowing the mean stregs @and the stress amplitudgitris possible to determine the maximum stress
Omax aS:
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Omax = Om + O (1.4)
and the minimum stresgioas follow:
Omin = Om — 03 (1.5)
Eq. 1.1 can be written as:
R=om"Ya (1.6)
Om + 04

Referring to Figl.8,the most commonly applied stress ratios in fatigue tests are foeduéiully
reversed loading).

A
Omax
w
8 A O'm:O A
£ y Ao|
Ta \ / v \ Time
A
B N N ‘.ZVL Omin

Figure 1.8: Fully reversed loading with R = -1 [1]

In this case g = 0 and @&in = ~Omax-

1.4 Characterisation of metallic materials at fatigue

As said beforein order to have fatigue phenometione-varying stresses must be indu@edcarry

out fatigue tests on specimetis stress cycle dfig. 1.8 is initially applied,e. with a mean stress
equal to zero in this caAecertain stress amplitudeioset and, in the meantime, is necessary to count
the number of cycles khat induce fracturdn this way on (g Nf) plane it is possible to individuate
points.What is obtained, with a fit of the experimental points, is the Wdhler curve in Fig. 1.9.

Oa

(&}

2105105 N
Figure 1.9: Wohler curve in linear scale

In order to understand which stress has been applied, it is necessary to define a second parameter, calle
stress ratio R, shown at the top right of the grapfiid¢). It can be seen that as the stress amplitude

O, increases, the number of cycldés failure decreases, i.e., the fatigue life dedteasessely, if the

applied stress decreadire fatigue life increasd®y applying a certain stress lexalimit is reached

beyond which the specimen does not brealen after many millions af/cles,conventionally set at

2 x 1 + 108 for steel, according to UNI 767lhese points are represented with an arfbw.trend

obtained from the fit ofthe experimentalata suggests a particular stress amplitude beyond which,
theoretically, the life of the fatigue specimen is imfisitress level is so important for design that it

is called the fatigue limit and is denoted hy-¢ , where a denotes the stress amplitude, «» denotes that

the fatigue life is theoretically infinite and -1 is the stress ratiofalighten this notation,g-;
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is equalto gp. It should be noted that there is some statisticatter in the experimentabults,so
fatigue is a statistical phenomenon and this adds an additional danger factor.

Plotting the experimentpbints on a graph having linear scabasa low number ofyclesthe data
cloud would be very compressed towards the y-axis equals to the stress amphtudais reason,
the graph was reconstructed using logarithmic scales in basesé&fles ofpoints with an S-shaped
trend and a mean fit curve interpolating the experimental data were obtained in Fig. 1.10.

( Oa )n
logm R =-1
751205 %g
O
O
Oa Q (.) &
: e &

O
. o

A\ o
108 M 2:100+108 M (logm)

Figure 1.10: Wohler curve in log - log scale

Considering a certain value of stress amplifutésgossible to determine a number of cygldwal/

on average the specimens showed at falliseneans that in 50% of cases the specimens broke before
crossing the mean curve and in 50% of cases other specimens broke after crossing theTmisan curve.
means that the curve plotted on the graph is a curve with 50% probability of futhiearaph in

logarithmic scaleg, is possible to identify the fatigue limjtand the stress amplitude that leads

to failure of the specimen at the first load cyide,for a stress ratio R = —1,equalprecisely to the

ultimate tensile strengthg of the material.To plot the curve in Fig.1.10 typicallya cylindrical

specimen having a constant diameter of 10 mm, with a lapped surface and subjected to rotating bendinc
tests was adopted, as shown in the scheme in Fig. 1.11.

\ J
Ot
vt
N \/
‘ & . <1 r011nd=
Ca
Ve

Figure 1.11:Alternating bending test machine

The specimen is supported by a left-hand bearing anchored to the frame of the teséAngeaigdnthine.

P is applied to the right end through a second beanprggcisely on the outer rindhe specimen is
driven with a number of revolution The weight results in a Navier’s stress tramklere it is easily
identified a point A subject to a bending strgsamd a point B subject to a bending stress edual

-o¢. In the graph g= o(t), starting from point A, integral to the test specimen, the stress goes from
a positive value to a negative value and after one revolution it returns posttiiseecase 1 cycle is
equal to one revolution of the sample.
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1.5 Effect of shape variation on fatigue

1.5.1 Static stress analysis and stress concentration factors

In Sec. 1.4 it was determined the fatigue curve of smooth spethiseway it was possible to obtain

the fatigue limitgwhich is a property of the materfalgeneric mechanical component, however, has
geometric variations and is used in different environments compared to a testing |abmrabdey.

the transition from a laboratory specimen to the real component, a number of parameters must be taken
into accountPerforming this step allows to translate the Wohler curve of the base specimen (smooth)
to the Wohler curve of a generic mechanical component under real operating comdrihijportant

internal parameter that affects fatigue life takes into account changes in the shape of a component.
As an example, a plate subjected to a fatigue load is taken as reference it Fégsrihdath. because

its rectangular cross section is constant along the entire length of the sp&aimeanduce a shape
variation,its section can be perturbed by introducing a hiilg, 1.12b. The hole alters the smooth

shape of the platée. the rectangular cross section is no longer constant with a certain width W and
thickness t.

Fatigue load

AAA A4

A Fatigue load
.t YYWYY
| Stress Stress
e d flow /concentra,tion
&~ zone

|_Crack initiation

Stress .
flow - DO
\ .
l
VYY VVY EEREE'
<l W |-
(a) (b)
Increase of fluid
Bie velocity Pipe
. \
(\ =
—
—
Fluid flow Fluid flow

(¢) (d)

Figure 1.12:Effect of shape variation and hydrodynamic analogy

In the smooth platéhe stress o flow lines run parallée the fluid flow lines of a fluid inside a pipe

in Fig. 1.12c.Following the hydrodynamic analdg, fluid flow lines inside a pipe in Fi.12d are

forced to defleckrom the fluid dynamic point of view a shrinkage of the section from a diameter equal
to D to a diameter equal to d causes an increase in fluid velocityttrosn & completely equivalent

situation also occurs in the drilled plate where, in the vicinity of the hole, the stress flow lines are forced
to bypass the obstacle and tHimm a tensiongoint of viewalters the path of the stress flow lines.

Locally there is a stress increase and this has an effect on fatigue strength.

Initially,to better understand the effect that a change in shape has on the fatigue life of a component,
the stress field near the hole was analyzed from a static point dhe@ate with hole in Fig. 1.13

has width W and hole diameter equal to ¢.
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by gt

H
I / Opeak

o 1

\

FY AL 4 e

Figure 1.13:Stress concentration effect on a flat-bar with a hole

The hole causes increased stress in the vicinity of points PAaryda@teration in shape, which causes

a concentration of stress, is called ndtek. effect of stress concentration is called the notch effect, and
the point at which the maximum stress occurs is called the mtréips far from the hole is defined
as the gross nominal stregs o

F F
where F is the force acting on the rectangular section of the platésdhd gross area of the section
and it is equato Ag = Wt. Along the horizontalxis of the holeanother reference tension is defined
called net nominal tensiogn o

Oy

F F
%= A = W= d) (1.8)

where 4 is the net area and it is equa A, = (W - ¢)t. 0, is greater thangbecause A is lower

than Ay. In reality, the stress at the net section is not uniform at all, but increases progressively towards
the tip of the notchthe stress field has a peak at the apex of the notch and then, with some gradient,
decreased/nder the assumption of linear elastic material behavior, the stress peak is dgagted as o

The blue area must be equal to the gray amdfact,considering a reference system that originates at

the tip of the notch:

[y-s Iy-s
F= Ontdx = ayy (x)tdx (1.9)
0

To quantitatively describe the stress concentration éffeateticastress concentration factors were
defined as follows:

g,
Kin = %ak (1.10)
if it is referred to the nominal net strgssand:
Kyg = Jpeak (1.11)

if it is referred to the nominal gross strgs$lwere is a link between the two factors, in fact:

apeak=Kt,n * On =Kt,g * Oy (1.12)
and then
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Kig _0n _An

Kt,n Jg Ag
It can be guessed from these relationships that the stress concentratidepeiatsrag the geometry
of the component and the loading mddhe stress concentration factors for various strudeisls
are collected in handboolesg. Peterson’s [41ih the form of diagram#in example of a diagram is
depicted in Fig. 1.14

(1.13)

Stress concentration factor K

¢

I o p— o

— K,

0 0.1 0.2 0.3 0.4 0.5 0.6
o/W

Figure 1.14:Peterson’s diagram of Ky = f (¢/W') [41]

If the structure or the structural detail are more complex, a finite element analysis is used.

1.5.2 Example of stress concentration factor determination

In this subsectiona simple finite element analysis is presented to determine the stress concentration
factor.As has been seek,; can be determined through graphs provided by Petersar [hidugh
numerical methods, as in this cese following flat-bar with a hole in Fig. 1.15 is subjected to a fatigue
load fluctuating between +F and -F .

Figure 1.15:Analyzed flat-bar with hole

In this case F = 100 N, W = 45 mm, L = 150 mm t = 10 mm and ¢ = 15 gifthis exercise has been
carried out by means of the affsymlculation cod&ince the thickness t <<W L a 2D analysis was
performed to simplify the problefhe analysis started from the Pre-Processor environmeiithe

element type has been defined with the following comnientent type - Add/Edit/Delet -

Solid - Quad 4 Node 182. Through the Option has been set a K1 on simple enhanced strn and

a K3 on plane stress with thickness.  The materiawas set up using the commandaterial

Props - Material Models - Structural - Linear - Elastic - Isotropic and the Young’s modulus

E = 206000 M P a and Poisson’s coefficient u = 0.3 have been inberthitkness was set using the
following command®&eal constants - Add/Edit/Delet - Add - Ok. These three screens are

shown in Fig. 1.16.

Later, geometry was created using the following coMoumingy - Create - Areas - Rectangle

- By dimensions. In the window the coordinates of the points have been inserted, following the scheme
in Fig. 1.17The following commands were used to create th€ihdke: By dimensions to create

the circle and Booleans - Substract - Areas to subtract the excess area from the flat-lFecan

be seenpnly 1/4 plate was modeled to take advantage of the symmetry conditions and not to engage
the software with unnecessary computational operations.
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Chapter 1. FATIGUE OF METALLIC MATERIALS: NOMINAL APPROACH

I Library of Element Types

Library of Element Types Structural Mass ~
Link 8 node 183
Beam Brick 8 node 185
Pipe 20node 186
concret 65
Shell -
Solid-Shell ¥ | [Quad 4 node 182

Element type reference number 1

oK Appty | Cancel J

Quad 4 node 182 ~

I Linear Isotropic Properties for Material Number 1
Linear Isotropic Material Properties for Material Number 1

Ti
Temperatures
EX 206000

PRXY

Add Temperature‘ Delete Temperature ‘

oK Cancel ‘ Help

Graph

(a) Element type

I Real Constant Set Number 1, for PLANE182

Element Type Reference No. 1

Real Constant Set No.

(b) Material ~properties

|

Real Constant for Plane Stress with Thickness (KEYOPT(3)=3)
Thickness THK

oK

Apply |

8

Cancel | Help |

(c) Thickness t equal to 10 mm

Figure 1.16:Element type and material definition

A

g

15 mm g

o

[N}

YA o

O > \
= 75 mm R

Figure 1.17:Modeled geometry in ansy$
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Chapter 1. FATIGUE OF METALLIC MATERIALS: NOMINAL APPROACH

In the next stepthe mesh was created through the following operatWtashing - Size cntrls -

Manualsize - Lines - Picked lines to set the number of subdivisions or the size of the elements (with
also the Spacing Ratio command to thicken the hot zone) and Flip bias to reverse the thickening zone,
if necessaryOn Mesh - Areas - Free a free mesh was createdlig. 1.18 shows the mesh.

Figure 1.18:Free mesh of flat-bar

The boundary conditions were applied with the comrhaads:- Define loads - Apply - Struc-

tural - Displacement - Symmetry B.C. and the load with the following commands Pressure - On
lines. Symmetry conditions impose carriage constraints along X that kiskldcements and along
Y that lock U displacements, as shown in Fig. 1.19

—
Ux=0
Og
YL
O
sk B B
Uy=0
Figure 1.19:BCs and load
a gross stresg;avas applied equal to:
F F 100
ag—m—m—mo— 0.222 MPa (1.14)
The nominal stress @n the net section is:
E F F 100
on 2.%-%,1« 2_W—2¢ 1 (W-9)t (45—15)-100333 a (1.15)

To apply the definitions from Eq. (1.10) and EQ. (Jesk13,rmecessaryhrough the Post-Processor
environment it was possible to determine the peak stress with Plot results - Contour plot - Nodal
solution - 1st Principal Stress commands.

It was possible to derive the stress plot in Eig0 and the diagram representing the stress field along
the net section as in Fig. 1.21 with the following comnRatdOperations - Define Path - By

Nodes and Map Onto Path - S1.

The peak stress is determined by reading the value at kes @heak = 0, 7676 M P alhe following

analyticakxpressions ofifor a flat-bar with a holdyave been derived from the Peterson handbook
[41]:

> () ()2
Ktyg - 0, 284 w_o, 600 1 _W +1, 32 1_W (116)
( ) ( ¢ )2 ( ¢ )3
Kt,n=2+0x2841_W —O,600-1—W +1,32-1—W (1.17)

11



Chapter 1. FATIGUE OF METALLIC MATERIALS: NOMINAL APPROACH

Figure 1.20:1st principal stress plot

Stress field along net section
0.8

0.7

0.6
Distance from the

z A tip of the notch

o1 [MPa]

-0 = 01(x)

0 5 10 15
Distance from the tip of the notch z [mm]

Figure 1.21:1st principal stress field as a function of distance x

In this case K4 = 3, 47 and K, = 2, 31.Instead below,the definitions from E4..10 and Eql.11
were applied:

(o] 0, 767
Ktgrem = %ak =0 227 3,45 (1.18)
(o] 0, 767
Kt n,FEM Z_eak =0.333 2,30 (1.19)
n 7

Between finite element method and Peterson’s diagram were obtained errors equal to:

Kig = Krgrem 109 3:47-3,45

o = = @ - . = 0, .
Ago Keg 3 47 100 =0, 57% (1.20)
_ Kin = Kignrem 2,31-2,30 B o
Ano = Ken 100 > 31 100 =0, 43% (1.21)

results, from an engineering point of view, more than acceptable.

1.5.3 Fatigue strength behavior

In the previous sectiothe theoretical stress concentration fagterals obtained using two methods:
through the Peterson’s diagrams and through a finite element andysipoint, the effect of shape
variation on fatigue strength was considered by taking the flat-bar inJ2g.and Figl.12b.The
Wohler curve was derived for both the smooth (or material) and notched specimen, as shown in Fig. 1.22
below.
At the fatigue limit, the¢kfactor was introduced as:
0o
K= (1.22)
f O'O,n

where @, is the fatigue limit of the notched component referred to the net seatioalSince the
stress field near the notch is not unifoam glastic peak stress was identifiedthis casewhen the

12
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Js

(logio) =-1

444 A4a

vV ,/ 22
g9
\ Kf¢
O0n

Material curve

Notched curve

»
>

Ve (loglo)

Figure 1.22: Wohler curve of material and notched specimen [4]

point most stressed by fatigue comes to undergo a stress amplitude equal to the material property, here
is where the crack begins to propaddtis.condition occurs when:
00,peak = 0o (1.23)

where @peak is the peak stress amplitude at the fatigue Firmih. equation 1.10 it is possible to write:

KtnOon = 0o (1.24)
whence:
= 90
" Kgn

Comparing Eq. 1.25 with Eqg. 1.22 it is possible to state traKkK Experimental results have shown
that in fact K <K . In design, Peterson’s expression is often used:

Oo,n (1.25)

Ki-=1=q (Kn-1) (1.26)

where g is the notch sensitivity factor modulating the relationship betwadrkk,. According to
Eqg. 1.26, q is defined as:

g =q(p) =1 ¥ (1.27)
The following three cases can be distinguished:

* g = 0: zero notch sensitivitiye. for each value ofg the fatigue factor isigk= 1. Even in the
presence of a stress-concentrator, this has no effect from the fatigue point of view.

* 0 <g < 1: partial notch sensitivity, iiecan observed that 1 <K K .
* g = 1:full notch sensitivity, i€¢ = K¢p.

The index g varies in a range between 0+1 and thus it weights the stress concentration effect described |
Ktn, which only highlights the static stress reality, to assess what is the true effect of stress concentratio
on fatigue strengtho solve a mechanical design problém,afunction of the ultimate tensile stress

of the material,e. a* = f(o yts ) and can be found in the literatuteis possible to see the function

g =q(p) in Fig. 1.23.

Sy

Figure 1.23:Notch sensitivity factor as a function of radius
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Chapter 2

CRITICAL DISTANCES APPROACH

In this chapter the theory of critical distances will be dgdustaghroach is based on the foundations
built by Neuber arounf 1950 and its aim is to evaluate fatigue strength in a simphby wasane of
a linear elastic stress distribution near the apex of the notch in any mechanical component [38].

Static Tensile Young's Modulus — E AUTODESK
Test Poisson’s Coefficient — v LTI
v l
FEM analysis

Loads and

: NN T
constrains ®

A

JGES format

o
A

TCD

o
o
®0o0000
T X

txt format
Figure 2.1: Sketch of input parameters for the TCD method

From the static tensile test (see Ch. 5) the material properties were determined as input parameters for
the FE analysisWith the help ofautocad ® , the geometry was imported into the structural analysis
software and the load and constraint conditions were enfHredutput is the maximum principal

stress which was used to apply the method (Fig. 2.1).

2.1 Neuber’s consideration on the shape variation effect

As said in the previous chapter, experimental reality highlights the fact khat.KTo explain why

the experiment deviates from theory, in the 1950s, German professor H. Neuber, introduced the concept
of structural volume to interpret fatigue strength in the presence of notch efféeissE28ied that

fatigue failure is determined not so much by the maximum point stress that occurs at the surface of the
component, but by the local stress o~ averaged in some structural volume é whose size is a property of t
material.Taking as reference a notch (Fig. 2.2) on a mechanical component subject to an external load
that produces fatigue, to see if the crack propagates it is necessary to study the stress level averaged in
d.

At the fatigue limit of the notched component, the following condition must occur:
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\

Tip of the notch

R

Figure 2.2: Neuber’s considerations [38]

o

g

Og = 0p (2.1)

i.e. the stress amplitudayeraged in the structurallumeat fatigue limitmust be equdio gy. At

this point, when the notch is blunt, it can be inferred, from the numerous graphs provided by Peterson,
that the theoretical stress concentration fagtds Kuite low and therefore the stress field gradient is
modest (Fig. 2.3)t can be concluded that the peak strgsg obtained at the tip of the notch is not

that different from the stress averaged in the structural volume o7, viz:

0 = Geak (2.2)
At fatigue limit, from equation 2.1, and conside&rig

Opeak,0 = 0o (2.3)

where @eak0 iS the peak stress at fatigue lifitom definition 1.10:

Kt,non,o = 0o (2.4)

With a smaller fillet radius p the equation 2.4 is too consetndtgk.in this situationd is higher

than the previous case and this causes a high stress gradi#nid.casejt is necessary to state that

the stress averaged in the structural volume is less than the peak stress, as showi lisRiign&,.4.

the transition from nominal net stress to g, must occur with a coeffthianiskdamped relative to

Ktn. The reason for this consideration can be easily seen in the Fig. 2.4 where it can be ngticed that K
allows the transition from the nominal net stress to the peak stress, a passage that is far too pronounced
since the goak to arrive at the stress averaged in the structuolme which is less than the peak
stressThrough these considerations it is possible to develop the first member of equation 2.4 by writing
K¢ instead of K,,, as follows:

Kfo—n,() = 0p (25)

From Neuber’'s idea series ofmore advanced theories for evaluating the fatigue stremgtitloéd
mechanical elements were developed.
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YA

Oyy

Tip of the notch

sY

T

Tip of the notch —

Og

Figure 2.3: Blunt notch [38] Figure 2.4: Notch with small radius [38]

2.2 The theory of critical distances

As Taylor maintains [51][5@titicaldistance theory (TCD) is the name given to a grouplodories
used to predict the notching effects [31][29][5ThE7first attempt to use TCD in fatigue strength
determination was made by NeuberGermanyjn the 1950s.Based on the considerations made in
Section 2.1, Neuber proposed that the fatigue limit of a component containing a notch can be predicted
using the average stress calculated along a line drawn from thehigrdtch to a length that is a
property of the materidlis approach was expressed as follows:

e

- Ao(x)dx = Ao g (2.6)

€ 0
Where € is the distance up to which the integral calculation is perfhofgds the stress field as a
function of distance from the apex of the notch @isdiAesfatigue limit range of unnotched specimen.
This method has been formalized as the Line Method (LM) and states that a real notched component is
in its fatigue limit when the mean integifalhe stress field from the tip of the notch to a length ¢ is
equalto the range of the fatigue limit of the matekatler, Petersonproposed a simplified approach
formalized as the Point Method (PM) expressed as:

Ao(x ) = Adgg (2.7)

where x is the distance at the apex notch from which the stress isRik&rates that a component

with a notch is in its fatigue limit when the stress taken at a certain distance equals the fatigue limit of
the material [10][3].

These two formulations at the time presented a not insignificant prolilentetermination dfhe

notch-tip stress distribution Ag(xThereforethrough the fit of numerous experimedttd, Neuber

proposed the following empirical expression:

Ke=1+5en L (2.8)
1+ 2
p
and Peterson the following one:
Ke=1+Ken "1 (2.9)
1+%

Moreover,n the above relationshipp,is the notch root radiusa* and a are two criticaldistance
constants [48].
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2.3 Critical distances theory applied to high-cycle fatigue

The criticaldistance theory assumes that the stress distribution near stress concentrator is necessary

to correctly assess fatigue damaljéh the advent of the finite element mettioday it is possible

to develop more refined calculations and use the oggpralkssionsAccording to the TCDnotched
components are in their fatigue limit condition when the effective/sigessyhich depends on the

maximum principal stress distribution ahead of the tip of the notch, equals the reference material streng
Ao [18][8]:

AC eff = AOref (2.10)

Initially,the criticadistance is defined by El-Haddad from LEFM [1& particularaccording to the
linear-elastic TCD, the material characteristic length, L, can be calculated as follows:

1(A ) 2
[ = K th

nm Aogg

(2.11)

where AK;, is the range of the threshold value of the stress intensity factor andydgaire famge

of the fatigue limit (both determined under the same loadRjatiojs, thereforealso a property of

the materialA component, according to TCD-LM, is in the fatigue limit condition when the following
condition is assured:

[
2L

i.e. when the range dthe maximum principatress,averaged over a distance from the apethef
notch of 2L,equals the range of the reference stress of the mabéttahigh-cycles fatigue problem
the reference material strength is equal to the plain fatigue lifkdt.i.e. Agg. Fig. 2.5 is taken as
a reference for the symbology used in the Eq. 2.12 and Eq. 2.13.

bt

AOC off = Ac1(6 =0, nNdr = A (2.12)

Tip of the notch

e

Figure 2.5: Adopted sumbology for the TCD application [49]

The formalisation of the TCD-PM, on the other hand, is written as follows:

( )

Aoeg=N0A01 06=0,r =L§ = Aoy (2.13)
and states that a notched component reaches its fatigue limit when a certain stress, taken at a distance
L/2, equals the fatigue limit thie material Fig. 2.6 graphically shows how the line method and the
point method work.
For information purposed)ere are additionddrmulations ofCD. Taylor revived an idea suggested
by Sheppard, namely that the effective stress can be calculated by averaging the range of the maximum
principalstress over a semicircular ar@éais method has been formalised as the Area Method (AM),
Fig. 2.7 and is defined as follows:
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Line Method Point Method

bt

=y
=y

Tip of the notch Tip of the notch

e v

Figure 2.6: Line Method and Point Method formalisation [48]

f /2 f L
AOeif = — - Ac1(6,r) - dr- do= A (2.14)
L oo
Finally, it is worth recalling here thadccording to Bellett et akhe range ofhe effective stress can
alternatively be calculated by averaging the rangleeofirst principaktress,Ag1, in a hemisphere
centred at the apex of the stress raiser and having radiuscefjus4L:this is known as the Volume
Method (VM).

Area Method

bt

=y

Tip of the notch

v

Figure 2.7:Area method formalisation [29]

2.4 Critical distances theory applied to medium-cycle fatigue

Given the remarkable accuracy achieved by the theory of critical distances in predicting fatigue failure a
high cycle regime [49], its version for medium cycle fatigue was also impléraeateatts achieved

with the application of TCD in statimedium and high cycle fatigue are really interesting considering

the fact that only a linear stress distribution, obtained through a simple FEM analysis, is required in the
vicinity of the notcHn the previous paragraph, it was mentioned that the most successful formulation

of TCD postulates that an effective stress|culated in various waysust equah stress taken as a

referencdf TCD is used to predict static failure then the characteristic length of material to be used is

as follows [49]:

()
Kic

L S =
Oref

(2.15)
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where K. is the plane strain fracture toughness anpdis a reference stresshich in many cases is
equal to ultimate tensile strenght of the matgrial the formalisation of the line method, in statics,
takes the following form:

ACoff = =— Ao 1(6 = 0, rdr = AGer (2.16)

while for the point method:

( )

L
AOerr= Aoy 6=0,r =7s = AGrer (2.17)

In general, the characteristic lengths of the material, respegfimebfdtic problems and L for high-

cycle fatiguehave different valueBor finite-life applicationthis length willvary as the number of

cycles to failure varies and therefore L, renayiedthis field, will be a function gf Nhere are two

approaches to determining this function:

» A classical approach using material properties in static and high-cycle fatigue.

* Reversed point method with two calibration cuesfirst one from smooth specimen and the
second one from notched specimen.

Before going into more detail, it is necessary to understand what kind of function was used to achieve th
aim.Knowing that, in accordance with the schematisation of the Wdhler curve, the relationship between
the stress amplitude and the number of cycles to failure is a power farsitidiar relationship was

also determined betwegnand M, viz:

Lum(N¢) = ANP (2.18)
The following sub-sections describe the two methods for determining the function written above.

2.4.1 Determination othe functionakelationship between L and\using
the classical approach

The first method that has been developed to determine the constants A ankdeBfofction i =

L v (N¢) is based on the use ahaterialproperties given by static and dynamic loadiftge Wohler
curve ofa smooth specimeggenerated with a cycle ratio®fand with reference to the nomimadt
stress amplitude (Fig. 2.8), is considered to derive the fatigue limit of thegraatethet stress that
leads to static failure of the specimemnedated to the UTS by the following relation:

1-R
Os = ( 5 ) - OyTs (2.19)
Specific to the case in this thesis werk gyrs .
U;L.u “
(logio) R=-1
s ]
UiNf =C
OaM
o}
Ng Ny No N (logyo)

Figure 2.8: Application of TCD in its classical formulation in MCF [49]

The following system of two equations in two unknowns can be written:

Ls=ANE

2.20
L=ANE (2.20)
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which provides the following solutions:
(,.)

Ls
B=-199! (2.21)

log Ne
A=LNgP (2.22)

From a theoretical point of view, this procedure is correcnfl N5 have been precisely determined.
In practice,due to statisticakcatter,the calibration ofhe equation Eq2.18 is,most ofthe time,

not adequate enough to predict notch effects in the finite-life haraglelition,many different tests
are required to derive the necessary matmriglerties and this may lead to increased costs within a
production process [49].

