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Abstract

In our modern world, where computers, mobile phones and many other applications have become
indispensable, there is a growing need for high precision machines in order to be able to produce these
technologies. For these complex high precision applications it is important to understand the fatigue
properties of the materials used to prevent premature failure, as these materials are subjected to large
numbers of stress cycles. A material that is used for high precision applications is Ti-6Al-4V, as its
material properties are highly adaptable and can be fine-tuned for a wide range of applications.

Material fatigue due to stress cycles knows two stages: crack initiation and crack propagation. This
research focuses on the latter and looks into the influence of microstructural features on crack prop-
agation in Ti-6Al-4V. The influence of the microstructural features is tested by applying a load shed-
ding method to form cracks in Ti-6Al-4V samples. These cracks are analysed with Scanning Electron
Microscopy (SEM) and Electron BackScatter Diffraction (EBSD) in order to relate the microstructural
features to the crack path.

There are two main microstructural features found to have a large influence on the fatigue crack
propagation in Ti-6Al-4V. The first of these is the Schmid factor, which relates the applied stress to the
slip system available. As there are only a small amount of slip systems available in Ti-6Al-4V and limited
crack path propagation opportunities, large crack deflections can be the result. The second microstruc-
tural feature found to have a large influence is the misorientation angle of the grain boundaries. When
the misorientation angle is large enough, a shift from transgranular cracking to intergranular cracking
is observed. Intergranular cracking can cause deviations of the crack path around the grains and the
formation of secondary cracks.

The deviations in crack path as a result of a low Schmid factor and a high misorientation angle
extend the fatigue life of the material. The Schmid factor was found to have a large influence on crack
deflections observed, whereas the high misorientation angles were mostly found around sites where
bifurcation occurred, especially at lower applied stress ranges.

This study proposes that the influence of the microstructural features on fatigue crack propagation
in Ti-6Al-4V can be expressed as two probability functions describing crack deflection and bifurcation.
The probability of a crack deflecting is relatively high for a lower Schmid factor, a high misorientation
angle and a low deflection angle. The probability of bifurcation is relatively high when a near-threshold
stress intensity range is applied and also for a high misorientation angle and a low deflection angle.
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Introduction

In the first half of the 19th century, metals were first observed to fail at cyclic stresses below their
yield stress. Back then, this phenomenon was explained by the metal becoming tired, or fatigued [1].
Nowadays this phenomenon is much better understood and the mechanics behind metal fatigue have
been described in great detail. The fatigue life of a material can be categorized in two main stages:
initiation and propagation. Where the initiation stage can be random at times, the propagation stage
can be predicted and described by modern fracture mechanics [2].

When a high precision application like the advanced lithography machine by ASML is considered,
the fatigue life must be well known to avoid premature failure due to unexpected crack propagation
rates, especially when rapid movements at high g-forces are applied to a waver which need to be
counteracted by use of a counterweight. This counterweight is supported by flexure mechanics which
experience high stresses for an extended number of cycles. These forces are a result of an acceleration
of the waver of up to 7 g for as many as 27500 times per hour [3]. It is therefore of crucial importance
to understand the mechanics behind the fatigue failure of the material in order to predict and prevent
this premature failure.

The material selected to research for this application in the current study is Ti-6Al-4V , which is com-
monly used for aerospace and high precision applications [4]. The material properties of Ti-6Al-4V are
well described in literature and the microstructures are well understood. After proper heat treatment,
the fatigue strength of Ti-6Al-4V is higher than that of AISI 420 steel alloy, currently used in high pre-
cision applications [5]. In the current research, the mechanics researched behind the fatigue strength
of Ti-6Al-4V will be limited to the crack propagation stage. The crack propagation stage is mostly influ-
enced by microstructural features where the crack initiation is mostly influenced by the surface finish
[6]. Despite the mechanical properties of Ti-6Al-4V being well understood, the specific influence of
the microstructural features in Ti-6Al-4V on the fatigue crack propagation is not as well described. For
steel and aluminium alloys the influence of certain microstructural features are already closely related
to the fatigue crack path [7, 8]. This shows that there is a clear need to describe the influence of these
microstructural features on fatigue crack propagation. The goal of the current research is therefore to
identify the influence of the microstructural features on the crack path. Given that these microstructural
features can then be identified or controlled within a sample, more accurate predictions on fatigue life
can be made.

