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Summary

The aim of this work was to investigate the fatigue and fracture behaviour of microscopic
specimens based on a biomedical component (the cardiovascular stent) and to modify
existing theories to take account of the observed effects. A stent is a cylindrical wire mesh
that is used to scaffold open stenosed arteries in order to retain a sufficient blood flow.
Different 316L stainless steel microscopic specimens were designed and tested, which
contained notches representing stent-like features. Typical sizes of stent wires are around 100

pum, giving only about 10 grains along the width and thickness of the wires.

Several fatigue prediction theories were discussed: the Stress Life method, the Smith and
Miller method, the Crack Modelling Method, The Theory of Critical Distances and the
Resistance-curve method. Two types of correction factors were proposed in order for these
methods to be made applicable to microscopic specimens: applying a short crack correction

based on El Haddad’s short crack parameter a,, or reducing the long crack threshold.

The different prediction methods in combination with the two types of correction factors
were found to give varying results. Often the altered method was capable of predicting test
data from some of the specimen geometries, but not all of them. The only method that gave
good results for all microscopic experimental fatigue data was the Theory of Critical
Distances (especially the Point Method) in combination with a reduced threshold value. The
Point Method determines the stress at a distance ahead of the notch and compares it to the

critical stress of the material, which is the plain specimen fatigue limit, 4o,.

The threshold value of the material is constant for long cracks, but it is has been found to
reduce for short cracks. Three different reduced threshold values were proposed: based on the
net width of the specimen, based on the average experimentally obtained microscopic
threshold value and based on the closure-free effective threshold value of the material. The
average threshold value for the microscopic specimens and the closure-free effective
threshold gave good Point Method predictions. A reduction in the threshold also results in a

reduction of the critical distance.
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It was hypothesised that the cause for this reduction in threshold and corresponding critical
distance is likely to be one of the following three: non-propagating cracks, plane stress/mode-
111 shear failure or lack of closure. The argument was made that the critical distance could be
related to the non-propagating crack length. An analysis was done to investigate this and the
non-propagating crack length was found to reduce for microscopic specimens, therefore, the
critical distance and threshold value should also be reduced for microscopic specimens.
However, one long notch was tested in a microscopic specimen, which could be predicted
with the reduced threshold value, while it should have been predicted with the long crack
threshold value, therefore non-propagating cracks are not the cause for the reduced threshold.
The specimens also did not experience plane stress/mode-III shear fracture, because the
fracture surfaces were flat, not under an angle of 45 degrees. Therefore, the cause of the
reduction in threshold value is most likely the lack of closure in the microscopic specimens;
this is why the effective closure-free threshold was capable of predicting data from all the

microscopic specimen geometries.

One notched microscopic aluminium specimen was tested to investigate if the same approach
could be used for a different material. Some differences were found between the aluminium
and stainless steel results, however, for the micro-scale aluminium the threshold was again
found to reduce and the Theory of Critical Distances was capable of predicting the fatigue
behaviour of this aluminium microscopic specimen. Therefore, it is expected that the method
can be applied to microscopic components manufactured from a variety of different
materials, provided that either a closure-free threshold or a microscopic threshold value is
known. Alternatively, the grain size could be used to determine the reduced value for the

threshold.

Not enough tensile tests were carried out to draw conclusions, but the static fracture strength
of the microscopic specimens was found to be equally strong if not stronger than the macro
material. When the design contained symmetrical notches, notch strengthening due to
constraint was found to occur, which increased the strength of the microscopic stainless steel

specimens substantially.
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Crack length

El Haddad’s short crack parameter and the crack length where
the plain specimen fatigue limit and the long crack fatigue
prediction curves intersect in the Kitagawa/Takahashi diagram
El Haddad’s short crack parameter determined at the gross
section

El Haddad’s short crack parameter determined at the net
section

Transition crack length between the microstructurally short
crack regime and the physically short crack regime

Transition crack length between the long and short crack
regimes
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regimes in the R-curve plot
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Chapter 1 Introduction

When the railroads were introduced in the 1840’s, components like axles started to
experience a new type of failure. This type of failure, which is attributed to repeated cyclic
loading, was later named fatigue failure. One of the first to research this new phenomenon
was Wohler (1870). He carried out systematic constant amplitude fatigue tests and showed
that the fatigue life of a component, defined as the number of cycles to failure, decreases with
an increasing level of stress. The Wdhler curve, or stress versus cycles to failure relation (S-

Ny curve) is still used today.

Fatigue failure is the predominant type of failure in engineering components. It is therefore
important to limit the risk of fatigue failure by understanding the phenomenon and trying to
prevent it. This explains why so many papers have been published about fatigue. Originally,
fatigue research was aimed at analysing whether a component would or would not break as a
result of the applied fatigue cycles, but the development of Fracture Mechanics rerouted the
focus to the process of fatigue crack growth. Fracture Mechanics evaluates the effect of stress
concentrations (e.g. notches, holes and corners) on the fatigue life of components. The
method can only be applied when there is a crack or flaw present in the material. It is
therefore crack propagation that is the important parameter in fracture mechanics, as opposed
to crack formation. Linear Elastic Fracture Mechanics (LEFM) assumes that the material

predominantly behaves in a linear elastic manner.

The importance of short cracks became apparent only in the 1980’s. The knowledge of long
cracks in macro-scale components, e.g. in the automotive industry, could not be applied
directly to describe the characteristic behaviour of short cracks. Instead short crack models

were developed.

The novelty of the present work is to extend the understanding that exists at present of the
small crack mechanism in large components to micro-scale components, where sections are

of similar size to micro-structural elements. The limited amount of work that has been
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published regarding the micro-scale fatigue regime is mainly about components in the

biomechanics industry and micro electro mechanical systems, or, MEMS devices.

In the micro-scale regime the usual assumptions of continuum mechanics no longer apply.
Factors such as grain orientation play a much greater role as opposed to large components,
where the material behaves as the average behaviour over many grains. For micro-scale
components, which contain only a few grains along the width and/or thickness of the
component, there are not enough grains to establish a continuum. Therefore, micro-scale
components are expected to behave differently from macro-scale ones. More research is

necessary to clarify this size effect.

This work focuses on the micro-scale behaviour of a specific 316L stainless steel biomedical
component: the stent. The findings of this work should be applicable to a wide range of

micro-scale components made from different materials.

1.1 Objectives

The objectives of this research are:

- To obtain experimental data on the fatigue and fracture behaviour of 316L stainless
steel. This material is used to manufacture a microscopic biomedical component: the
intravascular stent.

- To carry out fatigue tests on microscopic and macroscopic plain and
notched specimens to compare macro- and microscopic material behaviour
- Microscopic specimen designs should contain typical stent features

- To modify existing theories of fatigue and fracture behaviour to take account of the
observed effects and enable prediction of the fatigue and fracture behaviour of micro-
scale components, using a combination of Computer Aided Design (CAD) and Finite
Element Analysis (FEA) techniques.

- To investigate if continuum mechanics can be used for micro-scale components
(where there are not enough grains to establish a continuum) or if single grain

behaviour has to be taken into account, e.g. through dislocation theory.



1.2 Atherosclerosis, balloon angioplasty and the intravascular stent

Since fatigue testing was carried out on 316L stainless steel specimens that were based on
stents, it is relevant to give some background information on the disease atherosclerosis and
the initial remedy; balloon angioplasty. Both have played an important role in the

development of stents.

1.2.1 Atherosclerosis

Atherosclerosis is a disease which results in a severe build-up of fatty deposit, or plaque,
inside large and medium sized arteries over a period of many years (Ross, 1999), see Fig.
1.2.1. The plaque formation reduces the effective diameter of the artery through which blood
can flow and is referred to as a stenosis. Obstruction of the blood flow from atherosclerosis
reduces the amount of blood and oxygen distributed to the tissue downstream from the
blockage. This can eventually lead to necrosis; death of tissue. In most cases this disease

occurs in the coronary arteries around the heart and can ultimately lead to a heart attack.

Blocked right
coronary artery

Fig. 1.2.1 Atherosclerosis in the coronary artery around the heart



The risk of a heart attack is not the only adverse effect of atherosclerosis. Plaque can also
break away and travel in the bloodstream. If this embolism (clot of foreign material) reaches
a small enough vessel, it can get stuck and cause a blockage, which in its turn can also result

in tissue necrosis. When this happens in the brain, a person experiences a stroke.

1.2.2 Balloon angioplasty

The first procedure that was developed as a remedy against atherosclerosis was balloon
angioplasty (Nobuyoshi et al, 1991). During this procedure a catheter with a balloon is
guided through the vascular system to the position of the stenosis. The balloon is inflated
within the vessel at the occlusion and the plaque is compressed against the arterial wall. After
the procedure, the balloon is deflated and removed, and blood flow is usually restored, see

Fig. 1.2.2.

A balloon-
tipped tube

is inserted in
coronary artery

Batlooh is expanded
several times

Fig. 1.2.2 Balloon angioplasty



1.2.3 The intravascuiar stent

The main problem of balloon angioplasty is restenosis; reformation of the occlusion. The
intravascular stent was developed to improve the outcome of balloon angioplasty (Sigwart et
al, 1987). A stent is a cylindrical wire mesh that remains within the artery as a permanent
reinforcement, see Fig. 1.2.3. The stent is navigated to the position of the blockage, where it
is deployed using balloon angioplasty thus trapping the plaque between the stent and the
arterial wall. The stent material is plastically deformed during the expansion process, which

fixes the stent in its expanded form inside the blood vessel.

Stent Stent Stent remains in
insertion expansion coronary artery

Fig. 1.2.3 Intravascular stenting

Arteries expand and decrease in size as a result of pressure changes and the pulsating nature
of the blood flow. It is therefore important to investigate the fatigue properties of the 316L
stainless steel, since the stent is cyclically loaded due to the beating of the heart. Stents are
normally designed to have a life of 10 years. This corresponds to roughly 395 million cycles

at an average heart rate of 75 beats per minute.



1.3 Fatigue prediction method: The Theory of Critical Distances (TCD)

A fatigue prediction method can be a helpful tool in the development of stents and other
components that are subjected to fatigue loading. Medtronic AVE Galway, who develop and
manufacture cardiovascular balloons and stents, use Computer Aided Design (CAD) and
Finite Element Analysis (FEA) as important design and development tools. It would be
useful for them to have a fatigue prediction method that can interface with CAD and/or FEA
programmes. At present most fatigue prediction methods are developed for macroscopic

components, e.g. automotive and aerospace components.

Microscopic components are expected to behave in a radically different way from large
components, because there are not enough grains to form a continuum material behaviour.
The orientation of a single grain becomes more important. The Theory of Critical Distances
(TCD) (Taylor, 1999) is a Fracture Mechanics based fatigue prediction method that was also
originally developed for large components (Taylor et al, 2000). The approach has been
implemented in easy to use software that can interact with CAD and FEA programmes. The
aim of the present work was to investigate whether the TCD could be used for microscopic

components and whether any modifications were required.

Most conventional Fracture Mechanics fatigue prediction methods can only be used on
components that contain a clearly defined crack or flaw. That aspect limits the use of these
methods since most components contain stress concentrations of arbitrary geometry. The
advantage of the Theory of Critical Distances is that it can predict the fatigue behaviour of

these arbitrary stress concentrations.

In publications over the past years, the Theory of Critical Distances (TCD) has been referred
to as the Critical Distance Method (CDM). Since the abbreviation CDM could be confused
with Continuum Damage Mechanics, the Critical Distance Method has been renamed as:

Theory of Critical Distances (TCD).



1.4 Fatigue in microscopic components

Fatigue in micro-scale components, where sizes are in micrometers (um), is a relatively new
area. These last couple of years, most work on micro-scale samples has been done on two
types of components and their corresponding materials: micro electro mechanical systems
(MEMS devices) and biomedical products. Testing related problems occurred that are
normally not encountered with macro-scale specimens, e.g. handling and gripping of fragile
specimens, manufacturing processes and finding/developing suitable test equipment. Micro-
scale components often have to be able to withstand millions of cycles, in the case of MEMS
devices even billions of cycles. Therefore, the test equipment has to be capable of testing at

high frequencies with good accuracy and measuring loads in the range of milli-Newtons.

Because of the problems with handling and gripping of the micro-scale specimens in
combination with the difficulty of manufacturing samples with good quality and
reproducibility, many researchers have chosen to test components instead of specimens.
Components are sometimes easier to handle and the manufacturing process already exists,
giving good reproducibility. Having to manufacture specimens of a different geometry to the

component, can be much more complicated.

Douglas (1998) obtained fatigue data for a digital micro-mirror manufactured by Texas
Instruments, a MEMS device. He predicted from macro-scale material properties that the
component would not be able to withstand 100 billion cycles, but experimental results
suggested otherwise; some components survived even 1 trillion cycles. An explanation given
for this effect is that the component is only one grain thick and there is not enough material
for dislocations to pile up and initiate fatigue cracks. It is clear that when sizes are in um, the
material behaves differently and macro-scale properties can no longer be used to predict the

behaviour of the component.

Even though it might be easier to test components, specimen tests should be carried out to
obtain material properties. Hadrboletz and co-workers (Hadrboletz et al, 1999) (Weiss and
Hadrboletz, 2002) studied the thickness effect, where they found that the number of grains

and the grain size influence the strength vs. thickness relation substantially.



Micro-scale wires are used for biomechanical applications. Matsuda and Yamamoto (1993)
have investigated the strength of these wires. Similar to research on MEMS devices, they did
not directly test material properties, but looked at the strength of a wire structure that fixes
together two broken pieces of bone. Scheiner et al (1991) looked at the strength of different

single and multi strand micro-scale wires of different materials.

The micro-scale area in fatigue is still in its infancy and a lot more work needs to be done,
especially because the general conclusion is that bulk material properties cannot be used to
predict micro-scale fatigue failure. However, no alternative methods for fatigue in micro-

scale samples and components have been proposed.

1.5 Overview

This thesis consists of 9 chapters. Chapter 2 gives a short introduction into Fracture
Mechanics and discusses several fatigue approaches, most of which are based on Fracture
Mechanics. In chapter 3, some of the prediction methods were altered to apply to short cracks
and micro-scale components. Experimental details, e.g. test machines used, microscopy and

specimen design, are stated in chapter 4.

Tests were carried out on two materials: stainless steel and aluminium. Chapter 5 gives a
summary of all the results and chapters 6 and 7 link the theory of chapters 2 and 3 to the
experimental results of respectively stainless steel and aluminium. Chapter 8 gives the

general discussion followed by the final chapter with the conclusions.



Chapter 2 Review of the Literature: Fatigue and
fracture of short cracks and notches

Several methods have been developed over the years in an attempt to predict fatigue failure
as a result of stress concentrations (e.g. notches, corners and holes). The problem with many
conventional approaches is that they can only be used when a crack is present or when the
stress concentration geometry is clearly described by a notch depth, D, and a root radius, p.
The application of these methods is limited, because most engineering components are of a
complex geometry, where no notch depth or root radius can be clearly determined. Finite
Element Analysis (FEA) has been a helpful instrument in developing new methods that are

capable of making fatigue predictions for components of arbitrary geometry.

This chapter gives an overview of important fracture mechanics parameters. It discusses the
influence of cracks and notches on the static tensile and on the fatigue behaviour of

specimens and it describes several prediction methods that are applicable to this work.

2.1 A brief introduction to fatigue and fatigue related terms

All engineering components and structures are subjected to some form of external loading.
As a result of these external forces, it is likely that a crack starts to grow and may even
propagate to failure. It is therefore necessary to look at the physical background: the material
cracking behaviour. Fracture Mechanics is an important tool that can be used to describe the
material cracking behaviour because of its capability to determine the stress field in the

vicinity of a crack or a notch.

2.1.1 Linear Elastic Fracture Mechanics (LEFM)

Before being able to analyse cracks and their propagation behaviour, it is necessary to define

several important Fracture Mechanics parameters. When a crack or flaw (e.g. notch) is
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present in a component, Linear Elastic Fracture Mechanics (LEFM) can be used to describe
the stress field around that crack as a result of the applied external loading. Linear Elastic
Fracture Mechanics assumes that the material behaves in a linear elastic manner, therefore,
any plasticity present at the crack tip is considered negligible. An important parameter in
LEFM is the stress intensity factor, K, which describes the severity of the mathematical

singularity at the tip of a crack as a result of an applied stress or an applied stress range:
K =FoJm (2-1-1)

where F represents the specimen geometry, o is the nominal stress as a result of the applied
external load and a is the crack length. For fatigue loading, equation 2-1-1 is in the form of
stress intensity factor range, 4K, because a stress range, 4o, is applied during fatigue cycling.

Several parameters based on the general equation 2-1-1 can be defined.

Fracture Toughness, K¢ :

K increases during crack growth for a constant applied stress range. If the applied stress in
combination with the crack length cause the corresponding K value to rise above the critical

value, failure will occur. This critical K value is called Fracture Toughness, K:
KC:FO'f\/m (2-1-2)

where oy is the stress at which the component fails and a is the corresponding crack length at
failure. Dependent on the loading mode, this parameter can be determined for tension, in-

plane shear and out-of-plane shear, respectively: K¢, K¢ and Kjjc.

Threshold stress intensity factor range, AKu:

An important parameter for fatigue crack propagation is the threshold stress intensity factor
range, 4K;. When the stress intensity range, 4K, for a certain geometry and loading
condition is below the threshold value, no cracks are assumed to grow. In other words, when
the stress intensity range is below the threshold value, no failure will occur even when a
crack is present. When 4K rises above the threshold value, a fatigue crack will start to

propagate and can potentially cause failure.
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Theoretical elastic stress concentration factor, K;:

The theoretical elastic stress concentration factor K, gives an indication of the stress gradient
of the crack or notch. It is defined as the ratio of the peak stress at the notch over the nominal
stress:

o (2-1-3)

25, notch
K, =—"—
O,

nominal

where 0,4 1 the peak stress at the notch or crack tip and ,ominas 1S the nominal stress.

2.1.2 Definitions of fatigue related terms

Initiation and propagation

Long discussions can be held on crack initiation and crack propagation. In this work it is
assumed that it is very easy for a crack to initiate, therefore, crack propagation is the
important factor in fatigue life determination. This implies that even at extremely low applied
stress ranges, cracks can form and propagate until they get stopped by a microstructural
boundary in the material. These initiated cracks are often stopped when they reach the grain

boundary.

Fatigue limit/Fatigue strength

Fatigue limit and Fatigue strength are commonly used fatigue terms, however, it is not
always clear what is meant exactly by these terms. The fatigue life of a component increases
when the applied stress range is reduced. For some materials, the fatigue life keeps increasing
with decreasing applied stress range, but for some steels, this relation levels off to a safe
minimum stress range value (often between 1 and 2 million cycles). The fatigue strength
should therefore be related to a certain number of cycles to failure. In this work, unless stated

otherwise, the fatigue limit, or fatigue strength is determined at 2 million cycles to failure.
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Fatigue life/Cyclic life

The fatigue life, or cyclic life, of a component or specimen is defined at the number of cycles

to which the specimen or component is subjected when failure occurs.

Gross vs. net

When a crack or notch is introduced in a component, the cross sectional area at that point is
reduced. Normally in LEFM studies, K and ¢ are determined at the larger, gross, area,
however, in this work these parameters were compared at the net area. Where necessary,

these will be distinguished, e.g. onxer and oross.

2.2 Cracks and their propagation behaviour

Nearly 50 years ago, Irwin proposed a new tool in the prediction of abrupt failures; the stress
intensity factor K. This tool could be used to describe the stress field around a crack. He also
showed that this stress intensity factor was related to the elastic energy required for the crack
extension process; Griffiths energy release rate. This energy release rate was the state of the

art method for crack extension in that period.

It took 10 years before the majority of researchers started to believe that the elastic parameter
K could actually be used in the analysis of fatigue crack growth, where plasticity is a
dominant factor. Especially because this new parameter was not based on dislocation theory,

which was the general consensus at that time.
Since then many researchers have contributed to the development of Fracture Mechanics.

This section discusses experimental data on cracks and their propagation behaviour, followed

by Fracture Mechanics based theories that describe these phenomena.
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2.2.1 The Smith and Miller diagram

The Smith and Miller diagram (Smith and Miller, 1978) shows the relation of data that were
obtained from experimental fatigue tests, see Fig. 2.2.1. The fatigue limits were determined
experimentally for a wide variety of notches in the same material. All specimens contained
notches of the same depth, but they had different values for the elastic stress concentration
factor, K;. The Smith and Miller diagram can assist in determining the safe and failure

regimes in a material containing notches of a constant depth.

Fati bunt sharp
l,?m%tue notches notches
(nominal ® |
stress) }
|
. FAILURE
b, |
l
U, |
P \ | LEFM
Tt el
~~__non-propagating cracks
| ol T o
SAFE ,
|
Kt

Fig. 2.2.1 Smith and Miller diagram

The Smith and Miller diagram distinguishes two notch regimes: blunt and sharp notches. In
the blunt notch regime, where the K, value is low, the fatigue strength is directly related to XK.
In the sharp notch regime, the notches behave as cracks and Linear Elastic Fracture
Mechanics can be used to define failure. The exact value for K, at the transition between

blunt and sharp notches depends on the material.
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The last regime to be defined in Fig. 2.2.1 is the non-propagating crack regime. From
experimental tests it was found that in some situations an initiated crack could arrest and stop
growing before failure occurred. These non-propagating cracks were only found at sharp
notches. Frost (1959) confirmed the finding of these non-propagating cracks which were
discovered a couple of years earlier by other workers and he did significant work in this area.

The Smith and Miller diagram is also known as the Frost diagram.

Section 2.4.1 discusses the Smith and Miller method, which includes equations to describe

the fatigue behaviour of blunt and sharp notches in a material.

2.2.2 The Kitagawa/Takahashi curve

The Kitagawa/Takahashi curve (Kitagawa and Takahashi, 1976) shows the experimentally
obtained relation between the fatigue stress range and the length of a crack in a component,
see Fig. 2.2.2. Three regimes can be found: the long crack regime, the physically short crack
regime and the microstructurally short crack regime. The focus of the diagram lies on both

short crack regimes, which was the new area in fatigue research at that time.
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Fig. 2.2.2 The Kitagawa/Takahashi curve
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The experimental long crack fatigue data can be described using the threshold stress intensity

factor, AKy:
AK, = FAc, \m (2-2-1)

where F is the geometry factor and 4o, is the stress range that causes failure at the fatigue
limit for a component with a corresponding crack of size a. The microstructurally short
cracks and the physically short cracks do not follow the LEFM threshold relation. Instead,
the experimental data bend towards the plain fatigue limit. Crack length a,, distinguishes the
long crack regime from the short crack regime; when a crack is longer than length a; it will

behave as a long crack.

Crack length a; indicates the transition between both types of short cracks, the
microstructurally and physically short cracks. Taylor (1989) estimated that for many
materials the ratio between a; and a, is: a, = 10a; where a; is roughly the distance to the first

microstructural boundary.

The length a, is the crack length where the plain specimen fatigue limit and the long crack
threshold prediction lines intersect. This crack length parameter a, is known as the El Haddad

short crack parameter, which will be discussed further in section 2.6.

2.2.3 The three crack regimes

Fig. 2.2.3 (Smith and Miller, 1978) gives an illustration of the three crack regimes: the long
crack regime, the physically short crack regime and the microstructurally short crack regime.
In the physically short crack regime the crack length a is smaller than roughly ten grains and
in the microstructurally short crack regime the crack length a is even less, around the

distance between two microstructural boundaries, e.g. the diameter of a grain or less.

Smith and Miller consider a crack to belong to the long crack regime when its length, a, is
larger than roughly a hundred grains. This contradicts with what was said in the previous

section, where Taylor estimated that a crack is long when its length is larger than 10 grains
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(Taylor, 1989). This demonstrates the complexity of the short crack regime, which is still

very much developing.
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Fig. 2.2.3 The three crack regimes (Smith and Miller, 1978)

One aspect people do agree on is that a long crack propagates within a continuum. The long
crack experiences average closure behaviour as a result of the negatively stressed wake of the
crack. For short cracks this wake has not been (fully) developed and the closure effect

increases with crack propagation until it reaches the constant long crack value.

In the microstructurally short crack regime, crack growth is dependent on the orientation of
one or a few single grains, while in the physically short crack regime there are a few more
grains, but still not enough to establish the long crack continuum. The physically short crack
regime is therefore the transition stage between a continuum and the behaviour of single

grains.
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When one looks at the growth behaviour of a short crack, it is very different from that of a
long crack. Crack growth is defined as the increase in crack length per cycle: da/dN. Short
cracks grow much faster than long cracks and at lower stress intensity factor values.
Therefore, short crack growth data can not be plotted in a single curve, because there is more

scatter, as can be seen in Fig. 2.2.4 (Taylor, 2002).

1E-5

®

1E-6 1 Typical long crack

Various short

cracks
1E-7 /,

Crack Growth Rate, da/dN (mm/cycie)

| 10 100
Stress Intensity Range (MPa,m)

Fig. 2.2.4 Short crack vs. long crack growth behaviour (Taylor, 2002)

2.2.4 Crack Closure

Among researchers, crack closure is believed to be one of the most important causes for the
difference in long and short crack growth behaviour. Crack closure is the effect that the crack
faces touch prematurely, whilst the applied stress intensity is still larger than zero. The crack
faces do not open at K,,;», but at the higher K,,, the opening threshold value. This mechanism

results in an effective stress intensity range, 4K,z which is smaller than 4K, see Fig. 2.2.5.
It is assumed that the part of the cycle between K, and K,, where the crack is closed, does

not contribute to the crack growth and that crack growth can be described by the effective

threshold, 4K 4:
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=K _-K (2-2-2)

efff max op

Fig. 2.2.5 Crack closure

Elber’s plasticity induced crack closure mechanism assumes that crack closure is caused by
the plastic wake of the crack (Elber, 1970). When a crack grows, the plastic zone at the tip
moves along with it, leaving a wake behind where residual compressive stresses are found,
see Fig. 2.2.6. These compressive stresses cause the crack faces to close prematurely, before

the minimum stress intensity factor is reached.

Intermediate
plastic zone Current Plastic Zone

Plastic Wake

Fig. 2.2.6 The plastic wake of a crack
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The reason why short cracks grow faster is simply because the closure effect does not
interfere with short crack growth as much as with long crack growth. A crack that has just
been initiated will show no crack closure behaviour, because the compressively stressed
wake has not yet been developed. Crack closure reduces crack growth rates. The longer the
crack becomes, the more closure occurs and the slower the crack grows, until a constant

closure value is reached for long crack growth.

Fig. 2.2.7 (Yu et al, 1998) shows how the opening stress, K,,, changes with crack length for a
loading ratio of —1. Initially, the opening stress is negative, but it increases with increasing
crack length until the constant long crack value is reached. o, is the stress amplitude, 4c is

the total crack extension from a pre-crack and w; is the initial plastic zone size.
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Fig. 2.2.7 Change of K,, with crack length (Yu et al, 1998)

Initially it was believed that crack closure only occurred in the compressive part of the
loading cycle. Elber (Elber, 1970) argued through his experimental data, that closure also
occurs under fully tensile loading (Gmin/Omax > 0). It is assumed that there is no closure when

the ratio of the minimum stress over the maximum stress is larger than about 0.6.
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Since the publication of Elber’s work in 1970, researchers have discovered other crack
closure mechanisms, e.g. oxide-induced closure, roughness induced closure, fluid induced
closure, crack deflection and crack bridging. Roughness induced closure could also be
especially important in the short crack regime, because it might not happen at short crack

lengths.

2.2.5 Short cracks in microscopic components

Fatigue research on microscopic components is still in its infancy. There are many
difficulties that arise with testing of small specimens and components and not many
experimental results are available in this area. This section discusses some of the data that is

available on the micro-scale area.