2.4.2 Determination othe functionakelationship between L and\using
calibration curves

Two curves were considered for the applicatidhisfecond approachhe smooth and the notched
specimens curve (Fig. 2.Bhe two curves shown were determined using statistical techniques described

in Ch. 5. The point method can be used to derive the critical distance following an inverse path, at any
given number afycles to failureReferring to Fig2.9,the stress profile acting in the vicinitytioé

notch due to an external logd,@t a number of cycles equal tavhis determinedhe stress applied

to the smooth specimen, at the same number of cycles as previously assumed, was used as input data tc
determine the corresponding critical distane®2,(Ny crossing the diagram=s o1 (r).

Ua.u A
(1(5’:’) Plain fatigue curve R=-1
O1.a O';}l'Nf = C
Tan
(o)) "
Notch fatigue curve

NS Nf NO Nf (IOngU)
Y
Figure 2.9: Application of TCD with two calibration curves in MCF [49]

If this is done for any two or more valuestbeN the constants in Eq. 2.18 can be falimsdmethod
is statistically consistent and this is advantageous compared to the approach defined in Sec. 2.4.1 [49].
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Chapter 3

RELATIVE STRESS GRADIENT
APPROACH

In this chapter,the stress gradient method wilé addressed from the perspectiveloé femfat®

software and the FKM guidelinesGiven the simplicity ofinear analysis using the FE methothe

starting point is always the santhe determination of the stress field near the tip of the nbheh.
approach according to fenffatequires the determination of the equivalent Von Mises stress distribution
[13], whereas the approach followed by FKM requires the maximum principal stress distribution [15].

Static Tensile Young’s Modulus - F AUTODESK
Test, Poisson’s Coefficient - v AUTIOCAD
v l
FEM analysis
o, [MPa > =
P AN —
f IGES format
JgAg - UnAn |
i ' v
o, [MPa] — o1 a1 = 01() Oe v = 0¢(2)
O O
OO OO
D[HHH] ™ OOOOoooo oOoooooo
T X T ag
d [mm] >
.txt format txt format

Figure 3.1: Example of sketch input parameters for the RSG method

After setting the appropriate load and constraint conditondYlises @ = g.(x) and first principal
stress ¢ = g1(x) were obtained using a .txt fildhese two curvederived by pointgre the input for
the two methods described in this thesis work.

3.1 Theory implemented on FEMFAT

Fatigue life estimation afnotched componerih, femfat® , is based on the use affluence factors.

They take into account effects related to stress gradient, mean stress, surface condition, and other effect
that have not been mentionlecthis work, only the effect due to the stress gradient will be analyzed.

The focus on notching effects has ¢@er the yearsp the mathematicBdrmalisation of the thought

that fatigue strength depends not only on the maximum stress acting on the tip of the stress concentratc
but also on the relative stress gradienk36]. A local approach has been defined because it is based

23



Chapter 3. RELATIVE STRESS GRADIENT APPROACH

on the analysis of the stress state in the vicinity of the rotidtis regionwhich is of most interest,
the corresponding local S-N curve was output, which is described, using a log-log graph, by the following
three parameters (Fig. 3.2):

Oa A Uumx,zunplitude
(logio)
FE-node -
K¢
s
Ouc Curve of the
notched component

N, of,C N (logm)

Figure 3.2: Diagram of component S-N curve [13]

Osrc = Endurance stress limit
Ncc = Endurance cycle number
K¢ = inclination

The main purpose of the method is to determine these three parameters with a functional relation with
influence factors, as described below [40]:

Osrc = f1(influence factors)
Nec = fa(influence factors)
Kc = fs(influence factors)

Influence factors related to the effect of the stress gradient are:

* f graf : has an effect on the fatigue limit
* f grer : has an effect on the number of cycles to failure

* f grst . has an effect on the inclination

The factors described above modify the three parametéhe ahateriakurve: tension-compression

fatigue limit gi-c , number of cycles at knee poirlsNand the slope K through the functions f,

and f5. As described in Ch. 1, the nominal strength of a smooth specimen should, for the same imposed
external stress, be greater than that of a notched component by a factor of K

Howeveras shown in Ch.2, by experimentavidencethe presence of stress concentrator reduces

fatigue strength by a coefficient smaller thax#ctly by K[42].The approach refers to the classical
viewpoint where S-N curves are compared under the same nastriesd. This method results in a

reduction in the fatigue limit ¢he notched componenkrom the localpoint ofview, howeverthe
comparison is made in terms of peak stfessfatigue limit of a smooth specimen is increased by the
presence of a notcbr more generallpy a stress gradienThis support effect is proportiortalKy,

which includes geometric and type of load factors, dampedid&yekident on the material [42]s

explains, for example, why the fatigue limit of a specimen subjected to rotating bending is always greate
than one subjected to pure tension-compre€kiathis basis, the central idea of the support effect as
the beneficial consequence of a stress gradient on the fatigue life was intro8terdchfdtbm the
original definition ofiKhere re-interpreted with different symbols, it was obtained:

_ Ob(x=0)

K¢
OD(¥=0)

(3.1)
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Ta A
(logio) K
Ky ¢
G Notched curve
af,C f
n .
OA tc Material curve
Negm R
Nec N (logy)

Figure 3.3: Support effect

where g,-0) is practically the fatigue limit of a specimen subjected to tension-compressi@n load,
Oat-c and dhy=o) is the nominafatigue limit of a notched specim#tultiplying both members by
Opy=0) and dividing by Kit was obtained:

9p(x=0)
o0 = - (3.2)

To switch to the local viewpoint, it was multiplied by the theoretical stress concentration factor:

K
Op(y=0) * Kt = Op(x=0) 7: (3.3)

on the left the locgdeak stress was obtain@ddicated as @jocai(y=0) » While on the right the fatigue
factor n was recognised:

n=— (3.4)

As can be seen from the Fig. 3.3, n 2lh.femfat® the support effect is determined by means of the
relative stress gradient ¥31.First of all, the stress gradient is defined as:

_ doe

Xx(x) dx (3.5)
where g is the Von Mises’ equivalent stress, while the relative stress gradient:
, 1 do.
X) = — — 3.6
X (x) o O (3.6)

To record the support effect, the following approaches were analyzed in tHbhs&tiebmemethod,
the IABG method and the femfdt method [13]in the first casethe support effect depends on the
relative stress gradient and the yield stress of the material:

v o)
n=1+ x -10 %33*nz (3.7)
The following expressions were derived for different classes of materials using the IABG method:

n =140, 45-%3° for steel (3.8)
n =1+0,33-25 forcast-steel (3.9)
n =1+0,43-25 for cast-iron (3.10)

while in femfat® the following equation was developed [13]:

[ ) () k]

n= 14 Ab _q . X (3.11)

Oat-c (2/b)
where g, is the fatigue limit for a smooth specimen subjected to rotating handirsgthe fatigue
limit of the material subjected to tension-compressionplaadh& damping coefficient of the support
effect for the calculation of the fatigue limit and b is the specimen thickness [11][37].

25



Chapter 3. RELATIVE STRESS GRADIENT APPROACH

Kind of material Stainless steel Other kind of steel
ag 0.40 0.50

b 2400 2700

Table 3.1:Constants ag and bg [15]

In this thesisthe Stieler and IABG methods were developed while the f@mfaithoddescribed in
the Eq.3.11,was unusable because of the lack of tests under bending load on the analyzed specimens
[13].

3.1.1 Determination of local Wéhler curve parameters

To determine the fatigue strength of the notched component it is necessary to multiply the fatigue limit
of the smooth specimen subjected to tension-compression with the fatigue factor:

Oafc = fGraf * Oat-c =N - Ghtc (3.12)

The factor that takes into account the effect of the stress gradient and influences the slope of the local
S-N curve, Kk, is fgrsf and it was determined in this way [13]:

ferst =1+ (3.13)
fGR af
The slope, at this point, was determined as follows [13]:
K —
Ke=-M_— > 'IEKK32 + IFK2 (3.14)
fGRsf

where Ky is the slope ofthe curve ofthe base materialFK2 is the exponent ofinclination ofthe
incipient fracture S-N curve and and IFK3 is the mategabup dependent exponerior steeland
alluminium alloys IFK2 = 3 and IFK3 = Zhe factor that influence the number of cycles to failure is
ferer and it is defined as [13]:

fGRer = ; (3.15)

10 %8 %

The number of cycles to failure for the notched component is obtained from that of the base material by
simply multiplying by the influence factor as shown below [13]:

Ncic = Neim - foroer (3.16)

3.2 FKM Guideline

The guide drawn up by FKM proposes the following approacdfhf@BJlexpressions have been derived
for the fatigue factor depending on the value obtained for the relative stress gradient:

[ ( )
1+x-10 ) X <0, 1mm1
n= V. 7 ac+H , (3.17)
1+X'10( ) 0,1mml<xy <1mm™
v - st The ,
-1 +4x -10 1mm?!<x <100 mm™

where @ and  are two constants tabulated in Tab. 3.1.
In accordance with Fig. 3.4, the guide proposes to calculate the relative stress gradient in this way:
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Tip of
the notch

Figure 3.4: calculation of the relative stress gradient [15]

( )
1 Ao, _ 1 _02a
X = Gl,a Ax - Ax 1 Ul,a

(3.18)

Given n the locafatigue limit of the notched specimen is determined as3nlRqThe slope of the
inclined section was assumed tocbe K, while the number of cycles to failure of the notched specimen
is equal to the number of cycles to failure of the smooth specimen.

Oa A
(logio) Kc
Ku
Ok Notched curve
af,C f "
TA ¢ Material curve
Netm

‘]V"fvc N(lOgl())

Figure 3.5:/ocal S-N curve by FKM approach

The FKM guide greatly simplifies the steps to be followed to derive theSdtalurve compared to
the approach followed by femfat In Fig. 3.5 a typicabutput curve from the FKM method can be
observed qualitatively [15].
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Chapter 4

STRAIN ENERGY DENSITY
APPROACH

This chapter will describe an approach that differs slightly from the preVimuslesgsal approach,

TCD and RSG dealwith fatigue in different wayf,courseput they always refer to the stress state
present in the vicinity dhe notch by means & peak stressfor the nominabpproachpr a stress
distribution for TCD or RSG. Strain energy density approaalbbreviated to SED¢changes point of

view and lays its foundation by considering the strain energy dendilyithéa proposed by Neuber

still applies:the materiails sensitive to an average stress within a structushlme whose size is a
property of the materiélrst of all, the linear elastic fracture mechanics is introduced in order to define
the correct terminology and the parameters required for subsequent develdpraessitond step,

V-notch will be treated, the environment in which SED was born, with a practical apNaidatioa.

SED applied to fillet-notches, the aim of the thesis work, will be described.

4.1 Hints of linear elastic fracture mechanics

Many mechanical components, as well as being characterised by variations in shape, can have microstru
tural defects within them which can alter the distribution of the stresdffiete. defects can bfer
examplecracks, fissures or ineliminable microstructural characteristics of theTaldbeyidie plate

with a hole of Ch1l as a referencé, can be seen that (Figl.1),as the radius p decreasélse stress

field along the net section, at least theoretically, tends to infinity.

bttt

Oyy !

N
\
\
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1
</
/.

qt
7
/
\
\
<Y

A

b i b

Figure 4.1: Variation of the stress field as the geometric configuration changes

Inglis,in 1913 [19proposed an analyticakpression for the determination gf k& an intermediate
case:
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\/

a
Kt,g=1+2'*

(4.1)

where a is practically the major half-axis of the elliptical hole and p is the radius of curvature at the ends
of the major axig is related to the size of the minor half-axis:

b
pP=7 (4.2)
Through these expressions it is easy to realise that if p - Qgthek
In order to understand the effect that a crack has on a component, Fig. 4.2 has been considered, which

represents a plate subjected to a gross nominal tensilgstress o

(R N

Tyyhk Linear elastic stress field

Elasto-plastic stress field

»
=8

- T

Plasticised zone

I
TYY YV ve
Figure 4.2: Comparison of the linear elastic stress field with the real elasto-plastic stress field [4]

Under the assumption that the plasticised zone at the apethefcrack is smallthe linear elastic
stress field is representativelod realelastic-plastic stress field and linear elastic fracture mechanics,
abbreviated LEFM, was consider@d.the external loaq éncreases, the distribution of the stress field
increases homotheticalllgis propoportional growth is described by the stress intensity factor K.

bt

by

Figure 4.3: /Irwin stress field [20]

Taking Fig. 4.3 as a reference, in 1957 Irwin [20] determined the analytical expressions of the stress fielo
near the crack tip:

( )

Uxx(f,9)=%-c0§- 1—sing-sin359
( )
oyy (r, 0) =%/I;—'TU- coi6 -1+ sirg : sir%e (4.3)
( )
K| . 0 6 36
= . . .
Ty (1, 0) 5= sing - cos; - CoS>
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K, is the stress intensity factor and is determined, analytically, as:
V-
Ki= 2m-1limay,(r,6=0): 2 (4.4)
r-0+
The limit above exists and is finiEke expressions described in Eq. 4.3 are appligaddoe stress or
plane strain, the latter condition with=s 0 and a stress in direction z equal to:
052(r, 0) = v - (& + gy), (4.5)

near the crack tipfor mode | stress and an extermadplied stressowhich must not exceed a value
conventionally set at 0,5m order not to make the plasticised zone excessively Tdrgee are also
stress modes Il and lll, represented in Fig. 4.4.

A S 3
e Ky K
oy - ©

(a) Mode I: opening (b) Mode II: in-plane shear (c) Mode lil:  out-of-
plane shear

Figure 4.4: Description of load modes [6]

Sometimes, to get a first estimate, it is useful to have an engineering expregsioena

v__
K|, =agy ma (4.6)

where @ is a nominaktress calculated in a simple wauch as F/A or Mi/W«, a is a reference crack
lenght and a is a dimensionless correction factor which depends on the lpgzbafd the shape of
the component and can be found in the literafutrgpical diagranfor a crack on a plate subject to
traction, is depicted in Fig. 4.5

Dimensionless correction factor

0 0.2 0.4 0.6 0.8 1
Ta
w

Figure 4.5: dimensionless correction factor as a function of 2a/W

up to a value of 2a/W = 0.3, a remains unitary.

4.1.1 Fatigue fracture mechanics

In the case of fatigue, the crack propagation phenomenon is controlled by the range of the stress intensi
factor,AK |. In LEFM, fatigue tests are performed by stressing the component with a reiressal

range equal to Agand cycle ratio R = 0, as depicted in Fig. 4.6.

A stress cycle with R = -1 has not been considered in this discussion because it would result in a crack
closure at each cycléhe diagram of Kas a function of time was obtained usingdEg,.updated to

the fatigue problem:

v __
AK | =aloy Ta (4.7)
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(o
* AU‘(/ S A

| Oy max

Av/\f/\ /\\/Ak

a; a;

0 /\/\AAA,

Time

Figure 4.6: Load applied to specimen for fracture mechanics tests [4]

Cycle after cycle Aaremains constant, but the crack length goes from an initial t@hine gurrent
value a,so a increases and the AKincreases.The experimentalkesults,collected with the use af
microscope, were plotted in a graph crack length a versus number of cycles te {Fagtdr@ v

a o) da/dN:; 4 .
o (log1o) term life Static
o—j § i failure
G infinite § :
1o0© life '
i <_AN1

N AKu, AK. AKj (logyo)
Figure 4.7: 2 vs. Nr and crack propagation rate vs. range of stress intensity factor [4]

In the 1960s, Paul Paris derived a further graph expressing the speed of crack propagation as a function
the range of the stress intensity faktaran be seen, two limits have been dditiecddhreshold Af

below which there is no propagation and the value which leads to immediate fracture of the component.
The equation of the inclined line is:

373 —CAK P (4.8)

where C and m are two materiabnstants.This differentiaéquation can be integrated to derive the
number of cycles to failure that a mechanical component with an initial crackrsimestain, up to
a crack lengthsa

I'n I a
da f f da
dN = COK ' - dN = . COK T (4.9)
under the assumption of constant a:
( ) ( )
a7 -a "
N¢ = § ) ! (4.10)

1-27.C-a.Agp - 12

Since in many practical cases, a varies, numerical techniques will be needed to determine a good approx
imation of the number of cycles to failure.
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4.2 Non-conventional extensions of LEFM

In the last 30-40 years, fracture mechanics has been successfully applied to U-notches with a sufficiently
smallradius. This extension is based on the fact that,the fatigue limitthe notches have at their

tip material that is not healthy, but damaged, precisely with a non-propagatihgmmrekmodern
developments, the sides of the notch have been opened at a cert&inoadegteo explain this issue

from a theoreticgloint of viewwelded structures have been consideuédt can easily be extended

to other cases.

In order to understand the applicationtb& SED methodthe mechanicalomponents weakened by
V-notches was considered in this thesis, applying the method to a welded joint with an opening angle of
2a [32].

4.2.1 Description of the stress state from a static point of view

Is considered a notch with generic opening anglei2@ubject to a mode | and mode Il loadirg.

this case the focus is on plane stress condition and therefore mode lll loading is not Appéiekkred.
stresses produce a plastic zone that necessarily exist near the V-notch, but of such limited size that the
linear elastic fields remain representative of thetresd state in the immediate vicinity of the notch

tip.
IMode I

g T

‘g’g{

20

T Mode II

Figure 4.8: Symbology adopted [32]
Tip radius represented in Fig. 4.8 is equal to zero, but from the point of view of fatigue behavior, a notch

with a non-zero and smatadius also behaves like a V-notch as shown by Smith and Miller in 1978,
Fig. 4.9.

sl p Same fatigue p=0

behavior
a a

Figure 4.9: Frost hypothesis [32]

This statement is considered true if the radius gzwith a) length constant defined by El Haddad.
Examples of mechanical components weakened by V-notches are described below:

* Power - transmission - shaft (Fig.10):slots for snap ringsValues ofthe radius in the order
of hundredths or tenths afmm can be found in the literaturiee. values that fallvithin the
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assumptions made abové&he opening angle is equab 90. Possible fatigue crack initiation

from the apex of these notches, dependent on external loading conditions, can be treated with the
recently developed theodging Peterson manuals may not be a good solution because it would

be difficult to derive the notch sensitivity factor g to calculate the notch .factor K

2a=90°

Figure 4.10:keyway for retaining rings [32]

* Power - transmission - shaft (Fig. 4.KeywayThere are notches with a small radiusstiress
concentration sites that can induce fatigue cracks.

2a=90°

Figure 4.1 1:keyway for tab [32]

» Shaft-hub forced coupling (Fig.12). A gear wheelflywheebr other mechanicabmponent is
mounted on the shaffharp edges are formed between the clamped object and thEhadraft.
are notches with a small radius,dteess concentration sites that can induce fatigue cracks.

| Fly-wheel

/ Shalft
N 4

Figure 4.12:V-notch in forced shaft-hub shrinkage [32]

» Welded joints such as the typigabint. The notchdepicted in Fig4.13,has an opening angle
equal to 2a = 135In literature values of the fillet radius limited to a few tenths ofratnm.
case the crack initiation point is situated at weld toe.

The idea of fracture mechanics is to analyse the stress field in the immediate vicinity of the crack tip so
as to carry out checks at the initiation point and not through a notch sensitivity factor to find the notch
factor.For this purpose, the preliminary hypotheses are:

* Plane stress cas™Mode | and Il loading on the notch plane
* Reduced plastic zone (linear elastic equations)

* Notches with zero or very small radius

External loads induce only mode | and mode Il stréssdso was considered a polar reference system
at the tip ofthe notch and therefore the focus is on an infinitesimlalme ofmateriallocated at a
distance r from the tip and with 8 anomakyg. 4.8. The stress components in the plane aestial
stress g, hoop stressgg and shear stresgrin polar coordinate3he stress field takes the following
form, for mode I:
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B>

2a=0°
\ Load
—

A N2o=135 7
2a=135°

7 Load

T - P

(a) T+joint with 2a = 135 ° (b) T5joint with 2a = 135 ° and 2a =
o

Figure 4.13:Welded joints with different load conditions and different V-notches [32]

[ o } 1 el [ 1+ Arcos( - mo }
o = 3 - Ay)cos(1l - A)6
I ey Ve ey v B B eyl
" 1 (4.11)
cos(1l + N6
+)(1(1—A1)L —cos(1l + A6 J
sin(1 + A6
for mode | and Il, stress distributions become:
{ Ogo l { 099(9)1 4’ 099(9)1
A (4.12)

m = lK (0 2K (6
LG J =r 1L0(9;J+I’ 2L0§9;J”

the functions in the single variable 6 can be found in the liteBifhiseripts 1 and 2 indicate mode |

and mode |l stress contributioflse exponents 1 4 And 1 - A describe the singularity degree of the

local stress field, are functions of the opening angle 2a and were described by American mathematician
Williams in 1972Through the graph of Figt.14,it is possible to see the trend of these exponents in
function of the opening angle.

Williams functions

—9—1—1\1 d
——1-As

0.4

=)

o
to
T

1—A withi=1,2

0.1}

0 20 40 60 80 100 120 140 160 180
Opening angle 2a°

Figure 4.14:Singularity of stress distributions for V-notches [32]

For mode Il loadthe stress field is singular only for®a < 102°, while for Mode | load the range
of singularity is0<2a<180°. K{ and KY describe the intensity tfe localsingular stress field
and have the same meaning as the stress intensity factor in Irwin’s crack equibgsesre called
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notch stress intensity factor (N-SIFs) to distinguish them from stress intensityTfasitodefinition
was given in 1972 by Gross and Mandelson:

¥= 2n-|ign Gge(l’,9=0)';’_l\l
v__ o (4.13)
{= 2 lime(r6=0) "
r.o+

In summary, simply considering mode | loading, as the opening angle 2a increases, the local stress field
remains singular but the power of the singularity decreases, as depicted in Fig. 4.15.

T Mode I

Figure 4.15:Different singularity of V-notches [32]

4.2.2 Fatigue applicatiofixed opening angle and mode | loading

In the case of cracks, the stress intensity factwekto mode | loading is the parameter that governs
the fatigue strength af cracked componernte. it determines the instantaneous propagation speed.
Once the AK range and the Paris law are known, the crack propagation rate is known and the fatigue
life is determined by integrating Eq.7h8.extension of fracture mechanics applied to V-notches takes
the same point ofiew: N-SIFs governs fatigue lif@wo notched components with the same opening
angle 2a and mode | loading have been considered id RHi§. If the two notches are subject to the

same AKY value, then they will also be characterised by the same fatiguanliifevitle versa.

T F M

Mode I Mode 1
— AK, —~ AK;
e d—-— Y

F UM

Figure 4.16: Two V-notches characterised by the same value of the Mode | NSIF range, AK Y [32]

The approach described above has an important application in welded joints with weld-Teefailure.
welded joints with two different geometries but with the same 2a opening angle ehaaktbesb
considered (see Fig. 4.17).

Expressing the fatigue strength in terms of the nominal stress applied to the main plate falls within the
scope of Eurocode Bor the two joint configurations, assuming experimental testing in the laboratory,
the trends shown in Fig. 4.18 would be obtained.

36



Chapter 4. STRAIN ENERGY DENSITY APPROACH

L1 LQ

2a=135° / N\ 2a=135°

A / Aall()lll A / AUI!()II!
-— N — -— N —

Yy 4

Figure 4.17: Two welded joints with different dimensions [32]

Aaumu A SlOpG‘:3

[MPa]

Ny (Ing)

Figure 4.18:Design curve diagram according to the nominal approach [32]

The curve describing the joint with a stiffener thickneds,ois lower due to pronounced geometric
variation.Locally, at the crack initiation point, the stress concentration is higher than in the case with
L, stiffener thicknesshe idea ofnon-convention&lacture mechanics is to link fatigue strength to

the intensity of the locatress state at the crack initiation poifihereforeAK { is used because it
describes the intensity tdfe localstress field that causes the crack initiation at the weldlbogne
literature [25there was therefore a shift from\dygto AK Y. the experimental data collected in the
graph in Fig. 4.18 now collapse into a single design curve, as depicted in Fig. 4.19.

AK,

MP;vm( 1-A1)

e

Nt (logio)

Figure 4.19:Fatigue curve diagram in terms of AK Y [32]

In 1998,Lazzarin and Tovo [253howed that joints belonging to different clagsds experimental
results are expressed in terms of nominal stress, are part of the same strength class if described in term:
of AK Y. Lazzarin and Tovo summarised 180 experimental results with the following characteristics:

* steel joints
* As-welded joints
* Break only at welding foot (2a = 1)35

The advantages are obvious:

* Only one design curve is used
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* NSIFs approach oriented to FEM analysis

Using the nominal stress method becomes difficult when analysing complex structures because the stres
range varies from point to point and therefore defining a nominal stress as /AA:drddomes too
complicatedThanks to the advent ofalculation codes that exploit the theoryttod finite element

method, local analyses can be carried out and this inevitably leads to an enormous advantage.

4.2.3 Fatigue applicationtifferent opening angle and mode | and 1l loadings

In this sub-section, a cross joint has been considered, consisting of a vertical plate to which two horizont:
plates are joined;ig. 4.20. A tensile fatigue load producing a certain nomsategss range must be
transmitted.

/ 2a=0°

- —>

AO’ll( Iieg AUII( Iueg
\ \
éazl?)f)“

Figure 4.20:Cross joint [32]

The nominabpproach is to use the appropriate fatigue curve provided by the st@adarding to

the fracture mechanics approdhk,analysis must be conducted locally and here two V-notches were
recognisedone at the weld toe with 2a = 135nd one at the weld root with 2a =0 These two
V-notches can be the site of fatigue fracture initidtiparticular, at the weld toe mode | is singular
and mode Il is non-singular (being 2a =°133.02 ), while at the root side both modes | and Il are
singular, but in the present case mode Il is negli@phkdering the stress distributions on the critical
points, Fig. 4.21 was obtained.

0'99(7’)
I ce(60=0) (loguo)

r(log1o)
Weld root,
Weld toe

Figure 4.21:Stress distributions on different critical points [32]

Although this method brings considerable advantages and improvements over the nominal stress approc
it is not without its drawbackBecalling the equations of the notch stress intensity factodsl(Ejp.

it can be seen that the unit of measurement of each factor is closely related to the eiggrivalues A

MPa - mNi=!, which in turn depend on the angle 2a and the stress fotee units of measurement

are differentt is not possible to compare AKThis proves to be a very limiting problem in practical

cases since very often the designer wants to know which paiparfcular weld is most criticalr

fatigue strengthThis kind of drawback can be solved by the SED (Strain Energy Density) approach,

which will be discussed in the next section.