Chapter 2 provides background knowledge, where some fundamentals of metal fatigue and the
material Ti-6Al-4V are described. The microstructural features most important for fatigue crack propa-
gation are also introduced. The methods used to test the Ti-6Al-4V for the fatigue properties and the
characterization methods used to find the microstructural features present are described in chapter 3.
Finally, the obtained results are discussed in chapter 4, where the microstructural features are linked to
the crack path. Two probability relations are proposed for the crack path deviations as functions of the
microstructural features present and the load cases applied. These probability relations can be used
to describe the influence of the microstructural features on the fatigue crack propagation in Ti-6AI-4V .
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2 1. Introduction

1.1. Problem statement

From the initial problem provided by ASML, where unexpected fatigue failure rates have been observed,
a research question and subsequently, sub-questions have resulted. A correlation was found between
the microstructural features in Ti-6Al-4V and fatigue crack propagation in literature. This correlation has
led to the hypothesis that by mapping the influence of the microstructural features in Ti-6Al-4V on fatigue
crack propagation, a better prediction of the fatigue life of the material can be made. By answering the
following question this better prediction can be achieved and as a result more reliable materials can be
designed:

What is the influence of the microstructural features in Ti-6Al-4V on the fatigue crack propagation?

This research question is separated into sub-questions in order to obtain a systematic approach to
answering the research question. The first sub-question relates the current state of the art to the
current research. During a literature study the following question is answered:

Which microstructural features influence the fatigue crack propagation properties in Ti-6Al-4V?

Once the specific microstructural features which influence the fatigue crack propagation are known, the
fatigue cracks need to be formed within samples. The method by which these cracks are made and
analyzed needs to be designed, which leads to the following sub-question:

Which experimental methods can be used to determine the influence of the microstructural features
on the fatigue crack propagation in Ti-6Al-4V?

When the fatigue cracks are eventually formed and characterized, the microstructural features found
can be related to the crack path observed. This relation is made using the final sub-question:

How do the microstructural features affect the probable crack path during fatigue crack propagation in
Ti-6Al-4V?



Background

Several mechanics are at play when considering fatigue crack propagation in Ti-6Al-4V. In order to ex-
plore these mechanics, some background knowledge of the material and fatigue in general is required.
This includes a detailed description of Ti-6Al-4V and its alloying elements and microstructures in sec-
tion 2.1. The mechanics behind fatigue and the parameters influencing it are described in sections 2.2
to 2.4. The features which might affect fatigue crack growth and their relevance to the current research
are discussed in section 2.5.

2.1. Material description Ti-6Al-4V

For high precision and medical applications titanium and its alloys are often considered when an excel-
lent combination of mechanical and physical properties are required. This is due to the ability to finely
tune the mechanical properties of titanium alloys to certain specifications by means of heat treatment.
These mechanical properties are combined with desirable physical properties such as a low density of
4.42 g/cm3. The alloying elements in titanium alloys play an important microstructural role as they will
influence the phases present and their morphology. These features will also have an influence on the
fatigue life properties of the titanium alloy.

2.1.1. Alloying elements

Titanium can be alloyed with many different elements which can provide a range of benefits to the
properties of the material. However, almost 50% of the titanium alloys are created by alloying titanium
with aluminium and vanadium [4]. The most commonly used alloy containing these elements is Ti-6Al-
4V, accounting for about 45% of the total sold titanium alloys, with the usual chemical composition
shown in table 2.1.

Table 2.1: Nominal composition of grade 5 Ti-6Al-4V in wt% and impurity limits in wt% (max) [4].

Ti | Al| V| N (max) | C (max) | H (max) | Fe (max) | O (max)
Balance | 6 [ 4 | 0.05 [ 010 | 0.0125 | 030 | 0.20

The aluminium in Ti-6Al-4V is present as an « stabilizer, which results in a higher melting tempera-
ture. The higher melting temperature allows for the material to be heated to higher temperatures during
the heat treatment. When higher temperatures are reached, a higher percentage of a platelets can be
obtained. These «a platelets in turn lead to an increased hardness and strength when compared to a 8
structure [9]. At 6-7 wt% aluminium, the alloy has the highest thermostability and optimum welding prop-
erties, excellent for potential additive manufacturing applications. Moreover, adding aluminium has the
effect of increasing the 8 transus temperature and enhancing the solubility of g stabilizing elements.