Fig. 2.2.8 shows the influence of nanometre-sized notches on the fatigue results of single
crystal silicon of the order of micrometers in bending for two applied loads; 50 and 100 mN
(Minoshima et al, 2000). The silicon crystal behaves elastically until it finally fails in a brittle
manner. The circular data point in the upper left corner does not have a negative notch depth.
It is shifted to the left, because otherwise it would coincide with the squared data point. Both

data points represent crystals with a notch depth of 0 nm.
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Fig. 2.2.8 Fatigue strength as a function of notch depth (Minoshima et al, 2000)
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Until a certain notch depth, the life of the single crystal is longer than 5 x 10* cycles, but
when the notch depth reaches a threshold value, the fatigue strength decreases dramatically to
one cycle to failure; static failure. This threshold notch depth decreases with an increasing
load. From this data it seems that the single crystal will either not fail at all in the range of 1-
5 x 10* cycles to failure, or fail in the first cycle, depending on the depth of the notch. This is
quite unusual, because normally for fatigue in macroscopic specimens, this change is not as

drastic.

Another set of experimental data on specimens of a few pum thick is by Sharpe and Bagdahn
(2002). Unlike Minoshima et al (2000), Sharpe and Bagdahn concluded that their polysilicon

microscopic material shows a stress-life curve similar to that of metals.

The final example of microscopic fatigue data is that of Hong and Weil (1996). They
compared the microscopic low cycle fatigue behaviour of thin copper foil to that of the

macroscopic wrought copper material, see Fig. 2.2.9.
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Fig. 2.2.9 Fatigue strength of macro vs. micro copper (Hong and Weil, 1996)
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The macroscopic copper material had a larger grain size than the microscopic material,
respectively 15 pm and 1 pm. Taking this difference in grain size into account, Hong and
Weil stated that the difference between the graph of the bulk copper, Bulk W, and the two
types of thin foils, AC and AF, is small. They concluded that the thickness only has a small

effect on the fatigue properties under stress control.

It is clear that more work needs to be done in the micro-scale area. Fatigue results are mostly
focussed on MEMS devices, which are only a few pm thick. This corresponds to a few grains
along the net section. The interesting aspect of the present work is therefore, to investigate if
continuum mechanics can still be used when there are only a few grains present in a
specimen or component. In this work the influence of the separate grains and the mechanisms
behind failure will therefore be ignored. These mechanisms can however play an important

role and should therefore be investigated further in the future.

2.3 Traditional fatigue failure prediction approaches

Several fracture mechanics based prediction methods were developed to predict the cracking

behaviour of the experimental data discussed in the previous section.

2.3.1 The Stress Life Approach

The Stress Life approach determines the fatigue life of a component, by reducing the un-
notched, plain specimen fatigue limit by the parameter K, that expresses the severity of the

stress concentration:

Ac (2-3-1)

where Ao,, is the prediction for the notched specimen fatigue limit and A4g, is the
experimental plain specimen fatigue limit. The value for the theoretical elastic stress intensity

factor K, can be obtained from handbooks (Peterson, 1953; 1974).
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Finite Element Analysis (FEA) was not used when the Stress Life method was first
developed. Nowadays, FEA is a convenient tool in Fracture Mechanics based analyses. The
parameter K, can be calculated easily through FEA by determining the stress at the root of the

notch, o, and dividing it by the nominal stress, Gnominas :

c (3.2

K = notch

t
nominal

Since the Stress Life method is based on the theoretical elastic stress concentration factor K,
it should only be used when there is no considerable plastic deformation present in the
material. The method works well for blunt notches, but if a notch becomes sharper, the stress
life approach tends to be somewhat conservative, because of the increasing amount of plastic

deformaiion in the matenal.

2.3.2 The Strain Life Approach

The Stress Life approach works well for blunt notches in the high cycle fatigue regime where
there is mostly elastic strain. In the low cycle fatigue region, the influence of plastic strain is
large and can no longer be ignored. The Strain Life approach relates the local strain at the
root of the notch to that of the un-notched material. Therefore, as well as the un-notched,
smooth material strain life behaviour, the stress-strain relation at the root of the notch needs
to be determined. The Neuber rule can be used to describe the stress-strain behaviour at the

notch root:
K =K K (2-3-3)

The strain concentration factor, K, is defined as the ratio of the maximum strain at the stress
concentration over the nominal strain. When yielding occurs, Hooke’s law is no longer valid,
and K. increases with respect to K;. The theoretical elastic stress concentration factor for a
plastic deformation situation can be approximated as the mean of the strain concentration
factor, K., and the stress concentration factor, K,, where K, is the ratio of the maximum stress

at the stress concentration over the nominal stress.

~23 -



Elastic-plastic Finite Element Analysis could be used to determine the strain concentration
factor, however, the results of an elastic-plastic analysis are not always satisfactory. In

general, the strain life approach does not work for sharp notches.

2.4 Fracture Mechanics approaches for fatigue failure prediction

2.4.1 The Smith and Miller approach

The Stress Life method works well for blunt notches, but is conservative for cracks and sharp
notches. Smith and Miller (1978) avoid this problem by distinguishing two notch regimes,
see Fig. 2.2.1: the blunt notch, or, notch-like regime and the sharp notch, or, crack-like
regime. They showed that predictions can be made for both regimes and that the higher of the
two results in the good prediction. Since the traditional Stress Life approach discussed in
section 2.3.1 works well for blunt notches, Smith and Miller use this method to make a
prediction for blunt notches. The prediction method for cracks and sharp notches is based on
the assumption that the behaviour of a sharp notch is similar to that of a crack and therefore,

fracture mechanics applies:

V| (2-4-1)

i th
on F ’IID

where 4Ky, is the threshold stress intensity factor range. This is simply the standard fracture
mechanics equation, however, the crack length has been replaced by notch depth D. When
the equivalent stress intensity factor range, 4K, for a component of arbitrary geometry is
below the threshold, crack growth is not expected. When the 4K of a component is above the
threshold value, a crack will start to grow and this crack has the potential to cause failure. F

is the geometry factor.

The Smith and Miller approach has a limited applicability, because it requires the geometry
factor F and a clear notch depth or crack length. Most engineering components are of

complex geometry and shape, and have no crack or clearly described notch.
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2.4.2 The Crack Modelling Method (CMM)

The limitations of the Smith and Miller method led Taylor and co-workers (Taylor, 1996)
(Wang et al, 1999; 2000) to the development of the Crack Modelling Method. This fracture
mechanics approach can be used on components without clearly defined notches by
modelling the arbitrary stress concentration as a crack. This substitute crack can then be used

in conventional fracture mechanics equations.

The Crack Modelling Method (CMM) compares the stress field ahead of an arbitrary stress
concentration in a component obtained by Finite Element Analysis (FEA), to a known stress
distribution for an ideal centre crack in an infinite plate. The idea is that the fracture
mechanics parameters of the ideal centre crack can be used to describe the stress field of the
arbitrary stress concentration, because similar stress fields are expected to behave in a similar

manner.

A Finite Element model (e.g. ANSYS) is used to obtain a stress-distance curve for a
component as a result of an externally applied load. The highest stress generally occurs at the
root of the stress concentration and it reduces with the distance ahead of the notch. The path
along which the stress distance curve is plotted normally starts at the highest stress and runs

perpendicular to the loading direction.

This stress distance curve is then compared to Westergaard’s equation (Westergaard, 1939)
for the stress distribution ahead of a centre crack of length 2a,, in an infinite plate loaded with

tensile stress o,,:

o (2-4-2)

w

[ee

where r is the distance ahead of the crack. Parameters a,, and o, are varied until a best fit

O =

with the FEA stress distance curve is obtained.
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When both a, and o, are determined, they are put into equation 2-1-1 to obtain a
corresponding 4K value. The assumption is made that the stress field of the component can
be described by Westergaard’s parameters. Fig. 2.4.1 is a schematisation of the Crack

Modelling Method.
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24, =) Y these loads, L.

X v v Y Distance,r Y’

Model Crack Geometry Stress along Y-Y'

Fig. 2.4.1 Schematic illustration of the CMM

Westergaard’s stress intensity factor value is then compared to the threshold value for the
material to determine whether failure will occur and what the corresponding fatigue limit for
that loading situation will be. The Crack Modelling Method (CMM) is only applicable to
cracks or crack-like stress concentrations (i.e. sharp notches). It needs to be used in
conjunction with the Stress-Life approach as discussed in section 2.3.1, to cover the blunt
notch regime. The highest of the Stress Life and CMM predictions is the actual component

prediction.
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2.5 Critical Distance approaches for fatigue failure prediction

In some situations, the fatigue life of a component that experiences a very high local stress is
not affected as much as would be expected from a traditional Stress Life analysis. The
distribution of the stress directly ahead of the stress concentration is of great importance. If
there is a very high stress gradient, a high local stress can be reduced within a short distance
to a safe level. On the other hand, if the stress gradient is shallow, a lower local stress that is

not reduced over a short distance from the stress concentration can be much more dangerous.

With this effect in mind critical volume methods were developed. Instead of using the
maximum local stress as an indication of the severity of the notch, the average stress in a
specific critical volume surrounding the notch was taken. This average stress may be

significantly smaller than the highest stress at the stress concentration.

Simplifications of the critical volume methodology were developed, which consider the
average stress over a critical distance or at a critical point close to the stress concentration
instead of over a critical volume. The critical volume, distance or point is assumed to be a

material property.

2.5.1 The Neuber approach and the Peterson approach

Over the years many researchers have worked on the critical distance theory (Siebel and
Stieler, 1955), (Mitchell, 1979) and (Klesnil and Lucas, 1980). The two critical distance
approaches that are mostly used in industry because of their simple implementation are

Neuber (1958) and Peterson (1959).
The theoretical stress concentration factor K is often found to be somewhat conservative in

predicting the fatigue strength. Therefore, the fatigue strength reduction factor K, was

introduced. K represents the relation between the plain and notched specimen fatigue limits:

-27-



Ao, (2-5-1)

K. =
4 Ao,

The value for K, as given in equation 2-5-1 can only be determined through experimental
data. Neuber and Peterson developed theories to predict the value of K. Neuber’s relation is
given in equation 2-5-2:

- 2-5-2
Kf:l+K' 1 ( )

where r, is an empirically determined characteristic critical length of the material and p is the
root radius of the notch. A simple description of Neuber’s method is that he averages the
stress over a critical length ahead of the crack tip and compares it to the critical stress of the
material, i.e. to the fatigue limit A4o,. However, it is not as simple as that. Neuber’s method
was developed in the late fifties, where Finite Element analysis was not as common as it is
now. Therefore, equation 2-5-2 is an approximation of the stress field at notches and only the

root radius and notch depth are required to define the severity of the notch.

Peterson defines his approximation of the K, relation as follows:

K =1 (2-5-3)

where r, is Peterson’s empirically determined characteristic critical distance of the material.
A simple formulation of Peterson’s method is that he determines the stress at a fixed distance
ahead of the notch root and compares it to the critical stress of the material. Similar

assumptions as for Neuber’s method had to be made.
One restriction of these approaches is that the component cannot be of arbitrary geometry,

because a root radius is required in equations 2-5-2 and 2-5-3. Another restriction is that, due

to the nature of the equations, problems occur when the root radius is equal to zero.
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2.5.2 The Theory of Critical Distances (TCD)

The Theory of Critical Distances (Taylor, 1999) is based on general Fracture Mechanics
concepts. Taylor pointed out that the critical distance can be determined explicitly for the
case of a crack using standard Fracture Mechanics parameters. Assuming that a crack is
simply a notch with a root radius equal to zero, this critical distance approach has also been

tested on notches, generally resulting in good predictions (Taylor, 2001) (Taylor et al, 2000).

Four different critical distance variations were derived: the Point Method (PM), the Line
Method (LM), the Area Method (AM) and the Volume Method (VM). Failure of a
component is predicted when the stress at a point (PM), or the average stress over a line
(LM), or the average stress over an area (AM), or the average stress over a volume (VM) is

greater than the un-notched, plain specimen fatigue limit.

area

Fig. 2.5.1 Theory of Critical Distances (TCD)

Critical distance, L, was defined as follows:

L=—
T

1( AKy, . (2-5-4)
Aoy,
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with the four corresponding critical distance variations, r,:

2 (2-5-5)
Point Method (PM) p i o or &
2\ Ao, 2
2 (2-5-6)
Line Method (LM) r = E(S‘ﬁ’lJ or 2L
z\ Aoy,
Area Method (AM) r.=1.32L (radius) (2-5-7)
Volume Method (AM) 7. =1.54L (radius) (2-5-8)

The Area Method and Velume Method are not commonly used, because it can be difficult to
obtain an average stress over an area or in a volume around the stress concentration. The
Point and Line Method are more convenient to use, because a stress-distance plot can easily
be obtained from an FEA analysis of the component in question. The stress is determined at
the critical point or over the critical distance and compared to the fatigue limit. If the stress is

below the plain fatigue limit, the design is safe, if it is above, failure will occur.

Tanaka (1983) proposed a similar approach, but did not test his method. Fujimoto and co-
workers (Fujimoto et al, 2001) independently presented a reduced version of the TCD

approach and named it The Inherent Damage Zone Model.

2.6 El Haddad'’s short crack parameter a,

Many researchers work with the idea that for the physically short crack regime continuum
mechanics should be applicable, provided that a correction is used to take into account the
short crack growth behaviour. El Haddad et al (1979) have presented a method to predict
short crack behaviour. The focus of their work lies on cracks, so no root radius is required.
Good agreement was found between their method and experimental data on steel and

aluminium alloys (El Haddad et al, 1980) (El Haddad and Miettinen, 1982).
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Short cracks grow faster than long cracks, or, in other words, the short crack behaves as
though it is longer than it physically is. The parameter a, was introduced by El Haddad as an
empirical crack length to extend the short crack. The stress intensity factor of this effective

crack length (a + a,) can be defined as follows:

AK = FAG [7(a+a,) (2-6-1)

Because the extra crack length a, is relatively small, it is negligible for long cracks. Equation
2-6-1 will therefore describe both short crack behaviour and long crack behaviour. The
assumption was made that it is very easy for a crack to initiate even at low stress ranges.
Therefore, at the threshold, above which these initiated cracks or flaws start to propagate, a,
is relatively large in comparison to crack length and the threshold stress intensity factor can

be simplified to:

AK, = FAc,\/m, (2-6-2)
and rewritten to be:
_1( 8K, ) 5o
* m\FAo,

When geometry factor F is unity, El Haddad’s parameter is the same as critical distance L
defined by Taylor in equation 2-5-4. El Haddad’s method is often found to be somewhat

conservative.

The El Haddad short crack parameter can be used in conjunction with long crack fatigue
prediction approaches like Smith and Miller’s and the Crack Modelling Method (CMM)
provided that the component’s stress concentration is a clearly defined notch. It was actually
Smith (1977) who introduced the idea of a,, which he called the intrinsic crack length, but

the concept has become known as the El Haddad short crack parameter a,.
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2.7 Resistance curves

The Resistance-curve method is a Linear Elastic Fracture Mechanics approach, which
predicts the fatigue limit at a sharp notch where non-propagating cracks occur. Yates and
Brown (1987) based their study of this method on the Kitagawa/Takahashi diagram. Klesnil
and Lucas (1972) used a slightly different stress intensity factor for short cracks.

The Resistance-curve describes the stress intensity factor threshold, 4K, as a function of
crack length a. To determine when and if non-propagating cracks occur and what the
corresponding fatigue limit will be, the threshold curve is compared to a 4K curve. This 4K
curve shows how the stress intensity increases with a as the crack grows from a certain notch
geometry for an applied stress range. 4Ky, has a constant value for long cracks, but it reduces
for short cracks as can be seen in Fig. 2.7.1. Because of the small relative curvature of the
threshold line at the point of tangency with the 4K curve, it is difficult to predict the non-

propagating crack length at the fatigue limit with high accuracy.

./
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A Ky, El Haddad

Crack Length, a

Fig. 2.7.1 El Haddad and Tanaka’s Resistance curves
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El Haddad’s and Tanaka’s threshold relations for a fictitious material are shown in Fig. 2.7.1.
The dotted, dashed and dash dot lines are 4K curves for different applied nominal stresses
Ao. Altering the loading conditions for the same specimen geometry shifts the 4K curve

upwards or downwards.

Assuming that a crack will not grow until its applied stress intensity value rises above the
threshold value, several situations can occur. When the applied 4K curve is above the
threshold curve, the dash dot line in Fig. 2.7.1 with an applied 4o of 110 MPa, a crack will
keep on growing until failure occurs. When the applied 4K line is tangent to the threshold
curve, the dashed lines in Fig. 2.7.1, the applied stress for that specific geometry is
considered to be the fatigue limit and the corresponding crack length the maximum non-
propagating crack length. When the 4K curve starts above the threshold curve, but crosses
over at a certain crack length, the crack will stop growing and becomes non-propagating, the
dotted line in Fig. 2.7.1 with an applied stress of 40 MPa. The length at which the 4K line
crosses the threshold curve is the length of the corresponding non-propagating crack for that

particular geometry and applied stress range.

2.7.1 El Haddad’s Resistance-curve relation

Equation 2-7-1 describes the threshold relation according to E1 Haddad (El Haddad et al.,
1979; 1980), as discussed in section 2.6. This equation corresponds to the threshold curve

shown in Fig. 2.7.1:

P 2-7-1)
AKIh

AK gy =
ata,

where AKuen is E1 Haddad’s threshold value which changes with crack length and 4Ky, is the

constant threshold value for long cracks.
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2.7.2 Tanaka’'s Resistance-curve equation

Tanaka and co-workers (Tanaka, 1983), (Tanaka and Nakai, 1983; 1984) (Akiniwa et al,
1996) have proposed a model for the threshold curve which is based on the effective stress
intensity factor for long cracks, AK.ms. This approach takes the crack closure effect into
account. Tanaka defined 2 characteristic length parameters; ¢, and c¢,. When a crack is longer
than c,, the crack is a long crack (crack closure is constant) and length ¢, is roughly the
distance to the first microstructural boundary, see equation 2-7-5. The threshold curve that

was shown in Fig. 2.7.1, is a combination of equations 2-7-2, 2-7-3 and 2-7-4:

Koprh =98.8\a— ¢, for G, =a=0c (2'7'2)
Knplh = Koplluu for cZa (2-7'3)
Kmaxlh - Knplh + AKeﬂ‘ih (2_7-4)

where Ko, is the stress intensity factor at the point where the crack starts to open, which
reduces with reducing crack length. K, is the constant opening stress intensity factor for
long cracks. K. is the maximum stress intensity factor at the threshold for the applied load
range and AK .z, is the threshold effective stress intensity range for long cracks, also a
constant. The constant 98.8 in equation 2-7-2 is an experimentally determined value for the
structural carbon steel JIS S45C that Tanaka used in his work. That constant will therefore

change with material.

Equations 2-7-2 and 2-7-3 describe the behaviour of K,,4, respectively for the short crack

regime and for the long crack regime. Equation 2-7-5 defines length parameter c,:

0

2 -/=
¥ AK (2-7-5)
z\1.122406,

where 1.122 is the value for the geometry factor for an edge crack. Length parameter c, is

similar to El Haddad’s parameter a, for an edge crack, but Tanaka uses the effective
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threshold, 4K g, instead of the long crack threshold, 4K;. Parameter c; represents the length

where the long crack threshold takes over, or, where equations 2-7-2 and 2-7-3 are equal.

Tanaka assumes that even at very low stresses, cracks will grow until they are stopped by the
first micro structural boundary, e.g. the grain boundary, at a distance of roughly c,. In other
words, there is no substantial resistance against crack growth until the crack reaches the first

boundary, i.e. 4K, = 0, as shown by Tanaka’s threshold curve in Fig. 2.7.1.

2.8 A micro-scale approach: The Suo/KK method

The Suo/KK approach was not developed as a fatigue approach, but as a static fracture
prediction method for ceramics with notches by Suo (Suo et al., 1993). It was studied further
by Keith and Kedward (1997), who emphasized the importance of finite specimen size. This
method can therefore be used on micro-scale components. Since both research groups have

made important contributions to this method, it will be referred to as the Suo/KK-method.

The prediction for static failure at the gross section, o,.Gross, is determined by dividing the

static tensile strength by a term that defines the severity of the notch:

s
. o, (2-8-1)

onGROSS — E >
(1—“] +mF?| %o
w K.

where o, is the static tensile strength for a plain specimen, w is the width of the specimen and

Kc is the fracture toughness. Substituting typical static failure parameters by fatigue

parameters can make the method applicable to fatigue, see section 3.3.
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2.9 The influence of notches on the tensile behaviour of components

This section discusses the influence of notches on the tensile behaviour of a material. When a
notch is introduced in the material, the material is expected to be weaker, resulting in a
failure stress that is lower than the UTS of the material. However, when there is a tri-axial
stress state in the material (constraint), the failure stress of the notched specimen can be

found to be higher than the UTS. This effect is known as notch strengthening.

Notch strengthening is a theory about the increase of the yield strength. It only occurs for
specific notches; usually for a circumferential notch in a cylindrical specimen. The increase
of failure stress is due to the constraint caused by the notch, which results in a situation more
like plane strain than plane stress in the net section of the specimen. The material at the root
of the notch wants to contract when it reaches the yield stress, however, it is constrained by
the rest of the material that is still behaving elastically. Because of the tensile stresses in the
other two principal directions, the axial stress to initiate plastic deformation is increased. The
deeper the notch, the greater the plastic constraint will be (Andrews and Gibson, 2001)
(Huang et al, 1996).

2.9.1 Tensile behaviour in microscopic specimens or components

Since fatigue properties have been found to change with specimen size, it is interesting to

investigate the tensile properties at the microscopic level.

Hong and Weil (1996) have compared the tensile properties of macro and micro copper foils.
Table 2.9.1 gives a summary of the tensile properties of these foils. Two copper micro foils
were specified, because they were manufactured in a slightly different manner. The grains in

the macro material were 15 times larger than those in the micro material.
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Table 2.9.1 Tensile properties of copper foils (Hong and Weil, 1996)

Micro 1 Micro 2 Macro
Grain size: Grain size: Grain size:
1 pm 1pm 15 pm
0.2 % Proof stress [MPa] 262 315 85
True UTS [MPa] 392 426 275
Fracture strain [%)] 13 12 30

The micro material has a substantially higher proof strength and UTS, but a lower strain to
failure than the macro material. Hong and Weil attributed the higher strength of the micro
material to higher dislocation densities, twin densities and small grains. Both the micro and

the macro material showed necking before failure.

Minoshima et al (2000) have investigated the influence of nanometre sized notches on single
crystal silicon microelements. They found that single crystals are sensitive to notches, even to
notches in the range of hundreds of nm. The fracture strength decreased as a result of these

notches, see Fig. 2.9.1. The un-notched single crystals showed significant scatter as can be

seen for a notch depth of 0.
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Fig. 2.9.1 Fracture data for silicon single crystals (Minoshima et al, 2000)
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2.10 Concluding remarks

One of the aims of this work is to investigate whether continuum mechanics can be applied to
situations where there are not enough grains to form a continuum, e.g. microscopic
components. Therefore, this chapter has taken the continuum mechanics point of view on
crack behaviour and prediction methods. The underlying fracture mechanisms, e.g.
dislocation theory, have been ignored in this work, but these mechanisms should be

investigated in the future.

Even though some work has been done in the microscopic area, this has not resulted in a
variety of prediction theories directly applicable to microscopic components. Chapter 3 will
discuss ideas to alter existing prediction methods (based on long cracks in macroscopic

components) to apply to short cracks and micro-scale specimens.
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Chapter 3 Adapting fatigue methods to apply
to short cracks and micro-scale specimens

This chapter discusses several ideas to adapt the existing macro fatigue prediction methods to
apply to short cracks and micro-scale components. The proposed short crack and micro-scale
corrections can be divided into two groups:
- Applying a correction factor to the long crack prediction value (applicable to
Smith and Miller and to the Crack Modelling Method)
- Reducing the threshold value, 4K}, which is constant for long cracks (applicable

to the Smith and Miller method and to the Theory of Critical Distances)

The Suo/KK approach, which is a micro-scale static failure method and does therefore not

require a short crack correction factor, is made applicable to fatigue in section 3.3.

3.1 Short crack corrections to be applied to the long crack prediction

The first approach to making a short crack correction to micro-scale components is to apply a

correction factor to the long crack prediction value.

3.1.1 The El Haddad short crack correction

El Haddad’s short crack parameter a,, which was discussed in section 2.6, can be used to
make the Smith and Miller and the CMM applicable to short cracks (Wang, 1999) (Taylor
and Wang, 2000). The short crack correction factor, sccgy, in equation 3-1-1 has to be

applied to the conventional prediction value based on the long crack parameters:

a (3-1-1)

a+a,

sCCpy =

For crack-like notches a is equal to the notch depth.
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The problem with this approach, as mentioned before, is that in order to calculate a,, the
notch depth or crack length is required. For most engineering components no clear notch
depths can be distinguished and therefore, this short crack correction can only be used in

limited situations.

3.1.2 The Westergaard short crack correction

A solution to the problem encountered with the El Haddad short crack correction, that it
requires a clearly defined notch depth or crack length, might actually lie within the Crack
Modelling Method itself (Wang, 1999) (Taylor and Wang, 2000). The CMM proposes a
substitute crack length, a,, to describe the behaviour of a component of arbitrary geometry
with no clear notch depth. One could argue that this a, could in fact be used as a substitute
notch depth or crack length. The short crack correction, scc,, has to be applied to the long

crack prediction value:

5 (3-1-2)

a, ta

w o

scc,, =

3.2 Short crack corrections on the basis of a reduced threshold value

A problem with the Theory of Critical Distances (Taylor, 1999), or for that matter any other
critical distance approach, is that for micro-scale specimens the critical distance may lie
outside the specimen. If that is the case, it is impossible to use the Point Method and the Line
Method unless there is a reason to suppose that the critical distance should be reduced in
specific situations. Since the critical distance is closely related to the threshold value for the

material, this would imply a reduction in the value for 4Kj.
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One could make the assumption that the critical distance is related to the non-propagating
crack length. The idea behind the Theory of Critical Distances is that by comparing the stress
at a critical distance ahead of a stress concentration, one can determine if failure will occur or
not. A similar argument can be made for non-propagating cracks. If a crack is longer than the
non-propagating crack length, it is assumed to grow until failure occurs, provided that the
applied nominal stress remains the same. Therefore, both by looking at the stress at the
critical distance and by determining if a crack is non-propagating or not, the decision is made
if fatigue failure will occur or not. The next logical step would be to imply that both could be

related.

By extension of this logic, it can be argued that the length of a non-propagating crack will be
characteristic of the critical distance if it has been shown that the crack has indeed stopped
growing. For macro-scale components the non-propagating crack length is constant, but for
small specimens the non-propagating crack length reduces, see Tables 3.2.1, 3.2.2 and 3.2.3.

This suggests that the critical distance should also be reduced for micro-scale samples.

To obtain more understanding when this reduction of non-propagating crack length occurs,
Tanaka’s Resistance-curve method, as discussed in section 2.7.2, was studied into more
detail. The equations that Tanaka uses to describe the threshold curve (2-7-2, 2-7-3 and 2-7-
4) require specific experimental data, therefore, this analysis will be done on the structural
carbon steel JIS S45C studied by Tanaka and co-workers (Tanaka and Nakai, 1983; 1984)
(Akiniwa et al, 1996). Different combinations of specimen width and notch depth were
analysed to understand the influence of the specimen geometry on the non-propagating crack

length.