4.3 SED applied to V-notches

The strain energy density (SED) approach was introduced to address the issue of comparing N-SIFs in
components with different notch openings and load application mMoalesergy criterion proposed

by Lazzarin and Zambardi [28] considers as a critical parameter for structural strength the strain energy
density averaged over a circular sector of radibcR is considered a material propertgentioned
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in the preamble, the approach is based on the idea of elementary structural volume proposed by Neuber
according to which materials are sensitive to the mean stress state in a structural volume whose size is ¢
property of the materidllthough the stresses and energy density tend towards infinity at the point of
singularity, the energy in a small structural volume surrounding the notch tip has a finite value and this
value controls failur@he energyaveraged in a volume fdius R (which depends on the material
properties)is a precise function dhe Notch Stress Intensity Factors and is given in closed form for

plane stress and plane strain conditions, the material being thought of as isotropic and Tihear elastic.
general expression for energy density, according to Beltrami, is:

1 1 1 Tr29
W(r, 8) = 50-66866 + EO'” Er + iazzezz + TG (4.14)

1(
=5 02 + Gy + 02, — 20(0y Tgg + Ty Oz + Ope0zz) + 2(1 + V)
Where the stress components refer to the polar coordinate reference system shownGritge4.8,
shear modulug is the Young’'s modulus and v is the Poisson’s coeffickeniistituting Eq4.12 into
Eqg. 4.14 it was obtained:

W(r, 8) = Wy(r, 8) + W(r, 8) + Wia(r, 0) (4.15)

where subscripts 1 and 2 refer to the loading mode, in particular 1 refers to Mode |, 2 refers to Mode Il
and 12 refers to a mixed Motl&itten separately, the terms of Eq. 4.15 are:

1 _ ~
Walr, 6) = = - KY? .2l f(9)

W (r, ) = — - KY?2 .2 f (@) (4.16)
1 _ ~
W1o(r, ) = £ Ki/Kﬁ/ CMtA2-2 f1,(6)

Where parametersKand K, are the Notch Stress Intensity Factors (N-SIFs) related to Mode | and
Mode Il stress distributionsgspectively\; and /v are Williams’ eigenvalues an€Bj, f ,(6), f 1,(6)

are functions that depend only on the angl&h# strain energy in a region of radius #&ound the
notch tip is:

I f Rc f +y
E(R)= W-dA= [W(r, 8) + WA(r, 8) + Wi(r, 8)]rdrd =
10 e ) ) 417
— 1 L KkV2 | P2 2 L KkV2 | p2A;
SE ap KUTORM G, KR

where { and b, depending on the angle y and the Poisson’s coefficient v, are the integrals of the angular
functions £(6) and f,(6). Since the integration field is symmetric with respect to the notch bisector,

the contribution of r, 8) vanishes.

Bearing in mind the Figd.22,the area of the circular sector of radiys &h which the integration is

carried out, is:

IRl 4y

0 -y
Therefore, the elastic deformation energy averaged over area A is equal to:
( ) 2 ( ) 2

AR () rd@ = R%y (4.18)

W — E(R¢) _ 6 K¥ & K%/
W= AR.) E RIMY E  RIM (4.19)
being:
_ laly) _laly)
e1(2a) = Ay and e (2a) = iy (4.20)

Parameters;eand e are the shape functions enclose the angle dependence 2a, as shown in the following
Tab. 4.1 and Fig. 4.23.
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V-notch

Bisecting ,
: /
line

Figure 4.22:Region of radius R. around the notch tip [28]

| Plane stress | Plane strain
2a V\IT AV N> ‘ 1 P ‘ 1 e P (55)
0] 1 0.5000 0.500Q0 1.0250 2.3250 0.8450 0.133 2.1450 0.341
15 23/24 0.5002 0.5453 1.0216 2.1608 0.8431 0.140 2.0087 0.306
30 11/12 0.5014 0.5982 1.0108 2.0091 0.8366 0.145 1.8810 0.273
45 7/8 0.5050 0.6597 0.9918 1.8688 0.8247 0.149 1.7610 0.243

60 5/6 0.5122 0.7309 0.9642 1.7385 0.8066 0.150
90 3/4 0.5445 0.9085 0.8826 1.5018 0.7504 0.146

120 2/3 0.6157 1.1489 0.7701 1.2887 0.6687
135 5/8 0.6736 1.3021 0.7058 1.1883 0.6201
150 7/12 0.7520 1.4858 0.6386 1.0908 0.5678
160 5/9 0.8187 1.6305 0.5930 1.0269 0.5315

0.129
0.118
0.103
0.093

1.6479 0.215
1.4379 0.168
1.2437 -
1.1505 -
1.0590 -
0.9986 -

Table 4.1:Values of the integrals |1, | , and ey, e5

Shape functions
0.35 T T T

Y 03+

T T T T T
—— e, =—5373-105.222 +6.151 - 10~ - 20+ 0.1330
€2 =4.809-107%. 20 — 2.346 - 10~% - 20 + 0.3400

€9

0.25 |

bo
T

—
(3]

e e I e
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Figure 4.23:Shape functions g, & = f (2a)
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In this way, if two V-notches with different opening angles 2a and subjected to different nominal loading
conditions (always Mode | and/or Mode Il stresses) have the same range of averaged strain energy densi
AW then they will also have the same fatigue jiféd#\this point, knowing the analytical formula for
calculating the averaged SED, the need arises to estimate the value of the contrSimaditlsRis

a function of the materidbzzarin and Livieri [30] estimatedty simply imposing equality between

the respective values of the strain energy density for the smooth material and for the notched material,
both referring to the same number of fatigue cycles to failure.

Since the welding process locally alters the material properties, Lazzarin and Livieri carried out a series
of experimental tests to calculate the critical radius directly on welded steel and aluminium joints with
V-notches and welded joints with shaved weld beadsth.an opening angle of 2a = it (Fig. 4.24).

2a=180°

R Ao-ll()lll
< c

\

1
Filler Material

Figure 4.24:Head-to-head joint without weld caps [32]

Using a smooth specimen without a weld would give a different estimabetbé ®ase material has
different strength characteristics to that inside a Wkklfatigue strength for a number of cycles to

failure equal tof\= 5 - 10is op = 155 MPa with P.S. 50% he structural volume of radiusd@n be

plotted at the point of crack initiation, which typically occurs at the boundary between the zone of filler
material and the thermally altered z&¥i¢éhin this volume there is an averaged energy corresponding

to a load that results of 5°-nlnber of cycle the world of welded joints, this type of joint expresses

the smooth speciméerhe averaged SED is expressed as:

J I 2 2
_— 1 1 Ao Ao
AW unnotched — = AW V= D 4y = D
p v , P av=y v 2E d 2E
Therefore, taking as reference the weld toe of a welded joint (Fig. 4.22, 4.13a), known thejvalue of AK
it is possible to determine the range of the averaged strain energy density of the joint under examinatior

(4.21)

—notched _ €1 AK ]\_/2
AWD = E . W (4.22)

For this type of joint ARy, = 211 MPa - mA?2® (the subscript D indicates that the value was found
at the same number of cycles to failure) with P.S. T30%ugh the above considerations:

———unnotched —7notched

AW = AW,
Ao? e DKYZ (4.23)
2E E R

(\/7 AK:\L/,D) 9376

R. = 2 Aop

= 0.28 mm (4.24)

For light alloys it was obtained R 0.12 mm.At this point,given any welded joirit,is possible to

determine AW at each possible crack initiation pbattgue failure occurs at the point where AW is
greatestBy way of Fig. 4.25 shows the graph of fatigue failure of about 900 specimens according to the
SED approach carried out by Berto and Lazzarin [RVthis way it is possible to include in a single

curve the welded joints considered which, in nominal approach, present several curves for each strength
class.
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10
b R~=0.28 mm

Re ~Re 900 fatigue test data

1.0 F

O 2D, failure from the weld toe, R=0

g1 A 2D, failure from the weld root, R=10

A Butt welded joints -1 <R < 0.2
¢ 3D, -1<R<0.67

m Hollow section joints, R=0

P.8.97.7%

Averaged strain energy density AW Nmm/mm?]

4 . 0 ”s 7
2 10 Cycles to failure, N 10° 10

Figure 4.25: Summary of data on fatigue failure of welded steeljoints during Mode | and Il stresses
expressed by the design band obtained from the SED method [27]

X-joint values
BImm] H[mm] t[mm] h[mm] a[lmm] R.[mm] Adnom [MPa] 2aT[]
50 25 8 8 5 0.28 1 135

Table 4.2:Dimensional and load values

4.3.1 Application of the SED method to a V-notch

In this sub-sectiors cross-joint has been considered as an application example for the SED approach
(Fig. 4.26) through finite element analyAsscan be seerthe problem has symmetries and therefore
only 1/4 joint could be analysed (Fig. 4.26 shows the main dimeklsingghe y-axis, the symmetry
constraint blocks the displacements along x<(0), while along x-axis it blocks displacements along
they, i.e.Uy = 0.

Considered A
h
part -
e
: T Y(y: 135°
A OIM 1 A 0-110111

fy A R(. A —_—
Weld toe t |—»

A

BTE B A

< »
- :

Figure 4.26:Cross joint and symmetry condition. Main dimensions. [32]

The joint has been modelled using autofadoftware with the dimensions described in F2b It

was then exported via an .IGES file and imported into%rfeystructural analysis.

The materiawas defined as steglth E = 206000 MPa and v = 0.3quad 8 node 183 was chosen

as the element typwiith the following second K-optioplane strain. The plane strain state best
represents the stress-strain state that results at the apex-nétch (since in-plane stresses tend to
infinity in theory, out-of-plane stress is also non-Zémj)mported geometry consists only of lines, so
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Chapter 4. STRAIN ENERGY DENSITY APPROACH

it was necessary to create the area entity.

Figure 4.27:Divide area by lines tool and the control volume with Rc = 0.28 mm

In the controlvolume ofadius R. a globalelement size df.05 mm was usedd mesh with a global
element size of 1 mm was used outside the control Voladnend constraint conditions were applied

as described in Fig. 4.28nce the analysis is linear elastic, it is possible to obtain the value of the SED
for any external load condition by means of a simple proportion.

Figure 4.28: Type of mesh adopted and zoom of the controlvolume for the calculation of the averaged
SED

in order to determine the averaged SED to be used to find the numbeiiesd to failurdijrst ofall
the elements enclosed within the control volume of radiaseRsolateddnce this is done, with the
following commands:

general postprod - element table - define table - add

the strain energy represented by the word sene was ch&¥ih.the same command the geometry
volu property was addedhe values were then added together to obtain the total energy in the control
volume:

E =Z E; (4.25)

i
where E is the strain energy ofach element and E is the totatrain energy.an energy oft =
0.154054 - POm) was obtainedTo find the averaged SED (Eq. 4.19), the area must be determined as
the sum of the areas of the individual elements enclosed in the circular sector:

A= 2 Aj (4.26)

i
and it was obtained A = 0.153938 nith the help of the sum of each element function the total
energy and area value were obtaiffeslaveraged SED is therefore determined as:

— E _0.154054 - %0 = M
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Chapter 4. STRAIN ENERGY DENSITY APPROACH

At this point it is possible to scale the value just found for any stress b@azing in mind that the
proportion must be made with the stresses with exponent 2, i.e:
( ) ( )

AW L (4.28)

2 2
AO-nom (load=1 MPa) A(Jnom (any load MPa)

knowning the averaged SED it is possible to enter in a design curve (in terms of AW /)MNdV

estimate the number of cycles to failareonclusion, the SED approach proves to be an effective and
versatile method for any kind afalysisboth static and fatigué¢hanks to the solid contrelolume

theory on which it is baseRegardless of the opening angle of the notch 2a or the mode of load stress,
any component using the SED approach will be compared to a single design curve with a single unit of
comparison, expressed in terms of linear elastic strain energy density.

4.4 SED applied to blunt V-notches

In the case of blunt V-notch, taking as reference the coordinate system in Fig. 4.29, the stress distributio
under a mode | load is [26] [24]:

[ ( , ) pi-n ]
gj = alr’\l‘l fij(G, a) + a gij(Q, a) (4.29)
where a can be expressed by the notch stress intensity fagtankhe case of sharp,zero notch
radius,V-notch or by the elastic maximum notch stress dn the case oblunt V-notch.rg is the
distance from the origin tfe reference system and the tifihaf notch and depends on the opening
angle and the notch root radius [14]:

re=9"1, (4.30)
q
and
_ 21 - 2a (4.31)
T
Y
B |
|,0
a /
\4
7”0? r
T4
0
%)'H
\J ol
Figure 4.29:Reference system in the case of blunt V-notch [26]
The angular functiong fand g are given by:
[ o | . 1 1+ Arcost - mo }
frr = (3-A1)cos(1-A)6 | +
Lie I 1A+ e @-M) L g asint - n)e
] (4.32)
cos(l + N6
+ Xo, (1 = Ag) L -cos(1 + A)o J
sin(1 + A6
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a (rad) q S /{1 Xby Xa Xy Wy F (2a)
0 2 0.5 -0.5 1 4 0 1 0.785
6 1.8333 0.5014 -0.4561 1.0707 3.7907 0.0632 1.034 0.6917
4 1.75 0.505 -0.4319 1.1656 3.5721 0.0828 1.014 0.6692
m3 1.6667 0.5122 -0.4057 1.3123 3.2832 0.096 0.97 0.662
m2 1.5 0.5448 -0.3449 1.8414 2.5057 0.1046 0.81 0.7049
2mi3 1.3334 0.6157 -0.2678 3.0027 1.515 0.0871 0.57 0.8779
34 1.25 0.6736 -0.2198 4.153 0.9933 0.0673 0.432 1.0717

5ml6 1.1667 0.752 -0.1624 6.3617 0.5137 0.0413 0.288 1.4417

Table 4.3:Parameters for stress distributions, Eq. 4.29 and 4.37, and local strain energy, Eq. 2?

I (¢7] 1 q [ <|’ (1 + p)cos(1-p)6 l

rr ! 3 - 1 3 9 +
L g J 4(g - DI + N\ xp, (1 - N1)] Xd L ((1 —Zi))(s:?ff((l —;,‘86 J
] (4.33)

cos(1l + 16
+XC1L -cos(1 + p)o ]
sin(1 + w)o

considering only a mode | load under the plane strain condttmejgenfunctiong fand G; satisfy
the following expressions:
f22(8) = u(fee(6) + frr (6)) (4.34)
9.2 (8) = v(ae(6) + g (6)) (4.35)

The table shows the parameters present in the Eq. 4.31, 4.32, 4.33 for some opening angles.
In the case of a V-notch the paramefdrexome:

14
a = L (4.36)
2

where K is calculated according to Eq. 4lhXhe presence of blunt V-notch it is possible to link the
parameterqato the maximum principal stress present at the notch tip:

1-A 1
(o) (o) r
al = { max ( )} max' Q (437)

{ =
Ml (I+p1)Xd; +X g q 1+w”
0 1+A1+Xp, (I-A1)  4(g-1)

where @can be found in Tab. 4The stress field with respect to a reference system in polar coordinates
becomes:

el C )y ]

Omax ro

=_—max 0 f -
Ope (1, ) T+ a r) : ee+( . ) gee]
1-A 1 M1\ 1
Omax ro r
= Y - 4.38
g (r, 0) 1+ I’) [frr +(I’ ) grr] ( )
1-N\ H1-A 1
Omax ro r
=_—max 0 f -
Tro (f, 9) 1 + @~ r e+ ro o
Strain energy density is then:
1 ( o ) 2{( , ) 2(A1-1) ( , ) 2(1:-1) ( r ) Aatua-2 }
Wi(r, 6) = = X — Fa+ — Gu+2 — +M \ (4.39)
o 2E 1+ @" ro ro ro H

where R, CNE,, and M/\u depend on the Poisson’s modulus and the eigenfunctions described by Eq. 4.32
and 4.33Considering the structural volume in Fig. 4.30 the strain energy can be expressed as:
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f f +é f R>
E]_ = WldQ = ) de Wl(f, 9)rdr (440)
Q -0 R1(6)
by solving the integral:
V- 1
1 27'[qn 2(1-A )( )
Ei=5¢ T@""f ro” A+ Iy + Iny (4.41)

where A, I, and |, are integral expressions that can be found in[@éheral, it is possible to write:

1( )
|1=Z_[|/\+|u+|/\ﬂ (4.42)

where { = 11(2a, p, R). The mean value of the strain energy density is then given by:

() A P

w5 _ L 11" 5 21-Ay 2n

max’ 0 1+ @~
Area Q is defined as:

Figure 4.30: Control volume for averaged SED assessment [26]

f R> f +0
Q= _ rdrd@ (4.44)
R1(6) -6

With mathematical considerations that can be found in [26], the following equation was obtained:

( )

[ ( ) 1 R
Eqg. 4.43 becomes:
( )
W, =CL = F(2a) - H 20, 7€ -Gz_ax (4.46)
where:
( ) 20-apl Vo 12
Fa= 971 27 (4.47)

q l+w
and some notable values are shown in Tab. 4.3.
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Chapter 5

EXPERIMENTAL TESTS: THE
AMSLER MACHINE

This chapter wildescribe the static tensile taghich is necessary to obtain the matgréabmeters

to be used as input in FE analyses (ch). A description othe reference materialg. 42CrMo4 +

QT, S275 and AIMgSil wilblso be given.As far as fatigue curves are concernegecialemphasis

will be given to the experimenfddta obtainedthe data fitting techniques and the extrapolation of
information needed to develop the theoretical approaches addressed in the néntordepiers to

cause confusion, and, as will be seen more clearly in Ch. 7 the following nomenclature has been adopted
for FABEST specimens:

* FABEST014 - Unnotched specimen

* FABESTO050 - Solid bar of circularcross-sectiorstraight-through hole (sometinadso called
Fabest h20 or Fabest 12 h20)

* FABESTO051 - Solid bar of circular cross-section, circumferential V-groove, with p = 0.5 mm (some-
times also called Fabest v05)

* FABESTO052 - Solid bar of circular cross-section, circumferential V-groove, with p = 2 mm (some-
times also called Fabest v20)

5.1 The static tensile test for 42CrMo4 and material properties

The tensile test is the simplest and quickest test for the characterisatioraidrialnd consists of

applying a displacement at constant speed to the end of a sample, taking care to measure the elongatiol
of the sample using a strain gauge and the tensile force applied using a Hael tegikile test ends

with breakage,e. the physicaseparation of the two ends of the speciffiee fracture occurs under
quasi-static conditiores the load is applied slowl¥he test also makes it possible to determine the
constitutive law of the material in the stress-strain plane.

Fig. 5.1 represents a typical scheme of a tensile test machine with the physical quantitigsisnvolved.
possible to note the tensile forcenRhe x-direction and the uniaxial streskhat develops along the

section of the specimé&imung’s modulus can be obtained from the test as:

== (5.1)

As mentioned in the preamble, in this section the material properties of 42CrMo4 + QT were determined,
namely:the Young’s modulus E and the Poisson’s coefficienthe tests were performed in Poland
at UTP Bydgoszcz by Lukasz Pejkowskid Jan Seyda according to ISO 6892-1:2016 standiadér
strain control €, with an imposed strain rate equal to:
de

E=g = 0.00025% (5.2)

The Poisson’s modulus was determined in accordance with ASTM E132-04 s@antleaedertificate
provided by the university, it was possible to identify the temperature at which the test was performed,
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Cross\head
\
<—\
Screw [—1— Load cell
| | Y
column \\ | | Specimen
Grip ]
Screw
. J4— column
Stiff frame
and base
\
Figure 5.1: Scheme of static tensile test machine
Chemical composition [%]
C Mn Si P S Cu Cr Ni
0.42 0.64 0.21 0.013 0.009 0.02 1.04 o0.06
Al H N Mo \Y Ti Sn

0.026 1.30 ppm 0.0086 0.185 0.006 0.0013 0.003

Table 5.1:Chemical composition of 42CrMo4 + QT steel

i.e. T=20C and the chemicalomposition of the materialTab.5.1. The specimens for the tensile
test were obtained from a rounded bars with a diameter of 35 mm with a tolerance of +0.600 mm.
Four specimens identified as MON were used and their characteristics are described in Tab. 5.2.
Five diameter readings were taken and an average value was derived for eduh gpsshsertional
area was then calculated using the following formula:

i=1...,4 (5.3)

A _ - q%ﬁean,i
MON,i — #

For each specimen, the stress-strain curve represented in Fig. 5.2 was determined.

In order to determine Young’s moduldsformations between 0.05% and 0.2% were considibeed.

data within this range have been fitted with a straight limgqudition y = mx + g,where y is equal

to the stress valug gx corresponds to the straig,ethe angular coefficient m is Young’'s modulus E

and g is the intercept on the y-aXtss procedure was done for the four specimens and then the values
obtained were averaged.

Specimen no. MONO1 NMONO2 MON 03 MON 04
¢1 in (mm) 5.010 5.010 5.020 5.020
¢2 in (mm) 5.010 5.010 5.010 5.010
¢3 in (mm) 5.000 5.010 5.020 5.010
¢4 in (Mmm) 5.010 5.010 5.010 5.020
¢s in (mm) 5.000 5.010 5.010 5.010
Dmean iN (Mm) 5.006 5.010 5.014 5.014
St.Dev. 0.005 0 0.005 0.005
Cross section area (Mm  19.68 19.71 19.75 19.75
Gripping pressure (bar) 120 120 120 120

Table 5.2:Specimen diameters, normalcross-section and gripping pressure
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— Stress-Strain Curves of 42CrM04QT

1000 |

800

=
i}
= 6001 1
&
400 8
200 ——o0—c MONO1[q
——o0—¢ MONO04
() 1 1
0 0.05 0.1 0.15
Ex
Figure 5.2: 0 — € curves of MON specimens
- Stress-Strain Curve of MONO1 specimen
45( T T T T T T T T
400 + 1
o, = 205782¢, + 3,8144
350 1
F 300 + .
=
=,

& 250 -
200 .
150 + 1

o — ¢ fitting curve
x o —¢ data
1()() 1 1 1 1 1 1 1 Il
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 2.2
i x107?

Figure 5.3: 0 — € curves with small deformation of MONO1 specimen
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Material properties

E [MPa] U Ren [MPa]l ReL [MPal oyrs [MPal

206362 0.296 1047.6 1034.7 1110.9

Table 5.3:Material properties of 42CrMo4 + QT steel

Material properties

Material E[MPa] v Rey[MPa] ayrs [MPa]

5275 206000 0.3 340 475
AlMgSil 70000 0.33 302 315

Table 5.4:Material properties of S275 structuralsteeland AIMgSil alloy

A fit straight-line for specimen MONO1 with an R-square of 0.9999 is shown5SrBFEfress curves
were also derived as a function of transverse gtogimeans of a linear equation ¥ p, where
y takes the meaning qf @ becomes,e(an example in Fig. 5.4 with an R-square of 0.98%5 pther
curves have been collected in the App. A.

450

Stress-transverse Strain Curve of MONO1

400 +

200

150

100

T T

o, = T56167¢, - 36,874

x 0 —¢ data

o — ¢ fitting curve

To determine the Poisson’s ratio v it is necessary to consider its definition:

o

&y x 10

Figure 5.4: 0 — &, curve of MONO1 specimen

& _P
Ex E

(5.4)

After deriving v for each specimen, the values was averaged to obtain the final Theffiadatial
properties are described in the Tab. 5.3.
where Ry is the upper yield strength and B the lower yield strengiihe most interesting material
properties for unalloyed structwsi@elS275 and the aluminium-manganese-silica alloy AIMgSil have
been collected [3%he mechanical properties have been compiled in Tdb.tBalabsence of tensile
test certificates, common values [9] for the modulus of elasticity and Poisson’s ratio were adopted.
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Test frequencies

Specimen Material Frequence [Hz] Stress ratio R
FABO14 42CrMo4 + QT 125 -1
FABO50 42CrMo4 + QT 167 -1
FABO51 42CrMo4 + QT 184 -1
FAB052 42CrMo4 + QT 184 -1
Blunt 42CrMo4 + QT 150 -1
Sharp 42CrMo4 + QT 150 -1
F2 S275 15-30 -1
F3 S275 15-30 -1
F2 AlMgSil 15-30 -1
F3 AlMgSil 15-30 -1

Table 5.5:Frequencies and stress cycles adopted in fatigue tests

5.2 Fatigue testsAmsler machine

The tensile fatigue testing machine is located at the Czech Technical University in Prague (CTU). The
machine operates on a frequency between 50-300 Hz according to the manidfacadnine plus

the specimen create a joint system which gets close to the rébisyaraans that the stiffness of the
specimen plus the weight of the machine define the operating frequency (set by theF@stasance).

stiff specimens the frequency will get lower and viceA/&rad. application frequency of 125 Hz was

reached for the unnotched specimen (FAB014), while frequencies of 167 Hz and 184 Hz were reached for
the notched FABEST specimenkhe experimental tests carried out on the 42CrMo4 + QT specimens

were allconducted with a stress ratioRf= -1. Data on the test frequency and load ratio adopted

were collected in Tab. 5.5.

5.2.1 Set-up Amsler machine at CTU

Before setting up the Amsler test machine, the test specimens were cleaned and painted black (Fig. 5.5)
with a high emissivity spray for thermatasurements with infrared camelrashis way,reflections
due to foreign bodies were reduced.

(b)

Figure 5.5: (2) Fabest specimen, (b) Painted specimen

Manual set-up was then performed on the Amsler machine shown in Fig. 5.6

Initially the specimen was screwed to the base and, thanks to the threaded fixture, tightened with knobs
shown in Fig. 5.7 (the grease applied to the thread facilitates the whole prbeegluara)unnotched
specimen is shown as an examAglether threaded fixture was placed on top of its lower twin (Fig. 5.8).

A small threaded component required to connect the top of the machine, Fig. 5.8, was inserted through
the bore of this device in order to apply the cyclic fatigue load with great greisigiart was then

also screwed on at the top and tightened with the knobs (Fig. 5.9- 5.10).

In Fig. 5.10 The complete set-up is illustrated with a notched FABEST specimen as an &féenple.

the 'practical’ part had been completed, some settings had to be made from the machine’s software.