The B stabilizing element in the case of Ti-6Al-4V is vanadium. Vanadium is considered an isomor-
phous stabilizer since the crystal lattice of vanadium is BCC. Like the crystal lattice of g titanium, this
allows for great solubility of vanadium in g titanium. When 4 wt% of vanadium is added to the alloy,
the microstructure which is found changes from fully « in Ti-6Al to @ + g in Ti-6Al-4V [10]. Moreover,

3



4 2. Background

the creep resistance is decreased and the structure stability is increased [9]. The combination of the «
and p stabilizers allows for a bimodal structure which can greatly improve the fatigue properties of the
material when compared to commercially pure titanium. This bimodal structure is even considered to
be the best morphology for fatigue life properties by Lu et al.[9], due to the resistance to crack initiation.
Finally, the impurities in Ti-6Al-4V can have an influence on certain material properties. The nitrogen,
carbon and oxygen should be carefully controlled to improve ductility for cryogenic applications. Iron
impurities are added to some alloys of titanium to improve the corrosion behaviour of the material [4].

2.1.2. Microstuctures

The microstructure of the Ti-6Al-4V alloy is generally a combination of the hard and brittle « phase and
the more ductile and soft g phase. These phases can exist in several arrangements, from lamellar at
one end of the spectrum to equiaxed at the other end [11]. The lamellar structure is shown in Figure 2.1a
with a high surface area between the a lamellae and organized colonies, as opposed to the equiaxed
structure as shown in Figure 2.1b, with a low surface area between the globular a grains. A combination
of an equiaxed and lamellar structure, i.e. a bimodal structure, is shown in Figure 2.1c.

b IRTEHTIDY
- -ff'ﬁ“\»

»'-2’3 Ry e .A"-
%@%%E)s\ <Equ1axeda
SRS S P
N %\ &iv«““ e
50 um *ﬂ\\\“ S5 50 m |
a TE ﬁ;& G —“

Figure 2.1: Micrographs of lamellar «, equiaxed a and bimodal & + B phases in Ti-6Al-4V alloy adapted from [12, 13].

Lamellar o

The different phases and structures present in Ti-6Al-4V will have different effects on the crack
propagation mechanisms in the material [11, 14]. The fatigue crack propagation resistance of a lamellar
a phase is compared to an equiaxed a structure in order to study the effect of the phase and structure
of the material. It was found that the resistance to crack propagation is superior in the lamellar «
phase structure which is caused by a difference in crack propagation mechanics in both structures.
This difference can be mostly attributed to bifurcation of the cracks due to the a colonies, shown as
the groups of parallel lamellae in Figure 2.1a, present in the lamellar a structure. These a colonies
are known to cause bifurcation, large crack deflection and secondary crack formation. This is caused
by the limited slip systems available in the HCP « structure [15]. The crack growth resistance of the
lamellar a phase is mostly attributed to the large crack deflection and bifurcation due to the limited crack
paths available and the large size of the a colonies.

Meanwhile, the equiaxed structure shown in Figure 2.1b allows for a straight crack propagation path.
A crack deflection is generally only as large as the diameter of the equiaxed a phase. The crack is able
to propagate along the slip bands of the equiaxed «a particles and the a/f interface. This results in an
easy connection being made between the microcracks formed at the a/f interface [16].

Finally, a combination of the lamellar and equiaxed microstructures is shown in the bimodal structure
in Figure 2.1c. This structure is similar to the lamellar microstructure in several fatigue life aspects.
When the fatigue life properties and the resistance to fatigue crack growth were compared, the lamellar
structure slightly outperformed the bimodal structure due to the larger overall grain size. When the
stress ratio tended toward extremely high values this effect was eliminated but the bimodal structure
would not outperform the lamellar structure [13]. Lu et al. [9] considered the bimodal structure to be
the most fatigue resistant morphology but this includes the crack initiation stage. When only fatigue
crack propagation is considered, the lamellar structure has a superior resistance.