Tanaka defined two important length parameters: ¢, and c,. It is assumed that a crack will
always grow until it reaches the first structural boundary of the material, which corresponds
to length parameter c¢,. Parameter c; resembles the crack length where the threshold curve
reaches its constant long crack value. El Haddad’s Resistance-curve relationship, discussed in
section 2.7.1, was also analysed because it only requires standard experimental data and can
therefore be used more widely. The difference between El Haddad’s and Tanaka’s method is
that El Haddad’s threshold curve is not a material property; it changes with geometry,

because a, changes with the F factor.
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Tables 3.2.1, 3.2.2 and 3.2.3 show the results of an analysis of Tanaka’s Resistance curve
method to predict the non-propagating crack length as a result of geometry changes: notch
depth changes and width changes in respectively a Single Edge Notch Tensile (SENT)
specimen, a Centre Crack Tension (CCT) specimen and a Double Edge Notch (DENT)
specimen. Each table consists of four sections: section a) is a summary of the material
properties of Tanaka’s material (JIS S45C), section b) analyses the change in non-
propagating crack length with a changing notch depth at three constant widths, in section ¢)
the width is changed for four different constant notch depths and section d) analyses
geometries that represent micro-scale specimens, i.e. specimens where the‘width, w, is
smaller than the long crack non-propagating crack length. Analysing these tables gives an
idea of how the non-propagating crack length, and therefore also the critical distance,

changes with geometry and size.

Table 3.2.1a) Important material properties required for the JIS S45C material

R o, UTS Ao, &5 c; AKy AK g 5]
[MPa] [MPaj [MPa] [mm] [mm] [MPaVm] [MPaVm]
-1 316 570 446 0.044 0.59 10.52 2.94

Table 3.2.1b) Change in non-propagating crack length with changing notch depth for SENT

Depth NPC length Fatigue Limit (net section)
D [mm] [MPa]
(mm] El Haddad Tanaka El Haddad Tanaka
w=14 w=6 w=1 w=14 w=6 w=1 w=14 w=6 w=1 w=14 w=6 w=1
0.01 0.04 [ 0.035 | 0.02 co co o 360 360 | 355 | 435 | 435 | 435
0.05 008 | 0.08 | 0.06 | 005 0.06 0.05 282 284 | 263 | 320 | 320 | 310
0.1 012 | 0.12 | 007 | 007 0.07 0.06 245 245 210 | 268 | 263 | 235
0.25 018 | 0.17 | 0.07 | 0.13 0.13 0.06 192 188 135 | 200 | 196 | 130
0.5 024 | 022 | 004 | 031 02 0.06 154 145 65 160 | 148 | 46
0.75 03 | 024 | 002 | 047 026 0.06 132 120 25 138 | 120 14
1 032 | 024 | N/ e 0.29 N/a 117 102 N/a | 123 | 101 | N/a
5 029 | 003 | N/ PR 030 N/a 38 8 N/a 38 6 N/a
8 0.15 | N N/a e N/a N/a 17 N/a N/a 15 | Na | N
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Table 3.2.1¢) Change in non-propagating crack length with changing width for SENT

Width NPC length [mm] Fatigue Limit (net section) [MPa]
Lid El Haddad Tanaka El Haddad Tanaka

[mm] D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=05 D=0.1 D=2 D=0.75 D=0.5 D=0.1
1 N/a 0.02 0.04 0.07 N/a 0.055 0.06 0.06 N/a 25 65 210 N/a 14 47 235
2 N/a 0.08 0.11 0.09 N/a 0.09 0.09 0.065 N/a /o) 112 235 N/a 64 103 260
5 0.12 0.19 0.20 0.12 0.24 0.23 0.18 0.07 50 115 142 242 43 114 144 269
8 0.22 0.24 0.25 0.12 0.46 0.34 0.25 0.07 69 125 150 245 67 128 155 270
14 0.33 0.28 0.26 0.12 c 0.48 0.3 0.07 82 130 155 245 87 138 159 270
18 0.40 0.28 0.26 0.12 c 0.55 0.32 0.07 86 135 155 245 93 140 160 270
20 0.45 0.28 0.26 012 c (33 0.32 0.07 88 135 155 245 95 142 161 270
25 045 0.30 0.26 0.12 c; c; 0.35 0.07 90 135 155 245 98 143 162 270
50 0.50 0.30 0.26 0.12 c> (33 0.35 0.07 92 137 158 245 103 144 162 270

Table 3.2.1d) Change in non-propagating crack for microscopic SENT geometries

Depth NPC length [mm] Fatigue Limit [MPa]
D El Haddad | Tanaka | El Haddad | Tanaka
[mm] w=04 w=04 w=04 w=04
0.05 0.04 Co 220 245
0.1 0.04 co 160 150
0.15 0.03 Co 118 90

Table 3.2.2a) Important material properties required for the JIS S45C material

R o, UTS Aoo Co (&) AK", AK(H'
[MPa] [MPa] [MPa] | [mm] | [mm] | [MPaVm] | [MPaVm]
-1 316 570 446 0.044 0.59 10.52 2.94

Table 3.2.2b) Change in non-propagating crack length with changing notch depth for CCT

%2 Depth NPC length Fatigue Limit (net section)
D [mm] [MPa]
fonin] El Haddad Tanaka El Haddad Tanaka
w=ld  w=6  w=l w=14 w=6 w=1 w=14  w=6  w=1 w=14  w=6  w=l
0.01 004 [ 002 | 003 | < c e | 365 [ 370 | 380 | 450 | 450 | 450
0.05 009 | 009 | 007 | 0.06 | 005 | 006 | 295 | 295 | 290 | 365 | 365 | 350
0.1 0.13 | 0.14 | 008 | 007 | 007 | 006 | 258 | 255 | 235 | 300 | 300 | 280
0.25 020 | 0.19 | 008 | 0.15 | 0.14 | 006 | 205 | 205 | 148 | 225 | 222 | 160
05 028 | 026 | Nia | 034 | 026 | Na | 167 | 160 | N/a | 180 | 174 | Nia
0.75 034 028 | Na | e | 03 | Na | 145 | 137 | Na | 159 | 146 | NAa
1 040 | 030 | Nia | ¢ | 038 | Na | 130 | 117 | Nia | 144 | 126 | Nia
s 026 | Na | Na | e | Na | Na | 45 | Na | Na | 44 | Na | Na
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Table 3.2.2¢) Change in non-propagating crack length with changing width for CCT

Width NPC length [mm] Fatigue Limit (net section) [MPa]

w El Haddad Tanaka El Haddad Tanaka

[mm] D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D-0.1 D=2 D=0.75 D-0.5 D-0.1
1 Na | N/a | N/a | 009 | Nla | Na | Na | 006 | N/a | N/a | N/a | 235 | N/a | N/a | N/a | 280
2 Na | 008 | 012 | 013 | N/a | 006 | 0.08 | 006 | Naa | 78 | 125 | 248 | Na | 73 | 130 | 295
5 02 | 026 | 021 | 013 | 012 | 027 | 023 | 007 | 53 | 133 | 168 | 255 | 45 | 141 | 170 | 300
8 031 | 031 | 029 | 0.13 | 045 | 0.41 | 028 | 0.07 | 82 | 142 | 165 | 258 | 85 | 152 | 177 | 300
14 048 | 032 | 03 | 013 | 054 | ¢, | 036 | 007 | 95 | 145 | 166 | 258 | 106 | 159 | 180 [ 301
18 050 032 [ 03 [013 | ¢, | ¢, | 036 | 007 | 99 [ 146 [ 167 [ 258 [ 110 | 160 | 180 | 301
20 050 [ 033 [ 03 | 013 | ¢, | ¢, | 036 | 007 | 100 [ 146 | 167 | 258 [ 112 | 160 | 181 | 301
25 050 | 035 | 03 | 013 | ¢, | ¢, | 039 | 007 | 101 | 147 | 167 | 258 | 113 | 161 | 181 | 301
50 050 | 035 | 03 | 013 | ¢, | ¢, | 039 [ 007 | 103 | 148 | 167 | 258 | 115 | 162 | 181 | 301

Table 3.2.2d) Change in non-propagating crack for microscopic CCT geometries

%2 Depth NPC length [mm] Fatigue Limit [MPa]
D El Haddad Tanaka | El Haddad | Tanaka
[mm] w=0.4 w=104 w=04 w=04
0.05 0.04 Co 240 305
0.1 0.04 c 175 185
0.15 0.03 c 110 55

Table 3.2.3a) Important material properties required for the JIS S45C material

R gy UrTs /‘0’,, Co C AKm AK,ﬂ'
[MPa] [MPa] | [MPa] | [mm] [mm] [MPaVm] | [MPaVm]
-1 316 570 446 0.044 0.59 10.52 294

Table 3.2.3b) Change in non-propagating crack length with changing notch depth for DENT

Depth NPC length [mm] Fatigue Limit (net section) [MPa]
D El Haddad Tanaka El Haddad Tanaka
[mm] w=14 w=6 w=1 w=14 w=6 w=1 w=14 w=6 w=1 w=14 w=6 w=1
0.05 0.08 0.07 0.09 c3 0.08 ¢, 240 240 240 325 325 325
0.1 0.13 0.13 0.09 0.07 0.07 0.07 210 210 205 267 270 270
0.25 0.19 0.20 0.09 0.15 0.14 | 0.07 165 165 135 202 202 172
0.5 0.25 0.29 N/a 04 033 N/a 135 133 N/a 163 162 N/a
0.75 0.32 0.30 N/a c; 047 N/a 117 116 N/a 145 142 N/a
1 0.38 0.33 N/a ¢ 0.5 N/a 105 102 N/a 133 126 N/a
L) 0.38 N/a N/a () N/a N/a 42 N/a N/a 51 N/a N/a
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Table 3.2.3¢) Change in non-propagating crack length with changing width for DENT

Width NPC length [mm] Fatigue Limit (net section) [MPa]

w El Haddad Tanaka El Haddad Tanaka

[mm] D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D=0.1 D=2 D=0.75 D=0.5 D=0.1

1 N/a | N/a | N/a | 009 | Nfa | N/a | N/a | 007 | N/a | N/a | N/a | 205 | N/a | N/a | N/a | 265

2 N/a | 009 | 0.14 | 013 | N/a | 008 | 012 | 007 | N/a | 76 | 133 | 210 | N/a | 80 | 139 | 270

5 017 | 028 | 026 | 0.13 | 0.18 | 038 | 031 | 007 | 52 | 114 | 134 | 210 | 56 | 140 | 162 | 270

) 036 | 033 | 026 | 013 | 053 | 038 | 04 | 007 | 74 | 117 | 134 | 210 | 91 | 145 | 163 | 270

14 050 | 033 [026 | 013 | ¢, | c; | 04 |007 | 80 | 117 | 134 | 210 | 105 | 146 | 163 | 270

18 049 | 033 | 026 | 013 | ¢, | ¢, | 04 | 007 [ 81 | 117 | 134 | 210 | 105 | 146 | 163 | 270

20 049 | 033 | 026 | 013 | ¢, | ¢, | 04 | 007 | 81 | 117 | 134 | 210 | 105 | 146 | 163 | 270

25 05 | 033 [026 | 013 | ¢, | ¢, | 04 |007 | 82 | 117 | 134 | 210 | 105 | 146 | 163 | 270

50 05 [033 [026 | 013 | ¢, | ¢, | 04 |007 | 83 | 117 | 134 | 210 | 105 | 146 | 163 | 270

Table 3.2.3d) Change in non-propagating crack for microscopic DENT geometries

Depth NPC length [mm] Fatigue Limit [MPa]

D El Haddad | Tanaka | El Haddad | Tanaka
[mm] w=04 w=0.4 w=0.4 w=04
0.05 0.05 Py 225 310
0.1 0.05 C; 155 210
0.15 0.04 (ol 105 110

The tables do not only show the non-propagating crack length for different geometries, but
also the corresponding fatigue limits. The reason is to check whether these fatigue limits
make sense or not. It would for instance not be logical if a component gets stronger when a
longer notch or crack is introduced. The prediction values found for the geometries that were
similar to ones that were analysed by Tanaka and co-workers gave similar predictions as
found by Tanaka. It was therefore assumed that the non-propagating crack length analysis

would also be realistic.

The root radius of the notch was not taken into account in this analysis, because Tanaka’s
sharply notched specimens were assumed to be crack-like (p=0.04 mm). A brief investigation
was done on the influence of the root radius. FE4 package ANSYS was used to determine
the 4K values at different crack lengths for different root radii. The following range of root

radii were investigated: 0.04 - 1 mm. ANSYS gave similar results for the root radius of 0.04
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as for the crack-like analysis. Bluntening the root radius to 1 mm only affected the first part
of the 4K curve and this part did not cross with the threshold curve, therefore, the root radius
did not affect the results. Obviously, for blunt notches with large root radii, there would be an

effect.

The assumption was made that the non-propagating crack length is related to the critical
distance. After analysing Tables 3.2.1, 3.2.2 and 3.2.3 it is clear that the non-propagating
crack length reduces for certain geometries, e.g. for short notches and for microscopic
specimens. Therefore, the critical distance should also be reduced for these geometries. How

exactly this should be done still needs to be discussed.

Fig. 3.2.1 shows how one would expect the non-propagating crack length to change with
geometry size. For instance, the non-propagating crack iength would reach the maximum
value for macro specimens containing large notches, the right upper part in Fig. 3.2.1.
However, for a micro-scale notch in a macro-scale specimen, the non-propagating crack

length is expected to be small, the lower right part in Fig. 3.2.1.

macro specimens

NPC length
[mm]

increasing D

micro specimens

WNET/80

Fig. 3.2.1 Expected relation between specimen size and non-propagating crack length
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Fig. 3.2.2 plots the actual data on the effect of the geometry on the non-propagating crack
length from Tables 3.2.1, 3.2.2 and 3.2.3. This data should comply with the expected trend
that was shown in Fig. 3.2.1. The plots are normalised by dividing the net section width,
wyer, by El Haddad’s short crack parameter a,. Parameter ¢, is the length of the shortest
possible non-propagating crack defined by Tanaka in equation 2-7-5. This minimum non-
propagating crack is stopped by the first micro-structural boundary (e.g. grain boundary).
Length c; is the length of the longest possible non-propagating crack.
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wnerfae vs. NPC length DENT
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Fig. 3.2.2a) wygr/a, vs. non-propagating crack length plot for the SENT specimen
b) wyer/a, vs. non-propagating crack length plot for the CCT specimen

C) WNET 4, VS. non-propagating crack length plot for the DENT specimen

Fig. 3.2.2 shows the trend that was expected. The non-propagating crack lengths for most
geometries reach either the minimum or maximum values defined by Tanaka: ¢, and c,.
Three regimes can be distinguished in the plot. For microscopic specimens and microscopic
notches, the corresponding non-propagating crack length is the minimum value c,. For
macroscopic specimens with long cracks, the corresponding non-propagating crack length is
the maximum, long crack value c,. For the remaining geometries, e.g. medium sized notches
and medium sized specimens, the corresponding non-propagating crack length will lie in

between ¢, and c.

It is expected that most components will fall either in the regime where the minimum or
maximum non-propagating crack length is applicable. The net section widths that were used
in this analysis were relatively small, therefore, some in between non-propagating crack
lengths were found. The stainless steel micro-scale wire specimens tested in this work, will
certainly fall into the regime where the minimum non-propagating crack length ¢, is

applicable. Assuming that non-propagating crack length and critical distance are related, the
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critical distance should also be reduced. In order to calculate critical distance L, the threshold
and the plain specimen fatigue limit are required. The plain fatigue limit is a constant, but the
threshold is known to reduce with crack length. Therefore, reduced threshold values are

expected for the micro-scale specimens.

3.2.1 Reducing the threshold value to fit to the maximum width of the sample

The first proposed approach to reducing the threshold value is by basing it on the width of the
sample. Dependent on the length of a crack, it is either long or short. In Fig. 3.2.3 the
transition between a long crack and a short crack is defined at length a.. The net width, wygr,
of microscopic components is often smaller than a., which means that even if a crack grows
to failure, its length is still below critical length a.. In that situation, it seems strange to use
the long crack threshold value, because that value can never be reached. Instead, the reduced
threshold value corresponding to the maximum crack length could be used, see Fig. 3.2.3.

This reduced threshold parameter will be referred to as: 4K iawm-

Long Cracks

g SN Crachsy
g
AKy vidin | Resistance Curve
|
AKth |
|
|
|
|
|
Wner aC

Crack Length, a

Fig. 3.2.3 Determining the threshold value based on the width of the component
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3.2.2 Reducing the threshold value to the value for the effective threshold

The second approach that can be used to reduce the threshold value, is to use the effective
threshold of the material. The closure phenomenon does not interfere with short cracks as
much as it does for long cracks. The cracks in microscopic specimens are very short, so
hardly any closure is expected to occur. The effective threshold value for the material, is the

closure-free threshold, 4K .

The effective threshold needs to be determined experimentally. It can be determined by
measuring the amount of closure through strain gauges, by measuring changes in electrical
potential or by cycling with an R-ratio higher than about 0.6 where no closure is assumed to
occur. Tanaka and co-workers state that for most steels an initial guess can be made for the

effective threshold. It should lie within the range of 2 to 3 MPaVm (Akiniwa et al, 1996).

3.2.3 Reducing the threshold value to the microscopic experimental value

The third proposed reduced threshold value is based on the experimental threshold value for
the microscopic specimens, 4K _..,. This implies that some data on microscopic specimens is
available. It assumes that the threshold is reduced, without implying any particular
mechanism for this reduction. Two extreme stress situations need to be tested to be able to
calculate 4Ky .,: a plain specimen (no stress concentration) and a crack-like notched

specimen (very severe stress concentration):

AK,h_m = Aaa,/ntexp (3-2-1)

AK, ., =FAo, [n(D+L,,) (3-2-2)

where L., is the corresponding critical distance value for the material. The Theory of Critical
Distances assumes that the critical distance is a material property, therefore, in equation 3-2-1

for the plain specimen threshold, parameter L is included instead of El Haddad’s short crack
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parameter a,. The difference between L and a, is that no geometry factor is used to calculate
L, while a, is geometry dependent. When micro-scale experimental data is used to calculate

the critical distance L, L is effectively the micro-scale critical distance L.

The reduced values for the threshold, 4K _widm, AKemn and AKy .., can be applied to the
Smith and Miller method, to the CMM and to the TCD. The R-curve method already uses
this reduction in threshold and the Suo/KK method is based on microscopic specimens,

therefore, no correction should be used.

3.3 The Suol/KK approach altered for fatigue and compared to Smith and Miller

The Suo/KK method (Suo et al., 1993) (Keith and Kedward, 1997) was originally developed
as a static failure approach in ceramics. This method is applicable to microscopic specimens
and other specimens where D<<w. The approach considers the geometry of the specimen by
using the ratio of the crack length to the width of the sample. The method can be altered to
apply to fatigue by substituting typical static failure parameters by the corresponding fatigue

parameters.

3.3.1 Adapting the Suo/KK-method to apply to fatigue

Equation 3-3-1 is the original static failure equation for the gross section, as discussed in

section 2.8:

c (3-3-1)

(2]

o

onGROSS — = 5
\/(l—gj +7mF2(0”)
w K,

The method was altered to apply to fatigue by substitution of o, = 4o, and K¢ = 4Ky in

equation 3-3-1:
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Ao (3-3-2)

AOC,cross = i 5
(l_ﬂ) + map?| A%
w AK,

Combining equation 3-3-2 with the El Haddad threshold equation 2-6-2 (4K = FAo,\(ma,)

gives the following gross stress fatigue failure prediction:

Ao
AGC,cross = = e
1—3] .4 Cec)
w a,
or, converted to the net section:
Ao, (3-3-4)
AO’nnNET =R
a
1+—
a

3.3.2 The Suo/KK-method vs. Smith and Miller

When the Smith and Miller method is used in conjunction with the El Haddad short crack
correction it is very similar to the Suo/KK approach. Both methods apply a short crack
correction; Smith and Miller to the long crack LEFM prediction and Suo/KK to the plain
specimen fatigue limit as illustrated in Fig. 3.3.1. Both methods should end up with the same

prediction for the notched specimen fatigue limit.
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Log Stress Range /\C

Log Crack Length a

Fig. 3.3.1 Suo/KK vs. Smith and Miller

Assuming that the net stress and the gross stress are equal (macro-scale component, where

a<<w), the following equations apply to a component with a crack or a crack-like notch:

AK (3-3-5)

Ao =
onLEFM F\/E
AK, (3-3-6)

AK, (3-3-7)

where 40,,.£ry 1s the long crack prediction value. Equation 3-3-6 is the basis of the Smith
and Miller prediction method for short cracks. In some situations it is convenient to rewrite
the Smith and Miller short crack equation into the form where the El Haddad short crack

correction is applied to the long crack prediction, A6,..grur, similar to short crack correction 1

illustrated in Fig. 3.3.1:
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a (3-3-8)
Ao-{m == AO—()’ILEFM T
a+ a,

Suo/KK apply a short crack correction to the plain specimen fatigue limit, instead of to the
long crack LEFM value. To be able to compare Smith and Miller to Suo/KK, the LEFM
stress has to be substituted by the plain specimen fatigue limit. Combining equations 3-3-6
and 3-3-9 results in equation 3-3-10, which is illustrated in Fig. 3.3.1 as short crack

correction 2:

AK, =Ac,\m, (3-3-9)
" (3-3-10)
Ao, = Ao, <
a+a,

Equation 3-3-10 is identical to the Suo/KK equation stated in equation 3-3-4. Therefore,
when the gross stress is equal to the net stress, the Smith and Miller and the Suo/KK methods
are identical. The geometry factor is cancelled out in the substitution process, assuming that
it does not change with crack length. This assumption is valid when the crack length is much

smaller than the specimen width.

The next step is to analyse the situation where the gross stress is different from the net stress.
The different stresses subsequently result in different geometry factors and different a, values

for the gross and the net area:

@an
Ao—unGROSS = AO'" _&M——
a+a,cross
(3-3-12)
AO—(MNET = AO—{) —EQEET—
a+a,yer

where Ao,qGross 1s the gross section prediction and Ao,.ver the net section prediction and
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ascross and a,ypr are respectively the gross section a, value and the net section a, value.

Combining equations 3-3-11 and 3-3-12:

AG,ner _

AGC,,cross

_ Q,NET
a+a, ey

(3-3-13)

a,Gross

a+4a,cross

The stress intensity factor at the gross section is equal to that at the net section:

Fypr@oner = Foross v 3ocross

rewriting equation 3-3-14 gives:

2
a =a Foer
oGROSS — “oNET

(3-3-14)

(3-341%)

£ GROSS

The combination of equation 3-3-15 with equation 3-3-13 provides the following ratio for

net/gross stress predictions:

a (3-3-16)
Pty
F,
A, NET ( e J
AG, et 3 Fisross
AG ,,Gross 1+ .. 2
a,NET

The difference between the gross prediction and the net prediction can be expressed as the

difference in geometry factors. When analysing equation 3-3-16 for a long crack, a >> a,yer,

the ratio of the conversion is equal to the ratio of the geometry factors as can be seen in Table

3.3.1.

Table 3.3.1 Applicability of equation 3-3-16 to a long crack and a short crack
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AG,,cross 2 Fer

For short cracks, where a = a,ner, the conversion is not the same as the ratio of the geometry
factors, it is actually smaller. So, for small notches, you get a different prediction, depending
on whether you use the net or gross section. The Smith and Miller approach in combination
with El Haddad’s a, factor gives the same predictions as Suo/KK provided that the net

section stresses are used.

El Haddad’s approach has a problem in the situation where the crack length is similar to the
width of the specimen. In that situation the solution is not unique, the net stress and gross
stress differ from each other, resulting in different geometry factors and a, values. The
Kitagawa/Takahashi diagram in Fig. 3.3.2 illustrates that it is possible that a crack or notch of

length a,ner is short using net stresses and long using gross stresses.
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2 I |

= I I
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1 1

ao GROSS A0 NET
Log Crack Length a

Fig. 3.3.2 Kitagawa/Takahashi plot of a crack that is both long and short
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3.4 Concluding remarks

In the previous Chapter 2, several prediction methods were discussed. Most methods will be

used to analyse the experimental data on the microscopic specimens. The only methods that

will not be used are the Strain Life method and Neuber’s and Peterson’s critical distance

approaches. The Strain Life method will not be used, because it does not work well for sharp

notches. Neuber’s and Peterson’s approaches are approximations, because Finite Element

Analysis was not available at that time. Therefore, the Theory of Critical Distances will be

used, which is partly based on FEA. Table 3.4.1 gives a summary of all the methods that will

be used, including the short crack and micro-scale correction factors that were proposed in

this chapter.

Table 3.4.1: Prediction methods to be used in this work

METHOD

CORRECTION FACTOR

Stress Life

none

Smith and Miller

-scca, (based on El Haddad)

-scca, (based on Westergaard en El Haddad)
- AKy, ,ian (based on the width of the specimen)
-AK. 5, (based on the closure-free threshold)

-A4Ky ., (based on microscopic experimental data)

CMM

-scca, (based on El Haddad)

-scca, (based on Westergaard en El Haddad)
- AKy, ian (based on the width of the specimen)
-A4K 5, (based on the closure-free threshold)

- 4Ky, ., (based on microscopic experimental data)

TCD

- AKy s (based on the width of the specimen)
-AK 5 (based on the closure-free threshold)

-A4K,, ., (based on microscopic experimental data)

Resistance curve method (El Haddad)

none

Suo/KK

none
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Chapter 4 Experimental Details

One of the main objectives of this work was to obtain experimental data on 316L stainless
steel microscopic specimens. This is the material from which certain stents are manufactured
using a laser process. The laser cuts away excess material from a piece of tubing to create a
stent, which consists of a number of repeating units. These repeating units are different for
different types of stents. Fig. 4.1.1 shows an example of a stent and a magnification of part of
the stent to illustrate the stress concentrations that reduce the fatigue strength of the
component. After laser cutting, the stent is annealed to obtain a regular grain structure,
followed by an electro polishing process to improve the surface quality of the stent and

remove the influence of the laser cutting process on the material.

The outer diameter of this stent was 1.7 mm before electro polishing

Fig. 4.1.1 Example of a stent

Tensile and fatigue tests were not carried out on the total stent, but on plain and notched
specimens of similar sizes as features found in the stent, e.g. ‘flat’ wires of roughly 0.1 mm
by 0.1 mm. Reference tests were done on macro-scale specimens, but the majority of tests
was carried out on micro-scale specimens. Beside the 316L stainless steel tests, some micro-

scale and macro-scale tests were carried out on aluminium.

This chapter discusses the equipment, specimen geometry and methods used to assist in the

testing and prediction process.
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4.1 The MTS Tytron 250: testing of micro-scale tensile and fatigue specimens

The MTS Tytron 250 test machine was used to carry out both tensile and fatigue tests on the
microscopic stainless steel and aluminium specimens. This test machine was especially
designed to test micro-scale specimens. In combination with the hard to handle micro-scale
specimens it provided challenging problems, which would not have occurred in conventional
macro-scale tests. The MTS Tytron is able to carry out static and dynamic tests over a wide
variety of velocities and frequencies. The horizontally orientated machine is designed for
testing at low loads with a range of +/- 250N. The 250N load cell can be used in its 10%
range (+/- 25N) and smaller load cells are available to obtain greater accuracy at even lower
loads. The accuracy of the system is +/- 0.5% or better. The actuator was used in force
control for fatigue tests and in displacement control for tensile tests. The machine’s

mechanical clamp grips are capable to grip specimens properly up to a load of 250N.

The actuator of the Tytron is powered by a precision electric linear servomotor with static
and dynamic force rating. A full stroke linear variable displacement transducer (LVDT)
regulates measurement and control of the actuator. This enables the machine to perform both
statically and dynamically with high levels of precision. Special air bearings are integrated in

the machine to allow the system to operate with virtually no friction, see Fig. 4.1.2.