In Fig. 5.11 it is possible to observe the amount of force on the Amsler miachiige5.12:(a) is a

pre-load value and it is set for the section concerning machine startheptreasientln the image

(b), on the other hand, it was applied the load at steady state with the stress cycle R = -1.
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Electric
motor

Screw
column

Grips Flir

thermocamera,

g3

bv\.{\.'w“

Threaded fixture

Figure 5.8: Threaded connection element
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v . G

Figure 5.9: Tightening operation

Specimen
in its grips

Figure 5.10:Left: connection between upper and lower part.Right: Specimen fixed

Wizard - Initialisation E

Ovenview Parameterising the test Mass compensation

MMass compensofion A 150 kg v

o st
Subsequent block Uénnn.an M Load cell location ® Load cell on the table
Subgequant lest detnilion Load cell onthe crosshee
Rasult selection
Repont

Input of the mass of the clamping device

Naxt > Close Help

Figure 5.11:/nitialisation

53



Chapter 5. EXPERIMENTAL TESTS: THE AMSLER MACHINE

T ——p— [ ]

Porameterising e

Porameterising fe test. Dynamic pre-load

¥ X Swichon vakie Dynomic force & Y

(a) (b)
Figure 5.12:(a) Dynamic pre-load settings, (b) Dynamic load settings

The final screen allows notes to be entered (Fig.dn1Bg type of material, the tester, the start time
and date of the test, etc.

Wizard - Report E
These parametsrs uJﬁ'em in the report
oy e X ¥ Customer FABEST a
i W T Tester Wb et ol
__f-_-"*‘*"”'g'“ T Msterisl 42CMod
: — X ¥ Speciman A0Z_7
designation
X ¥ Commentany Fo=7.95&N P
D-3978mm
SEEER T
Z ¥ Date Stert oftest | g07,2021

X ¥ Time Start of tes? |(9.4415

X ¥ Date Endoitest |pg07/2021

MName of the customsr for fhe repon

< Back Meaxt > Close Help

Figure 5.13:Final options

5.2.2 Experimental tests

Using the software incorporated in the PCs in the laboratbeyyarious tests were monitored using:

static force diagrams = F(t) in kN as a function oftime, dynamic force diagramg = F4(t) in

kN as a function oftime and frequency diagrams f = f (t) in Hz as a functiontifne. In Fig. 5.14

are represented some time instants of a test taken as an example, with the moment of the fatigue crack
initiation,where the frequency decreases rapiigh. 6, together with the fracture sectiagraphs

such as those represented in Fig. 5.14 will be shown together with the experimental results to relate the
fracture cross sections to the parameteth®fS-N curve.The graphs oftatic forcedynamic force

and frequency as a function of time will be plotted and it will be possible to note the rapid decrease in
frequency as a direct consequence of fatigue crack initiation.
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Figure 5.14:Diagrams recorded by the software
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5.2.3 Experimental resultéAmsler machine

The data collected by the Amsler machine were organised iff ditecids@hg the VBA programming
language in Excefiit curves were obtained from the experiméat@al[21]22].Severamathematical
models were used to fit the experimental re$uksirst one that was taken into consideration is the
following:

logd=a+b-g (5.5)
which can be rewritten if using the notation used in nfatbalexcel® to:

logh = L1CON + L1LIN - 0 4 (5.6)

this equation has been used for lgg\v; axes and is called logN-linS regressidm.logNs - loga;
coordinate the following equation was used:

ok -Ne=C (5.7)
and this type of regression is called Basquin regréssimatlab® or excel® language:
o . Nf=SN_C (5.8)

As described in [22], linear equations were obtained because some points in the quasi-static and high-cy
regions were excludéthen fatigue tests are carried out in the laboratory a certain statistical dispersion
can be observedf. specimens of the same nominal size are tested under the samategddo not

show the same number of cycles to failyrdéut there is some statisticalatter in the experimental
results.Generallyfatigue tests are conducted at different stress levels and it can be obseffeed that,

each stress level shown in Fig. 5.15, there is a statistical distribution on the number of cycles to failure.
A first hypothesis is that the distribution is Gaussian (or Norntalpractically allapplicationsthe

x-axis ofthe S-N curveswhere the number afycles is presents in logarithmic scale in base 1o,

the distribution is of the log-nornmgbe for each stress amplitudée parameters characterising the
Normaldistribution are the mean value y and the standard deviatibnsgpossible to fit the mean

values, for each stress level, with a linear curve in log - logrédslissthe curve that for each stress
levelgives the average value of the number of cycles to faluhe curve at the 50% probability of
survival(P.S.50%).Using this curve in machine design is not atpaicautionary because the risk of

failure before it is 50%, which is unacceptable in all engineering apiidaisguint, by integrating

the probability curves, it is possible to determine points with an higher probability of survival, for exampl
90% or 97.7%yy interpolating them with another liAesecond hypothesis that has been made is to

force the fit with the same inverse slope as the curve with P.§130is,way it is assumed that the

standard deviation o is constant forsiHess leveldn practicea widely used curve is the P.5.97.7%

curve, which is obtained from the P.5.50% curve by interpolating points with a deviation of 20.

Oa A k
(logm) NN R=-1
(031 —— -\-- B
. — P.S.=50%
177 W ---- P.S.=90%
—e= P.8.=97.7%
Ta3
Oaj
N (logm)

Figure 5.15:Fatigue curves at different survival probabilities

Given a certain number of cyclasilis possible to identify 3 levels of stress that correspond to the 3
different probabilities of survival (Fig. 5Th&.width of the statistical dispersion scatter within which
the experimental results fall is indicated by the paraghetieici by definition is:
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T, = JA10% (5.9)

0p,90%

(O
(10g10) =-1
—— P.S.=50%

OA,10%
OA,50% 7.
O A90% o AN

Ny \ S

\ \
-

Na N (logio)
Figure 5.16:Scatter T,

from the mathematicahodeldescribed by Eg5.5 the standard deviation éégarithms ofhumber

of cycles to failure is described by L1 LOGN and the standard deviatiostiasses is L1 SLOGS.

From Eq. 5.7 the standard deviation of logarithmg isf3W SLOGN and from stress point of view
SN_SLOGS. Eq.5.9is taken as an example, but it is possible to define a similar index considering the
stresses for a P.S. of 2.3% and 97.7% respectively.

A non-linear analysis dhe data was also carried oukollowing [22}he mathematicélinction was

proposed as:

( ) g
_ Nt + B
g, =A N+ C (5.10)
which in exceP or matlab® language is written as:
( ) kv BETA
N =
Ga=KVA. KvC. MiH+KVE (5.11)

Nt + KV_C

As the curve is defined with a higher number of parameters than linear models, the fitting curve better
follows the experimentddta even in outward regionStatisticalparameters were also derived here:

KV _SLOGN, KV _SLOGS and KV _R2. With regard to the fatigue curve of the smooth specimen
FABO14 in 42CrMo4+QT, the graph in Fig. 5.17 was obtained.

Tab. 5.6 shows all the data describing the curves.

Given the standard deviation on the numbaearyafes to failure it is possible to obtain the statistical
range ofdispersion for a survivprobability 0®7.7% and 2.3%To do this,Basquin type regression

from Eq.5.7 was taken as a referenthe statisticaparameters for carrying out the procedure using
matlab® can be found in Tab5.6. The fatigue limits for a P.Sof 50% have been determined by
imposing N= 2 - 10cycleslt was obtained Fig. 5.18.

For the smooth specimen, as can be seen in Fig. 5.18, for a number of cyclgsegdll@2/Nycles,
fatigue limit is g= 573.3 MPa.Similar information was obtained for the notched specimens as shown
in the following Fig. 5.21, 5.22, 5.23, 5.24, 5.19, 5.20 and Tab. 5.8[He%abigue limits derived all
refer to the net nominal section.
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_— Experimental results of FABEST014 - unnotched

o Experimental data with R = —1

FABO14 - Basquin type regression

~———FABO014 - LogN/LinS type regression
FABO14 - Kohout-Vechet type regression| |

850 K

800

750 - )
700 +
650 &
600 +
550 N 1
500 - : — b b
10° 10* 10” 108 10°
Cycles to failure N¢

Stress amplitude o, [MPa]

Figure 5.17:Experimental data of FABESTO014 - unnotched specimen - and fit curves from Eq. 5.5, 5.7

and 5.10
parameters code values description
logN/linS regression
a L1CON 10.3 y-axis intercept
b L1LIN -0.009 Slope
Olog1o L1_SLOGN 0.198 Standard deviation
of the logarithm ofN
0510910 L1 SLOGS 0.015 Standard deviation
of the logarithm of stress
R? L1 R2 0.9584 Coefficient of determination
Basquin regression
k SN W 13.076 Slope
C SN _C 2.57 - @ Constant
ON, log 10 SN_SLOGN 0.117 Standard deviation
of the logarithm ofN
0510910 SN_SLOGS 0.014 Standard deviation
of the logarithm of stress
R? SN_R2 0.9670 Coefficient of determination
Kohout-Vechet regression
A KV _A 2014.4 Constant
B KV B 3874 Constant
C Kv _C 388107 Constant
B KV _BETA -0.106 Constant
Ologso KV _SLOGN 0.357 Standard deviation
of the logarithm ofN
05,1010 KV _SLOGS 0.014 Standard deviation
of the logarithm of stress
R? KV _R2 0.9662 Coefficient of determination

Table 5.6:Statistical parameters for the curves of FABOO1
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Experimental results of FABEST014 - unnotched

850 =
b X o Experimental data with R = —1
800 > 5 Basquin type regression with P.S.50% | 1
b — = Fatigue limit

750

700

650

00,P.S.2.3%

600 +
00,P.8.50%

550 -

K =1
500 +| T, = 1:1.1325
J0.P.S.50% — 573.3 MPa
Ny = 220122 Cycles
450 : L '

10% 10* 10” 10° 10°
Cycles to failure N¢

Stress amplitude o, [MPa]

Figure 5.18: Statistical scatter of smooth specimentFABO14. Kohout-Vechet regression was used to
derive the fatigue limit.

Experimental results of FABEST050 - ¢ = 2 mm

550
O o Experimental data with R = —1
500 - FABO50 - Basquin type regression

———FABO050 - LogN/LinS type regression
FABO050 - Kohout-Vechet type regression

450 +

400 +

Stress amplitude o, [MPa]

300

250 - K, = 2.68

200 o

150 t ; j i I e
103 10 10° 10° 107 10°

Cycles to failure Ny

Figure 5.19:Experimental data of FABEST050 and fit curves from Eq. 5.5, 5.7 and  5.10
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parameters code values description
logN/linS regression
a L1CON 7.0 y-axis intercept
b L1LIN -0.006 Slope
ON,log 10 L1 SLOGN 0.035 Standard deviation
of the logarithm ofsN
05,1010 L1 SLOGS 0.009 Standard deviation
of the logarithm of stress
R? L1 R2 0.9981 Coefficient of determination
Basquin regression
k SN_W 4,701 Slope
C SN C 5.18 - 16 Constant
ON,log 10 SN_SLOGN 0.125  Standard deviation
of the logarithm ofN
05,1010 SN_SLOGS 0.027 Standard deviation
of the logarithm of stress
R? SN_R2 0.9753 Coefficient of determination
Kohout-Vechet regression
A KV _A 57910 Constant
B KV _B 31306.8 Constant
C Kv _C 384558.1 Constant
B KV _BETA 0.449 Constant
ON,log 10 KV SLOGN 0.351 Standard deviation
of the logarithm ofN
05,1010 KV _SLOGS 0.024 Standard deviation
of the logarithm of stress
R? KV _R2 0.9925 Coefficient of determination

Table 5.7:Statistical parameters for the curves of FABEST050, with ¢ = 2 mm

600

Experimental results of FABEST050 - ¢ = 2 mm

550 F 5 \\\ 3 . o Experimental data with R = —1

500 F N Basquin type regression with P.S.50% | 4
450 - = Fatigue limit
ﬂcc N
o 400 \\P.S. 2.3%
]
350 No
S) O0n,P.S.2.3%
@ 300 S
< N O0n,P.S.50%
- \ Tt e ey e D LIt (i ST (e i e
=, 250 \\K S O0u.P.S.97.7%
E \
CC &
® 200 5
O o
e K, = 2.68
R b To=1:1.2783 o

150 1) w50 = 271.7 MPa

Ny = 186300 Cycles , \
\
10 10* 10° 10° 107 10°

Cycles to failure Ng

Figure 5.20: Statistical scatter of FABEST050 with ¢ = 2 mm
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Experimental results of FABESTO051 - p = 0.5 mm

\

o Experimental data with R = —1
FABO051 - Basquin type regression
——FABO051 - LogN/LinS type regression
FABO051 - Kohout-Vechet type regression|

400 r

350

300

Stress amplitude o, [MPa]

Ky, = 3.42
250 o

200

10? 10*

10°

Cycles to failure N¢

10°

Figure 5.21:Experimental data of FABESTO051 and fit curves from Eq. 5.5, 5.7 and 5.10

parameters code values description
logN/linS regression
a L1CON 6.63 y-axis intercept
b L1LIN -0.006 Slope
ON,log 10 L1 SLOGN 0.169 Standard deviation
of the logarithm ofsN
0510910 L1 _SLOGS 0.054 Standard deviation
of the logarithm of stress
R? L1 R2 0.9749 Coefficient of determination
Basquin regression
k SN_W 5.268 Slope
C SN_C 4.17 - 16 Constant
Ologio SN_SLOGN 0.142  Standard deviation
of the logarithm ofN
0510910 SN_SLOGS 0.027 Standard deviation
of the logarithm of stress
R? SN_R?2 0.9824 Coefficient of determination
Kohout-Vechet regression
A KV _A 6740.4 Constant
B KV B 2232.7 Constant
C KV _C 153153.3 Constant
B KV _BETA -0.6957 Constant
Oioguo KV _SLOGN 0.017 Standard deviation
of the logarithm ofsN
0510910 KV _SLOGS 0.017 Standard deviation
of the logarithm of stress
R? KV _R2 0.9979 Coefficient of determination

Table 5.8:Statistical parameters for the curves of FABEST051, withp = 0.5 mm
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L\|)(‘111]I{‘Illd1 rf"»ulis of I'ABL‘-SICIJI P = 0.5 min
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Figure 5.22: Statistical scatter of FABEST051 with p = 0.5 mm

Experlmental results of FABEST052 p =2 mm
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o} pr(mm ntal (ldtd with R = —1
600 FABO052 - Basquin type regression 1
———FABO052 - LogN/LinS type regression
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Figure 5.23:Experimental data of FABEST052 and fit curves from Eq. 5.5, 5.7 and  5.10

Cycles to failure N¢
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parameters code values description
logN/linS regression
a L1CON 7.3 y-axis intercept
b L1LIN -0.007 Slope
ON,log 1 L1 SLOGN 0.197 Standard deviation
of the logarithm ofsN
0g,l0g10 L1 SLOGS 0.033 Standard deviation
of the logarithm of stress
R? L1 R2 0.9562 Coefficient of determination
Basquin regression
k SN W 5.931 Slope
C SN C 9.76 - 1@ Constant
ON, log 10 SN_SLOGN 0.248 Standard deviation
of the logarithm oftN
05,l0910 SN_SLOGS 0.042  Standard deviation
of the logarithm of stress
R? SN_R?2 0.9307 Coefficient of determination
Kohout-Vechet regression
A KV _A 101125469Constant
B KV _B 27757 Constant
C KV _C 60072.2 Constant
B KV BETA -1.172 Constant
ON,log 1 KV _SLOGN 0.614 Standard deviation
of the logarithm ofiN
0g,l0g10 KV _SLOGS 0.039 Standard deviation
of the logarithm of stress
R? KV _R?2 0.9740 Coefficient of determination

Table 5.9:Statistical parameters for the curves of FABEST052, withp = 2 mm

600

Experimental results of FABEST052 - p = 2 mm

550 F \\(3 \\\P~S~ 2.3% o Experimental data with R = —1 E
500 E st N Basquin type regression with P.S.50%| ]
& N 3} = = .Fatigue limit
A, 450 F 1% &
= P.S. 97.7%
— 400 | s A 1
<
Q)
o 350 F ]
=
= 300 | 1
= 300 T0ouP.S23%
g
< 250 O0u.P.8.50% -
R I i e A
o K, =1.93 O0n,P.S.97.7%
Oonpsson = 297.2 MPa
Ny = 210167 Cycles
10 10* 10° 10° 107 108

Cycles to failure N¢

Figure 5.24: Statistical scatter of FABEST052 with p = 2 mm
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5.3 Fatigue tests from literature [39] [44]

With regard to specimens extracted from the literature they were tested at frequencies up to 15 Hz with
servohydraulic testing machines and at a frequency of 30 Hz with mechanical resonance testing machine
for S275 structurateeland AIMgSil alloy [39With regard to the data from the Santlsylor and

Benedetti article [44f] was found that the test frequency was 150nHxzoth articles the stress ratio
set was R = -1.

5.3.1 Fatigue data from literatur§39]

With regard to the fatigue tests performed in [39], the following fit curves wéneFafptaiasd5.26

and 5.27 the fatigue curves of test specimen F, shown in Fig. 22, in S275 material are répfesented.
fit curves were obtained with a programming code similar to that seen in the previous section for FABOO]

F2 Specimen in $275 with p = 1 mm 5 F2 Specimen in S275 with p = 0.2 mm
200

180

160 o
200

1\0 140

10 K., = 3.65 120 K, = 7.05

amplitude o, [1\ Pal

140

Stress amplitude o, [MPa]

Stress

120

100

< 1 @
% 60 &0
a_o
80 @ 3

10* 10! 10° 10° 107 10% 10° 10! 10° 10° 107 10%
Cycles to failure Ny Cycles to failure Ny

Figure 5.25:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and  5.10

F2 Specimen in S275 with p = 0.04 mm

40 F3 Specimen in S275 with p = 0.2 mm
vith R = —

90 7
A
v
Ko = 14.22 x{m = 11.89 |
60 o
40

10% 10! 10° 10° “10° 10 10° m 107 10%
Cycles to failure N¢ Cycles to failure Ny

160 o

140

80
120

100

80

Stress amplitude o, [MPa]
Stress amplitude o, [MPa]

60

10

Figure 5.26:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and  5.10

In Fig. 5.28, 5.29 and 5.30 the fatigue curves of test specimen F, shown in Fig. ??, in AIMgSil material
are represented.

As with the previous samples, the statistical scatter was determined using Basquin’s equation (Eq. 5.7),
in Fig. 5.31, 5.32, 5.33, 5.34 and 5.35 for S275 material.

For AIMgSil material the curves in Fig. 5.36, 5.37, 5.38, 5.39 and 5.40 were obtained.
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F3 Specimen in S275 with p = 0.04 mm
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Figure 5.27:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and  5.10
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Figure 5.28:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and
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F2 Specimen in AIMgSil with p = 0.04 mm F3 Specimen in AIMgSil with p = 0.2 mm
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——LogN/Lin$ 90 LogN/LinS$ i
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Figure 5.29:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and  5.10
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Figure 5.30:Experimental data found in [39] and fit curves from Eq. 5.5, 5.7 and  5.10
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Figure 5.31:Statistical scatter of F2-specimen in S275 with p = 1 mm, stress related to net section
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Figure 5.32:Statistical scatter of F2-specimen in S275 with p = 0.2 mm, stress related to net section
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Figure 5.33: Statistical scatter of F2-specimen in S275 with p = 0.04 mm, stress related to net section
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Figure 5.34: Statistical scatter of F3-specimen in S275 with p = 0.2 mm, stress related to net section
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Figure 5.35: Statistical scatter of F3-specimen in S275 with p = 0.04 mm, stress related to net section
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Figure 5.36: Statistical scatter of F2-specimen in AIMgSi1 with p = 1 mm
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Figure 5.37:Statistical scatter of F2-specimen in AIMgSil1 with p = 0.2 mm
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Figure 5.38: Statistical scatter of F2-specimen in AIMgSi1 with p = 0.04 mm
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Figure 5.39: Statistical scatter of F3-specimen in AIMgSi1 with p = 0.2 mm
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Figure 5.40: Statistical scatter of F3-specimen in AIMgSi1 with p = 0.04 mm
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Parameters Plain Blunt Sharp

PSO%’ MPa 390 163 87.5
P14 MPa 363 147 835
Pgos, MPa 417 178  91.3
St.Dev., MPa 20.7 12.1 2.93
k 1163 n/a 2127
b (-18) -80.139 n/a -215.96

Table 5.10:Data from [44] with stress ratio R = -1 for 42CrMo4 + QT

5.3.2 Fatigue data from literaturf44]

In this subsectiongata and graphs obtained in [44§ collectedTwo specimens with the following
characteristics were considered in the cited article:

* Blunt specimen with p = 1 mm at the tip of the notch

* Sharp specimen with p = 0.2 mm at the tip of the notch

The corresponding fatigue curves can be viewed in Fig. 5.41.

550

42CrMo4+QT, axial loading

500 J—f~ -
S R=-1, 150 Hz, RT
] -]
450 4 -——
s i\}‘l\l ................
= 400 S
1 - m o
e Sl e [ -
b . S S — T
__ﬂ::{ 350 2 |
I Rl ] -+
o 150 SRS S H T e N =
o ] e
2 100] '\Q'\l\g
= R N NF W ~ I -
7 1 e B
| plain
® sharp notch
A

~ blunt notch
50 T T

10° 10° 10’

Number of cycles to failure, N,
Figure 5.41:Fatigue curves of specimens found in [44]

Relevant data from the tests conducted by Santus, Taylor and Benedetti [44] were collected in Tab. 5.10
The equation used here has the following form:

0, =k - NP (5.12)
Eqg. 5.12 is linked to Eq. 5.7, iiethe Basquin equation:

C=k"
_ 1 (5.13)
=75
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Chapter 6

DESCRIPTION OF CRACK
INITIATION POINT

6.1 Introduction to Dino-Lite microscope

In this chapter the fracture sections of the specimens will be anBhgzBdho-Lite microscope with
a 5 MPx camera was used to achieve the dbalonsists of a base where the specimens are pkaced,
support structure and the microscope connected to a PC via USB cable (Fig. 6.1)

Adjusting

=Sy

rt
# A \ e
] 3 ,_”‘

Figure 6.1: Dino-Lite microscope

The specimen is placed under the lens as shown in the Fig. 6.2.

Microscope

Study section

Specimen

Figure 6.2: Placement of the specimen under analysis

Through the DinoCapture software it was possible to obtain information on the fracture sedhion,
particular on the fatigue crack initiation poir&.typical screenshot dfhe program can be seen in
the Fig. 6.3. With the help ofthe software it is possible to adjust the parametetiseofimagesuch
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Chapter 6. DESCRIPTION OF CRACK INITIATION POINT

as brightness,ontrastetc. and, with the commands placed in the upper madd,some comments,
length measures etc.

Tools to set microscope

Settings . parameters
Me;lu (lights,contrast, ...)
vl \

@FBpoeed

VVVVVVV

Tools to
take photos
and videos

Specimen

Scale

Figure 6.3: DinoCapture software

In the following paragraphs, numerous images have been collected describing the fracture section of the
specimensthe Amsler testing machine also returned graphs of static force, dynamic force and frequency
as functions ofime. The sudden decrease in frequeratya certain number ofycles,identifies the

initiation of the fatigue crack.

6.2 FABEST_VO05 specimen

As mentioned in paragraph 5.2.2 the following experimental data for FABO51 were collected in the currer
Tab. 6.1:stress ratio R, nominal net stregg,anumber of cycles to fracture fdlequency f, start and
end of the test.

Specimen R 0an[MPa] Nt [cycles] f[Hz] Start End

FABO51 2B -1 608.3 629 184  28/07/21 28/07/21
FABO51 5 -1 553.2 1732 184  20/07/21 20/07/21
FABO51 9B -1  454.4 5227 184 30/06/2021 30/06/2021

FABO51_10 -1 365.3 15137 184 30/06/2021 30/06/2021
FABO51 8 -1 304.0 34867 184  29/06/21 29/06/21
FABO51 3 -1 251.8 78435 184  28/06/21  28/06/21
FABO51 7 -1 201.7 173482 184  29/06/21  29/06/21
FABO51 4 -1 214.4 258440 184  28/06/21  28/06/21
FABO51 1 -1 201.8 447210 184  20/07/21  20/07/21
FABO51 6 -1 189.2 2169391 184  28/06/21  28/06/21
FABO51 2 -1 183.8 10248826 184  27/07/21  28/07/21
FABO51 9 -1 176.7 100000000 184  30/06/21 07/07/21

Table 6.1:Parameters of the experimentalresults of FABO51

For each specimethe Amsler test machine returns three gragtatic forcedynamic force and fre-
quency as a function dime. When the frequency drops dramaticddtigue crack initiation can be
observed at that precise inst@mt.example is shown in Fig. 6.4
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i Static Force for Fabestv05 - Specimen 1 Dynamic Force for Fabest v05 - Specimen 1
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Figure 6.4: Forces and frequency as a function of time

Images in Fig. 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11, 6.12, 6.13 and 6.14 describing the fracture section of the
specimens with the magnification used were collected
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Chapter 6. DESCRIPTION OF CRACK INITIATION POINT

(a) Part of the specimen 1 (b) Fracture section with 24.6x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with x magnifica-
tion with x magnification tion

Figure 6.5: Severalpictures of specimen 1 - FAB051

(@) part of the specimen 2 (b) Fracture section with 26.3x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Part of the fracture section with 199.6x
tion with 62.6x magnification magnification

Figure 6.6: Severalpictures of specimen 2 - FAB051
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Chapter 6. DESCRIPTION OF CRACK INITIATION POINT

(a) part of the specimen 3 (b) Fracture section with 26.3x magnifica-
tion

(c) Part of the fracture section with 53.5x (d) Part of the fracture section with 185.5x
magnification magnification

Figure 6.7: Severalpictures of specimen 3 - FAB0O51

(a) part of the specimen 4
tion

1omm

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 199.2x mag-
tion with 55.7x magnification nification

Figure 6.8: Severalpictures of specimen 4 - FAB0O51
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20mm

(a) part of the specimen 5 (b) Fracture section with 26.0x magnifica-
tion

(c) Part of the fracture section with 67.5x (d) Part of the fracture section with 200.7x
magnification magnification

Figure 6.9: Severalpictures of specimen 5 - FAB0O51

e

(a) part of the specimen 6 (b) Fracture section with 28.8x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 203.5x mag-
tion with 48.3x magnification nification

Figure 6.10: Severalpictures of specimen 6 - FABO51
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(a) part of the specimen 7 (b) Fracture section with 23.8x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 97.2x magni-
tion with 54.3x magnification fication

Figure 6.11:Severalpictures of specimen 7 - FAB051

(a) part of the specimen 8 (b) Fracture section with 26.3x magnifica-
tion

(c) Part of the fracture section with x mag- (d) Part of the fracture section with 99.6x
nification magnification

Figure 6.1 2: Severalpictures of specimen 8 - FAB0O51
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(a) part of the specimen 9 (b) Fracture section with 26.3x magnifica-
tion

L =

(c) Part of the fracture section with 63.2x (d) Part of the fracture section with 97.4x
magnification magnification

05mm 02mm

Figure 6.13:Severalpictures of specimen 9 - FAB0O51

20mm

(@) part of the specimen 10 (b) Fracture section with 26.0x magnifica-
tion

b

(c) Part of the fracture section with 52.5x (d) Part of the fracture section with 198.9x
magnification magnification

10mm

Figure 6.14:Severalpictures of specimen 10 - FAB0O51
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Specimen R 0an[MPal N¢[cycles] f[Hz]  start End

FAB052 10B -1 608.7 992 184 20/07/21 20/07/21
FAB052 1B -1 576.4 4124 184 22/07/21 22/07/21
FAB052 2B -1 548.6 8806 184 23/07/21 23/07/21

FAB052 8B -1 519.9 11458 184 08/07/21 08/07/21
FAB052 5 -1 457.5 18571 184 29/06/21 29/06/21
FAB052_ 3 -1 407.4 44054 184 29/06/21 29/06/21
FAB052_ 4 -1 356.7 62956 184 29/06/21 29/06/21
FAB052_ 9 -1 253.1 325894 184 19/07/21 19/07/21
FAB0O52 6 -1 304.4 376654 184 29/06/21 29/06/21
FAB052_ 7 -1 254.0 394885 184 29/06/21 29/06/21
FAB052_10 -1 234.6 10000000 184 20/07/21 21/07/21
FAB052. 8 -1 215.6 10000000 184 07/07/21 08/07/21
FAB052 2 -1 306.2 10031491 184 22/07/21 23/07/21
FAB052_ 1 -1 246.6 12453336 184 21/07/21 22/07/21

Table 6.2:Parameters of the experimental results of FABO52

6.3 FABEST V20 specimen

The following experimental data were also collected for test specimen FARGS2&iD:R, nominal

net stress g, number of cycles to fracture fWequency f, start and end of the test.