2.2. General introduction to fatigue crack growth

Fatigue in its simplest form is defined as the failure of a specimen after a specified number of stress
cycles [17]. The fatigue failure of a material can be separated into two processes: the crack initiation
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and the crack propagation. However, all fatigue properties can be summarized with one main parame-
ter, the fatigue strength, which depicts the stress amplitude under which the material will not fail for an
infinite number of cycles. The fatigue strength is usually given as the endurance limit (o,), which is the
stress amplitude under which a material will not fail for a very large number of cycles, e.g., 107 [18]. The
fatigue behaviour of a material is most commonly plotted as the stress amplitude versus the number
of cycles, also referred to as the Wéhler curve (S-N curve). Two examples of S-N curves are shown
in Figure 2.2. The endurance limit is generally much lower than the yield strength of a material. For
example, when equiaxed Ti-6Al-4V is considered, it has an endurance limit of approximately 500 MPa,
shown in Figure 2.2a, whereas the yield strength is around 900 MPa [19]. Therefore, a cyclic load is
able to cause failure in a material at lower stresses than a monotonic load is able to.
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Figure 2.2: Fatigue behaviour of Ti-6Al-4V showing an endurance limit at 500 MPa (a) and a comparison of steel and
aluminium S-N curves (b) [20, 21].

Not all materials have an endurance limit. Figure 2.2b for example, shows no endurance limit for
aluminium. A small stress concentration like a crack tip can also increase the stress amplitude above
the endurance limit. In order to design a safe-life construction for these cases, a deep understanding
of the mechanics at work during fatigue failure is necessary.

The crack initiation and propagation stages are dependent on many factors and parameters. The
crack initiation will briefly be addressed in section 2.2.1 as it can account for a large part of the fatigue
life of a material. The main focus of the current research will be on the crack propagation which will be
discussed thereafter.

2.2.1. Crack initiation
The first step in fatigue failure is the crack initiation process. This initial step can take up a significant
part of the fatigue life-time [6].

Tu and Zhang [6] divided the sites at which crack initiation takes place into three main locations
depending on the grain size, the surface treatment or the morphology:

 Persistent slip bands
* Grain boundaries
¢ Inclusions

A persistent slip band is a regular arrangement of dislocations over a long distance. The clustering
of the dislocations is the result of their interaction and movement through the lattice. This movement is
a result of the applied stress where the interactions of the dislocations cause them to cluster. When the
stress is above a certain threshold, the cluster becomes a stable pattern, a persistent slip band, which
spreads through the whole grain [22].

The stress concentrations at the grain boundaries due to the grain boundary-slip band interaction
are commonly believed to be the main reason for crack initiation. Inclusions can become sites for
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crack initiation when a large inclusion creates a high plastic strain region which promotes an early
crack initiation.

The crack initiation process can be slowed down by implementing several surface treatment tech-
niques like deep rolling and shot peening. The effect of deep rolling is to work harden the surface of
the material which leads to an increase in the number of cycles required for crack initiation. Firstly,
the work hardening will increase the hardness and yield strength due to the high dislocation density at
the surface. Secondly, after the work hardening, the introduced dislocations will reorganize during a
recovery process at an elevated temperature and form sub-grains, decreasing the overall grain size of
the material. The high residual stress and the improved smoothness at the surface prevent the initiation
at the surface and cause the initiation to happen at defects or inclusions within the material. When a
surface is shot-peened, the treatment creates high residual compressive stresses in the surface which
in turn increases the micro hardness. This increase in surface hardness moves the crack initiation
site under the surface of the material and therefore extends the number of cycles required for crack
initiation. This outcome is observed in several materials, including titanium alloys [6].

2.2.2. Crack propagation

The second stage in fatigue failure is crack propagation, which will be the main focus of the current
research. During the crack propagation stage the initial crack will propagate using different mechanisms
as the crack grows until failure of the specimen. A classification has been made between the different
sizes of cracks as different mechanisms are at work:

» Microstructurally short cracks, described by microstructural fracture mechanics
» Mechanically Short cracks, described by elastic-plastic fracture mechanics (EPFM)

» Long cracks, described by linear elastic fracture mechanics (LEFM)

a) b) C
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Figure 2.3: Different crack classifications visualized with the grey zone as the plastically affected zone, microstructurally
short (a) typically under 50 pm, mechanically short (b) typically under 500 um and long crack (c) typically over 500 ym
adapted from [2].