Load cell

Actuator

Fig. 4.1.2 The MTS Tytron 250 with its mechanical clamp grips
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4.1.1 Tuning

Tuning is an important aspect in the testing process, because the system needs to know what
stiffness to expect from the specimen. The tuning process of the Tytron is complicated,
because everything has to be set manually. The machine is not capable of automatically fine-

tuning during the tests, so the tuning values have to be extremely accurate.

For macro-scale specimens the stiffness of a specimen can be considered constant, but for
micro-scale specimens the stiffness changes by introducing a notch or altering the width or
the thickness. The micro-scale specimens are only a few grains thick. A slight change in the
stiffness of the specimen, even during the test, can result in a bad response from the actuator
and can ultimately result in damage to the specimen. Plain and notched specimens of the
same material and the same net cross sectional area require a different combination of tuning

values for fatigue tests.

The software distinguishes between two sets of tuning values, one set for displacement
controlled tests and one set for force controlled tests. In displacement control, the actuator is
normally stable using the default tuning settings, in force control the settings are material and

geometry dependent.

There are three tuning parameters: P-gain, I-gain and D-gain. The parameters interact, but in
general I-gain controls the amplitude of the load signal, P-gain the shape and D-gain the
stability. Obtaining the optimum tuning values takes substantial time and many specimens
can be lost in the process. Even small changes in tuning values can cause the actuator to
move. A macro-scale specimen would not be affected by this (minor) actuator movement, but
micro-scale specimens can be fatally damaged. Losing several micro-scale specimens in the
tuning process is unfortunate because they are difficult to manufacture and are therefore
relatively expensive. Table 4.1.1 contains the tuning values for all the tests that were done on

the Tytron. Section 4.7 specifies the different geometries that were tested.
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Table 4.1.1 Tuning values for all tests carried out on the MTS Tytron 250

4.1.2 The MPT Test Software

Displacement Force Control F Tensile
Control speed
[Hz] | [mm/min]
P-gain I-gain D-gain P-gain I-gain D-gain

Tensile plain wires 0.5 0.025 0.1 50 0.001 | N/a 0.2
Fatigue plain wires 0.5 | 0:025 0.5 2328 0.2 50 N/a
Tensile notched wires/tubing 0.5 0.01 0.1 50 0.001 | N/a 0.2
Fatigue notched wires/tubing 0.5 0.01 0.099 | 1489 | 0.002 15 N/a
Tensile aluminium wires 0.5 | 0.025 0.1 50 0.001 | N/a 0.2
Fatigue aluminium wires 05 |£0.025 0.1 1800 | 0.001 50 N/a

The Multi Purpose Testware (MPT) software provided with the machine enables the user to

design a range of testing programs from very simple to extremely complex. The program is a

combination of building blocks that describe basic processes such as RAMP for tensile testing

and CYCLE for fatigue testing. Data acquisition process blocks are capable of recording data

in many different ways and for different signals, e.g. force, displacement and time. A process

block can be activated through a pop up window in which specific details for that process can

be specified. Table 4.1.2 describes the process blocks that were used for tensile and fatigue

test programs.
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Table 4.1.2 MPT tensile and fatigue test programs

Tensile test program

RAMP

The basic process RAMP uses axial displacement as the main signal. The tensile speed was
chosen to be 10 mm of relative displacement in 50 minutes (0.2 mm/min). It is important to
use relative displacement. If not, the actuator will move to the absolute position 10 mm in 50

minutes. This results in a different tensile speed.

TIMED DATA ACQUISITION
The Timed Data Acquisition process was set to take data samples every second (time step is

chosen by the programmer) for three signals: time, displacement and force.

Fatigue test program

CYCLE

The basic process CYCLE uses axial force as the main signal. The absolute minimum and
maximum force values have to be stated (all tests were done with 6,i/0ma = 0.1). It is
important to activate the Active Phase Control function, which compensates for small phase

differences between the command signal and the response of the machine.

CYCLIC ACQUISITION

The Cyclic Acquisition process activates the actual data recording process at set intervals
(e.g. every 100,000 cycles) to reduce the size of the output file. The output file would be very
large if data was recorded continuously. The actual data recording process used for fatigue
tests is Peak/Valley Data Acquisition, which takes readings at the peaks and valleys of a

loading cycle.

4.1.3 Micro-scale related problems

One of the problems that occurred during micro-scale testing was that the material properties
of the specimens changed during the test, resulting in a change in stiffness. The actuator
could not compensate, became unstable and damaged the specimen. The solution to this
problem is reducing the D-gain in displacement control. However, this makes gripping of the
specimen more difficult. The tuning values described above were stable tuning values,

meaning that the actuator will not move when the specimen is gripped. A stable actuator is a
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good match for the specific stiffness of the specimen that is going to be tested. A minor
change in material properties during the test can cause the actuator to become unstable. For
some materials and specimen geometries the stable actuator settings work fine, in other
situations they do not. There is no clear strategy that one can take to determine whether a

stable or unstable actuator should be used; this has to be determined for each specimen type.

When stable actuator settings do not work for a particular specimen, one has the option of
tuning for a less stable actuator. The less stable actuator can compensate for larger changes
in specimen stiffness during the test. The actuator can be made less stable by changing the D-
gain in the default settings in displacement control. These settings should normally not be
altered, but in some circumstances it is the only solution. A disadvantage of the less stable
actuator emerges when the specimen is gripped. Touching the grip that is connected to the
less stable actuator, can cause movement and therefore damage the specimen. Handling of
the specimen and the machine becomes even more difficult. Another disadvantage of the less
stable actuator is a loss in frequency. The maximum frequency for the stable actuator is 50

Hz, for the less stable actuator it was found to be 15 Hz.

It is important to grip the specimen on the actuator side first, because if gripping causes
movement in the actuator, the other side of the specimen is still free and therefore damage is
less likely to happen. The grip on the load cell end of the specimen is fixed and cannot move.

This end is to be gripped last.

4.2 Testing machine for macro-scale tensile and fatigue specimens: The
Instron 8501

The servo-hydraulic fatigue testing machine Instron 8501 was used for experimental tensile
and fatigue tests on macro-scale stainless steel and aluminium specimens. The machine is
easy to use and can carry out fatigue tests at a maximum frequency of 100 Hz and a
maximum load range of 100 kN, dependent on material and geometry. The load cell has a

range of 50 kN.
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The Instron can be used in both stress and strain control and an extensometer can be attached
to the specimen in order to measure strain. The stiffness related problems that occurred with
the micro-scale specimens on the Tytron testing machine should not happen with the Instron
8501. The tuning process is relatively easy. The same tuning parameters are present: P-gain,
I-gain and D-gain, but only P-gain needs to be varied until the optimum value for material

and corresponding loading condition is reached.

4.3 Hardness measurements: Mitutoyo MVK-H1

The Mitutoyo MVK-H1 was used to measure the hardness of the specimens. A choice has to
be made between the Vickers or Knoop indenter; the Vickers indenter will give an
indentation in the material that is an even-sided diamond shape, while the Knoop indenter
will give a stretched, diamond shaped indentation in the material. Hardness Vickers is more

commonly used than Knoop.

After the indentation is made in the specimen, the diameter in the x and in the y direction is
measured, after which the machine determines the area of the indentation and gives the

corresponding hardness value.

4.4 Microscopy

Two microscopes were used to analyse the specimens. The Mitutoyo 2D microscope has a
maximum magnification of 1000X. This microscope is suitable to obtain an initial impression
of the quality of the sample. The attached 2 axis coordinate measurement data processors

were used to check the geometry of the specimens, e.g. thickness notch depth and root radius.

The Scanning Electron Microscope Hitachi S-3500N on the other hand is capable of giving a
3D overview of the samples. In practice, the microscope has a resolution of 1 micrometer.
The Scanning Electron Microscope was mainly used to look at fracture surfaces and

deformation areas in the failed specimens.
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4.5 Annealing, electro-polishing and etching

The 316L stainless steel specimens underwent the same annealing and electro-polishing

process as the stent.

Annealing: All samples were annealed at 925 degrees Celsius for 5 minutes and

cooled in a vacuum oven in a N-Ar mix.

Electro-polishing: ~ The microscopic samples were already electro-polished, which

resulted in a relatively smooth surface finish.

Etching:

The etching process used to visualise the grains was an electrolytic process. The etching fluid
was made by pouring 100 ml of 69% nitric acid into a beaker containing 10 ml of water. Fig.

4.5.1 shows the set up for the etching process.

Fig. 4.5.1 Etching set up

Applying 0.8V for 30 seconds was sufficient to visualise the grain structure of the

microscopic 316L stainless steel specimens.

Polishing and etching of the macroscopic specimens was done mechanically. The sample was
hot-mounted in bakelite resin and ground on the following grit size silicon carbide papers:
500, 1000 and 2500. Afterward the sample was polished using respectively 6 and 1 pm
diamond paste. The samples were etched using a solution of 15 ml of Nitric acid, 30 ml of

Hydrochloric acid and 45 ml of Ethanol.
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4.6 FEA Modelling using commercial package ANSYS

ANSYS is a Finite Element Analysis (FEA) package that is widely used by researchers.
ANSYS simulates loading information on a component of a certain material and geometry

and calculates the corresponding stresses and strains in the component.

Fig. 4.6.1 illustrates that a Double Edge Notch Tension wire sample contains two symmetry

lines. These symmetry lines can be used to simplify the FE4 model in ANSYS.

bt}

a) b)

7
e

i

Fig. 4.6.1a) 316L stainless steel wire sample
b) Part of the specimen that is modelled in ANSYS

Fig. 4.6.2 FE model of 316L stainless steel DENT wire geometry (units MPa)
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ANSYS visualises the stress distribution in different colours, ranging from the highest stress
at the root of the notch, which is red in Fig. 4.6.2, to the lowest stress, which is dark blue.
The highest local stress value in combination with the nominal stress at the net area was used

to determine the theoretical stress concentration factor K, (equation 2-1-2).

ANSYS was also used to provide the stress distance plots required for the Crack Modelling
Method (CMM) and the Theory of Critical Distances (TCD). The stress distance path
commences at the highest local stress at the notch and normally runs perpendicular to the
loading direction, as indicated by the white arrow in Fig. 4.6.2. The stress distance graph
obtained by ANSYS, e.g. Fig. 5.1.2, shows a smooth, curved relation for the reduction of
stress ahead of the stress concentration. The behaviour plotted in these graphs is average
behaviour. Even though this relation in microscopic components might not be as smooth as
shown in the graphs, the average relation will still be used, because one of the aims of this
work is to investigate whether continuum mechanics can be used to describe micro
behaviour. The other approach would be to model each grain separately, which will result in

a stress distance relation that is relatively rough.

4.7 Specimen geometry

A variety of specimens were tested, mostly manufactured from 316L stainless steel, but also
some tests were carried out on aluminium samples to check the methodology on a different

material. Micro-scale and macro-scale tests were carried out to compare the results.

4.7.1 Specimen Geometry: Macro-scale 316L Stainless Steel bar

The geometries of the plain and notched macro-scale bar samples are given in Fig. 4.7.1. The
bars had a circular cross section; notched specimens contained a 1| mm-deep circumferential

v-shaped notch with a root radius of 0.075 mm.
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Fig. 4.7.1a) 316L macro-scale plain bar specimen geometry

b) 316L macro-scale notched bar specimen geometry

4.7.2 Specimen Geometry: Micro-scale 316L Stainless Steel Wires and Tubing

The microscopic stainless steel specimen wires were designed to contain stent-like features.
They were manufactured by Medtronic Ltd, Galway, using the same procedures as normally
used to manufacture stents. The specimens were laser cut from pieces of tubing. The tubing
in combination with two reinforcement struts was used to prevent the wires from being
damaged during transportation, see Fig. 4.7.2a. The struts were to be cut in the testing
machine before commencing the tests. Plain specimens were manufactured and notched
specimens with three different notch depths. The specimens were designed as Double Edge

Notch Tension (DENT) specimens to eliminate bending.
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Fig. 4.7.2a) Wire specimen within the tubing containing reinforcement struts
b) Plain specimen geometry

¢) Notched specimen geometry (50,100,150 notch)

The width of the plain wires was designed to be 100 pm, similar to sizes occurring in stents.
The distance between the two notches of the DENT specimens was the same 100 pm, in
order to compare the net section stresses. Three different notch depths were designed: 50,
100 and 150 um. The specimen length was 5 mm for all samples and the thickness was 90
pm. The notch root radius was limited by the capability of the laser. Measurements after the

electro polishing process gave average root radii of 20 pm.

The wires themselves were so small that gripping was expected to be a problem. Loose wires
are difficult to handle and are likely to get damaged during transport. The initial idea was to
create a specimen using the tubing from which it is manufactured. The geometry included 2
struts to protect the wire during transport, see Fig. 4.7.2a. The specimen including the struts

was to be gripped in the machine at the tubing ends, preventing the wire itself from being
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damaged before commencing the test. Once gripped in the machine, the struts could be cut

and the wire could be tested.

The Tytron proved to be incapable of testing this specimen geometry. Gripping the strutted
specimen could be done quite easily, but problems occurred when the struts were cut. Unlike
for macro-scale specimens, cutting a strut seriously reduces the stiffness of the total micro-
scale specimen. The initial tuning values were suited for the stiffness of the strutted sample,
but the reduction of stiffness as a result of cutting the struts was so large that the machine
could not compensate, not even when the tuning values were set for a less stable actuator. An
altered specimen geometry was proposed: loose wires to be cut from a strutted piece of
tubing. The protection struts and notched wire geometries are not shown in Fig. 4.7.3,

because they are similar to Fig. 4.7.2.

Thicker so wire
will not break
at gnp

Point to cut

Fig. 4.7.3 Altered specimen geometry

The basic geometry with protection struts was kept the same for transport. The wire itself
was changed into a conventional dog-bone shaped test specimen. At the ends of the wire that
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are attached to the tubing, the width was reduced to make it easier to cut the wire from the
tubing. The width of the wire was design to be the same: 100 pm, but after measuring the
samples, all net widths consistently turned out to be 110 um, both for the plain and the

notched samples. The measured thickness was roughly 90 pm.

The best way to cut out the specimens was by using an EDM (Electro Discharge Machining)
machine, which is capable of contact-free cutting. The first end of the wire had to be cut in

this way, whilst the other end could be cut using snips.

The final microscopic 316L stainless steel wire geometry was the same 50-notch wire as
discussed above, but with a sharpened root radius, the F/B50 specimen. The idea behind this
specimen geometry was to check whether a sharpened root radius actually reduces the fatigue
strength of the original 50-notch wire specimen or not. It is assumed that the increased
stresses as a result of the sharper root radius will have dissipated at the critical distance. In
other words; the same fatigue limits are expected for both the original 50-notch wire

specimen and the FIB50 specimen.

Ten of the already manufactured, annealed and electro-polished 50-notched wire samples
were sent to Princeton, America, to sharpen one of the two notches, see Fig. 4.7.4. The initial
root radius after the electro-polishing process was roughly 20 pm. The Focussed Ion Beam
(FIB) process was capable of manufacturing a notch with a root radius of 1 um. This notch
was added to the root of the already existing 20 pm notch. The width of the FIB50 samples

between the notches was 109 pm and the corresponding thickness 90 um.
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Fig. 4.7.4 FIB50 sharpened 316L stainless steel wire specimen

Beside microscopic wire samples containing stent like features, fatigue tests were also carried
out on 3 types of notched tubing pieces, identical to the tubing from which stents are
manufactured. These specimens were designed to contain three different crack lengths, a
short crack, a long crack and an in between crack length. The wall thickness of the tubing
was 90 pm, similar to the wire specimens. The three geometries that were tested were: a
double holed sample with a diameter of 60 um, a double 400 pm slotted sample and a double
1500 pm slotted sample, as illustrated in Fig. 4.7.5. Annealing and electro-polishing were
used to obtain a regular grain size and a smooth surface quality, similar to that of stents.
Excess material was placed inside the tubing ends during testing to prevent them from

collapsing in the grips.
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Fig. 4.7.5a) Double holed 60 micron tubing geometry
b) Double 400 micron slotted geometry
c¢) Double 1500 micron slotted geometry

3 Specimen Geometry: Macro-scale Aluminium plates

I

Macro-scale tests were carried out on plain and SENT 99.5% pure aluminium plate

specimens of 0.5 mm thickness to obtain bulk material properties, see Fig. 4.7.6. The notched

geometry was designed and tested by Bellett (Bellett, 2002).

a)

g
i

All Dimensions in mm
Fig. 4.7.6a) Aluminium macro-scale plain specimen geometry

b) Aluminium macro-scale notched specimen geometry
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4.7.4 Specimen Geometry: Micro-scale Aluminium plates

The plain and notched 0.5 mm thick micro-scale aluminium specimens were designed to
have a net section width of a similar size as the critical distance of the material to make sure
that the specimens were actually microscopic. Aluminium was chosen because it has a
relatively large critical distance, therefore making machining slightly easier. The critical
distance of the aluminium could not be determined exactly, because not enough material
properties were known. The critical distance was estimated to be around 1 mm. The smallest

net section that could be manufactured was 1.5 mm, as demonstrated in Fig. 4.7.7.

a) b)
75 il
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All Dimensions in mm
Fig. 4.7.7a) Aluminium micro-scale plain specimen geometry

b) Aluminium micro-scale notched specimen geometry

4.8 Summary of tests done on all stainless steel and aluminium specimens

Tensile and fatigue tests were carried out on macro and micro stainless steel and aluminium
specimens. The ramp rate for all tensile tests was 0.2 mm/min and the frequencies for the
fatigue tests varied between 15 and 50 Hz. All macro and micro fatigue tests were carried out
with a loading ratio of 0.1. An extra series of fatigue tests was carried out on the macroscopic
notched stainless steel bar at a loading ratio of 0.8 to determine the closure-free effective

threshold of the material.
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Generally in this work failure was defined as total failure; the breaking of the specimen into
two or more pieces. For the plain and notched stainless steel bar fatigue tests, failure was
defined when the Instron test machine detected a displacement larger than 2 mm. The
stainless steel material is very ductile and during fatigue cycling the material strains
substantially. At that point, the specimens were cracked substantially, therefore not many
more cycles were required for failure to occur into two or more separate pieces and this point

was used instead.
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Chapter 5 Results

This chapter summarises the results of the analyses and tests that were carried out on the
different types of specimens and materials. Several batches of macro-scale and micro-scale
specimens were tested to analyse the effect of component size. In this work the choice was
made to analyse stresses at the net section, so where necessary there will be distinguished
between net and gross, €.g. oner and ogross. Analysing stresses at the net section implies that
the geometry factor has to be converted to the net section as well. Fygr can be derived from

Fgross using the following equation:
FiorossOGross Vm = FyprOygrN 0 (3-1-1)

where Fgross, Fners 0cross and oyer are respectively the geometry factors and stresses at the
gross and net section. For specimens where the thickness is the same at the gross and net

sections, ogross and oyer are related as follows:

Weross (5-1-2)

where wgross and wygr are the widths at the gross and the net sections. Combining equations

5-1-1 and 5-1-2 results in the relation between the gross and net geometry factor:

w, (5-1-3)
Fygr = -k GROSS

NET

The equation for Fgross can be obtained from handbooks (Murakami et al, 1987).
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5.1 Finite Element Analysis results

Finite Element Models (ANSYS) were used to obtain the stress distance curves for all the
specimen geometries that were tested. Stress distance curves are an essential step in obtaining
fatigue predictions for the Crack Modelling Method and the Theory of Critical Distances.

ANSYS is also used to determine theoretical elastic stress concentration factor K.

5.1.1 ANSYS results of 316L stainless steel macro-scale bars

The 316L macro-scale notched bar was modelled in 3D using element solid 92. A % model
was created making use of the symmetry of the bar geometry that was described in section
4.7.1. The white arrow in Fig. 5.1.1 illustrates along which path the stress distance curve was

taken. Fig. 5.1.2 shows the corresponding stress distance curve that was obtained.

Fig. 5.1.1 FE model of 316L stainless steel macro-scale bar sample (units MPa)
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Stress Distance Curve of 316L macro-scale bar

Stress [MPa]

01 0.1 03 05 07 09 11 13 15
Distance [mm)]

Fig. 5.1.2 Stress distance curve of 316L macro-scale bar sample

The stress distance curve shown in Fig. 5.1.2 is the result of an applied tensile stress of 1

MPa at the gross section.

Table 5.1.1 Summary of important FEA parameters for 316L stainless steel bar samples

WGROSS WNET O notch ONET K,
[mm] [mm] [MPa] [MPa]
316L notched bar 12 10 11.21 1.2 9.34

where ongr 1s the nominal stress at the net section.

5.1.2 ANSYS results of 316L stainless steel micro-scale wires

The geometries of the 50-, 100- and 150-notch wires and the FIB50 wire were discussed in
section 4.7.2. All samples were measured before testing and the 150 micron notches were
consistently measured to have a depth of 145 pm, not 150. This notch will therefore from

now on be referred to as the 145 notch.

Due to symmetry, it was possible to reduce the model in ANSYS to a % of the actual
specimen size. The model of a 50-notch wire is shown in Fig. 5.1.3, where the white arrow

illustrates along which path the stress distance curves in Fig. 5.1.4 were taken.
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Fig. 5.1.3 FE model of 316L stainless steel DENT wire geometry (units MPa)
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Stress Distance Curves of 316L wire samples
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Fig. 5.1.4 Stress distance curves of the four types of DENT wires
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The stress distance curves in Fig. 5.1.4 are a result of a 1 MPa applied tensile stress at the

gross area.

Table 5.1.2 Summary of important FEA parameters for wire the samples

WGROSS WNET Gnotch ONET K,
[mm] [mm] [MPa] [MPa]
50-notch 0.21 0.11 452 1.91 2.34
100-notch 0.31 0.11 6.68 2.82 2.4
145-notch 0.4 0.11 8.79 3.64 2.35
FIB50 021 0.109 10.34 1.93 537

The FIB50 specimen was manufactured from the 50-notch by sharpening the root radius of
the notch. This effect can be seen in Table 5.1.2, because the stress at the notch, 6,,.c, 1S
twice as high for the FIB50 specimen as for the original 50-notch wire. This also results in a

higher K, value for the FIB50 wire.

5.1.3 ANSYS results of 316L stainless steel micro-scale tubing pieces

The geometries of the three types of notched tubing samples were given in section 4.7.2. The
choice was made to simplify the model for the tubing samples to a centre hole or notch in a
flat plate. Again the ANSYS model was reduced using existing symmetry lines in the
samples. Fig 5.1.5 shows the ANSYS model where the white arrow indicates the path along

which the stress distance curves in Fig. 5.1.6 were taken.
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Fig. 5.1.5 FE model of 316L stainless steel tubing geometry (units MPa)
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The stress distance curves in Fig. 5.1.6 were the result of a 1 MPa applied tensile stress at the

gross section.
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Fig. 5.1.6 Stress distance curves of the three types of tubing pieces
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Table 5.1.3 Summary of important FEA parameters for tubing samples

WGROSS

WNET Grotch ONET K,
[mm] [mm] [MPa] [MPa]
60-holes 267 2.61 2.95 1.02 2.88
400-slots 2.67 227 6.59 1.18 5.58
1500-slots 2.67 ET A e 2.28

a6 13

5.1.4 ANSYS results of 99.5% aluminium alloy macro scale plates

The Single Edge Notch Tension geometry of the macro-scale 99.5% aluminium alloy sample

was described in section 4.7.3. The white arrow in the %2 model shown in Fig. 5.1.7 illustrates

where the stress distance path in Fig. 5.1.8 was taken.

Fig. 5.1.7 FE model of aluminium macro-scale plate sample (units MPa)
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Stress Distance Curve of macro-scale aluminium SENT samples
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Fig. 5.1.8 Stress distance curve of macro-scale aluminium plate geometry

The stress distance curve shown in Fig. 5.1.8 was the result of an applied tensile stress of 1

MPa at the gross section.

Table 5.1.4 Summary of important FEA parameters for aluminium macro-scale plate samples

WGROSS WNET Onotch ONET K,
[mm] [mm] [MPa] [MPa]
Alu SENT 50 35 68.37 1.429 47.86

5.1.5 ANSYS results of 99.5% aluminium alloy micro-scale plates

A 2 model was made in ANSYS of the Single Edge Notch Tension geometry for the

aluminium micro-scale specimens, as described in section 4.7.4. The path of the stress

distance curve is indicated by the white arrow in Fig. 5.1.9. The corresponding stress distance

curve is given in Fig. 5.1.10.
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Stress [MPa]

. 5.1.9 FE model of aluminium SENT plate geometry (units MPa)

Stress distance curve micro aluminium
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Fig. 5.1.10 Stress distance curve of micro-scale aluminium plate geometry

The stress distance curve shown in Fig. 5.1.10 is the result of an applied tensile stress of 1

MPa at the gross section.

Table 5.1.5 Summary of important FEA parameters for aluminium plate samples

WGROSS WNET Onotch ONET K,
[mm] [mm] [MPa) [MPa]
Micro SENT 3 1.9 28:35 2 14.18
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5.2 Tensile Resuits

Tensile tests were conducted on the same geometries as discussed in section 5.1. Failure is

defined as the breaking of the sample into two (or more) separate pieces.

5.2.1 Tensile results of 316L macro-scale bars

Plain and notched macroscopic bar specimens were tested to obtain the macro material
properties. The specimen geometry of these macroscopic stainless steel specimens was
discussed in section 4.7.1. Fig. 5.2.1 was used to analyze whether the grain size of the
macroscopic material is similar to that of the microscopic material. Fig. 5.2.1 shows the grain
distribution for a 50-notch wire and for the macroscopic material. Both pictures were taken
with a magnification of 200 and can therefore be compared directly. The average grain size
was determined by drawing a line and counting the number of grains that were crossed by
that line. The length of the line divided by the amount of grains determined the average grain
diameter. The values for the average grain diameters for the microscopic and the

macroscopic material were similar, respectively 10.53 pm and 11.37 um.

Fig. 5.2.1a) Grain distribution in a 50-notch wire specimen at a magnification of 200

b) Grain distribution in the macro 316L material at a magnification of 200
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Plain 316L macro-scale bar tensile results

Fig. 5.2.2 shows the results of the five tensile tests that were carried out on plain 316L

stainless steel bars. An extensometer was used to determine the Young’s Modulus.

Plain 316L bar tensile tests
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200
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0 T = T r T T
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Fig. 5.2.2 Plain macro-scale bar tensile curves
Table 5.2.1 Summary of tensile results of plain 316L macro-scale bars
0.2% Elastic UTS Young’s Strain to
proof stress Limit Modulus failure
[MPa] [MPa] [MPa] [GPa] (extensometer)
316L macro-scale bar 396 290 754 177 0.61 in 12.5 mm

Notched 316L macro-scale bar tensile results

Fig. 5.2.3 shows the curves resulting from the three tensile tests carried out on 316L stainless

steel notched bar specimens. Nominal strain was calculated using the distance between the

grips: 22 mm. The 0.2% proof stress could not be calculated from nominal strain, therefore,

only the elastic limit was determined.
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Tensile curves notched bulk bar
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Fig. 5.2.3 Notched macro-scale bar tensile curves

Table 5.2.2 Summary of tensile results of notched 316L macro-scale bars

Elastic Limit | UTS | Nominal strain to failure
[MPa] [MPa]
316L macro-scale bar 300 780 0.67 in 22 mm

5.2.2 Tensile results of 316L micro-scale wire and tubing samples

The different 316L micro-scale geometries were described in section 4.7.2. Apart from plain
specimens, tensile tests were carried out on the three types of Double Edge Notch Tension

(DENT) specimens and three types of slotted tubing pieces.