Images in Fig. 6.15, 6.16, 6.17, 6.18, 6.19, 6.20, 6.21, 6.22, 6.23 and 6.24 describing the fracture section
of the specimens with the magnification used were collected.
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Chapter 6. DESCRIPTION OF CRACK INITIATION POINT

(a) Part of the specimen 1

(c) Part of the fracture section with 49.5x (d) Part of the fracture section with 164.9x
magnification magnification

Figure 6.15:Severalpictures of specimen 1 - FAB0O51

(a) Part of the specimen 1 (b) Fracture section with 25.6x magnifica-
tion

(c) Part of the fracture section with 67.1x (d) Part of the fracture section with 211.4x
magnification magnification

Figure 6.16: Severalpictures of specimen 2 - FABO51
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(a) Part of the specimen 1 (b) Fracture section with 26.3x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 197.4x mag-
tion with 67.8x magnification nification

Figure 6.17:Severalpictures of specimen 3 - FAB051

(a) Part of the specimen 1 (b) Fracture section with 28.4x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 198.1x mag-
tion with 63.8x magnification nification

Figure 6.18:Severalpictures of specimen 4 - FAB0O51
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(a) Part of the specimen 1 (b) Fracture section with 23.1x magnifica-
tion

(c) Part of the fracture section with 42.6x (d) Part of the fracture section with 195.5x
magnification magnification

Figure 6.19: Severalpictures of specimen 5 - FAB0O51

(a) Part of the specimen 1 (b) Fracture section with 26.3x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 188.3x mag-
tion with 63.1x magnification nification

Figure 6.20: Severalpictures of specimen 6 - FABO51
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(a) Part of the specimen 1 (b) Fracture section with 25.1x magnifica-
tion

(c) Fatigue lines in part of the fracture sec- (d) Crack initiation point with 199.2x mag-
tion with 57.2x magnification nification

Figure 6.21:Severalpictures of specimen 7 - FAB051

(a) Part of the specimen 1 (b) Fracture section with 26.3x magnifica-
tion

(c) Part of the fracture section with 52.7x (d) Part of the fracture section with 196.2x
magnification magnification

Figure 6.22: Severalpictures of specimen 8 - FAB051
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-

(a) Part of the specimen 1 (b) Fracture section with 26.8x magnifica-
tion

(c) Part of the fracture section with 61.3x (d) Part of the fracture section with 197.5x
magnification magnification

Figure 6.23: Severalpictures of specimen 9 - FABO51

(@) Part of the specimen 1 (b) Fracture section with 24.8x magnifica-
tion

(c) Part of the fracture section with 59.8x (d) Part of the fracture section with 197.5x
magnification magnification

Figure 6.24: Severalpictures of specimen 10 - FAB0O51
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Chapter 7

FINITE ELEMENT ANALYSIS AND
APPLICATION OF THEORETICAL
APPROACHES

In this chapter, finite element analyses were carried out on the three specimens with the aim of determir
the physical quantities required to apply the theoretical methods presented in this thesis work (Ch. 2, 3,

FE analyses were performed and the TCD, RSG and SED methods were applied THigs& fAsults

will then be compared, in the following chapters, with the experimental results coming out of the Amsler
test machine and other findings from literature.

» TCD
- MON FEM analysis
/ - AN s
(]
Material properties 1 1 > SED

Fabest_v20 m
Load and
B.C.
Fabest_v05

Fabest_12_h20 o

Figure 7.1: Brief to do list in Chapter 7 for Fabest specimens

Throughout the chapter, numerical and programming techniques will be used to achié\reebeis aim.

topics will be addressed in parallel in order to give a practical and immediate impression of what is really
needed to obtain the desired resuitshould be noted that Fig. 7.1 shows a synthetic procedure that

will be followed for FABEST specimens, but a similar procedure will be followed for specimens extracted
from the literature [39] [44].
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7.1 Finite element analysis of FABEST specimens

In this sub-chaptefinite element analyses will be conducted for the geometries proposed in this thesis
work.This part is crucial because the linear elastic stress distribution near the tip of the notch is necessal
in order to develop the theoretical approaches (See Ch. 2laradidition, in order to apply the SED
approachit is also necessary to determine the strain energy density averaged over a certain structural
volume (See Ch. 4).

These next sub-chapters are organised as folthe TCD and RSG methods need either the maxi-

mum principal stress distribution or the Von Mises stress distribution (depending on the case) as an inpu
parameter, and these can be obtained in a single .txt file, the modelling of the specimeiilie the same.
case for the SED approach is differefor this reason it was decided to divide the analpstsieen

pre and post processor, into two categdhiaswhich includes the TCD and the RSG and that which

includes the SED.

7.1.1 Finite element analysis of specimen FABEST_VO05 for TCD and RSG
approach

For the numericamodelling ofthe FABEST_VO05 specimen,the starting point is the pre-processor
environmentnitially, a FE model was constructed to obtain the necessary data to be able to apply the
TCD and RSG methods.

Pre-processor for TCD and RSG approach

The geometry of the test specimen is represented in the 2D telrhmiitad in Fig7.2. A 3D model
(usefulfor understanding how the componentl@ak in a FE environment) was created with solid-
works ® , shown below.
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Figure 7.2: Geometry of FABEST_V05

Since the test was conducted with cycle-stress ratio R = -1 and the specimen is axisymmhe&tric,
symmetry of the problem was exploited (the acting loads are also symPigt@c3.shows how the
problem has been simplified to make better use of the computational power of the software.
First of all, the element type to be adopted was defined, namely:

element type - add-edit-delete - solid - quad 4 node 182

through the commands described in Fith Thé.options, a K1 K-option was set to simple enhanced

strain and K3 to axisymmetric to perform a 2D analysis knowing that the specimen is cylindrical in
shape.

From Ch. 5 the value of Young’s modulus and Poisson’s coefficient was entered, as described in Fig. 7.5.

material properties - material models - structural
- linear - elastic - isotropic
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B A A AT R

Ux=0

Figure 7.3: Semplification of the problem and symmetry boundary conditions

A Library of Element Types

Library of Element Types Structural Mass Y] Quad 4 node 182 A
Link 8node 183
Beam Brick 8 node 185

Pipe 20node 186
concret 65 v
Shell

Element type reference number

oK I Apply | Cancel Help

[N PLANE182 element type options
Options for PLANE182, Element Type Ref. No. 1

Element technology K1 Simple Enhanced Stm >
Element behavior (€] [Axisymmetric ~
Element formulation K6 Pure displacemnt ~

(NOTE: Mixed ion is not valid with pl: )

oK Cancel Help

Figure 7.4: Type of element used for FE analysis and K-options
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Material Models Defined Material Models Available

] = | @ Favorites
o8 Structural
o Linear
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Add Temperature ‘ Delete Temperature ‘ Graph
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Figure 7.5: Input of material properties

As a static and linear elastic structuaalalysispnly these two values are requirafter the type of

element (and therefore its structural behaviour) and the material were chosen, the geometry was import
via the .IGES file using the import optiince the geometric model consists only of lines, it is necessary

to create the area entity in order to lay out the M.

modeling - create - structural - areas - arbitrary - by lines

area was createdt this point it was possible to generate the niesirder to be able to apply TCD

and RSG efficiently, it is necessary to achieve a very fine element size in the viciniti{rodwhimegnotch.

that the diameter dhe net section is equid ¢, = 10 mm (and thus the radius is = 5 mm),an

element size equal to Ax = 0.005 mm was chosen to obtain a number of subdivisions along the bisector
equal to (Fig. 7.6):

In 5
Neyd = -~ =~ =1000 7.1
sud Ax 0, 005 ( )
P o P i —
Amw
Y i Te >0y
. i T Distance from the
"n zY tip of the notch =2 X
Y y o
Y

Figure 7.6: Basic dimensions for calculating the number of subdivisions

In order to obtain accurate results around the hot zone, it is necessary to construct a mesh that gradually
becomes dense from upstream to downstrEmachieve thist is necessary to derive the number of
elements nto be generated on the fillekt the notch p = 0.5 mm and therefokaowing the angle

underlying the arc, which is equal to a = /4 rad, it was possible to obtain / (Fig. 7.6):

l=a-p=".05==0,393 mm (7.2)
4 8
known /, has been obtained:
I 0,393
Mo = 2 =5 005 79 (7.3)
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through the function picked lines a number of subdivisions was set tthédmesh creation for the
remaining lines is shown in Fig. 7.7 where the number of subdivisions and the spacing ratio have been
indicated to obtain a sparse mesh away from the hot zone.

NDIV 100
SPA/CE 50

— /

N

NDIV 250
SPACE 220

NDIV 60
SPACE 7

o | _mw | o e

1l

For net section

o | sew Gancel Heb

For connection
NDIV 7

Figure 7.7: Subdivision and spacing ratio on FABEST_V05

A free-form mesh was used to mesh the component and the result is shown in Fig. 7.8 with appropriate
zooming towards the area of interest.

At this point, symmetry conditions have been applied in the areas highlighted in Fig. 7.3 which impose
the following constraint conditions:

Ux = 0 along axis

7.4
Uy = 0 along bisector (7.4)

symmetry B.C.

where i is the displacement along X and id the displacement along Y and were set as follows:

loads - define loads - apply - structural - displacement . symmetry B.C.
- on lines

As the Wohler curves shown in Ch. 5 relate to the net cross-section, it was decided to set a nominal net
stress of g= 1 MPa. Following the continuity equation:

OnAn = OgAg (7.5)
the gross nominal stress to be applied is:
2
A, W 92 202 10
0y = Op Ay On w7 = On ‘ITS = Op 27~ 1 SF - 0.25 MPa (7.6)

4
and it was applied with the following commands:

loads - define loads - apply - structural - pressure - on lines
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™

Az=0,005 nk

Figure 7.8: Free mesh on FABEST V05

The reason why a nominaiet stress ofl MPa has been applied is that only one analysis with the
computer is requiredn this way it is sufficient to scale this unit stress to any stress state to apply
the TCD and RSG with the realvalues.Finally, after the procedures involving the pre-processor
environment had been completed, the solution was launched in the solution environment.

Solution

In this environment, the analysis was launched using the following commands:

solve - current LS

through the following screen in Fig. 7.9 it is possible to see some information about the type of analysis
carried out.

File

SOLUTION OPTIDNS
PROBLEH DIHEWSIONALITY. . . . . . .. ... .. AR ISYHHETRIC
OEGREES OF FREEDOH. . . . . . [
AHALYSIS TWE . . . . . oot i i i e a s STRTIC [STEROV-STATE)
GLOBALLY ASSEHBLED HATRIX . . . . . . ... .. SYHHETRIC

LOARD STEP OFTIOHS
LOAD STEF HUKBER. . . . . . v v i i i v wn o 1
TIHE AT EMD OF THE LOAD 8TEF. . . . . ... .. 1.0000
HUHBER OF SUBSTEFG. . . . . . . v v v wwu 1
STEF CHAMGE BOUNDARY COMDITIONS . . . ... .. DEFALLT
FRINT OUTPUT COWTROLS . . . v o oo v wn n HO PRINTOLT
OATABASE OUTPUT CONTROLS. . . . . . .. oW o ALL OATA HRITTEH

FOR THE LAST SUBSTER

Figure 7.9: Information on the analysis conducted in the solution environment

In this specific case it can be seen that the analysis is 2D (For the specimen Fabest h20 the 3D model
will be used, 7.1.3).

Post-processor for TCD and RSG approach

First of all, the deformation plot was obtained to quickly check the correctness of ffteesasiion.
can be seen in Fig. 7.10
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plot results - deformed shape

Figure 7.10:Deformed vs. non-deformed configuration of FABEST_V05

Using the following options it is possible to plot the maximum pratcgsalfield and the Von Mises
stress:

plot results - contour plot - nodal solution
- stress - 1st principal stress - Von Mises stress

The following commands were used to extract the stress field near the tip of the notch:

select - entities - lines - by num-pick
- nodes - attached to - lines,all

In this way it was possible to derive the .txt file containing the maximum principal stresgxjalues o
and the Von Mises one=uo:(x), as a function of the distance from the notch apex, through the following
commands:

list results -~ nodal solution

Fig. 7.11 clarifies the symbols used in this discussion.

Stress plots are shown in Fig. 7.12.

In Fig. 7.13 it is possible to see the distribution of maximum principal stress and the Von Mises distributic
as a function of the distance from the apex x.
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oe(x)

Figure 7.11 = Symbology for the first principal stress and Von Mises stress field

(a) Plot of first principal ~ Stress

(c) Plot of Von Mises stress (d) Zoom ¢ e on the hotspot

Figure 7.12:Contour plot of stress fields
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Stress fields with ¢, = 1 MPa

o First principal stress oy

3 Von Mises stress o,

a1 and @, in [MPa]
(3%

Distance from the notch tip [mm]

Figure 7.13:Stress fields: nodal values

7.1.2 Finite element analysis of specimen FABEST_V20 for TCD and RSG
approach

In this subsection, the specimen FABEST_V20, which has a larger fillet radius than FABEST_VO05, will
be modelled.

Pre-processor for TCD and RSG approach

The geometry of the test specimen is represented in the 2D technical drawing inrAFsdR fmadel
was created with solidwork®, depicted below.

120

R50

P28

M32x1

Net section 30
Gross section

Figure 7.14:Geometry of FABEST_V20

Similarly to specimen FABEST_VO05since the test was conducted with cycle ratio R = -1 and the
specimen is axisymmetric, the symmetry of the problem was exploited as idftigy. thése initial
considerationghe element type to be adopted was defined in the pre-processor environfrent,

quad 4 node 182. Since the shape dhis specimen is identicad that of FABEST V05, the same

element k-options have been set.

From Sec. 5.1 the value of Young’s modulus and Poisson’s coefficient was entered, as described in Fig. 7.
As a static and linear elastic structuaalalysispnly these two values are requirafter the type of
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element (and therefore its structural behaviour) and the material were chosen, the geometry was create
using autocad® software to speed up the creation of the lines that characterise the contour of the sample
From the 2D mechanical drawing software, the .IGES file was obtained and importe8 irgimamsys

the geometric modebnsists only dines,it is necessary to create the area entity in order to lay out

the mesh.Using the same method as in the previous sathy@erea was generateit this point it

was possible to generate the mastrder to be able to apply TCD and RSG efficiently, it is necessary

to achieve a extremely fine element size in the vicinithehotch. Knowing that the diameter of

the net section is equid ¢, = 10 mm (and thus the radius is =5 mm),an element size equal

Ax = 0.005 mm was chosen to obtain a numbeswbdivisions along the bisector edwalFig. 2?)

1000,as described in EqZ.1. In order to obtain accurate results around the hot Zzbmenecessary

to construct a mesh that gradually becomes dense from upstream to dowistr&@ave thist is

necessary to derive the number of elemetide generated on the filkt.the notch p = 2 mm and

therefore, knowing the angle underlying the arc, which is equal to a = /4 rad, it was possible to obtain

I (Fig. 2?):
TT

T
I—a-p—Z-2—§~1,571mm (7.7)
known /, has been obtained:
/ 1,571
ne = Ax 0 005 314 (7.8)

through the function picked lines a number of subdivisions was set tbh&lrhesh creation for the
remaining lines is shown in Fig. 7.15 where the number of subdivisions and the spacing ratio have been
indicated to obtain a sparse mesh away from the hot zone.

NDIV 50
SPA/CE 100

|
\
- \
2l
29 e 2
A Qo
Z & ca)
n E 2 =
Z A
‘ )
‘ For net section
NDIV 2 For connection

SPACE 2
Figure 7.15:Subdivision and spacing ratio on FABEST_V20

A free-form mesh was used to mesh the component and the result is shown in Fig. 7.16 with appropriate
zooming towards the area of interest.

At this point, symmetry conditions have been applied in the areas highlighted in Fig. 7.3 which impose
the same boundary conditions as FABEST _VUbe gross nominal stress to be applied is the same as
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Az=0,005 mm e

— -

1
ELEMENTS

Figure 7.16:Free mesh on FABEST_V05

that of FABEST V05 of the previous Sec. 7.1.1.

Finally, after the procedures involving the pre-processor environment had been completed, the solution
was launched in the solution environment.

Post-processor for TCD and RSG approach

First of all, the deformation plot was obtained to quickly check the correctness of fffeesasiion.

can be seen in Fig. 7.17

Using the same options as aboveRABEST VO05) it is possible to plot the maximum principal stress

field and the Von Mises stress in Fig. 7.18 and extract the .txt file.

In Fig. 7.19 it is possible to see the distribution of maximum principal stress and the Von Mises distributic
as a function of the distance from the apex x.
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Figure 7.17:Deformed vs. non-deformed configuration of FABEST V20

(a) Plot of first principal ~ Stress (b) Zoom ¢ 1 on the hotspot

B =
TIME=1

1.54807

(c) Plot of Von Mises stress (d) Zoom o e on the hotspot

Figure 7.18: Contour plot of stress fields
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Stress fields with o, = 1 MPa

T
o First principal stress o}
o Von Mises stress g,

—
o

—_
T

o1 and o, in [MPa]

T

Distance from the notch tip [mm]

Figure 7.19:Stress fields: nodal values

7.1.3 Finite element analysis apecimen FABEST_12_H20 for TCD and
RSG approach

Compared to previously studied specim@ABEST 12 H20 was modelled with 3D tetrahedral-
ements.A 2D modelis insufficient to capture the stress distribution from the surface to the axis of
symmetryAs a 3D modelrequires more computing povtbe element size around the hot zone was
increased.

Pre-processor for TCD and RSG approach

The geometry of the test specimen is represented in the 2D technical drawing inPAF ma26el
can be seen in Fig. 7.22.

90

RS0
>
)

A-A A —
300
Ra 0.8 Net section
%\ Gross section

M18x1
!

?12]
__@_
|
T
i
i
|
|
|
i
i
|
T
@15

@2

Figure 7.20: Geometry of FABEST_12 H20

As described in previous FE analyséage symmetry othe problem was exploited and therefore only
1/8" of specimen was considered for the analysis (Fig. 7.22 clarifies the type of nfoélafsat).
the element type (Fig. 7.21) to be adopted was defined, namely:

element type - add-edit-delete - solid -~ 10 node 187
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I Library of Element Types
Library of Element Types Structural Mass ~ 20node 186
Link concret 65
Beam Tet 4 node 285
Pipe 10node 187
Axisym 4node 272 v
Shell
Solid-Shell v 10node 187
Element type reference number 2
oK Apply Cancel Help

Figure 7.21: Type of element used for FE analysis

From Sec. 5.1 the value of Young’s modulus and Poisson’s coefficient was entered, as described in Fig. 7.
A 1/4 circle was modelled in autocand then imported into an8yas described in the V-rounded-

notch specimen analysidsing the commands extrude - areas - by XYZ offset, the circle was

extruded by 45 mrfhe hole was then created using the booleans - substract - volumes command.

At this point, the picked lines tool was used to create subdivisions along all the lines that make up the

specimen, Tab. 7.Elements with a dimension of Ax=0.01 mm were obtained along the x-coordinate
(Fig. 7.22).

Figure 7.22:Subdivision and spacing ratio on FABEST_12_h20 and the position of x-coordinate

After setting the various dimensions of the elements with the appropriate spacing ratios, the component
was meshed with a free mesh (Fig. 7.23).

In autocad ®, there is an option to measure the area of any geometriclfighie.case it has been

used to determine the area of the net section and it is equal22.2022 ntrelative to 1/4 of net
area).The gross area can be calculated as:

A = gy _m-12

9716 16
Using Eqg. 7.5, the gross stress to be applied for a net stressbbMPa was determinedi.e. g5 =
0.7888 MPaThen the solution was launched.

= 28.2743 mm (7.9)

Post-processor for TCD and RSG

First of all, the deformation plot was obtained to quickly check the correctness of ftrees@stion.

can be seen in Fig. 7.24.

By means of the same commands used previously, the stress plots depicted in Fig. 7.25 were obtained.
The stress field along the x-coordinate is not decreésihthere is a point of maximum at a certain

depth from the surface (Fig7.26). In order to solve the problema new reference system wbke
considered, which originates at the point of maximum stress.
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Number NDIV Spacing ratio
19 0.333

1

2 14 0.500
3 5 2.000
4 3 1.000
5 4 1.000
6 3 1.000
7 17 1.000
8 10 0.333
9 18 1.000

10 20 0.250
13 15 0.500
14 7 2.000
15 2 2.000
16 17 1.000
17 8 0.500
20 158 1.000
22 40 1.000
23 20 4.000
24 60 1.000
25 15 1.000
26 12 2.000
27 14 2.000
28 5 2.000
34 2 2.000
36 15 0.500
38 7 2.000
39 20 1.000
40 10 1.000

Table 7.1:Values of SR and number of subdivisons
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(b) Mesh in front view

(c) Mesh in isometric with zoom (d) Hotspot zoom

Figure 7.23:Mesh of FABEST 12 h20

(b)

Figure 7.24:Deformed vs. non-deformed configuration of FABEST_12_h20
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(a) Plot of first principal ~ Stress

(c) Plot of Von Mises stress (d) Zoom g e on the hotspot

Figure 7.25: Contour plot of stress fields

Stress fields with o, = 1 MPa

27 :
? o First principal stress o|
o Von Mises stress o,
261 3
o]
_— s
4] &
it
— 1]
=255
=
T 9
ek
T 248
<
e D
Lo}
23~
22 1 Il L Il 1
3 4 5 6

0 1 2
Distance from the notch tip [mm]|

Figure 7.26: Stress fields: nodal values
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7.2 Finite element analsysis of specimens from literature for TCD
and RSG approach

In this sub-section, specimens from the literature were mbdeHeidicular, specimens were obtained
from [44fhat have a geometry very similar to FABEST V05 and V& only difference being the
radius of the fillet at the apex of the notak.far as the specimens from [38& concernedlifferent
modelling techniques have been adopted due to the completely different geometry.

7.2.1 Blunt and sharp V-notch specimen from [44]

As the specimens considered in affsymve the same shape as FABEST V05 or FABEST V2the
same modelling techniques have been adopted as previously seen.

Pre-processor for TCD and RSG approach

From [44] it can be seen that the net diameter is equal to By mmdelling only 1/4 specimen due
to the symmetry of the problethe bisector of the notch is 7 mm lotging the same element size
for the Fabest specimens, 1400 elements were obtained (followingHsprotedures for obtaining
the mesh and setting the boundary conditions are exactly the same for Fabest Speximoeniaal
gross stress to be applied in this case, however, is different:

2
Ay O 22?148
Gg—on-A—g—an-iié—an-—é—an-(zrg)z—1-2——0.49MPa (7.10)

Once the operations in this environment were completed, the solution was launched and the results nee
to develop the theoretical methods were obtained.

Post-processor for TCD and RSG

In the post-processdhe Von Mises stress fields and the maximum principal stress field were obtained
(Fig. 7.27 and 7.28).

A single diagram shows the stress fields (first prinstpeds and Von Mises stress) for the geometric
configurations with a net applied nominal stress of 1 MPa (Fig. 7.29, 7.30).
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(a) Plot of first principal ~ Stress (b) Zoom ¢ 1 on the hotspot

(c) Plot of Von Mises stress (d) Zoom o e on the hotspot

Figure 7.27:Contour plot of stress fields of specimen withp = 1 mm

(a) Plot of first principal ~ Stress

(c) Plot of Von Mises stress (d) Zoom o e on the hotspot

Figure 7.28: Contour plot of stress fields of specimen with p = 0.2 mm
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Stress fields with o, = 1 MPa

o First principal stress o7 for p = 1 mm

Von Mises stress g, for p = 1 mm

—t
g |

o1 and o, in [MPa]

—_
M’
b |

0

-1

0 1 2 3 4 5 6
Distance from the notch tip [mm]

Figure 7.29: Stress fields: nodal values for p = 1 mm configuration

Stress fields with o, = 1 MPa

o First principal stress o1 for p = 0.2 mm
Von Mises stress o, for p = 0.2 mm

-

sl

o1 and o, in [MPa]

0

-1

0 1 2 3 4 5 6
Distance from the notch tip [mm]

Figure 7.30:Stress fields: nodal values for p = 0.2 mm configuration
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7.2.2 F2 and F3 specimens from [39]

Pre-processor for TCD and RSG approach

In addition to the V-rounded notch as a geometric notch detail, flat fillet specimens were also considered
(Fig. 7.31) in this thesis work.

x

I v

F o ©

] N . o 1

Figure 7.31:Form of flat specimens with main dimensions [39]

The dimensions of the F2 and F3 series are collected in Tab. 7.2.

Formd[mm] DImm] t[mm] R=1.00[mm]R = 0.20 [Mmm]R = 0.04 [mm]

F2 30 54 6 X X X
F3 100 180 10 / X X

Table 7.2:Specimen shapes and dimensions

In order to automate the initighrocesseg;ode was written using the ans$s native programming
language (APDL)With this simple scriptif is possible to defindghe type of element used,. quad

4 node 182 with K-option plane stress with thickness and simple enhanced strain, the real
constant t and the material propertiesybang Modulus EX and Poisson’s ratio P RXY .

/PREP7
'ELEMENT TYPE
ET, 1, PLANE182

!OPTIONS ELEMENT
KEYOPT,1,1,3
KEYOPT, 1,3,3
KEYOPT, 1,6, 0

ITHICKNESS

R, 1,6,
e
'MATERIAL MODEL

MP,EX,1,206000

MP,PRXY,1,0.3

The various geometries described in Tab. 7.2 were constructed wit® and&dgorted to an .IGES

file.Since it is necessary to obtain the stress distribution along the bisector of the notch and it is inclined
with respect to the direction of application of the load (Fig. 7.32), a line was generated to take the nodal
stress valuesThe mesh,to output accurate resultsgeds to be very dense around the hotspot and
therefore squares with lines were generated to obtain a gradual mesh up tdepeapgéeg on the

type of specimebhe dimensions vatyt the concept is highlighted in Fig32,i.e. the area around

the fitting for all type F specimens is very siffiatype of model used in arfyis also shown here.