The sizes of the three classifications of cracks seen in Figure 2.3 are separated by two designated
parameters, d; and d,. The parameter d; is the crack length for which the microstructurally short crack
transitions into the mechanically short crack, d, is the length at which a crack transitions from a short
crack to a long crack.

The microstructurally short crack is the initial crack from which further crack propagation is described.
This crack is the minimum size for the initial crack size a; which is further defined as follows.

- The largest initial material defect such as an inclusion, secondary phase, pore and other defects.
 Surface defects such as pits or scratches.

» The largest just arrested microstructurally short crack.

» The largest otherwise detectable defect.

The initial crack size will be the largest of the groups described above. This crack size a; has to be
the same size or larger than d; since otherwise the crack will be arrested at an early stage at stresses
below the endurance limit. The parameter d, can then be described as the largest of cracks which are
still arrested when a stress below the endurance limit (o,) is applied.
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Once a crack has reached a length d;, elastic-plastic fracture mechanics come into play. This intro-
duces the fatigue crack propagation threshold AK;, which is composed of effective threshold AK;y ¢ 5 ¢
and the crack tip opening threshold AK;y, ., Where AKy, ¢ is @ material property below which no crack
propagation occurs and AK;y ., is a crack length dependent parameter which reaches a maximum
when a short crack transforms into a long crack. The parameter AKy;, ,,, is dependent on different em-
pirically fitted parameters such as the crack closure effect, the yield stress and the crack extension of
the material [2].

Figure 2.4 shows the complicated elastic-plastic fracture mechanics of the mechanically short crack
regime. In Figure 2.4, the correlation between the fatigue crack propagation threshold and the crack
length is plotted. When a stress is applied above the solid line, the crack will propagate. When the
stress results in a stress concentration below the solid line, indicated as the cyclic R-Curve, the crack
will arrest.

When a mechanically short crack, for example, experiences a stress g, ; the crack will propagate,
causing the stress intensity to increase with it. However, due to the effect of crack tip opening, the
required stress intensity for crack propagation (AK;, ,p,) also increases. When the stress o, ; is applied,
the required stress intensity for propagation has increased faster than the applied stress intensity has
and therefore crack arrest is observed. If the stress on the specimen exceeds o, ,, such as is the case
for g,3 in Figure 2.4, the stress intensity will increase faster due to the crack growth than AK;, ,,, due
to the crack tip opening and thus the crack will propagate past the length d, and transition into a long
crack.

Loading amplitude o, <0,, .0,

\Crack driving force (component),

-

i Ca,i
Ca,2
Cag3

AK,, AK,,

Crack depth

Microstructurally
/Shfm Short crack | Long Crack
Tf
ol - (LC)

Figure 2.4: Cyclic R-curve displaying the different stresses for which crack arrest either does or does not occur [2].

Once the crack length has reached the long crack size, the crack propagation can be divided into
three regions according to Paris’ law, as seen in Figure 2.5. This starts with the short crack transition
into the long crack in region 1. Region 2 is the crack propagation phase where Paris’ law is supposed
to hold and region 3 is the phase of fast propagation which leads to failure [23].

Figure 2.5 shows the behaviour of the long cracks where linear elastic fracture mechanics (LEFM)
apply. LEFM is a theory which assumes linearity in the lifetime estimation, which is indicated in stage
2 of Figure 2.5. This linearity allows for simple analyses of fracture mechanics using theoretical, nu-
merical and experimental data. Some short cracks for which elastic-plastic fracture mechanics (EPFM)
apply, are plotted as dashed-lines. EPFM is used to analyze more plastic affected zones and requires
more resources than the LEFM and will therefore be mostly defined using empirical data [24]. The
behaviour of the crack propagation in stage 2 is given by Paris’ law [25]. This law describes the relation
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Figure 2.5: A visualization of the different Paris regions where Paris’ law holds for stage 2 [23].

between the crack propagation rate and the stress intensity range AK where LEFM applies:

da
oy = CAK™, AKupie < AK < Kic (2.1)

Where Paris’ constants C and m describe the crack propagation rate per load cycle Z—;. The fatigue
parameter applied is AK which is the stress intensity range. The lower limit of the stress intensity range
is the fatigue crack propagation in the long crack regime, K, c, and the upper limit is the fracture
toughness, K;.. Once AK reaches the fracture toughness, the crack propagation rate will increase
dramatically and failure will rapidly occur. This law, however, has been proven to be more of an as-
sumption rather than a universal law. This is because Paris et al. suggested, without experimental
verification, that the observed effect of applied stress ratio on the crack propagation rates is a direct
result of crack closure which is a phenomenon to be addressed later, in section 2.4 [25]. Later it was
found that it overestimated the effects of crack closure as it is only significant in plane stress situations
and that is further reduced by environmental factors and stress intensities [26].