Plain 316L micro-scale wire tensile results

Fig. 5.2.4 shows the results of the five tensile tests carried out on plain microscopic wire
specimens. Four of the five specimens were annealed and electro-polished in the same way as
stents, the fifth specimen did not undergo the annealing and electro-polishing processes.
Strain is calculated for a gauge length of S mm. The corresponding distance between the

grips was 10 mm.
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The sample that did not undergo the annealing and electro-polishing processes has a higher

UTS and less strain to failure. All four annealed specimen tensile curves are very similar.

Fig. 5.2.4 Plain wire tensile curves

Table 5.2.3 Summary of tensile results of plain 316L micro-scale wires

0.2% Elastic UTS Strain to failure
proof stress Limit
[MPa] [MPa] [MPa]
Un-annealed sample 680 660 780 0.048 in 5 mm
Annealed samples 315 300 580 0.37 in 5 mm

Notched 316L micro-scale wire tensile results

Fig 5.2.5 shows the tensile curves of the three types of notched wire specimens. Nominal

strain was determined using the distance between the grips; 10 mm. No tensile tests were

carried out on the FIB50 geometry because there were not enough specimens.
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Fig. 5.2.5a) 50-notch wire tensile curves
b) 100-notch wire tensile curves

c¢) 145-notch wire tensile curves
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The tensile strength for all types of wires was around 800 MPa. But the nominal strain to
failure changes substantially with the notch depth. The 50-notch experiences a much higher

strain to failure than the 100- and the 145-notch samples.

Table 5.2.4 Summary of tensile results of notched 316L micro-scale wires

Elastic limit UTS Nominal strain to failure
[MPa] [MPa]
50 micron notch 300 790 0.022 in 10 mm
100 micron notch 375 800 0.0055 in 10 mm
145 micron notch 350 800 0.0045 in 10 mm

Determining the elastic limits of the microscopic notched wire specimens was difficult,

because the tensile curves are slightly irregular at the beginning.

Notched 316L micro-scale tubing tensile results

The geometries of the three types of notched micro-scale tubing samples were given in detail
in section 4.7.2. Fig. 5.2.6 displays the results of the tensile tests done on the tubing
specimens. The nominal strain is determined using the distance between the grips; 10 mm. It
was not possible to test the 60 holed specimens to failure, because the capacity of the 250N

load cell was insufficient.
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60 holed tubing tensile tests
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Fig. 5.2.6a) 60-holed tubing tensile curves
b) 400 slotted tubing tensile curves
¢) 1500 slotted tubing tensile curves
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Table 5.2.5 Summary of tensile results of notched 316L micro-scale tubing pieces

Elastic limit UTS Nominal strain to failure
[MPa] [MPa]
60 holed notch 180 N/a N/a
400 slotted notch 290 580 0.08 in 10 mm
1500 slotted notch 330 640 0.0022 in 10 mm

5.2.3 Tensile results of aluminium macro-scale plates

The geometry of the plain 0.5 mm thick macro-scale aluminium plate was given in section
4.7.3. One tensile test was done on a plain aluminium macroscopic plate, however, it was not
tested until failure because of an error during the test. Nevertheless, the graph gives a good
indication of material properties such as the proof stress and the Young’s Modulus. Also the
UTS was determined, because from Fig. 5.2.7 it is not likely that the stress would have
increased if the specimen was tested to failure. An extensometer was used to determine the

Young’s Modulus.

Plain macroscopic aluminium tensile curve
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Fig. 5.2.7 Plain macro-scale aluminium tensile results
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Table 5.2.6 Summary of tensile results of aluminium macro-scale plate sample

0.2% proof stress | Elastic limit UTS Young’s Modulus Strain to
[MPa] [MPa] [MPa] [GPa] failure
Plain 113 113 113 65 N/a

5.2.4 Tensile results of aluminium micro-scale plates

Plain and notched aluminium micro-scale plate tensile results

The geometry of the micro-scale aluminium Single Edge Notch Tension plate specimen was
discussed in section 4.7.4. The curves of two plain and one notched tensile tests are given in
Fig. 5.2.8. The gauge length of the plain specimens was 7.5 mm and the distance between the

grips for the notched specimens was: 20 mm.

Plain and notched aluminium micro-scale tensile tests
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Fig. 5.2.8 SENT aluminium micro-scale tensile results
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Table 5.2.7 Summary of tensile results of aluminium micro-scale plate samples

Elastic limit UTS Nominal strain to failure
[MPa] [MPa]
Plain 60 135 0.0075 in 7.5 mm
' Notch 60 108 0.0064 in 20 mm
5.3 Fatigue Results

Fatigue tests were carried out on the same type of specimens as were used for the tensile
tests. The experimental fatigue data was plotted in Stress vs. Number of cycles to failure plots
to determine the fatigue limits. Unless stated otherwise, failure was defined as the fracture of

the sample into two (or more) separate pieces.

5.3.1 Fatigue results of 316L macro-scale bar samples

The geometries of the plain and circumferentially notched bar specimens were given in

section 4.7.1.

Plain 316L macro-scale bar fatigue results

Fig. 5.3.1 shows the fatigue data of the plain 316L macroscopic stainless steel bar cycled at

an R-ratio of 0.1.
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Fatigue data plain bulk bar (R=0.1)
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Fig. 5.3.1 Fatigue data for plain 316L bar specimens at R=0.1

The fatigue limit was determined by adding a trendline through the failure points and
determining the corresponding fatigue limit at 2 million cycles, provided that the non failure
points agreed with that fatigue limit. The plain stainless steel macro-scale specimens showed
substantial straining during the test. The Instron test machine was set to stop fatigue cycling
at a displacement of 2 mm. The specimens had not broken into two separate pieces at that
stage, but were substantially cracked. The choice was made not to cycle to failure into two
separate pieces, because that would not have resulted in a significant increase in cycles to
failure. The slope of the trendline was determined and the equivalent & value, which is equal

to 1/slope.

Table 5.3.1 Fatigue limit of plain 316L stainless steel macro-scale bar samples

Fatigue limit R=0.1 Slope k
at net for 2 million cycles (1/slope)
Plain bar 420 MPa 0.104 9.58
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Notched 316L macro-scale bar fatigue results

Fig. 5.3.2 shows the fatigue results of the notched 316L stainless steel bar specimens. Two
loading ratios were tested: R=0.1 and R=0.8 The loading ratio of 0.8 was used to determine

the closure-free, effective threshold of the material.

Fatigue data notched bulk bar (R=0.1 and 0.8)

1000

Lo |
[
z
]
© N e e o B H
g ek et
LT B T m failure 0.1
1
@ = [ no failure 0.1
= Afailure 0.8
» B Ao falire 0.8
-
w
=z
10
10000 100000 1000000 10000000

Cycles to failure

Fig. 5.3.2 Fatigue data for notched 316L bar specimens at R=0.1 and R=0.8

Table 5.3.2 Fatigue limit of notched 316L stainless steel macro-scale bar samples

Fatigue limit Slope k
at net for 2 million cycles (1/slope)
Notched bar R=0.1 150 MPa 0.14 7.13
Notched bar R=0.8 75 MPa 023 4.269
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5.3.2 Fatigue results of 316L micro-scale wire and tubing samples

The geometries of the plain and notched 316L stainless steel micro-scale wires were given in
section 4.7.2. All specimens, which have a thickness of roughly 90 pm, were tested at an R

ratio of 0.1.

Plain 316L micro-scale wire fatigue results

The bulk of the plain wire fatigue tests was carried out on specimens that were annealed and
electro-polished, similar to stents. However, three plain specimens were tested that did not

undergo the annealing and electro-polishing process, see Fig. 5.3.3.

Fatigue data plain wires (R=0.1)
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Fig. 5.3.3 Fatigue data for plain wire specimens

The fatigue limit for the annealed specimens, determined at the net section area for 2 million
cycles was 420 MPa. There were too few un-annealed specimens to determine a proper
fatigue limit. Adding the un-annealed fatigue data to the annealed fatigue data does not
change this fatigue limit value, although there is more scatter. Annealing appears to have

little effect on the fatigue behaviour.
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Table 5.3.3 Fatigue limit of plain 316L stainless steel micro-scale wire samples

Fatigue limit Slope k
at net for 2 million cycles (1/slope)
Plain 420 MPa 0.0058 173

As Table 5.3.3 shows, the line on Fig. 5.3.3 is almost perfectly horizontal.

Notched 316L micro-scale wire fatigue results

Fig. 5.3.4 shows the notched specimen fatigue data for the 50-, the 100- and the 145-micron
notches and the FIB50 notch. The specimen geometry of these samples was given in section

4.7.2.

Fatigue data notched wires (R=0.1)
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Fig. 5.3.4 Fatigue data for notched specimens

Even though the 50-, 100- and 145-micron notches have different depths, they give similar
fatigue limits at 2 million cycles at the net section. The FIB50 notch has a slightly lower

fatigue limit; again the slopes of the lines are very low.
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Table 5.3.4 Fatigue limits for 316L wire samples

Fatigue limit Slope k
at net for 2 million cycles (1/slope)
50-notch 360 MPa 0.009 111
100-notch 355 MPa 0.0017 586
145-notch 350 MPa 0.0039 239
FIBS0 320 MPa 0.067 14.6

Notched 316L micro-scale tubing fatigue results

Fig. 5.3.5 shows the notched specimen fatigue data for the 60 holed and the 400 and 1500

slotted tubing samples, which geometry was discussed in section 4.7.2.

Fatigue data notched tubing (R=0.1)

1000

"

©

S T < I # 60 hole failure

E A“tﬁ» & 60 hole non failre
] ~——]

o ﬂig;ﬂi; :::&h* h A 400 shot failure

€ 00 —— 44| | & 400 siotnon failure
@ B 1500 slot failure

2 = O 1500 slot non failure
4 —Plain specimen data
|—

w

3

10
10,000 100,000 1,000,000 10,000,000

Cycles to failure

Fig. 5.3.5 Fatigue data for notched tubing specimens
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Table 5.3.5 Fatigue limits for 316L tubing samples

~ Fatigue limit Slope k
at net for 2 million cycles (1/slope)
60 hole 250 MPa 0.127 7.89
400 slot 120 MPa 0.174 5.74
1500 slot 115 MPa 0.15 6.51

The fatigue limits for the 400 and the 1500 slotted specimens are similar. The slopes of the

slotted tubing data are larger than the slopes found for the wire specimens.

5.3.3 Fatigue results of aluminium macro-scale plate samples

Fig. 5.3.6 shows the fatigue data of the 0.5 mm thick plain macro-scale aluminium

specimens. The fatigue limit of the macro-scale notched aluminium plate was determined by

[Bellett, 2002].

Fatigue data macroscopic plain aluminium (R=0.1)
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Fig. 5.3.6 Fatigue results of plain macro-scale aluminium specimens
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Table 5.3.6 Plain and notched macro-scale aluminium fatigue limits

- Fatigue limit Slope k
at net for 2 million cycles (1/slope)
Plain aluminium 55 MPa 0.176 5:677
SENT aluminium 9 MPa
[Bellett, 2002]

5.3.4 Fatigue results of aluminium micro-scale samples

Plain and notched aluminium micro-scale plate fatigue results

Fig. 5.3.7 shows the fatigue data of 0.5 mm thick plain and notched micro-scale aluminium
plates, which geometry was described in section 4.7.4. The fatigue limits were determined at

the net section at 2 million cycles.

Fatigue data plain and notched microscopic aluminium (R=0.1)
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Fig. 5.3.7 Fatigue results of plain and notched micro-scale aluminium specimens
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Table 5.3.7 Plain and notched micro-scale aluminium fatigue limits

Fatigue limit ~ Slope k
at net for 2 million cycles (1/slope)
Plain aluminium 75 MPa 0.012 88.57
SENT aluminium 30 MPa 0.081 12.30

For the plain microscopic aluminium specimens, the line shown in Fig. 5.3.7 is nearly

horizontal. For the notched samples, the slope is also very low.

5.4 Stress Intensity Factor Threshold and Critical Distance values

From the experimental macroscopic stainless steel and aluminium data, the stress intensity
threshold, 4K,,, was calculated. Three approaches could be taken:
- Determining the threshold through the 4K equation at the fatigue limit (equation)

- Determining the threshold via the critical distance through the stress distance curve at

the fatigue limit (FEA)

- Determining the threshold using the Crack Modelling Method at the fatigue limit

(CMM)

All three approaches will be discussed in more detail. They should give a similar value for

the threshold.

Apart from the macroscopic material threshold, three reduced threshold values were

proposed for the microscopic specimens:

- AKn_wideh
- AKemn
- 4 Kth_exp

The values for these thresholds are calculated respectively in sections 5.4.2, 5.4.3 and 5.4.4.
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5.4.1 Determining the macroscopic thresholds and critical distances

The macroscopic thresholds and critical distances were calculated for the experimental
fatigue results, using the three approaches mentioned above: Equation, FEA (stress distance
curve) and Crack Modelling Method. The equation used to calculate the threshold for the
macroscopic specimens assumes that the notch is a crack, following Smith and Miller’s

idea’s:
AK, = Fyr AG, N 7D (5-4-1)

The required experimental details and the actual value for the threshold calculated through

the equation are given in Table 5.4.1.

Table 5.4.1 Results for threshold and critical distance for the macroscopic materials

Ao, AT, Fyer D AKy, L
[MPa] | [MPa] [mm] | [MPaVm] [mm]
Stainless steel | 420 150 | 0.936 1 787 0.11
Aluminium 55 12.9 1.16 15 3.25 1.11

Secondly, the threshold was determined through FEA (stress distance curve). From the
critical distance, one can calculate the corresponding threshold value for the material. The
theory behind the critical distance implies that a specimen will fail when the stress at the
critical distance is equal to the critical stress of the material; in the case of fatigue that is the
plain fatigue limit. Therefore, by applying the fatigue limit stress range of the macroscopic
notched component to the ANSYS model, at the critical distance the stress is equal to
respectively 420 MPa and 55 MPa for the stainless steel and the aluminium. Since in this

exercise the Point Method is used, the critical distance value measured is actually L/2.
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Fig. 5.4.1 shows the critical distance curves at the notched fatigue limits of both the stainless
steel and the aluminium. The minimum value on the y-axis is the plain specimen fatigue limit
for that material. Therefore, multiplying the distance where the curve crosses the x-axis by 2,
will give the critical distance value L. The corresponding threshold value can then be

calculated through equation 5-4-2:

AK, = Ao,N7l (5-4-2)
Stress distance plot at fatigue limit for 316L macro bar at R=0.1
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Fig. 5.4.1 Stress distance curves at the fatigue limit for macroscopic specimens
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Table 5.4.2 Critical distance values and corresponding thresholds through FEA curves

a 46, | 460 | Fyer | D AK o i
[MPa] | [MPa] [mm] [MPaVm] [mm]
Stainless steel 420 150 0.936 1 9.71 0.17
Aluminium 55 12.9 1.16 LS 3.23 1.10

The third and final method of calculating the material threshold uses the Crack Modelling
Method. This method determines a K value from the critical distance curve. When the stress
distance curve is plotted at the fatigue limit of the notched specimen, the corresponding K
value will therefore be the threshold. This method has been implemented in software and the

results are given in Table 5.4.3.

Table 5.4.3 Critical distance values and corresponding thresholds through the CMM

AK L
[MPavm] [mm)]
Stainless steel 8.45 0.13
Aluminium | 321 1.08

Three different values for the long crack threshold value were calculated. In the case of the
aluminium, one extra threshold value can be added, which was determined by Bellett through
a da/dN plot (Bellett, 2002). Table 5.4.4 summarises the different values for the threshold in

the macroscopic stainless steel and aluminium.

Table 5.4.4 Summary of calculated threshold values for the macroscopic materials

AKy, AKy, AK AK
Equation FEA curve CMM Bellett
[MPaVm] | [MPaVm] | [MPaVm] | [MPa\Vm]
Stainless steel 7.87 9.71 8.45 N/a
Aluminium 325 323 3.21 2.8
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The three calculated values for the aluminium are very consistent. The reason why the
threshold determined by Bellett is slightly lower, is difficult to say. His value of the threshold
was determined by decreasing the applied load in steps until the long crack stopped growing.
The equation calculates the threshold for the material assuming that the notch is in fact a
crack. This normally works well for sharp notches. And it works in this case as well, because

the difference between the equation and Bellett’s value is not that large.

More scatter is found in the calculations for the stainless steel thresholds. For further
calculations, the threshold determined through the equation will be used, since the equation
should describe the stress concentration in the specimens. The Point Method predictions are
made using FEA and since the FEA threshold is larger than the equation threshold, an error is
expected of around 20%. Table 5.4.5 gives the final values for the thresholds for the

macroscopic stainless steel and aluminium and the corresponding critical distance values.

Table 5.4.5 Final values for macroscopic thresholds and critical distances

AK L
MPaVm] | [mm]
Stainless steel 7.87 0.11
Aluminium 3.25 1.11

5.4.2 Determining AK_wiqtn for the microscopic specimens

The threshold value for long cracks is a constant, but it reduces for short cracks. A crack can
never grow longer than the net width of a specimen. In the case of microscopic components,
the maximum crack length is so small that the constant threshold value can never be reached.
AK i wiam corresponds to the maximum threshold value that can be obtained by this limited
maximum crack length. The value for 4Ky _wism can be calculated using the resistance curve

method (equation 5-4-3) as discussed in section 3.2.1.
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a (5-4-3)
Ath_widlh = a_-;a_AK'h

where crack length a is the maximum crack length, which is equal to the width of the
specimen at the notch, a, is El Haddad’s short crack parameter and 4Ky, is the long crack

threshold value. The results are given in Table 5.4.6.

Table 5.4.6 Summary of the threshold values based on the net width of the specimens

MICRO specimens Ao, | Fner a a, | AKum_wian L
(net width)
[MPa] [mm] | [mm] | [MPavm] | [mm]
316L stainless steel
50-wire 420 | 0.605 0.11 0.305 4.05 0.03
100-wire 420 | 0455 0.11 0.539 3.238 0.019
145-wire 420 | 0.385 0.11 0.753 2.808 0.014
FIB50 420 | 0.596 0.109 (0314 3.991 0.029
60-hole 420 | 0.978 2.61 8117 7.696 0.107
400-slot 420 | 0.862 227 0.15 7.618 0.105
1500-slot 420 | 0.550 Ll 0.369 6.858 0.085
Aluminium
Single edge notch 55 | 1414 Ie 0.556 2.776 0.811

5.4.3 Determining AKesmn

The effective threshold is the closure-free threshold of the material. This threshold value was
determined experimentally for the stainless steel by fatigue cycling at a loading ratio R of 0.8.
At that ratio no closure is expected to occur. The only approach to calculate the effective
threshold is through equation 5-4-1, because the plain fatigue limit was not determined

experimentally at an R ratio of 0.8. The material work hardens substantially and therefore,
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the maximum stress required to break the specimens lies above the UTS. Table 5.4.7 gives
the closure-free threshold value. This value is then used in combination with the plain fatigue

limit at an R ratio of 0.1 (420 MPa) to calculate the effective critical distance, L.y

Table 5.4.7 Results for effective threshold and effective critical distance

Aa, AGon Fner D AK 5 L.y
R=0.1 R=0.8
[MPa] [MPa] [mm] [MPa\fm] [mm]
Stainless steel 420 735 0.936 1 3.93 0.0279

5.4.4 Determining AK_exp for the microscopic specimens

The experimental threshold values for the microscopic material can be determined through
the same three approaches as used for the macro-scale material: using the equation, using

FEA (stress distance curve) and using the CMM.

Equations 5-4-4 and 5-4-5 apply to short cracks and are used to calculate the microscopic

threshold values and critical distances for the experimental data.

T (5-4-4)

AK, = FAG, \Jn(D+L) (5-4-5)

Fig. 5.4.2 shows the stress distance curves for the micro-scale stainless steel and aluminium
specimens at the fatigue limit. These curves were used to determine the critical distance value
for the materials, which in turn determine the fatigue threshold values for the microscopic

specimens.
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Stress distance pilot at fatigue limit for 316L microscopic wires at R=0.1
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Fig. 5.4.2 Stress distance curves at the fatigue limit for the microscopic specimens
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Table 5.4.8 summarises the results for the different micro-scale threshold values. The value
for the threshold obtained through the equation will be used in future calculations, therefore
for that threshold the corresponding critical distance was calculated. This threshold should
give good predictions using the Smith and Miller method, because they use similar equations

and they also assume that sharp notches behave like cracks.

Table 5.4.8 Summary of the threshold values and critical distances for micro-scale specimens

MICRO specimens AK AK AK, L
FEA curve CMM Equation | Equation
[MPaVm] | [MPaVm] | [MPaVm] | [mm]
316L stainless steel
50-wire 3.59 2.97 2.73 0.018
100-wire 3.63 3.08 2.89 0.017
145-wire 3.60 3.19 2.91 0.017
FIB50 2.79 2.32 243 0.013
60-hole 3.49 2.66 2.38 0.015
400-slot 3.16 2.93 2.59 0.013
1500-slot 3.44 317 3.07 0.017
Average values stainless steel 2.71 0.0158
Aluminium
Single edge notch 1.52 1.76 3.532 0.706

The stainless steel experimental threshold values based on the equations agree very well:
AK, and L are obviously constant. For the FEA curve, the threshold values are higher than
for the equation values and there is more scatter. For the aluminium however, the difference
between the equation and the FEA/CMM is nearly a factor of 2. This difference will be

discussed in chapter seven; discussion of the aluminium results.
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5.5 Hardness Results

Hardness tests were done on all types of specimens with the Mitutoyo MVK-H]1.

Table 5.5.1 Hardness measurements on tested samples

Hardness
Hy
¥ MICRO-SCALE
316L un-annealed plain wire 312
316L annealed plain wire 170
316L 50-notch wire 154
316L 100-notch wire 157
316L 145-notch wire 162
316L 60 holed tubing 162
| 316L 400 slotted tubing 156
316L 1500 slotted tubing 159
316L FIB 50-notch 158
Aluminium plain plate 37
Aluminium SENT plate 35

Hardness
Hy
MACRO-SCALE
316Lannealed plain bar 186
316L annealed notched bar 191
Aluminium plain plate 37
Aluminium SENT plate 40
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Chapter 6 Discussion of the 316L stainless
steel results

In this chapter the fracture and fatigue results of the 316L stainless steel specimens are
discussed and a comparison is made with the prediction methods, which were explained in
chapters 2 and 3. The geometries of the tested microscopic specimen are shown in Fig. 6.1.1:
3 types of notched wire specimens, and 3 types of slotted tubing specimens. The last type is a
variation on the 50-notched wire, the FIB50-wire, which was sharpened to a root radius of 1
micron using the Focussed lon Beam (FIB) process. Detailed descriptions of the specimen

geometries can be found in section 4.7.

90 microns
/

A /

¥

i
: 4

| 110 r< g
N by
>.J<— 50\,\%)0, 145 microns / Q\

60, 400, 1500 microns
90 microns

Fig. 6.1.1 Specimen geometries microscopic 316L stainless steel specimens

6.1 Discussion of 316L stainless steel tensile results

The results and graphs of the tensile tests were given in section 5.2, however, it is interesting

to have a closer look at them to see if there are unusual things occurring.
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6.1.1 Plain annealed and un-annealed wire tensile results

Fig. 6.1.2 shows the tensile curves of the plain specimens. All specimens were annealed,

except for one plain un-annealed wire.

Plain wire tensile tests

900

800

700 ]

600

il ——PlainNOT!

annealed
™ il ——Plain

|

|

- .
i

Stress [MPa]
=

300

200

100

0 | == T T

o
0 0.05 0.1 0.15 0.2 025 03 035 04 045
Nominal strain

Fig. 6.1.2 Tensile curves for plain wire specimens

The value for the Young’s Modulus of these small specimens was also calculated.
Determining the value of Young’s Modulus was not an aim of this research, but an
interesting aspect to investigate. The average Young’s Modulus value for the 316L stainless

steel measured from macro-scale experimental tests was 177 GPa.

The problem with these small specimens is that no extensometer was used to measure the
strain, because of the fragility of the specimens. Therefore, the displacement of the actuator
had to be used to determine the Young’s Modulus. This method is not the most accurate, but
nevertheless an attempt was made. The specimens were manufactured as conventional

‘dogbone’ shaped samples. Two correction factors were used:
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- Correction to account for the strain in the testing machine

- Correction to determine strain at net area, eliminating strain at the bigger grip ends

The strain in the testing machine, the MTS Tytron (including grips), can be determined using
a dummy specimen. A very large piece of steel is gripped and a tensile test is conducted over
the same force range as used for the wire specimens. The dummy specimen is so large and
stiff, that all displacement measured is straining of the machine and the grips. Subtracting the

dummy displacement values, results in pure straining of the specimen.

The second correction has to be done because the strain at the net section needs to be
determined. The gauge length of the wire is 5 mm, but the distance between the grips is 10.5
mm. There is a difference in width between the wire of 5 mm (net section length) and the
wider grip heads, see Fig. 6.1.3a. The Tytron can only measure the total displacement
between the grips, so the strain in the 5 mm net section of the wire cannot be determined
directly. A simplified model, shown in Fig.6.1.3b was made to determine the strain in the

wire without grip heads and therefore the Young’s Modulus.

GRIP I‘_d1"1

T 1 55mm
a) 5mm b)
10.5 mm T
2 5mm

Fig. 6.1.3a) Plain, dogbone shaped, specimen placed between Tytron grips

b) Simplified model to determine strain at the net area
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The wire itself has a width of d, the wider end has a width of d;. An equation was derived to
calculate the strain, & over the 5 mm net section length of the wire. Elasticity is assumed and
the fillet radius between d; and . is not taken into account. Area 1 in Fig. 6.1.3b correlates with
the grip heads, area 2 with the net section of the wire. Subscripts 1 and 2 for will therefore
correlate to respectively area 1 and 2 and subscript total to both area 1 and 2. It is important to

realise that: &, # & + &. To determine Young’s Modulus E, &; has to be calculated.

d; = width of the grip end d, = width of the wire t = thickness
& = total strain in both sections &= strain in the grip end £7= strain in the wire
Lt = total length of both sections /; = length in grip end 1, = length of the wire
Aliyar = change in total length of both sections together
E; = Young’s Modulus of the grip end E; = Young’s Modulus of the wire
o; = stress in the grip end o; = stress in the wire
F; = force in the grip end F, = force in the wire
A, = area of the grip end A, = area of the wire
&iotal = Alrotat/liotal > otal = (&1l1 + &1)/(11+ 1)
< & = {&oat (L1+ 12) - &1}/ I (6-1-1)

E[:E] > 0'1/81 =O}/82
gp = F//A/
Fl :Fg <> & = €2A2/A1 (6-1-2)

A, =dt and A, =dyt (6-1-3)

Combining (6-1-1) and (6-1-2) with (6-1-3) gives the following equation for & (for elastic

strain):

& = {&oa( i+ 1)}/ {1 + (1, d2)/ d}} (6-1-4)

Experimental data of two plain annealed wires were analysed, resulting in the following

Young’s Modulus values:

Eexp1 = 150 GPa Eoza= 129 GPa
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If these values are compared to the 177 GPa found for the macro-scale stainless steel bar
samples, they seem to be quite low. An FE4A model (ANSYS) was made of the plain wire
geometry and it was loaded elastically, using the calculated Young’s Modulus as an input.
ANSYS gave similar results to the calculated values, the slight differences can be attributed
to the fillet radius, which is put into the FEA model, but not into the calculations shown

above.

Table 6.1.1 summarises the experimental data for the micro and macro material and states the

specifications for the material as found on: www.matweb.com.