It can be seen how the boundary conditions (as7/EH.and the load in terms of avere appliedin

general, the subdivisionson the fillet were obtained usign a element size shown in Tab. 7.3.

The notch bisector is 5 mm lofdpis length was chosen because the most interesting stress values are
found near the apex of the notch, and so to extend a greater distance with the line would mean spending
more time on FE modelling to obtain information not needed to apply TCD or RSG. Fig. 7.33 shows a
mesh for specimen F2 with p = 1; mm.

The overallelement size is around 0.5 - 1 mm and was chosen so as not to generate huge differences
between the contour of the hot zone and the zone of least interest for the application of the approaches.
A stress of 1 MPa was applied along the net section.

107



Chapter 7. FINITE ELEMENT ANALYSIS AND APPLICATION OF THEORETICAL
APPROACHES

O-ll

BERN
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=0
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Y
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Uy= 10

Figure 7.32:Hotspot area and FE model

Pl

(a) Mesh around the hot zone (b) Zoom at the hotspot

Figure 7.33:Mesh of specimen withp = 1 mm
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Specimen R [mm] Ax [mm]

F2 1 0.005
F2 0.2 0.005
F2 0.04 0.001
F3 0.2 0.005
F3 0.04 0.002

Table 7.3:Element dimensions for F specimens

Post-processor for TCD and RSG

Stress values for each specimen geometry were extrapolated along the notichFlgséc Bt .it can
be see the stress plots for the F2 configuration and p = 1; mm.

(a) Plot of first principal ~ Stress (b) Zoom ¢ 1 on the hotspot

ANSYS|
AL

(c) Plot of Von Mises stress (d) Zoom o e on the hotspot

Figure 7.34:Contour plot of stress fields of specimen F2 withp = 1 mm

The stress fields of the five geometric configurations with an external unit load applied are shown below,
in Fig. 7.35.
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Stress fields with o, = 1 MPa Stress fields with o, = 1 MPa

o Von Mises stress o, for p =1 mm

o First principal stress oy for p = 1 mm Ta o First principal stress oy for p = 0.2 mm
o Von Mises stress o, for p = 0.2 mm

oy and o, in [MPa]
o .

oy and o, in [MPa]

0
0 1 2 3 4 5 0 1 2 3 4 5
Distance from the notch tip [mm] Distance from the notch tip [mm]
(a) Stress fields of F2 specimen withp = 1 mm (b) Stress fields of F2 specimen withp = 0.2 mm
Stress fields with o, = 1 MPa Stress fields with o, = 1 MPa
12 o First principal stress oy for p = 0.04 mm 12 o First principal stress oy for p = 0.2 mm
& Von Mises stress e for p = 0.04 mm o Von Mises stress o, for p = 0.2 mm

o1 and o, in [MPa]
o1 and o, in [MPa]

0 1 2 3 4 5 0 1 2 3 4 5
Distance from the notch tip [mm] Distance from the notch tip [mm]
(c) Stress fields of F2 specimen with p = 0.04 mm (d) Stress fields of F3 specimen withp = 0.2 mm
” Stress fields with o, = 1 MPa
0
| o First principal stress oy for p = 0.04 mm
O Von Mises stress o, for p = 0.04 mm
20¢
= ¢
S
= i
&k
I B
"E 10
5]
g
5
0
0 1 2 3 4 5}

Distance from the notch tip [mm]

(e) Stress fields of F3 specimen with p = 0.04 mm

Figure 7.35:Stress Fields of F specimens
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7.3 Determination of the stress field in the vicinity of the notch

The output of FE analyses should be used to develop the approaches uhttevestadyfor TCD and

RSG, it is useful to approximate the nodal data with continuous fumctibafollowing paragraphs,

the goodness dft, with statisticaparameterayill be evaluatedIn this sub-sectionthe case ofin

infinite plate with a hole is presented from the point of view of the mathematical theory dh elasticity.

generalfor non-acceleratingptropiclinear-elastic body subject to snethains, the equations that
govern the problem are:

Geometric compatibility

The displacements must match the geometrical boundary conditions and must be continuos functions of
position with which the strain components are associated, as follows:

e = ou _ov + ou
X = o Yy = ax "oy
ov ow ov
= __ =_ 4 7.11
& 5y Vyz 5y + o ( )
e = ow _ou  ow
2= %7 Yzx =5z Tax

where u, v and w are the displacement components in the x, y and z directions.

Equilibrium

On the surface the stress components must be in equilibrium with the given extearal leitm
the body they must satisfy the following equilibrium differential equations:

00 + 0Ty + 0Ty,

ox ay 0z +h =0
a;;* + ag;y + a;f +85=0 (7.12)
Bty e vn=0
where b, b, and b are the body forces.
Stress-strain relations
The relations between stress and strain is:
€x =E1[GX—U(0y+Gz) Vxy =%
g = El[oy v, +a) e = % (7.13)
& =E1[UZ—U(GX + o) Yzx =%

Infinite plate with circular hole loaded with uniaxial stress

Eq. 7.11, 7.12 and 7.13 were applied in the following case shown in Fig. 7.36 using cylindrical coordinate
The stresses in the reference system (r, 8), with the appropriate boundary conditions, become:

g(r=R,0)=0

0. (r=w, 0) = 29(1 + 2cos(20))
(7.14)

~g9
2
O(r =0, 0) = 2

(1 - 2cos(26))

To(r, 0) = —G—;sin(ze)
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o\
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i

Figure 7.36:Plate loaded with uniaxial tension
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Using the generaolution ofthe Airy stress function in polar coordinatesiich is attributed to the
Australian mathematician H. Michell,we can arrive at a generablution by selecting appropriate
terms.The shape of the chosen stress function is as follows:

O(r, 8) = @ + alog(r) + ar? + asr?log(r) + (a1r? + ar* + asr ™ + a4)cos(26) (7.15)

stresses then become

)
o (r, 8) = a3(1 + 2Iog(r))+2a2 + % - 2a1+ % + % c0s(26)
)
06(r, 8) = '3 + 2log(PH+2 - % + 2+ 13?2 + % C0s(20) (7.16)
( bas 2a
To(r,0) = 2a1+ 6a2r% - 73 - 74

From the knowledge of the boundary conditions and stress values, an analytical solution of this problem
was obtainedlhe resulting relationships are as follows:

( ) ( )

_ gy a’’ | oy 3& 42
_ ag( a2 (o 34 717
og(r, ) = > (1 +r—2 ) 1)+—r4 cos(20) (7.17)
_ _0g 3¢ | 287
T (1, ) = ) 1- —T + 3 sin(20)

Stress distributions from the apex notch are required for the application of TCD afat BS&#.e.
and r = [R; «) (where forr - o, @g(r, ) - 0g). The following expressions were obtained:

0, r 6—+E —@ ﬁ g
TR T2 2 2 ré
( n ag( a? 3a4)
( 7_[)

Trp r,e—ti =0

Clearly these equations will be adapted to the case at hand to perform the fit operation.
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7.4 Workflow for the application of the TCD method

In this section the theory of critididtances wilbe addressed both in its classfoamulation and in
the one proposed by Taylor and Susmel in [49], where a calibration takes place using two curves.

7.4.1 Classic TCD formulation in HCF fatigue

As seen in Ch. 2, in order to be able to apply the theoretical concepts developed, it is essential to know
the critical distance L which depends on two material parabhet&tigue limit range of the smooth
specimen Agand the range of the threshold value of the stress intensity fagioMA&K first value

was determined from the experimental curves proposed in Ch. 5 and it is equalltbd¥dvPa for

42CrMo4 + QT materiaBy adding the fatigue limits of the other two materials, Tab. 7.4 was obtained.

Material 0o [MPa] at P.S.50% Reference
42CrMo4 + QT 573.3 \

42CrM04 + QT 390 [44]
S275 217 [39]
AlMgSi1 113 [39]

Table 7.4:Fatigue limit of smooth specimens

The stress intensity factor for 42CrMo4 + QT material was extracted from experimental results according
to the ASTM E647 standard using compact tension (CT) specimelmsHi44 /.37 is depicted the CT

specimen type used for the testiere W is the width and a is the pre-crack length including notch.

The stress intensity factor was estimated using the following equation:

k=5t (7.19)
B W

where B is the specimen thickness in mm, f (a) is a function of dimensionless correction factor and AF
is the force range in Ror description of the fatigue crack growth rate, Klesnil and Lukas proposed the
following relationship [23]:

g—s = C(AK - AK )" (7.20)
The two constant§ = 2.1 - 10 %Wﬂmw and m = 2.59were derived from the experimental

results and it was then possible to determine the design curve shown inlRigavti®ular, a Ak,
value of 9.1 MPam was taken.

W i Kinetic fracture fatigue diagram
10~

"AAF
_@ da/dN=2.1-10" (AK-AK ,)>%

o a

A

** AK;=9.1 MPa-m0?
; ; — R = -1
{}AF 1077

5 10 15 20 25
AK [MPa,/m]

Figure 7.37:CT specimen and Klesnil and Lukas fit curve [23] [44]
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AK v and Agg must be determined at the same stress-rdtie. values for the other materials have
been collected in the Tab. 7.5.

Material AK , [MPa' m] Reference
42CrMo4 + QT 9.10 [44]
S275 5.4 [17]
AlMgSil 3.68 [7]

Table 7.5:Threshold value of the stress intensity factor AK

Since AKy, values for AIMgSil are difficult to find and have been found in the literature=with R/
the following equation has been applied to determine the number in Tab. 7.5:

AK th(R) = (1 - RYAK th(R = 0) (7.21)

where y is a materiabarameter and Ak, (R = 0) is the range ofthe threshold value dhe stress

intensity factor with R = Dhese two parameters can be derived by imposing a system of two equations

in two unknownsknowing two AK;, at two different stress cycles R (for the same materiml)7],

four AK values were obtained at four different stress rafiio Be more precisa,fit equation was

adopted to derive gamma andfR = 0), i.e.y = (1 - xf - b, where a takes on the meaning of y and

b of AKw (R = 0).

Once the main parameters were determined, it was possible to calculate the critical distance using Eq. 2

1 (AKth)z 1.( 9.1 )2

L = Ao = 3.5733 " 0.020 mm for 42CrMo4 + QT

L _%. AA’;;h) ’ 711.( 29_";9;2= 0.043 mm for 42CrMo4 + QT

L= AAKU? 2=711'( 25_;‘1)72= 0.049 mm for S275 (7:22)
L =%- AA’Z:‘ 2= % -( 23'618£;2= 0.084 mm for AlIMgSil

After the El-Haddad parameter had been determittedmethods provided by Neuber and Peterson
were implemented (Ch. 2).
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TCD - Line Method in its classical formulation in HCF

To achieve this goal, a matfalprogram was implemented to determige Big. 7.38 shows a block
diagram.

First principal stress JUnnotched curves

distribution o, = oy(z) (
with o, = 1 MPa

(nodal values) N

Notched curves
O, \,

*

Ny

(4]

First principal stress
distribution o, = o,(z)
with o, = 0y* MPa
(nodal values)

Fitting curves

Aoy = Aoy(x)

Figure 7.38: Block diagram of TCD - LM application in its classical  formulation in HCF fatigue.  In
this scheme @ is the fatigue limit of the notched specimen referred to the net cross-section.

The text files S1_.txt (A subscript has been inserted after _to remind the type of geometry), containing
the maximum principatress values for an applied extetoatl, was loaded to perform the analysis.

The nodal values were then scaled according to the fatigue limit of notched specimens obtained in Ch. 5
and, the continuum theory developed in Sec. 7.3, was used to derive a continuous function of the stress
field, which turns out to beat the output ofansys® , determined by points (i.eche mesh nodes).

Based on the previous consideration, the following form of the approximation curve was chosen, which is
a fourth-order hyperbola containing only even termentrast to the theoretical case, parameters p

and o, have been addedihe reason is that the FE output is evaluated from the root of the notch and

not from the centre of the coordinate sysidrich for the circular hole plate was at the centre of the
circle.The following generalised function was obtained:

P1 " P2
(n+x)?  (p+x)7?

where, for the case under consideration, the coefficients have the values described in Tab. 7.6.

Tab. 7.6 shows parameters that identify the goodness of fitting the nodal values of the fress fields, i.e.
R-square is the square of the correlation between the nodal values and the predict®dseplaes [2].

can take on any value between 0 arwith, a value closer to 1 indicating that a greater proportion of
variance is accounted for by the modar examplean R-square value d@f.9976 means that the fit

explains 99.76% of the total variation in the data about the \@rhdeg Eqg. 7.23 analytically was
obtained:

Agi(x) = po + (7.23)
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Coefficients
Specimen Po p1 p2 th 07} R?
Fabest v05 - 42CrMo4 + QT 189.68 639.10 36.89 1.14 0.51 0.9999
Fabest v20 - 42CrMo4 + QT 331.91 1434.12 -603.64 1.19 1.31 0.9998
Fabest h20 - 42CrMo4 + QT 1349.24 688.57 -1384.421.64 1.74 0.9991

V-groovep =1 mm -42CrMo4 + QT 197.41 673.29 138.99 1.19 0.86 1.000
V-groove p = 0.2 mm - 42CrMo4 + QT104.96 261.61 3.19 0.97 0.27 0.9999

F2 withp =1 mm - S275 117.6 3957.6 876.0 5.8 1.2 1.000
F2 withp = 0.2 mm - S275 103.5 481.4 3.7 1.6 0.3 0.9998
F2 with p = 0.04 mm - S275 86.9 150.5 0.04 0.8 0.08 0.9976
F3 withp = 0.2 mm - S275 62.3 435.1 3.5 1.7 0.3 0.9998
F3 with p = 0.04 mm - S275 60.2 144.8 0.03 0.8 0.08 0.9972
F2 with p = 1 mm - AIMgSil 66.4 22354 4948 5.8 1.2 1.000
F2 with p = 0.2 mm - AIMgSil 51.7 240.4 1.9 1.6 0.3 0.9998
F2 with p = 0.04 mm - AIMgSil 32.7 56.7 0.01 0.8 0.08 0.9976
F3 with p = 0.2 mm - AIMgSil 46.2 322.4 2.6 1.7 0.3 0.9998
F3 with p = 0.04 mm - AIMgSil 22.0 52.9 0.01 0.8 0.08 0.9972

Table 7.6:Coefficient of Ao1 = Ad1(x) function at fatigue limit of notched specimens for FABEST and
for specimens from [44] and [39]

|2 1f2L[ ]

= P1 P2
5L, B =gp Pt g+ X
[f . [

]
2L
P1 P2
= — dx + ——dx + —> —dx =
2L[ 0 Podx 0 (CI1+X)2 X 0] (QZ+X)4 X (724)
N
0 (hr+x)0 3+ x)30
1 ( ) (
pr P P2

dx =

)]

_ P2
g+ 2L (01 3(Ck + 2L)3 368

These calculations are performed automatically by $naktebresults have been collected in Tab. 7.7.

TCD - Point Method in its classical formulation in HCF
With regard to the point method, the function described in Eq. 7.23 was evaluated, following the definitic
of Eq. 2.13, for both critical length values derived previously in Eq. 7.22, namely:
( )
L

Ao e = Aoy X=5 =pp+ ¢ ¥ + ¢ T (7.25)

Again, a simple matla® program was created to derive the values (Fig. 7.39).
The results have been collected in Tab. 7.8
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Specimen Agg [MPa] 2L [mm] Ao [MPa] errors [%]
Fabest v05 - 42CrMo4 + QT 1147 0.040 1123.36 -2.03
Fabest v20 - 42CrMo4 + QT 1147 0.040 1122.14 -2.14
Fabest h20 - 42CrMo4 + QT 1147 0.040 1454.67 26.86
V-groove p = 1 mm - 42CrMo4 + QT 780 0.087 854.5 9.56
V-groove p = 0.2 mm - 42CrMo4 + QT 780 0.087 717.1 -8.06
F2 withp =1 mm - S275 434 0.099 544.0 25.4
F2 withp = 0.2 mm - S275 434 0.099 594.8 37.0
F2 with p = 0.04 mm - S275 434 0.099 529.1 21.9
F3 withp = 0.2 mm - S275 434 0.099 458.7 5.7
F3 with p = 0.04 mm - S275 434 0.099 456.9 5.2
F2 with p = 1 mm - AIMgSil 226 0.169 290.2 28.39
F2 with p = 0.2 mm - AIMgSil 226 0.169 253.8 12.31
F2 with p = 0.04 mm - AIMgSil 226 0.169 160.2 -29.10
F3 with p = 0.2 mm - AIMgSil 226 0.169 289.8 28.23
F3 with p = 0.04 mm - AIMgSil 226 0.169 133.3 -41.01

Table 7.7:Output of TCD - LM method in HCF in classical formulation for FABEST and for specimens
from [44] and [39]

First principal stress aUnnotched CALEVES

distribution o, = () ‘
with o, = 1 MPa

(nodal values) N;

Notched curves
O-}\

N

*

Ny

a0

First principal stress

distribution o, = oy(z) oA w
with Op — 0’0* MPa Oeff = A0 | T = 5

(nodal values) )

Fitting curves

Aoy = Aoy(x)

Figure 7.39: Block diagram of TCD - PM application in its classical  formulation in HCF fatigue.  In
this scheme ¢ is the fatigue limit of the notched specimen referred to the net cross-section.
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Specimen Ago [MPa] L2 [mm] Acek [MPa]l errors [%]
Fabest v05 - 42CrMo4 + QT 1147 0.010 1165.29 1.63
Fabest v20 - 42CrMo4 + QT 1147 0.010 1132.60 -1.22
Fabest h20 - 42CrMo4 + QT 1147 0.010 1454.42 26.84
V-groove p =1 mm - 42CrMo4 + QT 780 0.022 889.9 14.09
V-groove p = 0.2 mm - 42CrMo4 + QT 780 0.022 816.7 4.71
F2 withp =1 mm - S275 434 0.025 568.1 30.9
F2 withp = 0.2 mm - S275 434 0.025 681.7 57.0
F2 with p = 0.04 mm - 5275 434 0.025 630.7 45.3
F3 withp = 0.2 mm - S275 434 0.025 526.1 21.2
F3 with p = 0.04 mm - S275 434 0.025 548.3 26.3
F2 withp = 1 mm - AIMgSil 226 0.042 310.5 37.37
F2 withp = 0.2 mm - AlIMgSil 226 0.042 299.8 32.66
F2 with p = 0.04 mm - AIMgSil 226 0.042 178.1 -21.21
F3 with p = 0.2 mm - AIMgSil 226 0.042 343.6 52.03
F3 with p = 0.04 mm - AIMgSil 226 0.042 149.2 -33.98

Table 7.8:Output of TCD - PM method in HCF in classical formulation for FABEST and for specimen
from [44] and [39]

7.4.2 Classic TCD formulation in MCF fatigue

TCD - Line Method in its classical formulation in MCF

Susmeland Taylor in [49gxtended TCD to the medium cycle regime, MCF. Here,the classical
method has been proposed, which requires knowledge of certain material properties, i.e.:

* gyrs , ultimate tensile strength;
* 0, fatigue limit of the plain specimen,
* AK 1, range of the threshold value of the stress intensity factor

* K¢, plane strain fracture toughness

From Ch. 5 it is possible to find the value of ultimate tensile strength of 42CrMo + QT ggual to o

1097 MPa. Due to the enormous difficulty in finding data fqf other matetiaésmethod was only

developed for 42CrMo4 + QT steeldich has K. = 82.85 MPa m following [16]1Jsing a program
implemented in matldd, it was possible to determine the main quantities of int&cdkiwing the

block diagram proposed in Fig. 7.40 the amplitude of the stress breaking the plain material under static
loading @ was calculated in the first instance from EQ.9. The parameters describing the Basquin

curve of the smooth specimen were imported together with those of the notched specimens under analy
Following [49] the two critical lengths in HCF and LCF were derived.

The power law relationship between L and Mas then determined by imposing the systerwaf

equations in two unknowres described by Eq2.20. Knowing the upper and lower limits,vector

was constructed with some arbitrary cycles and the respective critical distance was calculated for each ¢
them.The program now performs a fit of the nodal values of the stress distribution output from the FEM
analysis at a given number of cycles, and, for each of them, determines an effective stres¢s amplitude.
more detail:

1. After performing the experimerigdts on the smooth specim#éme fatigue curve described by
the parameters C and k was determined using the statistihaiques seen in Chand in [49]
[45].1t is also possible to derive the fatigue limibod the number of cycles at knee point N
These data are highlighted in yellow because they are input parameters to the programme.

2. Ultimate tensile strengthrg was taken from the tensile teshds is also an input datas are
K|,C and AKih.

3. Amplitude ofthe stress breaking the plain matedader static loadingsowas calculated with
R =-1.
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First principal stress UUnnotched CUTMLS

distribution o, = 0,(z)
with o, = 1 MPa
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[Nt] 1xn

Figure 7.40:Block diagram of TCD - LM application in its classical formulation in MCF fatigue

4. The two critical lengths in HCF and LCF were derived respectively.
5. The law L = AN£ has been derived.

6. A vector of number afycles [N has been constructed (1 row and n columns) and from it a
vector of critical lengths was derived.

7. From the FEM analysis, the stress field was obtained with an external load resulting in a nominal
net stress of 1 MPdHere a vector of nodal stresses of dimension mx1 was obtained.

8. Experimental tests were performed on the notched specimens and the patamdtiérvére
derived by fitting the data (* refers to the fact that these are parameters for notched specimens).

9. With the previously constructed vector of cycles, a vector of stresses associated wittagach N
obtainedThe vector has dimension 1xn.

10. Each individuastress value associated withwas multiplied by the entire stress field obtained
from ansysand here the advantage of having performed an analysis with a nebstrass of
1 MPa becomes immediately evideAs. can be seenthe entire stress field is scaled according
to the stress value determined by the notched specimen curve at a certain numbdrhif cycles.
is possible under the assumptiodinéar elasticityA mxn matrix has been derivedhere the
columns represent the stress distributions at a certain N

11. Each individual stress distribution was fitted to obtain a vector of continuous first principal stresses.

12. Each individual function was then imported into the TCD - LM method together with the vector
of critical lengths obtained previodslector of effective stresses associated with the numbers of
cycles defined earlier was obtained.

The results are collected in Tab. 7.9 for FABEST specimens.
with regard to Specimen from [44] it was obtained the Tab. 7.10.

TCD - Point Method in its classical formulation in MCF

For the Point Methodthe only substantidglifference to the previous case is that the effective stress is
calculated at a certain criticibtance equdb L/2. Fig. 7.41 shows the block diagram which is very
similar to Fig. 7.40.

The results are collected in Tab. 7.11.

with regard to Specimen from [44] it was obtained the Tab. 7.12.
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FABEST_VO05
N¢ [Cycles] oref [MPa] derf [MPal  errors [%]
1000 866.1 999.2 -15.37
2000 821.4 993.8 -21.00
5000 765.8 967.9 -26.39
10 726.2 932.3 -28.37
2-106 688.7 883.5 -28.28
5.16 642.1 803.4 -25.12
10 609.0 735.8 -20.82
2-16 577.5 666.3 -15.38

FABEST V20
1000 866.1 1082.7 -25.01
2000 821.4 1030.0 -25.40
5000 765.8 944.6 -23.35
10 726.2 871.7 -20.02
2-10 688.7 796.3 -15.61
5.16 642.1 699.2 -8.88
10 609.0 630.2 -3.48
2-10 577.5 565.2 2.14

FABEST_H20
1000 866.1 2201.9 -154.23
2000 821.4 1904.8 -131.91
5000 765.8 1570.0 -105.02
10 726.2 1355.5 -86.64
2-16 688.7 1169.6 -69.81
5.16 642.1 962.5 -49.90
10 609.0 830.3 -36.34
2-10 577.5 716.5 -24.06

Table 7.9: Effective stresses by LM and critical distances for arbitrarily chosen numbers of cycles to

failure for FABEST specimens

V-groove p = 0.2 mm

N¢ [Cycles] Orer [MPa] et [MPa]l  errors [%]

1000
2000
5000
1¢
216
516
10
219
5-18

668.6
632.4
587.7
555.9
525.9
488.7
462.3
437.3
406.3

701.8
680.4
653.1
632.2
610.6
580.1
554.7
526.5
484.5

-4.97

-7.58
-11.13
-13.72
-16.10
-18.70
-19.99
-20.41
-19.25

Table 7.10:Effective stresses by LM and critical distances for arbitrarily chosen numbers of cycles to

failure for specimen from [44]
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Figure 7.41:Block diagram of TCD - PM application in its classical formulation in MCF fatigue

FABEST_VO05
N¢ [Cycles] oref [MPa] Oetf [MPa]l  errors [%]
1000 866.1 1176.9 -35.88
2000 821.4 1168.4 -42.25
5000 765.8 1117.5 -45.92
10 726.2 1053.6 -45.08
216 688.7 975.5 -41.63
5.16 642.1 862.0 -34.24
10 609.0 775.4 -27.33
210 577.5 692.4 -19.89

FABEST_V20
1000 866.1 1207.2 -39.39
2000 821.4 1121.9 -36.59
5000 765.8 1001.8 -30.83
10 726.2 910.0 -25.31
216 688.7 821.3 -19.28
5-16 642.1 713.6 -11.13
10 609.0 639.1 -4.94
210 577.5 570.7 1.18

FABEST_H20
1000 866.1 2211.7 -154.37
2000 821.4 1909.2 -132.45
5000 765.8 1571.0 -105.15
10 726.2 1355.6 -86.66
216 688.7 1169.4 -69.78
5-16 642.1 962.3 -49.86
10 609.0 830.1 -36.31
210 577.5 716.4 -24.04

Table 7.11:Effective stresses by PM and critical distances for arbitrarily chosen numbers of cycles to

failure for FABEST specimens
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V-groove p = 0.2 mm
N¢ [Cycles] Orer [MPa] Oef [MPa]l  errors [%]

1000 668.6 754.4 -12.84
2000 632.5 744.1 -17.65
5000 587.7 734.7 -25.02
1¢ 555.9 728.1 -30.98
2-16 525.9 717.8 -36.49
516 488.7 692.3 -41.67
10 462.3 661.9 -43.18
2-18 437.3 622.4 -42.34
5-18 406.3 560.9 -37.85

Table 7.12:Effective stresses by PM and critical distances for arbitrarily chosen numbers of cycles to
failure for specimen from [44]

As can be seen, the lack of precise data regarding material propertigs) (®ads &6 Kigh deviations
between actual and reference stress.