2.3. Fatigue Testing Parameters

When researching fatigue and crack propagation in particular, experimental set-ups are still the pre-
ferred method in describing the materials response to the load cycles applied. Several testing param-
eters can be altered which have an influence on the mechanisms at work during crack propagation.

2.3.1. Stress Intensity Range

The most important testing parameter in crack propagation is the stress intensity range AK, which is
described by the range of stresses applied to the crack as a function of the crack length and geometrical
factors. The stress intensity range is commonly described by [2]:

AK = Y(a)ymaho (2.2)

Here Y(a) is a geometrical factor as a function of crack length a and Ac is the applied stress range.
From this equation it becomes clear that AK changes for a change in crack length even at a constant
applied stress range.

2.3.2. Frequency

The frequency of the load cycles is a parameter which has the ability to alter the resulting fatigue
propagation parameters but is not included in most calculations. This is most likely due to the effects of
frequency being mostly dependent on environmental conditions when normal testing frequency ranges
are considered (1Hz-100Hz) [2]. When testing at a frequency range of 20Hz-20kHz, a discrepancy
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was found between when testing in a gaseous environment consisting of air and in a vacuum. When
similar tests were executed either in air or in a vacuum, only the environment containing air responded
to varying frequencies whereas the crack propagation in the vacuum did not change. This difference
is attributed to the effects of hydrogen embrittlement [27].

2.3.3. R-ratio

Another important parameter is the R-ratio or load ratio. The R-ratio represents the ratio between the
minimum and the maximum stress (0,,in/max) @pplied to the specimen. This ratio has an influence
on the fatigue growth rate due to its effects on the crack closure concept [28, 29]. This effect is simply
explained by the notice that at an R-ratio close to one will keep a crack open as a,,;, and ag,,,, both
pull the surfaces of the crack apart. When a,,;,, is decreased, the crack will close due to a lack of stress
applied or the crack can even be pushed into itself. The compressive stresses then cause closure at
the crack tip.

Log(da/dN)

Increase R

LogiAK)

Figure 2.6: A visualization of the influence of the R-ratio on the fatigue crack growth by shifting Paris’ diagram [30].

Figure 2.6 shows that there is a clear correlation between the R-ratio and the crack growth rate
for a given AK. The crack growth rate increases for a given AK when the R-ratio is increased. The
importance of the crack closure effect due to the R-ratio however, seems to have been overestimated
in the past. For a negative R-ratio, only the positive part of the applied stress intensity factor (AK*)
range contributes to the crack growth [30]. Therefore Equation 2.1 (Paris’ equation) should become:

e _ cakrym 2
9~ caary (23)
With,
AK" = (Kmax)a(AK-'-)l_cr (2.4)

Where « is an empirically fitted constant and K,,,,, is the maximum stress intensity applied. This new
model was created to correlate fatigue crack growth data for a range of —1 < R < 1. However the
correlation between experimental data and this model is still better for positive R-ratios of 0 < R < 1,
than for negative R-ratios of —1 < R < 0. This is likely due to the negative part of AK not influencing
the crack closure for a negative R-ratio. Even for higher R-ratios of R > 0.7, egs. (2.3) and (2.4) are
not sufficient to predict growth rate data of Ti-6Al-4V.

2.4. Crack closure mechanisms

Crack closure occurs when the opposing surfaces of a crack come into contact with each other before
the minimum load of the load cycle is reached. This can be achieved using several mechanisms,
all indicated as crack closure. These include plasticity, roughness and oxide-induced effects. The
plasticity-induced crack closure is a result of the stress state in the sample. Roughness-induced crack
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closure is heavily dependent on the grain size in the material [31], where the oxide-induced crack
closure is an environmental effect, dependent on the oxidation rate of the material [2]. A schematic
depiction of the three crack closure mechanisms is shown in Figure 2.7.