Table 6.1.1 Macroscopic vs. microscopic material properties

MACRO MICRO Specifications
www.matweb.com
0.2% Proof stress 396 MPa 315 MPa 205 MPa
(yield strength)

Elastic Limit 290 MPa 300 MPa -
Young’s Modulus 177 GPa 129 and 150 GPa 193 GPa
UTS 754 MPa 580 MPa 515 MPa
Strain to failure | 0.61in12.5mm |  037in5mm 0.6 in 50 mm

There is an expected difference between the annealed and un-annealed curves. The strength
of the un-annealed wire is much higher than the annealed wire and the strain to failure is a lot
less. The microscopic wires have a slightly lower 0.2% proof stress than the macroscopic
material. This is probably due to the fact that no extensometer was used for the micro
material, therefore, the elastic limits were compared. The elastic limit was determined at the
point where the curve starts to deviate from the initial linear behaviour and the values for the
micro and macro material agree well. There is however a large difference between the proof
stresses of the micro and macro material and the specified value of 205 MPa. It is unclear
why this difference is observed. The specification gives the value for the yield strength, but
even if this value was determined as an elastic limit, it is still roughly 100 MPa lower than

the values obtained from the experimental tests.
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The Young’s modulus of the macro material was also found to deviate from the specification,
which might be related to the difference in yield strengths. Still, these values should be the
same since it is the same material. There also should not be a difference in Young’s Modulus
between the micro and the macro material. However, maybe there is a size effect for the
Young’s Modulus. This was not expected, because in the length direction, there are enough
grains to form a continuum and the Young’s Modulus should not be affected. But, the
difference was found experimentally, so maybe the lack of a continuum in the thickness and
width direction causes this change in Young’s Modulus, because there are only a few grains

at the width and the thickness of the micro wires.

Another difference between the specification and the macro material behaviour was found in
the value of the UTS. The macro material was found to be stronger than specified, even the
micro material was slightly stronger. The corresponding strain to failure for the macro
material did agree with the specifications but this value was determined for a different gauge
length, which can be significant in the results. The strain to failure in the microscopic
specimens is somewhat lower than in the macro material, but again this strain was

determined with a different gauge length.

The macro-scale tensile results do not agree well with the specifications. A possible solution
might lie in the grain size. Material properties like proof stress and UTS can change with
grain size and the grain size was not stated in the specification. The micro material and the
macro material have a similar grain size value, therefore, they should have similar material
properties, however, apart from the elastic limit, this was not the case. The difference in

Young’s Modulus, UTS and strain to failure might be caused by the size of the specimens.

To check this assumption, the true stresses at failure were determined. If these are the same
for the micro and the macro material, the difference in UTS is not due to a size effect. The
cross sectional areas at failure were determined; for the macro specimen by measuring the
diameter after fracture using Verniers callipers and for the micro specimen by determining
the cross sectional area at failure from Fig. 6.1.4 (roughly the area inside the square). The

corresponding true stress values at failure, oy7zruE, are summarised in Table 6.1.2.
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Fig. 6.1.4 Cross sectional area at failure for the micro specimen

Table 6.1.2 Summary of true stresses at failure for the plain material

Area at failure | Load at failure OfTRUE

[mm’] [N] [MPa]

MACRO 11.95 16840 1340
MICRO 0.001134 5.96 9435

The micro-scale material necks more before failure than the macro material, thus increasing
the true stress at failure substantially. Effectively, when the specimen starts to neck, a
situation similar to a circumferential notch is created, thus giving rise to the notch
strengthening effect. The exact amount of strengthening depends on the shape and the depth
of the notch. Generally an increase in strength of a factor of 3 is said to be the highest
possible value, for a deep sharp circumferential notch. Since the micro material necks more
than the macro material, more strengthening will occur. However, the true stress at failure of
5255 MPa for the microscopic material is extremely high. More plain wires were analyzed,

giving similar values. This is a very interesting result and should be investigated further.

6.1.2 Notched wire tensile results

In section 5.2.2 tensile results on 3 types of microscopic notched wires were shown. For the
notched samples no gauge length could be defined, therefore, instead of strain, nominal strain

values were determined. No tensile tests were done on the FIB50 geometry, because there
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were not enough samples. Comparing the notched tensile results to the plain tensile results
suggests that the tensile strength of the notched wires is actually higher than the strength of
the material, which is strange. Fig. 6.1.5 shows the plain and notched wire tensile curves,

where Fig. 6.1.5b is a magnification at low nominal strain values.

Plain vs. notched wire tensile tests
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Fig. 6.1.5a) Plain vs. notched wire tensile results

b) Enlargement of the low strain values
The true stresses at failure were also determined for the 50-notch and for the 145-notch to

investigate this notch strengthening effect. Fig. 6.1.6 was used to determine the cross

sectional areas at failure for these notched wires and the results are given in Table 6.1.3.
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Fig. 6.1.6a) Cross sectional area at failure for the 50-notch wire

b) Cross sectional area at failure for the 145-notch wire

Table 6.1.3 Summary of the true stresses at failure for the notched wires

Area at failure | Load at failure UTS TRUE
[mm’] [N] [MPa]
50-notch 0.001176 8.27 7036
145-notch 0.0011753 8.06 6860
Plain MICRO 5255
Plain MACRO 1340
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The notched wires show even more necking before failure than the plain microscopic
material, thus increasing the true stress to failure slightly more. Both notched wires give
similar values for the true stress at failure, which is logical, because necking in the thickness
direction establishes the circumferential notch, therefore, the notch depth is not that

influential.

Tensile testing was not one of the main objectives of this work, therefore, not enough tests
were done to draw conclusions. It is however an interesting phenomenon to be investigated
further. Especially the high increase in true stress at failure that was found for the

microscopic material might be a very interesting phenomenon.

6.1.3 Notched tubing tensile results

Fig. 6.1.7a shows the nominal tensile results of the slotted tubing pieces, Fig. 6.1.7b is an
Enlargement of the graph at low nominal strain values. The 60 holed tubing samples could

not be tested to failure, because the capacity of the load cell was too low.

Plain vs. tubing tensile tests
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Plain vs. notched tensile tests
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Fig. 6.1.7a) Tensile results on 316L micro-scale wires

b) Enlargement of first part of the graph including wires

The 60 holed sample, which could not be tested to failure, seems to behave more like the
plain specimen (apart from the elastic part of the curve) than like the notched wires. The
main difference between the notched wires and the slotted tubing pieces is that the tubing
pieces have a substantially larger net section width, varying between roughly 2 - 2.5 mm as
opposed to the 0.11 mm for the notched wire specimens. This indicates that for the tubing
specimens there is continuum behaviour at the net section (not taking into account the
thickness of the specimens). Maybe the 60 micron hole is small enough not have that much

influence on the strength of the total specimen.
No true stresses at failure were determined for the tubing specimens, because no clear

fracture surface area could be found on the SEM pictures. Fracture surfaces will be shown in

more detail in section 6.3.
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6.1.4 Concluding remarks on the tensile tests

Since fatigue was the main objective of this work, not enough tensile tests were carried out to
draw conclusions at this stage. However, from these results it seems that when designing
microscopic 316L stainless steel components, one should not be concerned too much about
the tensile strength. The results that the microscopic material, expressed in true stress, is

stronger than the macro material is very interesting, but should be investigated further.

6.2 Discussion of 316L stainless steel fatigue results

6.2.1 Plain annealed and un-annealed wire fatigue results

Fig. 6.2.1 shows the S-N; -curve of the plain fatigue data from the microscopic specimens.
Many tests were done on annealed plain wires, plus 3 on un-annealed wires. The un-annealed

data points do however fit in nicely with the annealed data.

Fatigue data plain wires (R=0.1)
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Fig. 6.2.1 Plain fatigue data
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The fatigue limit of the material, 420 MPa, is actually above the material’s (microscopic)
yield strength, which is not usual at an R-ratio of 0.1. In the present work the assumption was
made that some plastic deformation and material strengthening will occur in the first few
cycles, which will effectively result in an increase of the yield strength, i.e. cyclic hardening.
So, for the rest of the test, cycling is assumed to be elastic, below the increased yield

strength.

An unexpected result is that the plain specimen fatigue limit for the micro-scale 316L
stainless steel seems to be independent of annealing. Of course, only 3 un-annealed samples
were fatigue tested, but including these three samples did not alter the annealed fatigue limit.
It might be that actually, the annealed samples cyclically harden, while the un-annealed
samples cyclically soften, so that eventually they come together, resulting in the same fatigue
limit. This is of practical importance, because stents are plastically deformed during
deployment, therefore hardening the material. This should not influence the results, because

both annealed and un-annealed, hardened specimens resulted in the same fatigue limit value.

Another point of interest is the slope, or actually the lack of a slope of the fitted line to the
experimental microscopic data. The difference in slopes for the macro and the micro material
was illustrated in Fig. 6.2.1. When plotting fatigue data, the life (V) of a component or
specimen should reduce with an increase in stress (A4S). These experimental results imply,
similar to the static tensile tests, that microscopic samples might not be affected by notches in
fatigue, it might be more of a static problem. The fatigue limit of the material (which was
determined to be 420 MPa) can therefore also be determined using a monoparametric
analysis, see Table 6.2.1. Since fatigue failure does not seem to depend on the number of
cycles to failure in the range of 10,000—10,000,000 cycles to failure, both failure points and

run outs were taken into account.

The mean value of the applied stress is 438 MPa. The standard deviation and 2 confidence
intervals are given in Table 6.2.1. The 95% confidence interval means that 95 % of the data
lie within this interval, the 50% confidence interval means that 50% of the data points fall
within that interval. The confidence intervals are very small, the 50% confidence interval for
instance states that 50% of the fatigue data points lie within + 3 MPa of the mean value,

which is a very low value, nothing like what is expected for a fatigue situation.
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Table 6.2.1 Results of monoparametric analysis of plain wire fatigue data

- | Mean value | Standard deviation | 95%-Confidence | 50%-Confidence
interval interval
[MPa] [MPa] [MPa] [MPa]
Plain specimen 438 25 9 3

This data is determined within a range of 10,000-10,000,000 cycles to failure; the high cycle
fatigue regime. In the low cycle fatigue regime, the slope is expected to increase, because

eventually, at 1 cycle to failure, the UTS should be reached; 580 MPa.

6.2.2 Notched wire fatigue results

Fig. 6.2.2 shows the notched wire fatigue data results, no trend lines are added in order to
have a clearer picture of the data points. Similar to the plain specimen results, there seems to
be no distinct slope and the fatigue limits of the 50-, 100- and 145-micron notches are very

similar, respectively 360, 355 and 350 MPa. The FIB50-notch has a fatigue limit of 320 MPa.

Fatigue data notched wires (R=0.1)

1000 ——————— SR

#»—-‘-—‘_—7 e S

50-notch fallure
50-noich non failure
100-notch failure
100-notch non failure
145-notch failure
145-notch non failure
- 50FB failure
+ 50FIB no failure
—— Plain specimen data

.
27 g
>
15
“-

om <o ¢ > p

NET Stress range [MPa]

100
10,000 100,000 1,000,000 10,000,000

Cycles to failure

Fig. 6.2.2 Notched wire fatigue data
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Again the fatigue limits are above the microscopic yield strength of 315 MPa. For these data
a similar monoparametric analysis was done in the range of 20,00-10,000,000 cycles to

failure, see Table 6.2.2.

Table 6.2.2 Results of monoparametric analysis of notched wire fatigue data

Mean value | Standard deviation | 95%-Confidence | 50%-Confidence
[MPa] [MPa] interval interval
[MPa] [MPa]
50-notch 369 7 5 2
100-notch 337 16 8 3
145-notch 349 21 10 3
FIB50 326 43 217 9
FIBS50 (no outlier) 315 31 20 7

The FIB50 notch shows a lot more scatter than the 3 other notches, but the results are still
good. There is one obvious outlier in the FIBS0 data, around 26,000 cycles to failure. If this
point is excluded from the analysis, and the range is taken between 30,000-10,000,000, the
scatter is less, see Table 6.2.2. However, the scatter is not that much less, therefore, it is

hardly worth excluding it.

A likely explanation for this scatter is the way this sharp FIB radius was manufactured. A
focussed ion beam was used to make a 1um sharpened root radius at the already existing
notch. Since the wires were cut from a piece of tubing, the wires are slightly curved, which
gives problems. The sharpened length of the FIB notch is not constant over the thickness of
the wires, as illustrated in Fig. 6.2.3. At the surface, there is substantial overshoot, of which
the amount varies for the different samples up to 14 um. Therefore, more scatter is likely to

occur, however, the results are still good.
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Fig. 6.2.3a) Schematic representation of FIB process

b) Example of a FIB50 specimen

6.2.3 Notched tubing fatigue results

For the plain and notched wire specimens, there was no slope. For the tubing samples there is
more sloping visible in Fig. 6.2.4. The fatigue limits for the 60 holed, the 400 slotted and the
1500 slotted geometries are respectively 250 MPa, 120 MPa and 115 MPa.

Fatigue data notched tubing (R=0.1)
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=] Y A 400 slot failure
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€ 10 ——— | | & 400 skt non failure
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2 H [ 1500 slot non failure
b
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w
4
10,000 100,000 1,000,000 10,000,000

Cycles to failure

Fig. 6.2.4 Notched tubing fatigue data
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Again a monoparametric analysis was done, taking into account the no-failure data. Except
for the 60 holed specimen, the fatigue limits are below the yield strength of the material.
Comparing the standard deviation values and the confidence intervals to those of the notched
wire samples, here the scatter is much larger, which is logical, because there is some sloping

for these samples. Yet, for fatigue data, the slope is not large at all.

Table 6.2.3 Results of monoparametric analysis of notched wire fatigue data

Mean value | Standard deviation | 95%-Confidence | 50%-Confidence
interval interval
[MPa] [MPa] [MPa] [MPa]
60-hole 312 55 34 12
400-slot 149 35 25 8
1500-slot 124 28 17 [ s

The microscopic plain and notched wire specimens can fail at any number of cycles in the
range of 10,000 — 10,000,000, independent of the applied stress range. In one aspect it is not
strange that this happens, because there are only roughly 10 grains at the net section of the
wire. The grain distribution is of great importance. When a non-propagating crack forms at a
very low applied stress range in the first one (or two) grains, this reduces the net cross
sectional area. For the tubing pieces there are more grains along the width, reducing this

effect substantially.

For example, the same stress is applied to two microscopic wires and a non-propagating
crack forms across the first grain. In one of the two wires, the first grain is relatively small
and in the other wire the first grain is relatively large, see Fig. 6.2.5. The formation of a non-
propagating crack increases the net section stress substantially more for the large grain than
for the small grain, because there are only 10 grains along the width. The wire with the large
first grain will therefore most likely have a shorter fatigue life than the wire with the smaller
first grain. For the tubing specimens, there are more grains at the net section, so even if the
first grain is large, the net section stress will be the same as if the first grain were small,

resulting in a more sloped S-Nyrelation.
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Fig. 6.2.5 Importance of grain distribution for microscopic specimens

The microscopic fatigue data shows very little scatter, which is supported by the narrow
scatter bands that were calculated in Tables 6.2.1, 6.2.2 and 6.2.3. More scatter in the fatigue
data would affect the tubing specimens more than the wire specimens, because of the sloping
in the S-Nycurves. For example the difference between the fatigue limit from chapter 5 and
the fatigue limit from the monoparametric analysis is only 5% or less for the wire specimens,
but 25% or less for the tubing specimens. The fatigue results are expected to be repeatable,
provided that the testing circumstances and manufacturing processes are similar. However,

this can only be said with certainty if the test series would be repeated.

6.3 Microscopy of the microscopic specimens

This section discusses the Scanning Electron Microscope (SEM) pictures that were taken of

several fracture surfaces, both tensile and fatigue.

6.3.1 Tensile fracture surfaces

Fig. 6.3.1 shows SEM pictures of the fracture surfaces of a plain and a notched wire.
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Fig. 6.3.1a) Tensile fracture surface of a plain wire
b) Tensile fracture surface of a 145-notch wire
c¢) Enlargement of the plain tensile fracture surface

d) Enlargement of the notched tensile fracture surface

The dimples that are visible on the tensile fracture surfaces indicate fast fracture. A closer
look, Fig. 6.3.1c and 6.3.1d, suggests that the dimples are slightly sheared, but that is not the
case: the fracture surface itself is at an angle. Necking, the reduction of cross sectional area,
occurs in both the plain and the notched wire samples. Both the plain wires and the notched
wires neck more in the thickness direction than in the width direction as was illustrated in
respectively Fig. 6.1.4 and Fig. 6.1.6. In other words, before testing the cross sectional areas

were roughly a square and after fracture they were more rectangular.

Fig. 6.3.2 illustrates the tensile fracture surface of a notched tubing piece. The slots are
clearly visible in the picture and it looks like some necking occurs at the fracture surface,

however, this is difficult to identify. Magnifying the tensile fracture surface, Fig. 6.3.2b and
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Fig. 6.3.2¢, results in a surface that looks different from the dimpled fast fracture surface that

was found for the plain and the notched wire specimens.

- -
c

Fig. 6.3.2a) Tensile fracture surface of a tubing specimen
b) Enlargement of the tubing tensile fracture surface

c¢) Enlargement of the tubing tensile fracture surface

6.3.2 Fatigue fracture surfaces

Fig. 6.3.3 shows typical fatigue fracture surfaces of respectively a plain and a notched wire
specimen. The fracture surface can be divided into two regimes. The dimpled fast fracture
part, as identified in the previous section and the fatigue part, which is distinguishable by

waves or ripples. A magnification of the specific fatigue surface is given in Fig. 6.3.3c.
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Fig. 6.3.3a) Fatigue fracture surface of a plain wire
b) Fatigue fracture surface of a notched wire

c) Enlargement of the fatigue fracture surface

During fatigue crack growth, hardly any necking occurred. A considerable amount of
necking did occur for all specimens at the fast fracture tensile surfaces. In most situations
fatigue crack growth started in one notch, but sometimes cracks started to grow

simultaneously from both notches, Fig. 6.3.3b.

Fig. 6.3.4 illustrates the fatigue fracture surface of the tubing specimens. At the fatigue
surface, hardly any necking occurred, but at the fast fracture part of the fracture surface,

necking was found.
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Fig. 6.3.4a) Fatigue fracture surface of a tubing specimen
b) Enlargement of the transition between fatigue and tensile
c) Enlargement of the transition between fatigue and tensile

d) Horizontal fatigue fracture surface

If plane stress/Mode-II shear failure occurred in these samples, the fatigue fracture surface
would have been under an angle of 45 degrees (in the thickness direction). Fig. 6.3.4d
illustrates that the fatigue fracture surface is horizontal; therefore, no plane stress/Mode-II

shear failure occurred. This was also found for all microscopic wire specimens.

6.4 Discussion of prediction methods vs. micro-scale 316L fatigue results

Table 6.4.1 gives a summary of the different fatigue prediction methods that will be used,
including proposed short crack and micro-scale corrections. These were discussed in chapters

|1 and 2. Abbreviation scc stands for short crack correction.
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Table 6.4.1: Prediction methods to be used on micro-scale 316L stainless steel specimens

METHOD

COMMENTS

Stress Life

K, needs to be determined (FEA)

Smith and Miller

- El Haddad scc a,
- El Haddad scc a,,

- Long crack prediction

- scc using 4Ky, 4 for width specimen
- scc using 4Ky, ., from exp. data

- scc using 4Ky, .., from exp. data

D needs to be known

a,, needs to be known

R-curve needed to determine 4Ky, ium at width
Exp data needed from macro-scale specimens

Exp data needed from micro-scale specimens

- Changing L using 4K, ,ian
- Changing L using AK, .
- Changing L using 4K, ..,

CMM - Long crack prediction
- El Haddad scc a, D needs to be known
- El Haddad scc a,, a,, needs to be known
- scc using 4Ky, ian for width specimen | R_curve needed to determine 4Ky, yiun at width
- scc using 4Ky, oo from exp. data Exp data needed from macro-scale specimens
~ 30 MEINE A B oy SR SR A0 Exp data needed from micro-scale specimens
TCD - Long crack prediction

R-curve needed to determine AKy; i at width
Exp data needed from macro-scale specimens

Exp data needed from micro-scale specimens

Resistance curve method (El Haddad)

Crack length, notch depth, CMM’s a,, required

Suo/KK (scc already included)

Notch depth, D, or CMM’s a,, required to be able

to determine El Haddad’s a, value

Table 6.4.2 summarises several important parameters, which are required to make

predictions. These values were given previously in the results chapter. The values for the

effective threshold, 4K, s, and the corresponding critical distance, L.z are not added in Table

6.4.2 since they are constants. 4Kz = 3.93 MPaVm and L.;=0.0279 mm.
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Table 6.4.2 Important parameters for fatigue predictions

A6, K: | Fner | wner a, D AKip wiagn | Lwian | AKihexp | Lexp

[MPa] [mm] | [mm] [mm] [MPa\m] [mm] [MPavm] | [mm]

50-notch 360 2.34 | 0.61 0.11 21 0:055:[ 1 0.05 4.05 0.03 273 0.018
100-notch 355 2.4 0.46 0.11 ]+ 0.072 0.1 3.24 0.019 2.89 0.017
145-notch 350 2351039 0.11 | 0.082 | 0.145 2.81 0.014 291 0.017
FIB 50 320 5.37 | 0:59 | 0.109:] 0:033 | 10:051 4.00 0.029 243 0.013
60 hole 250 288 | 098 | 261 |0.038| 0.03 7.70 0.107 2.38 0.015
400 slot 120 5.58 | 0.86 | 2.27 | 0.231 0.2 7.62 0.105 2:59 0.013
1500 slot 115 6:13 | (0.55 L1708 0772 0.75 6.86 0.085 3.07 0.017
Average AKy,_exp 2.71 0.016

When predictions will be made with the experimental threshold value, the average value of
2.71 MPaVm will be used. Since the experimental threshold values for all different

microscopic geometries are similar, good predictions are expected.

6.4.1 Discussion of the Stress Life method

The Stress Life method is expected to give bad predictions for these micro-scale specimens,
because it does not work well for sharp notches. The results are given in Table 6.4.3. The
predicted fatigue limit values were then compared to the experimental fatigue limits to obtain

an error value:

Ao — Ao

on on _ pred

Ao

on

(6-4-1)

error =

where Ao, is the experimentally determined fatigue limit and 46,,_prs is the prediction

value. When the error is positive, the prediction is conservative.
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Table 6.4.3 Stress Life predictions of A4g,, for the 316L micro-scale specimens

PREDICTION
at net for 2 million cycles
[MPa]  error [%]

50-notch 179 +50.1
100-notch 175 +50.7
145-notch 179 +48.9
FIB50 78.2 +75.5
60-hole 146 +41.7
400-slot 753 a7/
1500-slot 68.5 +40.4

As expected the Stress Life method gives large conservative predictions.

6.4.2 Discussion of the Smith and Miller method

The Smith and Miller method, discussed in section 2.4.1, was originally developed as a
prediction method for long cracks in macro-scale specimens or components. The method
assumes that sharp notches behave as cracks and therefore the method can be applied to short
cracks in conjunction with El Haddad’s short crack correction parameter a,. Furthermore, the
actual notch depth D is not needed if a,, is used which is derived using the Crack Modelling
Method. Another way of modifying this method to apply to short cracks and/or microscopic
specimens is to use one of the reduced threshold values proposed in chapter 3 and calculated

in chapter 5.

Table 6.4.2 summarises all the parameters used to make the Smith and Miller predictions for
the micro-scale 316L wire and tubing samples. Length parameter a, is similar to the actual
notch depth D for most geometries. When this is not the case, still a similar prediction was
obtained as for the a, short crack correction, because a, has to be implemented into the long

crack prediction as well. Since the predictions turned out to be similar, only the a, correction
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is stated in Table 6.4.4. No prediction was made using the average experimentally
determined microscopic threshold value, because that value is based on the same equations as
the Smith and Miller method, resulting in perfect predictions. The equations assume sharp

notches to behave as cracks, therefore, fracture mechanics equations apply.

Table 6.4.4 Smith and Miller predictions of Ao,, for the 316L micro-scale specimens

Predictions Using Using Using Using
Smith AKy, tong AKuy, tong AKy rviden AK
& sec,, and scc,,,
Miller [MPa] error [MPa] error [MPa] error [MPa] error

50-notch 1038 | -188% 389 -8.14% 461 -28.1% | 518 | -43.9%

100-notch | 976 | -175% 386 | -8.68% | 368 | -3.76% | 487 | -37.3%
145-notch 957 | -173% | 385 | -9.88% | 321 | +832% | 478 | -36.5%

FIBS0 1043 | -226% 390 -21.8% 464 -44.9% | 521 | -62.7%
60-hole 829 -232% 375 -49.9% 551 -120% 414 | -65.6%
400-slot 364 -203% 275 -129% 241 -101% 182 | -51.5%
1500-slot 295 -156% 241 -110% 184 -59.7% 147 | -28.1%

As expected, the Smith and Miller method does not give good predictions using the
macroscopic long crack threshold value. Both El Haddad short crack corrections (a, and a)
are capable of describing the behaviour of the notched wire specimens, but not of the tubing
specimens. The main difference between the notched wires and the tubing pieces is the net
section area. For the wires, there are only a few of grains along the net section, while for the

tubing specimens there are enough grains to establish a continuum.

On the one hand it is surprising that the short crack correction works for the wires, but not for
the tubing specimens, because the notched tubing specimens behaves more like a continuum,
where El Haddad’s correction is normally applied. On the other hand, the short crack
correction tends to draw the predictions toward the plain specimen fatigue limit. The wire

fatigue limits are closer to the plain fatigue limit value, therefore giving lower errors.

The reduced threshold values, based on the width of the sample and based on the effective

closure-free threshold, give bad predictions. This could be expected because these threshold
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values were different from the average threshold value based on the microscopic
experimental data, as was shown in Table 6.4.2. The microscopic threshold values were
calculated using the same equations as the Smith and Miller method uses to make
predictions. Therefore, the average experimentally determined threshold value will give good
predictions in combination with the Smith and Miller method, because for all microscopic
specimens, the experimental threshold was found to be similar. Since the threshold values
based on the width of the specimen and on the closure-free threshold are larger than the

average experimentally determined threshold values, errors were expected.

In conclusion: the Smith and Miller method does not work in combination with the short
crack correction factors, apart from the reduced average value for the experimental threshold
which was based on the same equations as the Smith and Miller method. It was shown
previously that the Suo/KK method will give the same results as the Smith and Miller

method.

6.4.3 Discussion of the Crack Modelling Method (CMM)

The crack-like predictions for the Crack Modelling Method are given in Table 6.4.5. The

same short crack corrections and reduced threshold values were used as for Smith and Miller.

Table 6.4.5 CMM predictions of 4, for the 316L micro-scale specimens

Predictions Using Using Using Using Using

CMM AKo, tong AKop tong AKy, ian 4 Ko 4 Ko oxp
SCC, and SCC 4,
[MPa] error [MPa] error | [MPa] error [MPa] error [MPa] error
50-notch 953 -165% | 358 | +0.63% | 491 | -36.28% | 476 | -32.25% | 331 | +8.14%
100-notch 907 | -156% | 377 | -6.15% | 373 | -5.16% | 453 | -27.61% | 333 | +6.20%
145-notch 882 | -152% | 383 | -9.52% | 315 | +10.09% | 441 | -25.86% | 326 | +6.83%

FIB50 1083 | -238% | 356 | -11.3% | 550 | -71.84% | 542 | -69.22% | 335 | -4.63%
60-hole 742 | -197% | 335 | -34.1% | 726 | -190% | 371 | -4824% | 225 | +10.2%
400-slot | 345 | -187% | 260 | -117% | 334 | -178% | 172 | -4333% | 113 | +5.50%
1500-slot 287 | -149% | 234 | -104% | 250 | -117% | 143 | -2452% | 112 | +2.78%
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The FIB50 notch is a sharpened version of the 50-notch wire. It is therefore strange, that the
CMM predicts that the sharper notch, the FIB50, is stronger than the 50-notch. This can be
explained by redistribution of stress in the material. The stress at the root of the notch is
higher for the FIB50 specimen, but the nominal stress at the net section is nearly the same.
Therefore, the stress distribution ahead of the FIB50 notch will differ from that of the 50-
wire, which in this case results in a lower stress at the critical distance and a higher

prediction.