7.4.3 TCD in HCF by using two calibration curves

As seen in the previous subsectidhg practicabpplication ofhe TCD, in its classicaformulation,

requires a priorknowledge ofhe range offatigue limit ofthe smooth specimen pcaand the range

of the threshold value of the stress intensity factey.AXKo can be obtained from the curve of the

smooth specimen at a high number of cycles (see Dhe5p the difficulty in finding AKfrom the

literature, the Point Method for determining the characteristic length of the material was also proposed
in this thesis worRhis approach involves the use of two calibration twessaooth and the notched
specimenSince L is a parameter that only depends on the material, it can be seen from Fig. 7.42 that
the different stress gradients due to different tymeoaofetries should have no influenteeifTCD

concept is correct.

o1(r)A

bt

e [ Blunt
Sharp

Q Y "

ﬂ L/2 r

Figure 7.42:Critical Distance Estimation for sharp and blunt notches

Two curves can be used to find a valuethe inherent strengthg that makes the two estimations
agreeldeally, considering a sharp notch and a blunt notch, the critical distance should be unambiguous.
In reality, it must be noticed that when a blunt notch is adopted, small errors on stresses bring to large
error in criticaldistance estimatio@n the contrarywhen sharp notches are studdallerrors on
criticaldistance result in large errors on the reference skoxsshis reasonthe use of sharp notches

has to be preferred for criticdistance estimatiorror the bar specimenthe one withp = 0.2 mm

was chosen because it is the specimen with the most pronounced degree of sharpness compared to the
other specimens under analysis fronfjAdé.L is a length derived from LEFM, in order to respect the
assumptions through which it is derived, a notch, as acute as possible, must beForsABHET.

campaign the specimen with p = 0.5 mm wasGalemn.therefore, a component subjected to a fatigue
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load, it is possible to determine the linear elastic stress field in the vicirittg efress concentrator
and,following the reverse pathjs possible to enter with the reference stoeess the diagram and
determine the length LRig. 2.9 clarifies the procedure to be followed to extrapolate the critical length.
A matlab® program has been implemented:

1. Stress fields with a g = 1 MPa have been imported.

2. The fatigue limita materiapropertywas loaded together with the fatigue limits of the notched
specimens from the experimental tests.

3. As done previously, the fit function was derived for first principal stress

4. Using Newton’s method for solving non-linear equatibasriticaldistance was calculated by
imposing the equality e Agi(x)

5. When the critical distance was known, the PM were applied.

The results were collected in Tab. 7.13.

Point Method

Specimen Aogg [MPa] L/2 [mm] Acess [MPal errors [%]
FABEST VOS5 - 42CrMo4 + QT 1147 0.014 1147 0
FABEST V20 - 42CrMo4 + QT 1147 0.014 1128.2 -1.61
FABEST H20 - 42CrMo4 + QT 1147 0.014 1454.5 26.85
V-groove p =1 mm - 42CrMo4 + QT 780 0.027 879.6 12.76
V-groove p = 0.2 mm - 42CrMo4 + QT 780 0.027 780 0

Table 7.13:Output of TCD - using reverse Point Method for 42CrM04 + QT for FABEST and speci-
mens from [44]

The following were used for the flat specinféhwith p = 0.04 mmA programme has been written
for each type of materidhe results for the S275 steel specimen have been compiled in Tab. 7.14.

Point Method

Specimen Aoo [MPa] L2 [mm] Adess [MPal errors [%]
Niessner F2 p =1 mm 434 0.038 554.0 27.65
Niessner F2 p = 0.2 mm 434 0.038 618.0 42.40
Niessner F2 p = 0.04 mm 434 0.038 501.9 15.64
Niessner F3 p = 0.2 mm 434 0.038 477.4 9.99
Niessner F3p = 0.04 mm 434 0.038 434 0

Table 7.14: Output of TCD - using reverse Point Method for S275 with F3, p = 0.04 mm eference
specimen [39]

The same strategy has been adopted for aluminium alloy test piddwes.results were collected in
Tab. 7.15.
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Point Method

Specimen Aoo [MPa] L2 [mm] Adess [MPal errors [%]
Niessner F2 p =1 mm 226 0.019 324.3 43.49
Niessner F2 p = 0.2 mm 226 0.019 355.7 57.39
Niessner F2 p = 0.04 mm 226 0.019 267.3 18.27
Niessner F3 p = 0.2 mm 226 0.019 407.0 80.08
Niessner F3 p = 0.04 mm 226 0.019 226 0

Table 7.15:Output of TCD - using reverse Point Method for AIMgSi1 with F3,p = 0.04 mm, reference
specimen [39]

7.4.4 TCD in MCF by using two calibration curves

For the MCF fatigue region, the same criterion was adopted as in HCF. The only difference is that now
it is necessary to determine a critidistkance at two different numbers of cycles to failure in order to
derive a function as in EQ.18.In order to determine the functionalationship between the critical
distance and the number oycles,1¢* and 5 - 1B cycles with the respective stresses were taken for
both the smooth and the notched specimen curves for FABEST campaigatiab ® program was
implemented which derived the critdisilances and then saved these in a .matTihe fit function

found for FABEST VOS5 is:

L=70.12 fP>3 (7.26)

In subsequent programs, those critical distances were adopted for the PMarfetloawing effective
stresses were obtained in Tab. 7.16.

For the specimens from [44], the one with p = 0.2 mm was taken as the referentlespatdtiem.
is:

L =1858 p3° (7.27)

The results in Tab. 7.17 were obtained.

With regard to the flat specimens from Niessner’s article F3%%ith p = 0.04 mm were taken as
referenceln this casel0* and 16 cycles with the respective stresses were takertables for steel
and aluminium alloy were obtained, Tabs. 7.18TAd function for steel is:

L = 382,29 - 7936 (7.28)

For aluminium the function is:

L =22.04 fP3* (7.29)
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Nt [Cycles] grer [IMPa] Oefr [MPa] - PM  errors [%]

FABEST_VO05
1¢ 726.2 634.6 12.6
2-16 688.7 644.8 6.4
5-16 642.1 639.1 0.5
10 609.0 618.6 -1.6
210 577.5 586.1 -1.5
518 538.5 530.3 1.5

FABEST_V20
1¢ 726.2 756.8 -4.2
2-16 688.7 718.5 -4.3
5.16 642.1 653.2 -1.7
10 609.0 600.9 1.3
2-18 577.5 546.7 5.3
5-18 538.5 477.8 11.3

FABEST_H20
1¢ 726.2 1353.1 -86.3
2-16 688.7 1169.2 -69.8
5-16 642.1 962.8 -49.9
10 609.0 830.7 -36.4
2-10 577.5 716.8 -24.1
5-18 538.5 589.8 -9.5

Table 7.16:Effective stresses by PM using reverse path for FABEST specimens

V-groove p = 0.2 mm
Nt [Cycles] oref [MPa] Oerf [MPa] - PM  errors [%]

1¢ 555.9 466.0 15.5
2-16 525.9 455.4 13.4
5.16 488.7 438.8 10.2
10 462.3 427.0 7.6
2-18 437.3 414.3 5.3
5-18 406.3 393.9 3.1

Table 7.17:Effective stresses by PM using reverse path for specimens from [44]
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N¢ [Cycles] oref [MPa] Oeff [MPa] - PM  errors [%]

F2p=1mm
1¢ 365.8 250.5 31.5
2-16 338.2 258.6 235
5.16 304.8 271.7 10.9
10 281.8 277.9 1.4
2-10 260.6 277.6 -6.6
5.10 234.7 266.5 -13.5
10 217.0 251.7 -16.0

F2p=0.2mm
1¢ 365.8 175.2 52.1
2-16 338.2 177.0 47.7
5.16 304.8 180.0 40.9
10 281.8 185.1 34.3
2-10 260.6 194.0 25.5
5.18 234.7 209.2 10.9
10 217.0 218.8 -0.8

F2p = 0.04 mm
1¢ 365.8 113.8 68.9
2-16 338.2 117.1 65.4
5.16 304.8 121.4 60.2
10 281.8 122.9 56.4
2-1b 260.6 122.8 52.8
5.18 234.7 123.4 47.4
106 217.0 127.7 41.1

F3p=0.2mm
1¢ 365.8 217.3 40.6
2-16 338.2 219.0 35.2
5.16 304.8 221.3 27.2
10 281.8 226.0 19.8
2-1b 260.6 234.7 9.9
5.10 234.7 248.5 -5.8
106 217.0 254.9 -17.5

Table 7.18:Effective stresses by PM using reverse path for specimens from [39] for S275
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N¢ [Cycles] oref [MPa] Oeff [MPa] - PM  errors [%]

F2p=1mm
1¢ 223.8 188.9 15.6
2-16 201.9 186.6 7.6
5.16 176.3 181.6 -3.0
10 159.0 176.0 -10.7
2-10 143.5 169.0 -17.8
5.10 125.2 157.8 -26.0
10 113.0 148.4 -31.3

F2p=0.2mm
1¢ 223.8 110.3 50.7
2-16 201.9 107.4 46.8
5.16 176.3 104.9 40.5
10 159.0 103.8 34.7
2-10 143.5 103.3 28.0
5.18 125.2 102.9 17.8
10 113.0 102.2 9.5

F2p = 0.04 mm
1¢ 223.8 41.1 81.6
2-16 201.9 36.0 82.2
5.16 176.3 30.0 83.0
10 159.0 26.4 83.4
2-1b 143.5 22.4 84.4
5.18 125.2 18.5 85.2
106 113.0 16.4 85.5

F3p=0.2mm
1¢ 223.8 187.2 16.3
2-16 201.9 181.6 10.1
5.16 176.3 175.9 0.2
10 159.0 173.1 -8.8
2-1b 143.5 171.0 -19.2
5.10 125.2 168.1 -34.2
106 113.0 165.0 -46.0

Table 7.19:Effective stresses by PM using reverse path for specimens from [39] for AIMgSi1
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7.5 Workflow for the application of RSG method

In this subsectionthe stress gradient method wilé applied according to the FEMFAT and FKM
approaches.

7.5.1 FEMFAT approach

In the previous paragraphhe stress field for each geometric configuration was deterMiitbih

the .txt files it is also possible to derive the Von Mises stress as a function of the distance from the tip
of the notchfollowing [13Following the FEMFAT approach it is possible to determine the derivative

of the stress field with respect to the x-coordinate (Se&.kp.In this formulationthe S-N curve is

only determined at the most critjaint,i.e. the point with the highest equivalent stidss.stress

gradient values are collected in Tab. 7.20.

[ 1 I 1

L I LS 1
Specimen x MPat o x' "mnrl
Fabest v05 2515.6 5.1717
Fabest v20 475.5 1.2489

V-groovep =1 mm 11345 2.7318
V-groove p = 0.2 mm 5708.5 12.9599
F2 withp =1 mm 773.4 2.3081
F2 withp =0.2 mm 4723.3 11.5356
F2 with p = 0.04 mm 29304.0 57.5753
F3 withp =0.2 mm 5054.2 11.5616
F3 with p = 0.04 mm 43985.0 55.4247

Table 7.20:Stress gradient at the tip of the notch and relative stress gradient

With reference to specimen Fabest h20, an anomaly was Ttxenlihe tangent to the point of max-

imum stress (which should represent the stress graskerftig.7.26) is practically flagnd for this

reason the output was not convincing to continue with the RSG appidade methods have been
developed in FEMFAT to take into account the effect of the relative stress gradient, but only two of these
will be developed in this thesis work (see 8hSec.3.1). The Stieler equation depends on the yield

stress of the materiahd therefore parametric curves can be derived as ih4&3gAccording to the

IABG method, the curve in Fig. 7.43 was obtained for steel.

Support effect according to IABG method and Stieler

——IABG
_A——Stieler

J—
R

40 60 80 100
Relative stress gradient [mm ']

Figure 7.43: Support effect as a function of  relative stress gradient according to Stieler and IABG
method
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n Stieler IABG
Specimen 42CrMo4+QT S275 AIMgSi1 42CrMo4+QT S275
Fabest v05 1.0417 X X 1.7367 X
Fabest v20 1.0205 X X 1.4810 X
V-groovep =1 mm 1.0736 X X 1.6083 X
V-groove p = 0.2 mm 1.1604 X X 1.9705 X
F2 withp =1 mm X 1.2366 1.2676 X 1.5784
F2 withp = 0.2 mm X 1.529 1.5982 X 1.9372
F2 with p = 0.04 mm X 2.1819 2.3365 X 2.518
F3 withp = 0.2 mm X 1.5296 1.5593 X 1.9378
F3 with p = 0.04 mm X 2.1596 2.4559 X 2.5008
Table 7.21:Support factors for different materials and geometries
Local fatigue limitgc Stieler IABG
Specimen 42CrMo4+QT S275 AIMgSi1 42CrMo4+QT S275
Fabest v05 597.2 X X 995.7 X
Fabest v20 585.1 X X 849.1 X
V-groovep =1 mm 418.7 X X 627.2 X
V-groove p = 0.2 mm 452.6 X X 768.5 X
F2 withp =1 mm X 268.4 143.2 X 342.5
F2 withp = 0.2 mm X 331.8 180.6 X 420.3
F2 with p = 0.04 mm X 473.5 264.0 X 546.4
F3 withp = 0.2 mm X 3319 176.2 X 420.5
F3 with p = 0.04 mm X 468.6 277.5 X 542.7

Table 7.22:Localfatigue limit o ¢ for different materials and geometries

A matlab ® program was implemented to determine the support factors for the two metheds.

results were collected in Tab. 7.21.

The programme returns the graph of the support factor following Stieler’s definition and IABG definition,

as a function of the relative stress gradient in7F4dl..In addition to the curvéhere are also points

relating to the specific notch geomktean be seen that the higher the degree of acuity, the more the

support factor tends to increase.

With regard to the geometries from literature [39], the diagrams in Fig. 7.45 were obtained.

Next, the fatigue limits of the loc&IN curves were determineding Eq.3.12. The following values

were obtained for Stieler method, Tab. 7.22:

The relative stress gradient also influences the slope of Eoe eachematerial, the values in Tab. 7.23

Fatigue limits of POcycles and failure stresses of up tocM@les were used to determine the slope of

the smooth material curve for S275 and AIM@svEn these two points in the S-N plane, the slope of

the curve was derived using the following equation:

_ logy i’
logo “4=-

The graphs in Fig. 7.47 were obtained for FABEST specimen and for specimen from [44].

The same curves were also obtained for specimens from [39] in Fig. 7.48

The cycles at the respective local fatigue limits were then determined (Tab. 7.24).

Graphs of the factorgh s against the relative stress gradient can be determined for both Stieler and

IABG methods (Fig. 7.50 7.51 7.52).

Once the 3 parameters characterising the local Wohler curve have been determined, the material fatigue

curve can be plotted to observe the main differdnagsneralcompared to the curve of the smooth

specimen, there is an increase in fatigue strenghle, loeal fatigue limit moves towards higher values.

Converselythe knee point moves to the lef, towards lower numbers of cycles to failthre.slope

kwm (7.30)
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Support factor n according to Stieler and IABG
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——— ngider = f(x') in 42C0rMod+QT for Fabest
nsiaer = f(x') in 42CrMo4+4-QT for Santus
Fabest_v05 Stieler
x  Fabest_v20 Stieler
R =1 [mm] Stieler - Santus
R = 0.2 [mm] Stieler - Santus
niape = f (X.F)
& Fabest v05 IABG
»  Fabest_v20 IABG
R =1 [mm] Santus - TABG
# R =02 [mm] Santus - IABG

Figure 7.44: Points of the support factor for each geometry in 42CrMo4+QT - Stieler and IABG
method. Diagrams of support factor versus relative stress gradient in accordance with Stieler’s and IABG
approach [13] for FABEST experimental campaign and from [44]

kc Stieler IABG
Specimen 42CrMo4+QT S275 AIMgSi1 42CrMo4+QT S275
Fabest v05 3.056 X X 3.1413 X
Fabest v20 3.9235 X X 4.5056 X
V-groove []p = 1 mm 3.2176 X X 3.4222 X
V-groove []p = 0.2 mm 3.0079 X X 3.022 X

F2 withp =1 mm X 3.2354 3.1573 X 3.3441
F2 withp = 0.2 mm X 3.0109 3.0076 X 3.017
F2 withp = 0.04 mm X 3.0005 3.0004 X 3.0007
F3 withp = 0.2 mm X 3.0108 3.0100 X 3.017
F3 with p = 0.04 mm X 3.0005 3.0003 X 3.0007

Table 7.23:Slope of the S-N localcurves
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Support factor n according to Stieler and IABG
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A F2, p=0.04 mm
F3, p=02mm
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niape = f(x') in 8275
F2, p=1mm
x F2, p=02mm
F2, p=0.04 mm
22 F3, p=02mm
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Figure 7.45: Points of the support factor for each geometry in S275 - Stieler and IABG method.
Diagrams of support factor versus relative stress gradient in accordance with Stieler’s and IABG approach
[13] for article [39]

Nefc Stieler IABG
Specimen 42CrMo4+QT S275 AIMgSi1 42CrMo4+QT S275
Fabest v05 27541 X X 29645 X
Fabest v20 50170 X X 65915 X
V-groove p = 1 mm 123259 X X 143784 X
V-groove p = 0.2 mm 102996 X X 104324 X

F2 withp =1 mm X 197508 247784 X 214666
F2 withp = 0.2 mm X 163158 217425 X 164080
F2 with p = 0.04 mm X 161615 215986 X 161639
F3 withp = 0.2 mm X 163151 219517 X 164069
F3 withp = 0.04 mm X 161620 218644 X 161647

Table 7.24:Endurance limit of the S-N local curves
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Support factor n according to Stieler
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Figure 7.46: Points of the support factor for each geometry in AIMgSil - Stieler method. Diagrams of
support factor versus relative stress gradient in accordance with Stieler’'s approach [13] for article [39]

Slope ratio - Stieler and IABG
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Figure 7.47:Points of the slope ratio for each geometry in 42CrMo4+QT - Stieler and IABG method.
Diagrams of slop ratio versus relative stress gradient in accordance with Stieler’s and IABG approach [13]
for FABEST experimental campaign and from [44]
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Slope ratio - Stieler and IABG
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Figure 7.48:Points of the slope ratio for each geometry in S275 - Stieler and IABG methodiagrams of
slop ratio versus relative stress gradient in accordance with Stieler’s and IABG approach [13] for Niessner
experimental campaign and from [39]
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Slope ratio - Stieler
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Figure 7.49:Points of the slope ratio for each geometry in AIMgSi1 - Stieler method. Diagrams of slop

ratio versus relative stress gradient in accordance with Stieler’s approach [13] for Niessner experimental
campaign and from [39]

Inﬁuenc? of the gradient on the local S-N endurance cycle limit - Stieler and IABG
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Figure 7.50:Points of fgg ¢ for each geometry in 42CrMo4+QT - Stieler and IABG method. Diagrams
of fgrcf Versus relative stress gradient in accordance with Stieler’'s and IABG approach [13] for FABEST
experimental campaign and from [44]
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Influence of the gradient on the local S-N endurance cycle limit - Stieler and IABG
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Figure 7.51: Points of fgrcs for each geometry in S275 - Stieler and IABG method. Diagrams of
fGref Versus relative stress gradient in accordance with Stieler’s and IABG approach [13] for Niessner
experimental campaign and from [39]

Influence of the gradient on the local S-N endurance cycle limit - Stieler
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Figure 7.52:Points of f gr ¢ for each geometry in AIMgSi1 - Stieler method. Diagrams of fgg ¢t versus
relative stress gradient in accordance with Stieler’s approach [13] for Niessner experimental campaign and
from [39]
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of the locakturve decreaseGomparative graphs are shown in Figs3 where the support factor was
calculated in accordance with Stieler.

Local and material fatigue curves for Fabest_v05

1600 | ——— Material curve
——— Local S-N curve - Sticler
1400 ¢ ——Local $-N curve - IABG |
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Figure 7.53:Comparison of local and material fatigue curves for FABEST campaign specimens
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7.5.2 FKM guidelines

The approach followed by the FKM guidelines is to calculate the relative stress gradient using the first
principal stresslhe results were compiled in Tab. 7.25 in a similar way as for FEMFAT.

YT I 1
Specimen x Mt X" "mmt
Fabest v05 6520.4 11.8679
Fabest v20 444.6 1.0493

V-groovep =1 mm 1085.6 2.3339
V-groove p = 0.2 mm 5475.7 10.9457
F2 withp =1 mm 699.3 2.0845
F2 withp = 0.2 mm 4283.8 10.4035
F2 withp = 0.04 mm 26460.0 51.6878
F3 withp =0.2 mm 4588.0 10.4324
F3 with p = 0.04 mm 40295.0 50.1859

Table 7.25:Stress gradient at the tip of the notch and relative stress gradient according to FKM

Following Eq. 3.17 the calculation of the support factor is strictly dependent on the relative stress gradiel
and some material parametBespending on the value ofdifferent formulations have been proposed

for the calculation of /A matlab ® program has been implemented which, depending orvahesy
obtainedreturns the correct support factor (App). For each geometric configuration and for each
material, the results were tabulated (Tab. 7.26).

n FKM

Specimen 42CrMo4+QT S275 AlIMgSi1
Fabest v05 1.2498 X X
Fabest v20 1.1362 X X
V-groove p = 1 mm 1.1853 X X
V-groove p = 0.2 mm 1.2727 X X

F2 withp =1 mm X 1.2534 1.4562

F2 withp = 0.2 mm
F2 with p = 0.04 mm
F3 withp = 0.2 mm
F3 with p = 0.04 mm

1.3788 1.6819
1.5655 2.018
1.3790 1.6824
1.5613 2.0105

X X X X

Table 7.26:Support factors for different materials and geometries

The guide now sets constant values for the numbeyadgs at knee point and the slope (See Gh.
Sec.3.2). it is possible to observe the graph in FAgg5 which makes a comparison between the local
S-N curves and the material curve.

The local fatigue limits become, Tab. 7.27:
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- Support factor n according to FKM guidelines
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Figure 7.54: Support effect as a function of relative stress gradient according to FKM

T Local and material fatigue curves for Fabest specimen
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Specimen Local fatigue limits
Fabest v05 in 42CrM04+QT 716.6
Fabest v20 in 42CrM04+QT 651.4
V-groove p = 1 mm in 42CrM04+QT 462.3
V-groove p = 0.2 mm in 42CrM04+QT 496.4
F2 withp =1 mm in S275 272.0
F2 withp = 0.2 mm in S275 299.2
F2 with p = 0.04 mm in S275 339.7
F3 withp = 0.2 mm in S275 299.2
F3 withp = 0.04 mm in S275 338.8
F2 with p = 1 mm in AIMgSil 164.6
F2 with p = 0.2 mm in AIMgSil 190.1
F2 with p = 0.04 mm in AIMgSil 228.0
F3 with p = 0.2 mm in AIMgSil 190.1
F3 with p = 0.04 mm in AIMgSil 227.2

Table 7.27:Localfatigue limits according to FKM guidelines

7.6 Workflow for the application of SED method

The finite element analysis for calculating the averaged SED involves steps in both the pre-processor anc
post-processor that are different from those seen for the TCD and@iRSGuantity to be taken is a

strain energy density present within a certain structolaime ofradius R- [28]. It is therefore not

necessary to extrapolate the maximum prinstpeds field or the Von Mises stress fielk seen in

Ch. 4 it is necessary to determine the control radius in order to obtain the variable of interest.

7.6.1 Finite element analysis of FABEST specimens for SED approach

To determine the critical radius, following Eq. 4.23, it is necessary to impose equality between the strain
energy density of the smooth specimen and the strain energy density of the notched specimen, at a fixe
number of cycles to failureor the smooth specimamder uniaxialoading conditionshe following

strain energy density was obtained fer MG cycles to failure:

——-unnotched _ AUD _ 114?

AW 3. 19—J (7.31)

2E 2206362 m?

The only unknown in the strain energy density for the notched specimen is the ranq/eDoﬂNSIF AK
problemhoweveris that no data is available for this parameter in this thesis work and it is therefore
mandatory to find it.In addition,the specimens under analysis do not show a V-nofdte initial

idea is to perform an FE analysis on a specimen with a V-notch subject to the fatigue load of the most
notched specimen (iABEST _V05) and derive a first attempt control radiusorder to do this, it

is necessary to obtain an extremely dense mesh around thetigraftch and this may cause some
problems from a computational point of Wewently, a method called Peak Stress Method (PSM) has

been proposed which allows finite element analysis using coarse meshiés 8d4[83&jnected with

the peak stresggi calculated at the tip of the notch and the analytical relation is:

KY =K - Gpeak - M1 (7.32)

Where d is the medium size tfe elements andg is a constant that depends on the softwidre,
type of element and the mesh patterrTh#53dvantages of this method can be summarised as follows:

* Coarse mesh that reduces calculation time.

* Only the peak stress evaluated at the tip of the notch is used and not a stress distribution which
would have to be worked out later.

To carry out the analysis of the V-notch specimen, it is necessary to know some bdsitlsetitiggs.
Fig. 7.56 it is possible to exploit the symmetry of the problem, as done previously in Fig. 7.3.
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Figure 7.56:Definition of the parameters for Peak Stress Method

Starting with the & parameter, from [35] it can be seen that for a 2D plane-4 element type, 1.38 + 3%
was obtained for opening angles of 2d =i® important to note that K-option 1 must be the third
in ansys® . To obtain plausible values, the mesh must be free and the following condition must be met:

gz 3 (7.33)

where a = min(n, I) and d is the minimum element dimension7F5§). In this case/l=n =5 mm

and therefore the minimum d to be respected is equal to = 1.6ARenpmak stress can be taken once

the analysis is complete by assimilating it into the first pristipsd.A1, from Tab.4.1,is equalto
0.5445.Using common mechanidadwing softwaré, is possible to draw the geometry with V-notch

and export an .IGES filehe material was set as in the FE analyses for TCD and RSG. a global element
size of 1.67 mm was set and the free mesh technique wasTeptesilt can be seen in Fig. 7.57.

Figure 7.57: Free mesh for peak stress determination. Plane-4 node 182 was used with K1 option set
to enhanced strain and K3 set to axisymmetric.