Residual plastic zone

b) c)
Maximum load Maxirmurm load Maximum load
Oxide
Minimum load %@\1 Minimum load %‘W Minimum load

Figure 2.7: Three different crack closure mechanisms including the plasticity-induced (a), the roughness-induced (b) and
the oxide-induced (c) effects [32].
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The plasticity-induced crack closure is a result of the plastic deformation along the crack which is
particularly high at the crack tip. When the crack tip then advances, plastic deformation normal to the
crack length is left behind along the rest of the crack. This deformation is not fully reversed in the
minimum load condition, which can be seen in Figure 2.7a, leading to the material compressing into
itself, resulting in a compressive residual stresses [33].

The idea of roughness-induced crack closure is that a higher grain size will increase the deflection
length of the crack which will in turn increase the surface roughness of a crack surface. This roughness
will then promote crack closure due to a misfit of the opposing crack surfaces. This idea has since
been experimented upon by Gray et al. [31] using AISI 1080 steel, from which they concluded there
is a significant increase of AK;;, due to an increase of the grain size. This effect is most apparent at a
lower R-ratio such as 0.1, seen in Figure 2.8. An increase of the R-ratio will allow the crack to remain
open throughout the load cycle and thus reduces the effect of roughness-induced crack closure.
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Figure 2.8: Effect of grain size on the different thresholds AK¢y and AKyp ¢55 for different R-ratios in ARMCO iron, adapted
from [34].

Oxide-induced crack closure is mostly influenced by environmental factors. When a crack propa-
gates through a material, new surfaces are generated, oxidation layers can form on these surfaces
when a gaseous atmosphere consisting of air is present. Due to these oxides generally having a larger
volume than their metallic base material, the formation of oxides on the crack surface results in addi-
tional volume of material. Much like the plasticity and the roughness, this mechanism could cause the
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crack to close slightly. Normally this layer will only be a few nanometres thick after such a short period
of time and therefore will not induce a crack closure effect. This layer thickness however, can be greatly
increased due to the build-up of these oxide layers caused by the continuous breaking and reforming
during the load cycles. This effect is most pronounced at low R-ratios, at near-threshold loads and for
low frequencies so there is more time for oxidation layer build-up [35].

The effect of the crack closure however, has been disputed over the years. One argument given
against crack closure is that during tests comparing an open, partially closed and fully closed crack,
the effects of crack closure were small and could not account for the observed behaviour in fatigue [36].
When taking a re-examination of the effect of crack closure on fatigue crack propagation, Jiang et al.
[37] concluded that there is in fact an effect of crack closure but the crack closure effects may have
been overestimated in traditional approaches.

An example of the influence of crack closure mechanisms at R-ratios of 0.02 and 0.25 is given in
Figure 2.9. The fatigue crack propagation rate is directly plotted over the stress intensity factor. When
the stress intensity induced by crack closure, AK;y ., is subtracted from the applied stress intensity
range AK, only the effective stress intensity range AK;, . is left. The fatigue crack propagation rates
overlap when only AK;, ¢y is considered for different R-ratios as seen in Figure 2.9¢c. The difference
in crack propagation rates is thus caused by the stress intensity induced by crack closure. A small por-
tion of the crack closure effect is attributed to plasticity-induced mechanisms, but after a fractographic
analysis, most of the crack closure at these low R-ratios is due to roughness-induced crack closure
[38].
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Figure 2.9: Relation between stress intensity and the crack propagation rate with and without crack closure mechanisms
for an R-ratio of 0.02 (a), 0.25 (b) and an overlay of these figures in (c) in Ti-6A1-4V, adapted from [38].

2.5. Microstructural features

As has been described in subsection 2.1.2, a lamellar a« phase has superior crack growth resistance
when compared to other microstructures in Ti-6Al-4V. Some microstructural features of the lamellar a
phase and their influence on the fatigue crack growth are therefore discussed in this section. The effect
of the morphology and grain boundaries on the crack path is explained in subsection 2.5.1. The Schmid
factor is introduced in subsection 2.5.2, a factor which relates the slip system to the load direction. The
Schmid factor is highly dependent on the available slip systems while there are a limited number of slip
systems in HCP. The Schmid factor could therefore prove to be an important property in fatigue crack
growth.