The predictions based on the macroscopic material properties result in large non-conservative
errors. Applying the El Haddad short crack correction (both a, and a,,) gives good results for
the wires, but not for the tubing specimens, similar to what was found for the Smith and
Miller method. The threshold value based on the width of the specimen only works for the

wire specimens, apart from the FIB50 specimens.

The effective threshold does not work well in combination with the CMM, resulting in large
non-conservative predictions for all specimen geometries. The average threshold based on
the average experimental microscopic results, gives good predictions for all the specimen
geometries. This is due to the fact that this average threshold value, which was calculated

using the equation, is similar to the threshold determined by the CMM itself, see Table 5.4.8.

6.4.4 Discussion of the Theory of Critical Distances (TCD)

For the Theory of Critical Distances, no short crack corrections should be applied. Therefore
only the long crack threshold and the reduced threshold values were used to make
predictions. The long crack threshold prediction is given as a reference point. Table 6.4.6
summarises the predictions for the Theory of Critical Distances. The PM looks at a stress at
distance L/2 ahead of the stress concentration and compares it to the plain specimen fatigue

limit, the LM averages the stress over a distance of 2L.
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Table 6.4.6 TCD predictions of Ag,, for the 316L micro-scale specimens

4 KIhJang AK oy, idm AK effih 4 Km,exp
Predictions PM LM PM LM PM LM PM LM
TCD [MPa] error[%] [MPa] error|%] | [MPa] error|%] [MPa] error{%] | [MPa] error{%] [MPa] error{%] | [MPa] error[%] [MPa] error|%]
50-notch 567 | 575 | N/a | N/a | 400 | -11.0 | 426 | -183 | 388 | -7.69 | 420 | -16.6 | 289 | +19.7 | 337 | +6.42
100-notch | 687 | 652 | N/a | N/a | 323 | +8.9 | 372 | 4.79 | 381 | -7.32 | 420 | -183 | 293 | +17.5 | 345 | +2.82
| 145-notch | 591 | 689 | N/a | N/a | 287 | +179 | 338 | +35 | 379 | 837 | 420 | 20 | 295 | +158 | 346 | +1.17
FIB50 546 | -705 | N/a | Naa | 396 | 238 | 423 | 321 | 394 | 230 | 420 | 313 | 298 | +6.78 | 322 | -047
60-hole 398 | -51.9 | 381 | 525 | 396 | -584 | 379 | 517 | 275 | -100 | 298 | -194 | 194 | +226 | 226 | +96
400-slot 293 | -144 | 293 | -144 | 282 | -154 | 287 | -139 | 142 | -18.7 | 174 | 453 | 108 | +1033 | 126 | -4.75
1500-slot 268 | -133 | 283 | -146 | 234 | -103 | 251 | -119 | 128 | -11.5 | 155 | 348 | 104 | +948 | 127 | -104

All predictions based on the long crack threshold value are too high. It is however interesting
to have a closer look at the wire specimens. The net section width of the wires is 0.11 mm,
while the distance over which the Line Method averages the stress is 0.22 mm (2L). In other
words, the LM requires a distance that is larger than the full width of the specimen, therefore,

for the wire specimens the LM prediction could not be made.

The reduced threshold value based on the width of the specimen works for the wire
specimens, but not for the tubing specimens. This was also found for the other prediction
methods. It is strange that this reduced width threshold does not work for the tubing
specimens, because the threshold is similar to that of the macro material and the 400 and
1500 slots are long cracks. Therefore, the thickness has to have an effect on the behaviour of

the material. In the future, it would be interesting to investigate the mechanisms of failure.

The Point Method gives good predictions for both the effective threshold and the microscopic
threshold based on the equations, apart from the FIB50 specimen, which is slightly above the
acceptable 20%. The Line Method gives very good predictions for the average experimental
threshold, but using the effective threshold on the tubing specimens causes some problems.
This is because the effective threshold is larger than the FEA threshold for the tubing
specimens. It is not surprising that these threshold values work so well for the wires, because
the values are within the range of threshold values that were determined through the FEA

curves in section 5.4.4.
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6.4.5 Discussion of the Resistance-curve method (R-curve)

Table 6.4.7 gives the predictions for the Resistance-curve method. Since Tanaka’s relation
for the R-curve requires several experimentally determined values, only El Haddad’s R-curve

relation was analysed.

Table 6.4.7 Resistance curve predictions for the 316L micro-scale specimens

Fatigue limit Non-propagating
crack length

[MPa] error [mm]
50-notch 250 | +30.6% 0.039
100-notch 221 +37.7% 0.053
145-notch 208 | +40.6% 0.065
FIBS0 250 +21.9% 0.039
60-hole 280 -12% 0.065
400-slot 192 -60% 0.16
1500-slot 144 -25.2% 0.23

The R-curve method gives poor conservative results for the wire specimens. The results for
the tubing pieces are better. The 60-hole has a low error value, and for the 1500-slotted
pieces the error is only slightly larger than the acceptable 20%. The error for the 400-slotted
samples is too large. This might have to do with the fact that the specimen was designed to
have a crack length in between a long crack and a short crack. This in between length was
based on the R-curve analysis. However, experimental data showed that the 400-slot had a
similar fatigue limit than the 1500-slotted piece, therefore, the 400-slot contained a long

crack instead of an in between length, thus giving a poor prediction.
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6.5 Concluding remarks

The short crack corrections based on El Haddad’s short crack parameter only work for the
wire specimens, because their fatigue limits lie much closer to the plain material fatigue limit
than the fatigue limits of the tubing pieces. Therefore, this correction factor is not capable of

describing all the microscopic stainless steel fatigue data.

The reduction of the threshold based on the width of the specimen also only works for the
wire specimens, not for the tubing pieces. The effective threshold value gives poor
predictions for all methods apart from the TCD, because the value for the effective threshold
is much higher than the average value based on the experimental data. This threshold that is
based on the equations and the microscopic experimental data is fairly constant for all

microscopic geometries, thus giving good predictions for all methods.

The TCD approach gives good predictions for the Point Method using both the effective and
the microscopic experimental threshold values. This is very useful, because if no microscopic
experimental data is available, reasonable predictions can be made based on the closure-free

threshold.

It was expected that the effective threshold and the average microscopic experimental
threshold would be similar, because for short cracks, no closure is expected to occur. The
effective threshold was higher than the experimentally determined threshold. The TCD is not
based on the same equations that were used to determine the threshold value. Instead, stress
distance curves (FEA) were used to make predictions. These stress distance curves can also
be used in combination with the Point Method to determine the threshold value for the
microscopic specimens and the FEA threshold value should give good Point Method
predictions. In section 5.4.4 it was shown that the FEA based threshold value for the
microscopic specimens was similar to the effective threshold that is why the Point Method
with the effective threshold was capable of describing the fatigue data for the microscopic

specimens.
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Chapter 7 Discussion of the aluminium resulits

Tensile and fatigue tests were carried out on macroscopic and microscopic aluminium
specimens in order to investigate further the size effect already observed in stainless steel.
Fig. 7.1.1 shows the geometries of the macroscopic and microscopic 0.5 mm thick aluminium
specimens that were discussed in sections 4.7.3 and 4.7.4. The macroscopic notched

specimens, Fig. 7.1.1b, were tested by Daniel Bellett (Bellett, 2002).
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Fig. 7.1.1a) Aluminium macro-scale plain specimen geometry
b) Aluminium macro-scale notched specimen geometry
¢) Aluminium micro-scale plain specimen geometry

d) Aluminium micro-scale notched specimen geometry

The micro-scale specimens were designed to have a net section width around the size of
critical distance size, L, to make sure they would behave as micro-scale samples. The
manufacturing process limits the width of the specimen and the minimum value that could be
obtained was 1.5 mm. An initial guess for the critical distance value was 1 mm, using a

threshold value of 2.8 MPVm (Bellett, 2002) and assuming that the plain specimen fatigue
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limit was 50 MPa. After testing, the plain fatigue limit was found to be 55 MPa instead of 50

MPa, therefore the critical distance changed slightly.

7.1 Discussion of tensile results

Fig. 7.1.2 shows the tensile stress/strain curves of the plain microscopic and macroscopic
aluminium specimens and the notched microscopic specimen. No notched tensile test was
done on the macroscopic material, since this geometry was tested by Daniel Bellett (Bellett,
2002). Only one tensile test could be done on the macroscopic material, but due to an error
during the test, it was not tested to failure. Still, the specimen was tested above the yield
stress and the UTS could also be determined, because judging by the shape of the curve, it

was not likely that the stresses would increase before failure.

Plain and notched aluminium micro-scale tensile tests

P e SR e e

120 =

100
=
o
& o / // \ " Plain MICRO
» No failure plain MACRO — Plain MICRO
% 80 . R —— Notch MICRO
= i / {/ 7 —= Plain MACRO
w
= e

20 4

0 0.002 0.004 0.006 0.008 001 0.012

Nominal strain

Fig. 7.1.2 Tensile tests on microscopic and macroscopic 0.5 mm thick aluminium
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One of the plain microscopic tensile curves was very similar to the macro-scale material,
however, the microscopic curve starts to deviate from the macroscopic curve fairly quickly
and therefore, the elastic limits differ. The elastic limit was taken at the stress where the
curve starts to deviate from the initial linear relation. The second plain microscopic curve’s
slope and strain to failure is different from the first curve, which is strange. No extensometer
was used on the micro-scale material, so the elastic limits will be used to make comparisons
between the micro and the macro material. Table 7.1.1 gives a summary of the material

properties.

Table 7.1.1 Summary of macroscopic material properties

Young’s Modulus | 0.2 % Proof Stress | Elastic limit | UTS

[GPa] [MPa] [MPa] [MPa]

MACRO aluminium O 113 113 113
Plain MICRO aluminium N/a N/a 55 130
Notched MICRO aluminium N/a N/a 60 108

The specified UTS value for this material lies between 100 and 135 MPa (Bellett, 2002),
which was the case for all the specimens, although the plain micro-scale specimen had a
somewhat higher UTS than the notched microscopic material and the plain macroscopic
material. The strain to failure of the material, for a gauge length of 50 mm, is specified to be
around 4% (Bellett, 2002). No comparison could be made with the macro-scale material
having a gauge length of 50 mm, because that specimen did not fail. The micro-scale
specimens had much less strain to failure than 4%, but also only 1/10" of the specified gauge

length.

No value for the yield strength was specified for this material. It is however strange that the
microscopic material has a smaller elastic limit than the macro material. This effect was not

observed in the stainless steel where the macro-scale elastic limit was 290 MPa and the

' This value for the macro UTS is an estimate, since the specimen did not fail. However, looking at
Fig. 7.1.2, it is not likely that the stress will increase, therefore, a UTS of 113 MPa seems to be
reasonable.
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micro-scale elastic limit 300 MPa. The observed Young’s Modulus of the 99.5% pure
aluminium of 65 GPa is typical of aluminium and aluminium alloys (Ashby and Jones,
1986). The notch in the microscopic specimen does not seem to have much effect on the
elastic limit compared to the plain microscopic material and the UTS is only reduced slightly

by the introduction of the notch.

Fig. 7.1.3 shows SEM pictures of the tensile fracture surfaces of a plain and a notched
aluminium micro-scale plate specimen. From these pictures, the true failure stresses were
determined, similar as for the stainless steel material in section 6.1.2. No comparison could
be made with the true failure stress of the macroscopic material, because it was not tested to

failure.

Fig. 7.1.3a) Plain aluminium plate

b) Notched aluminium plate
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Table 7.1.2 gives the calculated true stress values for the microscopic aluminium specimen

geometries.

Table 7.1.2 Summary of true stresses at failure for the aluminium material

Area at failure | Load at failure OfTRUE
[mm’] [N] [MPa]
Micro plain 0.0381 85.59 2247
Micro notch 0.0683 ‘8614 . | 1260 |

The nominal failure stress for the microscopic aluminium was 130 MPa. The true failure
stresses are substantially larger, as was also found for the stainless steel microscopic material.
However, for the stainless steel, the notched specimens were found to be stronger than the
plain material due to constraint as a result of the symmetrical side notches. The aluminium
only contained one side notch, therefore no circumferential notch was created and the

aluminium notched specimens were found to be weaker than the plain ones.

7.2 Discussion of fatigue results

Fig. 7.2.1 shows that the plain specimen fatigue limits of the macroscopic and the
microscopic aluminium are different. In the 316L stainless steel, which was discussed in
chapter 6, the plain specimen fatigue limit was the same for micro-scale and macro-scale
material. For the aluminium samples, there is an increase in the plain fatigue limit for the
microscopic material (75 MPa) compared to the macro-scale plain fatigue limit (55 MPa). It
is unclear why this is different from the 316L stainless steel material. The micro-scale
specimens were manufactured using the same techniques and the hardness values for the

materials were similar, see section 5.5.
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Fatigue data macroscopic and microscopic aluminium (R=0.1)
100
™~ -
" T ah <
T\“;\ A
3 A a A 9
s
E T | o A
Yy B 4 MACRO plain fail
g ’ e 0N 4 MACRO plain no fail
a N = MICRO plain fail
8 1 a MICRO plain o fail
- « MICRO notch fail
Z  MICRO notch no fail
1o
16000 100000 10c000C 10000000
Cycles to failure

Fig. 7.2.1 Fatigue results of plain and notched aluminium specimens

Another observation for the stainless steel was that the microscopic plain and notched wire
specimen fatigue data showed a slope close to zero when plotted on an S-N,-curve. The same
was found for the plain microscopic aluminium fatigue data, see Table 7.2.1. The
macroscopic material shows a bigger slope than the microscopic material, which agrees with
the stainless steel data. The notched microscopic fatigue data shows sloping similar to what

was found for the 316L notched fatigue data.

Table 7.2.1 Summary of slopes of the S-N,-relation for micro and macro aluminium

= SR

Aluminium slope

Slope k=1/slope

Macroscopic plain 0.176 5.67
Microscopic plain 0.0116 86.57
Microscopic notched 0.0813 12.30
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7.3 Microscopy of the microscopic specimens

This section discusses the fracture surfaces that were analysed using Scanning Electron

Microscopy (SEM).

7.3.1 Tensile fracture surfaces

Fig. 7.3.1a shows the tensile fracture surface of a plain specimen and Fig. 7.3.1b that of a
notched specimen. Both microscopic aluminium specimens showed significant necking

before failure.

notch

Fig. 7.3.1a) Tensile fracture surface of a plain aluminium plate
b) Tensile fracture surface of a notched aluminium plate

c¢) Enlargement of the plain tensile fracture surface
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The dimples that indicate fast fracture are shown in Fig. 7.3.1c. The aluminium microscopic
plates necked more in the thickness direction than in the width direction, similar to that

observed in the microscopic stainless steel specimens.

7.3.2 Fatigue fracture surfaces

Fig. 7.3.2 shows typical fatigue fracture surfaces of respectively a plain and a notched
aluminium specimen. The fracture surface can be divided into two regimes. The dimpled fast
fracture part and the fatigue part, which is distinguishable by waves or ripples. A

magnification of the specific fatigue surface is given in Fig. 7.3.2c¢.

Faticue

ol /‘

Fig. 7.3.2a) Fatigue fracture surface of a plain aluminium plate
b) Fatigue fracture surface of a notched aluminium plate

c) Enlargement of the fatigue fracture surface
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During fatigue crack growth, hardly any necking occurred, but substantial necking did occur

in the fast fracture part of the fracture surface that is distinguished by the typical dimples.

This was also observed in the micro-scale stainless steel specimens.

7.4 Discussion of prediction methods vs. micro-scale fatigue results

Only one type of notched geometry was fatigue tested for both the macroscopic aluminium

and the microscopic aluminium. The experimental data of the macroscopic tests was used to

determine the material properties and these material properties were then used to predict the

fatigue behaviour of the microscopic specimens. Table 7.4.1 summarises the different fatigue
prediction methods that were used. The same short crack and micro-scale corrections were
considered as used for the stainless steel. All methods and short crack corrections (scc) were

discussed in chapters 2 and 3. The threshold and corresponding critical distance values were

calculated in section 5.4.

Table 7.4.1: Prediction methods to be used on micro-scale 316L stainless steel specimens

'METHOD

Stress Life method
| Smith and Miller
- El Haddad scc a,

- scc using 4Ky, ;4 for width specimen

| K, needs to be determined through FEA

- Long crack prediction

COMMENTS

D needs to be known

R-curve needed to determine 4Ky, an at width

CMM - Long crack prediction

- El Haddad scc a, D needs to be known

- scc using 4Ky, iz for width specimen | R-curve needed to determine AKj, an at width
TCD - Long crack prediction

- Changing L using 4K, i

R-curve needed to determine 4Ky, ,ian at width

Resistance curve method (El Haddad)

Crack length, notch depth, CMM’s a,, required

Suo/KKﬂ(scc already included)

Notch depth, D, or CMM’s a,, required to be able

to determine El Haddad’s a, value
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The effective threshold of the macroscopic aluminium material was not determined by testing
at a high R ratio. However, information about the effective threshold for a different type of
aluminium (2090-T8E41) was found in literature (Taylor and Jianchun, 1993). The material
threshold at an R-ratio of 0.1 was 5.5 MPaVm and the corresponding effective threshold was
1.6 MPa\/m, therefore, a reduction in effective threshold could also be expected for the

aluminium tested in this work.

Table 7.4.2 summarises important parameters taken from chapter 5 that are needed to make
fatigue predictions for the microscopic aluminium. It makes no sense to predict the fatigue
limit of the notched macroscopic specimen, because that fatigue limit was actually used to
calculate the material properties, so then a perfect prediction is expected. The microscopic
threshold value for the aluminium calculated through the equation was very different from
the threshold value through the FEA curve, therefore, both thresholds were included in Table
7.4.2 as MICRO,q and MICRO¢ga.

Table 7.4.2 Important parameters for fatigue predictions

Ao, | Ao, K, Fxer | waer | D AKy, L AR s 1L
[MPa] | [MPa] | [MPaVm] [mm] | [mm] | [MPaVm] | [mm] [MPavm] [mm]
MACRO 55 | 129 | 4786 | 1.16 | 35 15 3.25 §.11
MICROeq 75 30 1418 | 141 | 15 | 1.5 3.53 | 0.706 2.78 0.811
MICROFEA 1:52 0.131

The threshold value calculated using the equation (Murakami et al, 1987) was twice as high
as the value calculated using the FEA stress-distance curve. This is probably caused by
different assumptions made for the flexibility of the grips. The loading situation of the
specimen can be modelled in FEA in two different ways: allowing rotation at the grip to keep
the load constant over the gross section (this should not happen if the grips are stiff), or
allowing no rotation at the grip. Fig. 7.4.1 illustrates the two loading situations and the
corresponding stress distance curves obtained. Coupling is used in FEA to restrict the

movement at the grip and prevent bending from occurring.
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Fig. 7.4.1a) Different ways of modelling the SENT specimen in FEA

b) Corresponding stress-distance curves
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The coupling process simulates the actual testing situation, because the grips are stiff and
therefore no rotation should occur. Simulating coupling results in bending at the notch, where
all stresses at the net section are positive, but the stresses increase again at the far end from
the notch. When rotation at the grips was allowed (no coupling), compressive stresses were

found at the far end of the net section.

Modelling the specimen in these two different ways, results in two different values for the
microscopic threshold of the material. The threshold value based on the model that allows
rotation to occur at the grips is more similar to the equation based threshold value given in
Table 7.4.2. This suggests that the equations were based on the assumption that rotation can
occur at the grips. This is a necessary assumption if the applied stress is to be constant over
the gross section at the grips. The FEA analysis was done on a small gauge length of S mm
while the equations assume a finite length of the specimens, which should compensate for the

final difference between the equation value and the FEA threshold value.

This explains why there was a difference found in the threshold values based on the equation
and using FEA, the next question is which is the correct value? As mentioned before, from
literature the closure-free threshold in a different type of aluminium was found to be lower
than the material threshold and a similar reduction in threshold was observed in the stainless
steel material. The aluminium specimens in this work are micro-scale specimens and no
rotation occurred at the stiff grips. The microscopic threshold value used for the prediction

methods will be the lower one, based on FEA with coupling, i.e. 1.52 MPaVm.

The Smith and Miller and the Suo/KK methods are based on the same equation as was used
to determine the higher microscopic threshold value, therefore, using the FEA threshold will
result in poor predictions for these methods. The CMM and the TCD are based on the FEA
curve and are thus expected to give good results with this reduced value for the microscopic

threshold.

Bending at the notch occurred because of the asymmetry of the specimen and this resulted in
a bad fit between the FEA curve and the Westergaard function. The best fit for the

Westergaard function was a stress close to zero and a corresponding crack length a,,, going to

- 154 -



infinity. Reducing the length of the stress distance curve before implementing it in the CMM
software eventually reduces the value of a,, and a good value for a,, could be obtained at a
very short length for the stress distance curve. However, this length can not be predicted,
which means that it is more chance than anything else. The a,, short crack correction could

therefore not be used.

7.4.1 Discussion of the Stress Life method

The Stress Life method uses the K, value and the plain specimen fatigue limit to make a
prediction. If there are no experimental details for the microscopic material, the macroscopic
plain specimen fatigue limit has to be used. As a reference, the second prediction was made
using the microscopic plain fatigue limit (for the stainless steel these parameters had the
same values). Table 7.4.3 summarises the Stress Life predictions for the aluminium notched
specimens. No short crack or micro-scale correction factors are applicable to the Stress Life

method.

Table 7.4.3 Stress Life predictions of Ag,, for the microscopic aluminium specimens

PREDICTION PREDICTION
at net for 2 million cycles at net for 2 million cycles
using 4g, = 55 MPa using Aa, =75 MPa
|[MPa]  error [%] [MPa] error [%]
MICRO aluminium 3.88 +87.07 5.29 +82.37
MACRO aluminium 1,15 +91.06 1.57 +87.81

The predictions in Table 7.4.3 show large conservative errors, as can be expected. The Stress

Life method does not work well for sharp notches.
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7.4.2 Discussion of the Smith and Miller method

As can be seen in Table 7.4.4, using the macroscopic threshold value to predict the fatigue
behaviour of the microscopic specimen gives good predictions. However, the Smith and
Miller method is based on the same equation that was found invalid for this aluminium
specimen geometry and it should therefore not be used. The reason for the good prediction is
that this invalid equation gives a similar threshold value for the microscopic material as was

found for the macroscopic material.

Table 7.4.4 Smith and Miller predictions of Ao,, for the microscopic aluminium specimens

Fatigue life prediction Fatigue life prediction

(2 million cycles, using 4K, = 3.25) (2 million cycles, using 4K, ,isn = 2.78)

Using 46, = 55 MPa

Using 4o, =75 MPa

Using 4o, = 55 MPa

Using 40, = 75 MPa

[MPa]

error [%]

[MPa]

error [%]

[MPa]

error [%]

[MPa]

error [%]

33.48

-11.61

33.48

-11.61

28.64

4.55

28.64

4.55

It is interesting that it makes no difference whether the macroscopic or the microscopic plain
fatigue limit is used. Both give good prediction values. This is not surprising, because the

equations used by Smith and Miller do not include the plain fatigue limit.

7.4.3 Discussion of the Crack Modelling Method (CMM)

Table 7.4.5 summarises the CMM predictions for the microscopic aluminium specimens

using the macroscopic threshold and the reduced width threshold, 4K yvidin-

Table 7.4.5 CMM predictions of 4c;,, for the microscopic aluminium specimens

Fatigue life prediction Fatigue life prediction

(2 million cycles, using 4K, = 3.25) (2 million cycles, using 4Ky, iz = 2.78)

Using Ao, = 55 MPa Using A6, =75 MPa Using 40, = 55 MPa Using 46, =75 MPa

[MPa] error [%] [MPa] error [%] | [MPa] error [%] [MPa] error [%]

no scc 57:55 -91.83 37155 -91.83 49.23 -64.10 49.23 -64.10
SCCqp 49.15 -63.83 52.54 -75.15 N/a N/a N/a N/a
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The error values for the CMM are all non-conservative and well above the acceptable 20%.
This is not unexpected, because these calculations were done based on the macroscopic
threshold value of 3.25 MPaVm and it was shown that the microscopic threshold is 1.52
MPaVm, which is similar to the threshold value that was determined through the CMM itself.

The reduced threshold based on the width of the specimen, 4Ky wiam, also gives too large
non-conservative errors for the micro-scale predictions. It is clear from Table 7.4.5 that the
plain specimen fatigue limit (55 MPa or 75 MPa) does not influence the long crack

prediction, but it does influence the short crack correction.

7.4.4 Discussion of the Theory of Critical Distances (TCD)

The Theory of Critical Distances uses the stress distance curve obtained from FEA analysis
to determine the microscopic fatigue limit of the notched specimen. Therefore, similar errors
are expected as found for the Crack Modelling Method. Table 7.4.6 summarises the
predictions for the TCD. No Line Method prediction could be made when the plain fatigue

limit of 55 MPa was used, because the net width of the specimen was too small.

Table 7.4.6 TCD predictions of Ao, for the aluminium specimens

Fatigue life prediction Fatigue life prediction

(2 million cycles, using 4K, = 3.25) (2 million cycles, using 4K, iy, = 2.78)

Using Ao, = 55 MPa Using 4o, = 75 MPa Using 40, =55 MPa Using 40, =75 MPa

[MPa] error [%] [MPa] error [%] | [MPa] error [%] [MPa] error [%]
PM 60.41 -101.4 55.19 -83.97 48.85 -62.83 46.05 -53.5
LM N/a N/a 60.56 -101.9 N/a N/a 48.76 -62.53

The reduced threshold based on the net width of the specimen does give better results for the

TCD, however, still not good enough. Good predictions should be obtained when the correct

threshold value is used: 1.52 MPaVm. This will be discussed in section 7.5.
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7.4.5 Discussion of the Resistance-curve method (R-curve)

Table 7.4.7 gives the predictions for the Resistance-curve method. Since Tanaka’s relation
for the R-curve requires several experimentally determined values, only El Haddad’s R-curve

relation was analysed.

Table 7.4.7 Resistance curve predictions for the aluminium micro-scale specimen

Fatigue limit Non-propagating

crack length
[MPa] error [mm]
Micro notch 17 +43.3% 0.25

The Resistance-curve method gives a poor prediction for the microscopic aluminium
specimen. This might have to do with the fact that only El Haddad’s R-curve relation was
used. This relation includes the short crack parameter a,, which calculation includes the same

equation that was found invalid for this asymmetric microscopic geometry.

7.5 Concluding Remarks

Unlike the stainless steel, the aluminium has a different plain specimen fatigue limit for the
macro-scale and the micro-scale material. This however does not affect the threshold of the
material; for both the macroscopic and the microscopic material, the threshold calculated
through the equation was similar. Therefore, it is logical that the Smith and Miller and the

Suo/KK methods give good predictions with this value, because they use the same equations.

It is different for the FEA based methods: the CMM and the TCD. These methods use stress
distance curves from Finite Element Analysis to obtain the predictions. When these curves
were used to determine the threshold values, the macroscopic threshold was found to be
similar to that calculated through the equations, but the microscopic threshold was only half
of the corresponding equation value. Since the equation threshold value was used to make the

predictions, the results were extremely poor for these FEA based methods.
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However, it has been demonstrated that the equation assumes that the grip is allowed to
rotate, which did not occur in the fatigue tests of the micro-scale aluminium specimens.
Therefore, the smaller FEA based threshold value is the correct value for t\he material. This
agrees with the reduction in threshold value for the microscopic material that was observed in
the stainless steel. Even though the FEA threshold is the correct one in order to get good
predictions for the Smith and Miller and the Suo/KK methods, the equation threshold value

needs to be used, because these methods are based on the same equations.