The same boundary conditions as seen in Fig. 7.3 were set and a unit tensile stress was applied along the
gross sectiorthe solution was then launched and a peak stress of 4.68 MPa waSitadesthis is a
linear elastic analysis, it is possible to scale the value obtained for a unit stress to a real one:

1 MPa . i1 MPa ny load , ;- any load
Opeak 'Kl ogeak K (7.34)

The fatigue limit derived in Ch refers to the net nominséction.it is necessary to use EG..5 to
obtain the corresponding gross Idae. fatigue limit related to net section js=o215.7 MPa and:

A nOo,n

= 53.9 MPa (7.35)
Ag

O'ng

A value of K/, _; = 8.2 MPa - mff*>°> was obtained fopo= 1 MPa. To find the correct value under
the fatigue load of Eq. 7.35 it was obtained:
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K{ =K{4-1-Gg=82"53.9 = 440.0 MPa -4fr (7.36)
From the Eq. 7.37 the first attempt control radius was obtained:
(v AKV)ﬁ v____ 2-440.)0W15445
RY = " 2¢ - Aa(l) 1= 2. 0.1465—-= 5 0772 0,1448 mm (7.37)

At this point it is possible to use this value to shape the control volume at the apex of the notch (Fig. 7.5¢

To

vg

R(' + 70
—_—

Figure 7.58: Definition of control volume [26]

g = 1.5 for 2a = 90 and thereforegr= 0.1667 mm (E.30 and Eq4.31).the sum of R and rg is
needed to define the control volume:

R; =Rc+rp=0.1448 + 0.1667 = 0.3115 mm (7.38)

An 8-node plane elemernte. quad 8 plane 183, was adopted for the FE analysis with the second
K-option set to axisymmetryollowing Fig. 7.5 the material wasUsihg an .IGES file, the geometry
with the controvolume created in autocdd was importedThe area for the modahd the control
volume has been generat@@ker meshing the component and imposing the load and consthants,
control volume was isolated to extract the SED with the option select - entities (Fig. 7.59).

An element table consisting of the entity SEN E and V OLU has been defined:

element table - define table -~ add - energy - SENE
and

element table - define table - add - geometry - VOLU

The sum of each item function was used to find the total SEN E and totalWhé@lratio constitutes
the SED:

SENE _ 0.374026 - B0 _ M)
VOLU  1.46355 _2'5556'14()@

To find the SED at a given loadt is necessary to use a proportion taking into account the fact that
stresses have a quadratic trédndas been achieved:

SED = (7.39)

SED 4,, = SED unitioad - ATG4 = 2.5556 - 10- (2 - 53.9)= 2.973% (7.40)

The first attempt value of B not correct because the SED does not equgl AW®". At this point

it is necessary to proceed by trial until the strain energy density of the smooth specimen equals that of
the notch onelab. 7.28 has been constructed which collects some notable pgints of R

Using these points from FE analysis, the following fit function was adopted:

AW = 5 . &R (7.41)
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Figure 7.59:FE model for bar specimens

R(Ci) R(zi) AVvgotched,i AW;nnOtChed
0.0448 0.2115 4.4990 3.1856
0.0948 0.2615 3.6409 3.1856
0.1198 0.2865  3.2972 3.1856
0.1323 0.2990 3.1353 3.1856
0.0698 0.2365 4.0370 3.1856
0.0823 0.2490 3.8304 3.1856
0.1448 0.3115 2.9737 3.1856

Table 7.28:Averaged SED values for discrete points of R.. Iterations based on a given critical radius
value
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where a = 5.397 and b = -4.127 witkR.9995Through the Newton-Raphson method an estimate of
the control radiuscR= 0.1277 mm has been derived on the intersection of the function and the averaged
SED of the smooth specimen, as can be seen in Fig. 7.60.

Averaged SED versus R,

Totched __ T = . =4 1¥7Re
Al =5307-¢

AlJmete hed FEM

7|

Alfimrotched — 3 1856 MJ/m?

R, =01277 mm,

b
en

0 0.05 0.1 0.15 0.2
R. [mm]

Figure 7.60:Strain Energy Density versus control radius R.

Once the value oR. is known,the energy method can be applied to FABEST V20In this case:
p=2mmyo=0.6667 mmR, = 0.7944 mmyy, = 297.1 MPani\? = 74.2 MPa and SEDit 10ad =
1.2487 - 16 M., Applying Eq.7.40 a value 08ED ,,, = 2.7565%% was obtainedComparing this

value with AW"""*" the following error has been made:
R tched
SED 4,, —~AW 5 2.7565 - 3.185
Error(%) = Aﬂ;vgmotched S100 S22 2 %00 =-135%  (7.42)

7.6.2 Finite element analysis df-groove specimen from [44dr SED ap-
proach

Following the same procedures as for the FABEST specifthenstrain energy density of the smooth
specimen is:

gunnotched AO’% _ 786 _ ]
AW © 2E  2-206000 1'476%3 (7.43)

An FE analysis was performed to determine an estimate of the NSIF per moddrl tioisccase the
parameters for determinin{j k&ire the same except for the elementisifact a = min(n, /) = 3 mm
and then d = 1 mnThe mesh can be seen in Fig. 2?

Once the peak stress value has been fotlrelk{ = can be calculated using E§.35,Eq. 7.34 and
Eq. 7.36 with g, = 87.5 MPaThe control radius is:

1

22023647 0.5445 (0613 mm  (7.44)

( )
R = ‘/E AKY " T-N_

Ao, = 2. 0.146#—2 390

g = 1.5 for 2a = 90and thereforgyr= 0.0667 mm (Eqt.30 and Eq4.31).The sum of R and ry is
needed to define the control volume:

R; =Rc+rp=0.0613 + 0.0667 = 0.1280 mm (7.45)
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|

[

Figure 7.61:V-notch specimen mesh

After determining some points by FE analysis, as done previously, an interpolation function was derived
and Newton’s method was applied to find the valuetlbé controlradius. In this caseitis R, =

0.037962 mnin Fig. 7.62 it is possible to see the graph of the strain energy density against the control
radius, with its interpolation function.

Averaged SED versus R,

(3]

Ne—— AW}ntt'he(l,FEl\l
. AVVnot(’hP(l —a 2161 . e-lO.(J'dR(’
$ 97 AWumnt(‘hed — 1.4767 MJ/mJ
<
1.4+
1.2
Re= 0.()37962 mm

0 0.02 0.04 0.06 0.08
R, [mm]

Figure 7.62:Strain Energy Density versus control radius R.

Once the radius Rwas knownall other geometric parameters were determined for the specimen with
p =1 mm and a strain energy density was derived equalsg SED7454§1J;. The committed error
is:

SED, - AW umnetched 1.7454 - 1.4767
Error(%) = (zs/vunnotcfl)ed 1100 =272 2200100 = 18.2% (7.46)
D

7.6.3 Finite element analysis of Flat specimen from [39] for SED approach
Initially, the strain energy density of the smooth specimens were cdouls248. steel:

—-unnotched Ao} _ 434 _ J
AW = 2E T 2206000 0'457% (7.47)

and for Aluminium alloy AIMgSil:

punnotched AGEZ) _ 226 _ J
AW, = >E =3 -70005 0.364% (7.48)
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Starting with steel specimens, the control radius for the F2 specimens was determined, using Eq. ?? and
it is equal to &) = 0.1089 mnihe value of K was determined by imposing the following values for
the FE calculation and analysis:

ed=4mm
* K =, \1 same as previosly analyses

* Opeak = 1.21 MPa with external load equal to 1 MPa.

The values were then updated to the real netUsany autocad® , the first attempt control volume
was constructed and through iterations similar to those made in the previous pathgmapive of
the strain energy density as a function of the coatliols was obtaine&ince the specimens are flat
and not axisymmetric, the same type of element was adopted with K-option set to planEnhsérain.
is the only substantiaifference between the two geometAasmit load was applied along the net
section and the boundary conditions can be seen i7.Bg.The Tab.7.29 collects the main output
parameters from the FE analysis and the SED approach.

Rg) R(zi) AVvgotched,i AW;nnOtChed
0.0989 0.1122 0.6887 0.4572
0.0889 0.1022 0.8249 0.4572
0.1089 0.1222 0.5925 0.4572
0.1189 0.1322 0.4042 0.4572

Table 7.29:Main values for SED approach for F2 specimens in S275 steel

A fit function, Eq. 7.41, was adopted to determine the corresponding valuesdiryg the SED line
of the smooth specimen:

——-hotched

AW = 5.52 . @L19Rc (7.49)
The following Fig. 7.63 was obtained

Averaged SED versus R,
0.9 :

| fotched FEM
0.5 | AN

AWhotched _ 5 597 . & 21108c

ATTunnotched — 0 457 MI/m?

I

)

]
. |

| R, =01175 mm
0. . . L ]
0.05 0.1 0.15 0.2

R [mm]
Figure 7.63:Strain Energy Density versus control radius R..
The value obtained was used to find the SEDtbé other two F2 specimen3he percentage errors
committed are:

—unnotched

SED,, —AW 0.9111 - 0.457
Aowgnnotched - 100 W '2-|-00 = 99.3%

Error(%) = (7.50)
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for specimen with p = 0.2 mm and

v hed
SED g, =AW 0.5354 - 0.457
AOWgnnOtChEd - 100 W -2100 =17.1%

Error(%) = (7.51)

for specimen with p = 1 mnAt this point,an R = 0.0849 mm was obtained for specimenAg3.
with specimen F2averaged SED values were calculated to determine a fit fufidi@main results
are collected in Tab. 7.30.

R(ci) R(zi) AWBOtChed'i AVv;nnotched
0.025 0.0383 0.9566 0.4572
0.0849 0.0982 0.1837 0.4572
0.1849 0.1982 0.1718 0.4572

Table 7.30:Main values for SED approach for F3 specimens in S275 steel

the fit function obtained is:

AW =319 . 16 - R3365 4+ 0.1709 (7.52)
the value ofthe controlradius,applying Newton’s metho& R = 0.034 mm. The value of SED
for specimen F3 with p = 0.2 mm was calculated using the coatifok just determinedhe error
committed is:

SED _AWunnotched _
Goyn—unnotchDed . 100 _0.3102 0.457_2100 _
AW 0.4572

Error(%) = -32.1% (7.53)

Regarding aluminium alloy, the first-attempt value of the control radius, for F2 specimé]ﬁ gype,is R
0.0533 mnmAgain, the attempts were collected in a summary Tab. 7.31.

R(ci) R(zi) Avaotched,i Avannotched
0.02 0.0333 0.5990 0.3648
0.0533 0.0666 0.3193 0.3648

Table 7.31:Main values for SED approach for F2 specimens in AIMgSi1 alloy

Fit function is:

——-notched

AW =-8.409 - R+ 0.7672 (7.54)

and,via Newton’s methotlhe corresponding contratlius is R = 0.048 mmThe percentage errors
made on the other two F2 specimens are:

——unnotched

SED 4, - AW 5 0.6381 - 0.364
AWD "
— tched
SED g,, ~AW 5" 0.4861 - 0.364
Error(%) = A‘)Wunnotched - 100 = 03648 -8100 = 33.2% (7.56)
D

At the first iterationthe controtadius for the aluminium alloy F3 specimen(:]ié R 0.0389 mmin

this case the fit function is AW ™" = -9.589 - R + 0.6235 and the corresponding comailis is

R. = 0.027 mniThe percentage errors made on the F3 specimen with p = 0.2 mm is:
SED _Avvunnotched _
Ton D 100 _0.1071 0.3648100 _

0, =
Error(%) AW;nnotch(Ed 0.3648

-70.6% (7.57)
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Chapter 8

COMPARISON BETWEEN TCD,
RSG AND SED WITH
EXPERIMENTAL RESULTS AND
CONCLUSIONS

8.1 Theory of critical distances

8.1.1 TCD in HCF in its classical formulation

For the classical method in HCF the percentage deviations between the range of the effegfive stress Ao
and the range of the reference stresghiefatigue limit of the smooth specimes tvere obtained.

For each specimerelative stress gradients were determined in Sidliséclt is possible to plot the
percentage error committed in the evaluation of the actual stress ¥ags8sly

100
100 T T
- - = .+30% error 80
30 +15% error
e ation - LM 60
60 /-groove deviation - LM | | :'2
O Fabest deviation - PM 40 @]
10 % V-groove deviation - PM| | é _____ /E _____________________________
— o
PN (it Dt e A e e ¥ 2 © A
o2 = o
- ) k=] 0 A A
= 0 L ;6
‘é ! = 20
= ] S X
g —r— =] P
-40 ] -40 - - - £30% error o
——+15% error
60 .| -60 A 8275 deviation - LM
O  AlMgSil deviation - LM
-80 E -80 O 8275 deviation - PM
% AlMgSil deviation - PM
-100 -100
0 2 4 6 8 10 12 0 10 20 30 40 50 60
Relative stress gradient x’ in [mm™!] Relative stress gradient y' in [mm !
(a) (b)

Figure 8.1: % error committed versus relative stress gradient calculated according to Eq. 3.6 - TCD in
its classical formulation

The percentage error was determined using the following equation:

A0 efr — AT rer )
AO ref

where for problems in HCF, Ag= Agy. As far as V-rounded specimens are concerned, the percentage
errors remain within a band of t18%6th the line method and the point method estimate the effective

Error(%) 100 (8.1)
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stress in a very similar waithough the specimens in the FABEST campaign and those in the article

[44] nominally have the same material, data gn &kother material parameters, could induce these
deviations which are not exaggeratedly pronoufbedack ofreliable data on steahd aluminium

alloy,on the other handeads to huge errorin the best casegrrors fallwithin the +15% bandbut

in the worst case the actual stress deviates from the relative reference stress by values even higher thar
40%, which is not acceptable from an engineering point of view.

8.1.2 TCD in MCEF in its classical formulation

The concepts seen for HCF were also extended in MCF. Stresses were determined according to classical
TCD at arbitrarily chosen cycles and were compared with stresses derived from the Basquin curve at the
same number afycles.For the LM methodthe diagram in Fig8.2 was obtainedyhile for the PM

method, the diagram in Fig. 8.3 was obtained.

Line Method in MCF
2200 T T T

2000 F|=——Error 0%

1800 E Error 15%
- - - -Error 30%
1600 ¢ Fabest_v05 with R = —1
1400 L| » Fabestv20 with R = —1 2
= Fabest_h20 with R= —1 g Ll
1200 F V-groove p = 0.2 mm with R = —1 P T

1000 -

800

Oret [MPa

600

400 ¢

300 400 500 600 700 800 900 1000 1100
Oeff [A\IP‘A]

Figure 8.2: Effective stress versus reference materiastrength for 42CrMo4+QT, Line Method

Point Method in MCF
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1600 | |— Error 15%
- - = -Error 30%
1400 Fabest_v05 with R = —1 e
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1000 Fabest_h20 with R = —1 I
V-groove p = 0.2 mm with R = —1
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Oret [MPa]
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L L
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Figure 8.3: Effective stress versus reference materiastrength for 42CrMo4+QT, Point Method

With regard to the Line Method, it is interesting to note that the blunt V-notch specimens lie within an
error interval of about £+30%he only exception is the specimen Fabest h20, which estimate in MCF
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is highly wrongHowever, the situation improves with the PM method, where even for Fabest _h20, the

percentage error is close to 30%.

8.1.3 TCD in HCF by using two calibration curve

In this paragraph, error graphs were determined according to reverse Point Method in Fig. 8.4.

100

- - - £30% error
——415% error
©  Fabest deviation - PM
% V-groove deviation - PM

Error in [%)]

Error in [%)]

100

- - -.£30% error
+15% error

O 5275 deviation - PM
x  AlMgSil deviation - PM

-100
0

20 30 40 50

Relative stress gradient x’
(b)

Figure 8.4: % error committed versus relative stress gradient calculated according to Eq. 3.6

4 6 8 10 12 10
Relative stress gradient x’

(a)

60

As seen in Par.7.5,the relative stress gradient of the Fabest h20 specimen was not detefhmened.

error made with respect to the reference stress was collected inRieflerrinb3to the 42CrMo4+QT
specimenghe errors are contained within a range of +Mitle for S275 the intenator increases

to 30%.For aluminium alloy, this deviation is out of the range +30% for specimens with a low relative
stress gradient.

8.1.4 TCD in MCF by using two calibration curve

The reverse Point Method was also extended in the medium cydferzarertain number of cycles,
the reference stress obtained from the Basquin curve was compared to the stress obtained by the PM
method.The deviations were represented in the graphs in Fig. 8.5.

Figure 8.5:Effective stress versus reference material strength for 42CrMo4+QT, Reverse Point Method

Compared to the classicapproachfor the materiah2CrMo4+QT,the % error is smaller and more
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centred, i.ethe data falls within the error range of 15%.
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8.1.5 Executive summary

At the fatigue limitpoints ofthe experimentally fatigue life and the TCD predicted fatigue life have
been depicted in Fig. 8.6.

10" N s |

Conservative

Predicted cycles to failure N¢yeiod

10 Non conservative

= Il Il Il 1 1
10° 10° 107 10° 10° 10"
Experimental cycles to failure Ng,

Figure 8.6: Fatigue Data of TCD method

The black dashed strip corresponds to an error band of 30%, while the solid strip corresponds to an error
15%.As can be observed, for the fabest campaign samples, the error band is containedMitithin 30%.

the steel specimens from the Santus and Niessner campaign, non-conservative results were obtained, wt
for the aluminium alloglepending on the type géometryconservative and non-conservative values

were obtained.
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8.2 Relative stress gradient approach

In this section, it is interesting to compare the percentage deviation that is present between the experi-
mentally calculated support factor and that determined by the method of Stieler, IABG agg FKM. n
is calculated as follows:

Nexp = 7Kt'n P00 (8.2)
Ob(x=0)
whereusing the same nomenclature as inXlop,~0) is the experimentablue of the fatigue limit
of the notched specimen related to the net sectiop@ng ds the experimentablue of the fatigue
limit of a smooth (unnotched) specinir.stress concentration factors can be found from the graphs
in Ch. 5, as wellas the fatigue limitsTab. 8.1 shows the support factors calculated according to the
experimental method and according to the 3 approaches seen.

Specimen Nexp Nstieler  MABG Negm
42CrMo4 + QT

Fabest v05 1.2870 1.0417 1.7367 1.2498

Fabest v20 1.0003 1.0205 1.4810 1.1362

V-groovep =1 mm 1.1912 1.0736 1.6083 1.1853
V-groove p = 0.2 mml1.2833 1.1604 1.9705 1.2727

$275

F2 withp=1mm 1.3703 1.2366 1.5784 1.2534
F2 withp = 0.2 mm 1.9614 1.5290 1.9372 1.3788
F2 withp = 0.04 mm3.0531 2.1819 2.5180 1.5655
F3 withp = 0.2 mm 1.5136 1.5296 1.9378 1.3790
F3 with p = 0.04 Mmm2.6660 2.1596 2.5008 1.5613

AlMgSi1

F2 withp =1mm 1.4863 1.2676 X

F2 withp = 0.2 mm 1.8814 1.5982 x

F2 withp = 0.04 mm2.2046 2.3365 X 2.018
X
X

F3 withp = 0.2 mm 2.1539 1.5593
F3 withp = 0.04 mm1.8688 2.4559

Table 8.1:Experimental and numerical data

The percentage deviations were collected in Ta@h& 2Zollowing formula was used to determine the
errors:

Error(%) =@ Mmethod 14, (8.3)
Nexp
where with g denotes the experimentally calculated fatigue factor following Eq. 3¢hanaep-
resents the fatigue factor calculated using the methods seen in this thesis work.
From the point of view of stresses, graphs of the percentage deviations as a function of the relative stres
gradient were obtained in Fig. 878 and 8.9.

8.2.1 Executive summary

At the fatigue limit, points of the experimentally fatigue life and the RSG predicted fatigue life have been
depicted in Fig. 8.10.

For the RSG approachboth from Stieler’'s and IABG’s point ofiew, non-conservative values were
obtained.
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Figure 8.7: % error committed versus relative stress gradient calculated according to Eq. 3.6 - Stieler

method.
IABG deviation TABG deviation
100 100 T T T T T
- == -1+30% error
20 —— +15% error | 80
A Fabest_v05 deviation
- O Fabest_v20 deviation | 60
O V-groove deviation R = 1 mm
o x  V-groove deviation R = 0.2 mm
40 2 40
o A
_________________________________________________ Nt L e
20 l © 20
= =]
=g =0 = -
8 e M
= =
A o-20 ] H -2 Q
-40 R -40
—— +15% error
60 60 A S275 F2 R =1 mm deviation
v 7 - 0 8275 F2 R = 0.2 mm deviation
O 8275 F2 R = 0.04 mm deviation
-80 1 -80 % S275 F3 R = 0.2 mm deviation
#8275 F3 R = 0.04 mm deviation|
-100 -100
0 2 4 6 8 10 12 0 10 20 30 40 50 60
Relative stress gradient y’ in [mm ] Relative stress gradient x’ in [mm™']

(a) (b)

Figure 8.8: % error committed versus relative stress gradient calculated according to Eq. 3.6 - IABG
method.
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Figure 8.9:

FKM deviation

FKM deviation

Relative stress gradient x’ in [mm~

method.

100 T T T T T 100
- = =.+30% error
80 ——415% error 80
A Fabest_v05 deviation
60 O Fabest_v20 deviation y
i O V-groove deviation R =1 mm 60
% V-groove deviation R = 0.2 mm
40 40
T 2 <
B = =
=2 =
=i 0 s 0
— —_
g 5 A %
=
& 20 & 20
-40 -40 o E30% N
—+15% e o
60 60 A S275 F2 R = 1 mm deviation
® 0 $275 F2 R = 0.2 mm deviation
O S275 F2 R = 0.04 mm deviation
-80 -80 % 8275 F3 R = 0.2 mm deviation
# S275 F3 R = 0.04 mm deviation
-100 -100
0 2 4 6 8 10 52 0 10 20 30 40 50 60
Relative stress gradient x/ in [mm™!] Relative stress gradient x’ in [mm™!]
(a) (b)
FKM deviation
100
80
60
40
e 20
= =
i 0
=
2 o o)
~
A o-20 -
_40 - - --+30% error
——+15% error
60 A 8275 F2 R =1 mm deviation
- 0 $275 F2 R = 0.2 mm deviation
O 8275 F2 R = 0.04 mm deviation
-80 % 8275 F3 R = 0.2 mm deviation
2 8275 F3 R = 0.04 mm deviation
-100
0 10 20 30 40 50 60
]

(c)

% error committed versus relative stress gradient calculated according to Eq. 3.6 - FKM

T v

107 - 8L e |
= 100 . . 5
& Conservative
= :
z
&
& x ]
'S o
g X
"g 102 = = 7|
£

s Non conservative
1(]1 ’// L L 1
10! 10° 10° 107

Experimental cycles to failure N,

Figure 8.10:Fatigue Data of RSG method
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Specimen Nexp Errors nsticler Errors nasc  Errors nrkm
42CrMo4 + QT
Fabest v05 1.2870 19.1 -34.9 2.9
Fabest v20 1.0003 -2.0 -48.1 -13.6
V-groovep =1 mm 1.1912 9.9 -35.0 0.5
V-groove p = 0.2 mm1.2833 9.6 -53.5 0.8
$275
F2 withp=1mm 1.3703 9.8 -15.2 8.5
F2 withp = 0.2 mm 1.9614 22.0 1.2 29.7
F2 with p = 0.04 mm3.0531 28.5 17.5 48.7
F3 withp =0.2 mm 1.5136 -1.0 -28.0 8.9
F3 withp = 0.04 mm2.6660 19.0 6.2 41.4
AlMgSi1

F2 withp=1mm 1.4863 14.7 X 2.0
F2 withp = 0.2 mm 1.8814 15.1 X 10.6
F2 with p = 0.04 mm2.2046 -6.0 X 8.5
F3 withp =0.2 mm 2.1539 27.6 X 21.9
F3 withp = 0.04 mm1.8688 -31.4 X -7.6

Table 8.2:Percentage deviations between experimentand numerical data

8.3 Strain energy density approach

For the SED approach, as well as the TCD, the percentage deviations were represented as a function of
the relative stress gradient in Fig. 8.11, 8.12 and 8.13.

0 Deviations SED approach

- = = .430% error
——+15% error
A Fabest_v05 deviation
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k]
50 + 0 V-groove deviation B =1 mm
x  V-groove deviation R = 0.2 mm

Error in [%]

-100 H L I L L I
0 2 4 6 8 10 12
Relative stress gradient y' in [mm™!]

Figure 8.11:% error committed versus relative stress gradient calculated according to Eq. 3.6

As can be seen from the graphs, for the 42CrMo4+QT steel, the SED approach exhibits deviations within
+15% error, while for the S275 steel and aluminium alloy, the estimates fall outside the +30% range and
in some cases reach errors that are too high.
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Deviations SED approach
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Figure 8.12:% error committed versus relative stress gradient calculated according to Eq. 3.6

Deviations SED approach

100 ! T .
80 + 8
O
60 + g
40 + 8
D e e

= 2} 8
=
= 0 "
=
[}
:
= -20 -

40 L - = = -+30% error 1

—— +15% error
. £ AIMgSil F2 R = 1 mm deviation
-60 - o AlMgSil F2 R = 0.2 mm deviation
% O AlMgSil F2 R = 0.04 mm deviation
-80 | x  AlMgSil F3 R = 0.2 mm deviation
2 AlMgSil F3 R = 0.04 mm deviation
-100 i : : :

0 10 20 30 40 50 60
Relative stress gradient x’ in [mm~!

Figure 8.13: % error committed versus relative stress gradient calculated according to Eq. 3.6
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8.3.1 Executive summary

At the fatigue limit, points of the experimentally fatigue life and the SED predicted fatigue life have been
depicted in Fig. 8.14.
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Figure 8.14:Fatigue Data of SED method

With the SED approachthe data converges more on the zero-error line than with the TCD and RSG
approachedhe situation for aluminium alloy, however, remains highly variable.

8.4 Conclusions

In this thesis workthree approaches were proposed for the predictibimeofatigue life oflifferent
specimens with different geomefritical Distance Theory, Relative Stress Gradient and Strain Energy
Density The first method was applied in HCF and a small attempt was also proposed in MCF, with the
available datalhe second method was presented following 3 different schools oStieberghABG

and FKM. The third method was applied in HCF. The TCD also found application with the special shape
specimen Fabest h20, however reporting high errors, as demonstrated in the previbus RB&pters.
failed in the determination of the 3 main parameters of théatogaé curveyhile the SED was not

applied given the previous resdticonclusion, the approaches studied on the Fabest campaign prove
to fall within an error band of at least 3B4he best of cases, percentage deviations even approached
1%, while in the worst of cases errors of 30% were reached for TCD, RSG and SED. As far as the data
from the literature is concernglightly higher errors were obtained for the Santus article’s campaign,
while for Niessner’s campaign, perhaps also due to the lack of more precise data, highly percentage erro
were obtainedn the worst case, values close to 100 per cent were reached.
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Appendix A

DETERMINATION OF STATIC
PROPERTIES OF MATERIAL

In addition to Ch. 5, this appendix contains data from static tensile tests carried out at at UTP Bydgoszcz
in Poland.The data were analysed in excel.

Tab.A.1 shows the slopes of the & ox(ex) and o = ox(gy) curves.The first column correspond to

the elastic moduli, the second are necessary to calculate the Poisson’s coefficient according to Eq. 5.4.

Specimen E [MPa] p: slope on (g &) plane U

MONO1 205782 756167 0.272
MONO2 206031 641709 0.321
MONO3 207255 645032 0.321
MONO4 260380 767506 0.269
mean value 206362 0.296
St.Dev. 644 0.029

Table A.1: Values of E and v

The following are the fit diagrams from which the values described in Tab. A.1 were derived.
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Figure A.1: Curves for determining the modulus of elasticity
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