Under these circumstances, both types of prediction methods should give good predictions.
Above it has already been demonstrated that the Smith and Miller and Suo/KK methods work
using the microscopic threshold calculated through the equations, Table 7.5.1 shows that the
CMM and the TCD give good predictions for the FEA threshold value of 1.52 MPaVm. The

Smith and Miller method gives a poor prediction, but is conservative.

Table 7.5.1 Summary of results using the FEA threshold value

Fatigue life prediction
(2 million cycles, using 4K, = 1.52)
Using 4a, =75 MPa

[MPa] error [%]
Smith & Miller 15.66 47.81
CMM 26.92 10:27
TCD: PM 27.30 +9
TCD: LM 28.94 +3.53

The microscopic plain specimen fatigue limit was used for these predictions, but is was found

that the plain specimen fatigue limit does not substantially influence the prediction.
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Chapter 8 Discussion

A general discussion is given in this chapter on the stainless steel and aluminium fatigue and
fracture results and the corresponding prediction methods that were used. Also
recommendations will be given how to apply certain prediction methods to micro-scale

components, e.g. the stent.

8.1 Stainless steel vs. aluminium results

Macro and micro fracture and fatigue tests were done on 316L stainless steel and on a 99.5%
pure aluminium alloy. Some similarities and some differences were found between the two

materials.

8.1.1 Stainless steel vs. aluminium tensile results

Even though a limited number of tensile tests were carried out on the stainless steel and

aluminium specimens, some interesting results were found.

Stainless steel

The 0.2% proof stress for the macro material (396 MPa) was found to be higher than for the
micro material (315 MPa). Why this is the case is unclear, especially because the elastic
limits of the macro and micro material are similar. Probably, there is some sort of size effect
that causes this difference. There was also a difference found in the Young’s Modulus values;
the value found for the micro material was smaller than that for the macro material. This
difference was not expected, because even though there are only a few grains in the width
and thickness direction, in the length direction, there are enough grains to form a continuum.
However, it seems that the influence of the micro sizes in the width and/or thickness

- 160 -



direction do influence the Young’s Modulus. How and why can not be explained, more tests
should be carried out to investigate this effect. The Young’s Modulus for the macro
specimens was determined using an extensometer, while for the micro specimens no
extensometer was used. Instead an FE4 model was created, which agreed with the micro

results.

All microscopic plain and notched wires and tubing pieces, were found to be stronger than
the macro material, expressed in true stresses. This is a very useful result, because it means
that when designing stents, one should not be too concerned about the effect of notches on
the strength of the material, probably because of the notch strengthening effect; the notched
microscopic specimens were much stronger than the plain microscopic specimens. In order
for the notch strengthening effect to occur, it is however important to manufacture
symmetrical features in the stent. A circumferential notch is required for the strengthening
effect to occur. When the microscopic specimens start to neck, most necking occurs in the

thickness direction, therefore side notches are required to obtain a circumferential notch.

Aluminium

For the aluminium material fewer tensile tests were carried out, than for the stainless steel.
Also, the one macroscopic tensile test that was carried out could not be tested to failure, due
to an error of the test machine. The elastic limit of the macro material was found to be twice
as large as for the microscopic material, which is strange, because for the stainless steel, the

elastic limit was found to be similar.

Since the macro material was not tested to failure, the true failure stress could not be
determined. For the plain and notched microscopic specimens, these true failure stresses were
calculated. Because the microscopic notched specimen only contained one edge notch, the
strengthening effect did not occur; the plain micro-scale specimen was found to be around
1.75 times as strong as the notched micro specimen, which is the opposite of what was found

in the stainless steel material.

- 161 -



Stainless steel vs. aluminium

The aluminium was found to behave differently to the stainless steel with respect to the
elastic limit and the true failure stresses. The elastic limit was found to be similar between the
macro and microscopic stainless steel, but different for the aluminium. Notch strengthening

occurred for the microscopic stainless steel specimens, but not for the aluminium specimens.

There is an important difference between the stainless steel and the aluminium macroscopic
specimens; the thickness. For the stainless steel bars, the thickness was macroscopic,
however, for the aluminium, the thickness of the macroscopic specimens was smaller than

the critical distance value; the thickness for the macro aluminium was microscopic.

Notch strengthening did occur in the stainless steel, but not in the aluminium microscopic
specimens. This is probably because the aluminium samples only contained one side notch,
therefore, when the specimen started to neck, no real circumferential notch was created. For

the stainless steel this did happen, because there were two notches present.

The differences found in the elastic limit values for the macro and microscopic aluminium
that were not found in the stainless steel, might be due to the fact that the aluminium
specimen was already partly microscopic (thickness). Maybe, the parameters thickness and
width have opposite effects on the elastic behaviour, e.g. a microscopic thickness with
macroscopic width decreases the elastic limit, while a microscopic width in combination with
a microscopic thickness increases the elastic limit again roughly up to the original macro
value. Therefore, for the macro and micro-scale stainless steel, the elastic limits were similar,
because both thickness and width were macroscopic for the macro tests and microscopic for
the micro tests. For the aluminium, both the thickness and the width were microscopic, but
the macroscopic specimens were not macroscopic in thickness, thus resulting in different

elastic limits.
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8.1.2 Stainless steel vs. aluminium fatigue results

Fatigue tests were carried out on several microscopic notched stainless steel geometries and

on one aluminium geometry.

Stainless steel

For the stainless steel, the macro and microscopic plain fatigue limits were the same. The
threshold values for the micro specimens were found to be smaller than for the macro
material. What might cause these reductions will be discussed in section 8.1.3. Fig. 8.1.1
illustrates how the experimental threshold value for the microscopic stainless steel specimens

changes with half the notch depth. The thresholds were calculated using the equations.

Microscopic threshold values with changing notch depth
45
% effective threshold
TS
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3 T = e e R LB e T ot sy s e
E - e ® wires
8 2.5 'Ax"”f "é—f'—:— B S JE - SR
§ A tubing
kO - —— -
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g ' threshold
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B i —_—
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Half notch depth [mm]

Fig. 8.1.1 Microscopic threshold values with changing notch depths

Since the slots in the tubing pieces were modelled as centre notches, the corresponding crack
length is half the notch depth. Considering the microscopic specimens in groups (wires and
tubing pieces), Fig. 8.1.1 illustrates that the microscopic threshold increases with increasing
notch depth. The FIB50 threshold value was given in the Fig. 8.1.1, however, it is left out of
the wire relation, because the FIB50 specimen always behaved somewhat differently from

the other wires.
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The reduction in threshold value with decreasing crack length is what one would expect. This
effect is normally attributed to crack closure. The long crack effective threshold value is also
shown in Fig. 8.1.1, but all these microscopic threshold values lic below that closure-free
threshold. This probably has to do with the fact that the specimens are microscopic and that

the grain distribution or some other effect comes into play as well as crack closure.

Aluminium

For the aluminium material, the macro and microscopic fatigue limits were found to be
different. This again might also have to do with the fact that the macro specimens had
microscopic dimensions in the thickness direction, thus influencing the fatigue limit of the

material. More research should be done in order to investigate this effect.

The same reduction in threshold value was found between the macro and micro material as
for the stainless steel, indicating that a similar mechanism seems to be at work. Why these

reductions occur will be discussed in the following section.

8.1.3 Why are the threshold values and critical distances smaller for the microscopic

specimens?

In chapter three, the fatigue prediction methods were altered to apply to microscopic
components on the assumption that the critical distance is related to the maximum non-
propagating crack length. An analysis was done, according to Tanaka’s R-curve method, and

a trend was found that the non-propagating crack length does reduce with component size.

There are two other possible causes for the reduction in threshold and critical distance in
micro-scale components. The first is that plane stress/mode-III shear loading occurs. Very
thin specimens that are in plane stress fail in mode-III shear; therefore the fatigue fracture
surface should have an angle of 45 degrees. The final cause for the reduced values could be

the lack of closure in these micro specimens containing very short cracks.
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Which of the three possibilities causes this reduction? It can not be the assumption of the
non-propagating cracks, because, the 1500-slotted tubing, contains long cracks, therefore, the
long crack threshold, should give a good prediction, not the reduced one, which is not the

case for the TCD method. In other words, the thickness has an effect, even on long cracks.

Also, the specimens are not experiencing mode-III shear loading, because the fatigue fracture
surfaces are not at 45 degrees (in the thickness direction), as can be seen in Fig. 8.1.2. The
fatigue fracture surface is almost parallel to the surface of the slot; therefore, it did not fail

from mode-III shear. This effect was found in all geometries. In the background of Fig. 8.1.2,

also, a part of the fast fracture surface is visible.

1500-slot § TR ‘[
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Fatigue
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FRACTURE

|
SLOT o

Fast fracture
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WD16.4mm 20.0kV x180 250ur

Fig. 8.1.2 Flat fracture surface of a 1500-slotted tubing piece

Therefore, the most likely cause for the reduction in threshold and critical distance is the lack
of closure, which is why the effective threshold gives good results for the microscopic
stainless steel and aluminium specimens. Maybe the extra reduction in threshold for the

microscopic notches that was seen in Fig. 8.1.1 is due to the non-propagating crack length.
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8.1.4 Concluding remarks

More research needs to be done before conclusions can be drawn about the influence of
notches on the tensile strength of microscopic specimens, however, it seems that the
microscopic material is equally strong or stronger than the macroscopic material. This effect
will be enhanced, if the notches are designed to be symmetrical, thus giving rise to the notch

strengthening effect.

There were some differences found between the stainless steel and the aluminium with
respect to macro and microscopic material behaviour. This might be caused by the fact that
the macro-scale aluminium was in fact microscopic in the thickness direction, which could
have influenced the results. Therefore, more work should be done in order to investigate this

thickness effect.

It is expected however, that the same reduction in threshold value occurs in other materials as
well. Whether the plain specimen fatigue limits will differ between macro and micro-scale
components is unclear, but the threshold should reduce for small components as was found

for both the stainless steel and the aluminium.

8.2 Discussion of the prediction methods

Several prediction methods were altered and applied to the microscopic specimens. Why

some methods worked very well and others did not, will be discussed in this section.

8.2.1 The only prediction method applicable to both the stainless steel and

aluminium micro data: the TCD

The altered Theory of Critical Distances was the only method capable of predicting the
fatigue failure for all types of microscopic specimens: both in the wires and in the tubing

pieces. The average experimental threshold value based on the microscopic specimens gave
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good predictions. All errors were well below the acceptable 20%, except for the FIBS0
specimen, which had an error value of 22.6% for the Point Method. The FIB50 data showed
more scatter than the other microscopic fatigue data, partly because of manufacturing

problems, see Fig. 6.2.3.

The reason why the average experimental micro-scale threshold gave such good results was
because this threshold based on the equations, was close enough to the FEA threshold value.
The TCD approach uses FEA based stress-distance curves to make predictions. In Table 8.2.1
it can be seen that the experimental threshold was almost the same for all micro notches, so
the average value should give good results for all specimens. This shows that all the tested

notches were in fact crack-like, as was assumed.

Table 8.2.1 Summary of the threshold values and critical distances for micro-scale specimens

MICRO specimens AK AK AK
FEA curve CMM Equation
[MPaVm] | [MPaVm] | [MPaVm]
316L stainless steel
50-wire 3.59 2.97 2.73
100-wire 3.63 3.08 2.89
145-wire 3.60 3.19 2.91
FIB50 2.79 2.32 243
60-hole 3.49 2.66 2.38
400-slot 3.16 2:73 2.59
1500-slot 3.44 3.17 3.07
Average values 3.386 2.87 271
Aluminium
Single edge notch 1.52 1.76 3.532

- 167 -



For the aluminium, there is a large difference between the equation value for the threshold
and the FEA value for the threshold. This was found to be due to certain assumptions about
loading that were made for the equation. These assumptions for the equations were not
believed to be correct and therefore, the FEA threshold was used instead, which gave good

results with the TCD approach for the aluminium specimens.

The effective closure-free threshold in combination with the TCD also gave good results for
the stainless steel specimens. The FEA threshold is based on the Point Method and because
the effective threshold value (3.93 MPaVm) is close enough to this value, good results were
obtained for the Point Method. The Line Method however, had more difficulty in describing
the micro-scale fatigue behaviour. The errors for the wire specimens, apart from the FIB50
are within the acceptable 20%, but higher than for the Point Method. For the 400- and the
1500-slots, the Line Method errors are too large, while the corresponding Point Method
values are good. This is strange, but must be the result of the stress distribution ahead of the
notch. The Point Method uses the stress at a point, while the Line Method averages the stress
over a certain distance. The Line Method is more susceptible to the stress gradient of the
stress concentration over a longer distance. Even though these Line Method errors are too

large, they are still a lot less than for other prediction methods.

For the aluminium, the effective threshold was not determined experimentally; therefore no
predictions could be made. From literature, it was found that also for aluminium, this reduced
threshold was found, when cycling at a high, closure-free, R ratio. Therefore, the effective
threshold should also work for the microscopic aluminium specimen. In conclusion: the
altered TCD is a good approach to predict fatigue failure in microscopic specimens. It is
advisable to obtain the threshold using notches in micro-scale specimens, but if this is not

possible then the macro-scale effective threshold gives a good approximation.
The Smith and Miller method based on the average microscopic experimental threshold value

obviously also works well, because they use the same equations for their predictions as were

used to calculate the threshold values.
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8.2.2 Why did the other methods not work?

The other prediction methods used throughout this work, did not work for all micro-scale
specimen geometries. The Stress Life approach gave large conservative predictions; this is
not surprising because this approach does not work for sharp notches. Some of the short
crack corrections in combination with the Smith and Miller method worked for the wires, but
not for the tubing specimens. This method was not capable of describing the fatigue data for
all geometries. The same is valid for Suo/KK, which is the same as the Smith and Miller

method.

The Crack Modelling Method also does not work, apart from when using the average
experimentally based reduced threshold, because this average threshold value based on the
equation was close to the threshold value determined by the CMM itself as can be seen in

Table 8.2.1.

The Resistance Curve method does not work well for the stainless steel specimens. This is
not surprising, because El Haddad’s equations were used, which are generally found to give
conservative results. Tanaka’s method could not be used, because specific experimental data

is required for those equations.

8.3 Recommended procedure for implementation of the altered TCD to

microscopic components

For the above specimens, it has been explained how to proceed with the TCD. This section
recommends what approach to take when predicting the fatigue strength of microscopic
components using the Theory of Critical Distances, with the stent as an example. Fig. 8.3.1
shows an FEA model of a stent (Lally et al, 2002). The stent is a cylindrical wire mesh,
consisting of repeating units. The section illustrated in Fig. 8.3.1, which consists of four
rings, is the repeating unit of a type of stent that uses two welds around the circumference to
connect two rings together. Stents are not always welded, e.g. laser cut stents do not contain

welds.
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Fig. 8.3.1 FEA model of a stent (Lally et al, 2002)

8.3.1 The stress distance curve

Components contain stress concentrations, which are the weak points where fatigue failure is
likely to occur. An FEA model of the component with the corresponding loading on that
component is used to obtain stress distance curves for these stress concentration points. For
the specimens tested in this work, it was clear in what direction to plot the stress distance
curve, because of the simple geometry. For a component, it is not always obvious in what

direction the path has to be taken (Taylor, 1999).

The weak points in the stent are shown in Fig. 8.3.2: the welds and the bends/curvatures. The
path should correspond to the crack propagation path. If this approach is used, the path
should be taken along the straight lines shown in Fig. 8.3.2 for situation 1 and 2 (weld and
curve). If the weld fails, it will most likely fail across the weld, the curvature will probably

fail across the wire itself.
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Fig. 8.3.2 Enlargement of the FEA model (Lally et al, 2002)

However, another approach can be taken to make a fatigue prediction. The Point Method
gave a more reliable prediction than the Line Method, which is convenient, because the stress
at the critical distance for the Point Method can be determined in another way. The idea
behind the Point Method is that if the stress at a point ahead of the stress concentration is
greater than the critical value (in this case the plain material fatigue limit), the component
will fail. Therefore, by drawing a circle with the centre in the point of highest stress and a
radius that corresponds to L/2, a prediction can be made, see circles in Fig. 8.3.2. All points
on the circle are the points at the critical distance. Therefore, the point on the circle with the
highest stress will be the point that will fail first. Or, one could look at all the points located
at a distance of L/2 from the surface.
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8.3.2 The influence of the R-ratio on the critical distance

In order to make predictions, only a few experimental tests need to be carried out to
determine the critical distance L; the threshold value of the material and the corresponding
plain material fatigue limit. The loading ratio affects these material properties, therefore, it is

important to use the same R-ratio as is applicable to the component itself.

If the threshold value and plain fatigue limit are determined using a different loading ratio
than that of the component, they have to be converted to the appropriate R-ratio, which can
be difficult. However, the conclusion for the microscopic samples was that the effective
closure-free threshold should be used, which is very convenient, because it is a material
constant and is therefore not dependent on the R-ratio. The plain fatigue limit can be changed
to the appropriate value using the Goodman or Gerber relation. Fig. 8.3.3 shows a Haigh
diagram, also known as Constant Life diagram, which plots the Goodman and Gerber
relations for a material similar to the 316L stainless steel; 316LN (Strizak and Mansur,

2003).
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Fig. 8.3.3 Constant life diagram for 316LN stainless steel (Strizak and Mansur, 2003)
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When the stent is placed inside the artery, it is expanded using balloon angioplasty. During
this expansion process, the stent is plastically deformed, which results in residual stresses.
These residual stresses affect the mean stresses of the applied loading and therefore the
loading ratio. It is important to be able to account for this phenomenon and the Goodman
relation is an easy way to do this, provided that one knows what the effect of the residual
stress is on the R-ratio. Again, the R-ratio only affects the plain material fatigue limit in
microscopic components, because the effective threshold value is independent of mean

stresses.

8.3.3 Making the actual prediction for the stress concentrations

The plain fatigue limit of the stainless steel lies above the yield strength at an R-ratio of 0.1.
The material is assumed to cyclically harden in the first cycles after which it should behave
elastically, under the increased yield stress. The stents themselves are also plastically
deformed by the balloon angioplasty expansion process. Therefore, it is assumed that a linear

elastic model can be used to determine the fatigue strength of the weld and the curve features.

Since the stents work-harden during the balloon angioplasty process, it is useful that the un-
annealed fatigue data seems to have the same fatigue limit and maybe even a similar
threshold value. Obviously more work needs to be done to investigate this, but it seems

promising.

The TCD is implemented in easy to use software and in order to make predictions, the
threshold value and corresponding plain fatigue limit are required. So, to make predictions
for the microscopic specimens, instead of giving the long crack threshold value, the effective
threshold value or the experimentally determined threshold value has to be given, resulting in

the reduced critical distance value.
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8.3.4 Limitations

Even though the results for the TCD, especially the Point Method, were very good for the
tested microscopic geometries, the approach should be applied to actual components. The
method can be used to determine whether a new design is good or not, it can assist in the
design process. When the method predicts no failure, the design can be altered and then

tested, thus skipping a step in the development process.

The effective threshold is not known for all materials. However, this value can be obtained
quite easily by carrying out macro tests at a high loading ratio. Obtaining the plain material
fatigue limit can be difficult, however, since these stents were manufactured using a laser
cutter process, it is not that difficult to manufacture specimens to determine the experimental
microscopic plain fatigue limit. Only a month, maybe two, are needed to test these two sets
of specimens. Then the critical distance is known and the method can be used. The same goes

if a different material is used; one to two months of testing is required.

8.4 Why do the microscopic specimens show hardly any slope on the S-Ny

curve?

The microscopic S-Nycurves showed hardly any sloping, especially the plain and notched
stainless steel wires and the aluminium specimens. The stainless steel tubing specimens did
show some sloping. There are two possible reasons why this occurs; microscopic specimens

are not affected by fatigue, or the distribution of the grains.

8.4.1 No sloping because micro specimens are not affected by fatigue

From the fact that most microscopic Stress-Life curves hardly show sloping, one could
conclude that fatigue does not affect these microscopic specimens. A horizontal scatter band

can be drawn and it seems that the number of cycles to failure are not related to the applied
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stress range, which is unusual. Therefore, the whole High Cycle Fatigue range could be
described with a threshold stress. The reason why the tubing specimens do show some
sloping, is because the net width is much larger for those specimens, therefore, the width is

not microscopic for those geometries.

The tensile results support the idea that microscopic specimens seem to be unaffected,
because for the notched specimens a higher true failure stress was found than for the plain

material, which also can be attributed to notch strengthening.

Using this logic, one could also argue the existence of non-propagating cracks in these
specimens. It seems that the specimen will either fail or not and it is not likely that non-

propagating cracks occur.

8.4.2 No sloping because of the distribution of the grains

Another possibility for the lack of sloping is due to the distribution of the grains. Assuming
that non-propagating cracks do occur, even at very low loads a non-propagating crack will be
formed, which has a length of one or maybe two grains. There are roughly 11 grains along
the width of the stainless steel wires. The average grain size was determined to be 10 um,

however, grains as small as 1 pm and as large as 20 pm were found.

The size of the first grain, where the non-propagating crack is formed, is therefore important.
If the first grain is small, the remaining width is relatively large, while if the first grain is
large, the remaining width is much smaller. Therefore, applying the same gross stress range
in both situations will result in different values for the nominal net stress, because of the

differences in net cross sectional areas. Fig. 8.4.1 illustrates these two extremes.
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Fig. 8.4.1 Influence of grain distribution on the remaining width of the specimen

If the first grain is small, the nominal net stress will be lower than if the first grain is large.
Therefore, the specimen wili most likely have a longer fatigue life than when the first grain is
large, for the same applied stress range. This can explain why scatter occurred in the

microscopic results and why there is hardly any slope on the S-Ncurves.

8.5 A different approach to predicting fatigue failure in microscopic specimens

From the above, one could propose another way to determine the critical distance value for
these specimens. The first grain is the most important grain in the microscopic specimens.
Therefore, the grain size could be used as the critical distance for the Point Method (L/2).
This results in a critical distance L of 0.02 mm for the average grain size of 0.01 mm in the
316L stainless steel. To make the fatigue predictions, the stress at that critical distance should
be compared to the threshold stress, 4, from the stress life curve, which is the same as the
fatigue limit, because there is no sloping in these graphs. Table 8.5.1 gives the prediction for
the stainless steel specimens using L = 0.02 mm and a threshold fatigue failure stress, 4o, of

420 MPa.
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Table 8.5.1 Summary of parameters required for alternative TCD approach

Prediction alternative TCD approach
PM LM
Ao,, Error Aoy, Error
[MPa] | [%] | [MPa] (]
50-wire 341 5.28 382 -6.11
100-wire 333 6.20 379 -6.76
145-wire 332 5.14 379 -8.29
FIB50 353 -10.3 385 -20.3
60-hole 242 32 274 -9.6
400-slot 126 -5.0 153 -27.5
1500-slot 111 3.48 135 -17.4

This approach gives excellent results for the Point Method and also good results for the Line
Method apart from the 400-slot prediction. For these specimens, the threshold value can be
determined through the grain size in combination with the threshold stress range for fatigue
failure. The threshold value corresponding to a critical distance of 0.02 mm is 3.33 MPaVm,
which is lower than the closure-free effective threshold (3.93 MPa\/m) and since the FEA
thresholds were lower than the effective threshold, this altered approach will give better

predictions than the effective one.

If the threshold stress range, which is equal to the fatigue limit because there is no sloping, is
not known, the macro material plain specimen fatigue limit could be used as an initial guess.

For the stainless steel, these micro and macro values were the same.
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8.6 Concluding remarks

This chapter has discussed several interesting aspects of material behaviour that could be
useful to stent manufacturers, or manufacturers of other microscopic components. Especially
for biomedical products, it is important to investigate if the material behaviour in air is
different from the material behaviour inside the human body. The stainless steel samples in
this work were tested in air. Several research groups have investigated ways of improving the
316L material’s corrosion resistance. Shih et al (2004) have investigated the effect of several
surface improvement techniques on 316L stainless steel wires. They found that these
techniques could improve the corrosion resistance of the stainless steel wires, which is useful

for the stent manufacturers.

-178 -



Chapter 9 Conclusions and future work

This chapter summarises the conclusions that can be drawn from this work and gives

suggestions for more work that could be done in the future.

9.1 Conclusions

The objectives for this work were to gather data on the fatigue and fracture behaviour of
microscopic specimens and to investigate if current continuum mechanics prediction theories
are capable of describing this behaviour. If not, the methods should be altered and if possible
implemented in easy to use software that can interact with CAD and FEA software, which is

commonly used by companies. From this work, the following conclusions can be drawn:

1 None of the conventional prediction methods was capable of predicting the
microscopic fatigue data without alteration. From the altered methods, the only
one capable of describing all the tested microscopic geometries was the Theory of
Critical Distances, more specifically the Point Method. The other methods could

only predict some of the test data, not all of it.

2 The proposed short crack correction based on El Haddad’s short crack parameter
a,, did not work for the full range of specimens. The reduced average
experimentally determined threshold value or the effective threshold value, gave

good results for all specimen geometries in combination with the Point Method.

3 The threshold values were found to decrease with specimen size for both the
stainless steel and the aluminium. The most likely reason for this phenomenon is
the lack of closure in microscopic specimens and components. That is why the
closure-free effective threshold value was capable of predicting the whole range

of specimens, including one long notch that was tested in a microscopic specimen.
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- The Point Method gave good results for both the tested microscopic stainless steel
geometries and the microscopic aluminium geometry. It is expected that this

method will work for microscopic components for a wide variety of materials.

3 Flat slopes were found in the S-N; curves for the microscopic specimens. This

may be due to the grain distribution.

6 The Theory of Critical Distances has already been implemented in easy to use
software. In order to use the altered method, the reduced threshold value
(effective or experimental) needs to be given instead of the constant long crack
threshold value. Alternatively, the critical distance can be specified as the grain

size and the threshold then calculated.

7 Not enough tensile tests were carried out to draw conclusions, but it seems that
the micro-scale specimens are not necessarily weaker than the macro-scale
material (similar grain size in micro and macro material). If the features in the
microscopic components are designed to be symmetrical, notch strengthening can

occur, which substantially increases the strength of the micro-scale specimens.

8 For the 316L stainless steel, the un-annealed plain material fatigue limit seems to

be similar to the annealed fatigue limit.

9 More tests should be carried out in order to investigate the effect of material and

thickness in microscopic components and on the static fracture behaviour.

9.2 Future work

From this work, several conclusion were drawn, but also some interesting areas were

discovered that need more investigation:
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The focus of this work lies on fatigue, therefore, more static tests should be carried
out on microscopic specimens to investigate the strengthening effect that was

observed in the plain and notched micro-scale tensile tests.

More fatigue and static tests should be carried out on plain and notched specimens of
a variety of thicknesses to investigate the effect of the thickness on macroscopic and

microscopic material.

For the stainless steel and the aluminium specimens, the threshold values were found
to reduce for microscopic specimens. More materials should be tested for this

observed effect.

All microscopic specimens were tested at the same R-ratio. It would be interesting to

repeat the fatigue tests for different loading ratios.

For the 316L stainless steel, the un-annealed/work-hardened material seemed to have
the same fatigue limit as the annealed material. More testing should be done to
confirm these findings in both the stainless steel and other materials. It would be
interesting to see if this effect will be observed in materials which plain fatigue limit

is below the yield strength.

One of the aims of this work was to investigate if continuum mechanics could be used
for microscopic components where there are not enough grains to form a continuum.
Therefore, the mechanisms behind failure, e.g. dislocation theory, has been ignored in

this work. However, it would be very useful to investigate this in the future.
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