2.5.1. Grain morphology
The influence of grain morphology can be further divided into the grain size and shape and the grain
boundaries. On one side, the effect of grain size is the roughness-induced crack closure. As has been
discussed in section 2.4, a larger grain size creates a rough crack surface which might induce a form of
crack closure known as roughness-induced crack closure. On the other side, a large grain size leads
to long grain boundaries which might be able to facilitate crack propagation more easily.

The grain boundaries are divided into three types of boundaries present in a lamellar a, shown in
Figure 2.10.

* Prior g grain boundaries

* a colony boundaries
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 a platelets boundaries
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Figure 2.10: Three different types of boundaries found in B annealed Ti-6Al-4V , prior B grain (a), a colony (b) and a
platelet (c).

In fine microstructures, the crack tip is deflected by grain boundaries such as the ones listed above.
The deflection is a result of the neighbouring grains having distinct crystallographic orientations and thus
allows for an easier path along the boundary, which is called intergranular cracking [39]. A lamellar «
microstructure in Ti-6Al-4V is able to facilitate crack growth through the grain however, this is called
transgranular cracking. When both intergranular cracking and transgranular cracking are possible, the
misorientation angle will be able to influence the fracture mode. When a high angle grain boundary is
encountered, intergranular cracking is the most plausible fracture mode [40]. Figure 2.11 shows this
combination of intergranular and transgranular cracking as the crack bifurcated through packets of a
colonies. When the crack was orientated favourably with the grains however, intergranular cracking
was observed along the £ grain and a colony boundaries.

Crack growth direction [

: ‘ 100_pm

Figure 2.11: Micrographs showing crack deflection and bifurcation in [-annealed Ti-6Al4V using an optical microscope
(a, b) and a straight crack path in mill-annealed Ti-6A1-4V examined by using an SEM (c) [14].

2.5.2. Schmid factor

When a crack propagates through the material, the grain boundaries present might not always facilitate
an easy crack path. A transgranular crack growth can in some cases facilitate an easier crack path
due to the slip systems being favourably orientated with the load direction. This relation between the
slip systems and the load direction is described by the Schmid factor [41].

Ti-6Al-4V annealed above the  transus temperature and air-cooled is almost exclusively composed
of a platelets which have an HCP structure [14]. The HCP structure only has a few viable slip systems
available with both basal and prismatic being the main slip systems, seen in Figure 2.12.

The Schmid factor (my) is used to translate the applied stress (o) to the resolved shear stress ()
as shown in Equation 2.5. The Schmid factor is calculated as a function of the three unit vectors for
the load direction (1), slip direction (s) and the slip plane normal (n), according to Zheng et al. [42].

T =m0 (2.5)

mg=(I-s)(1-n) (2.6)

Solving for the three different slip systems, Figure 2.13 shows the peaks of the Schmid factor of
each slip plane, where a higher Schmid factor indicates less resistance to dislocation glide. A lower
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Figure 2.12: Three major slip systems in HCP [42]

resistance to dislocation glide leads to a lower resolved shear stress required for fatigue crack propa-
gation.
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Figure 2.13: Results of Equation 2.6 applied on the three slip systems shown in Figure 2.12.

The graph shown in Figure 2.13 does not yet show the actual Schmid factors for the slip systems.
This is due to the different slip systems having a different critically resolved shear stress (CRSS). This
CRSS is the critical shear stress for which dislocation glide is possible. The Schmid factors will therefore
be normalized, this is done by using [41]:

mg = mg * (Tmin/Tsystem) (2.7)

Here m; is the normalized Schmid factor as a function of the Schmid factor m, and the ratio of the
CRSS of the easiest activated slip system 7,,,;, and the the CRSS of a given slip system 7y 5em. FOr
both the basal and prismatic plane this ratio is 1:1 as these are both the easiest slip planes. For the
15t order pyramidal system is ratio is 1:2.63 which results in a significantly lowered normalized Schmid
factor. This will result in Figure 2.14.

The plot shown in Figure 2.14 can now be used to describe the slip system used by the crack if
the crystal orientation with respect to the load direction is known. By comparing the angle between the
load direction and the c-axis to Figure 2.14, the slip system with the highest Schmid factor at that angle
will be active during crack propagation.
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Figure 2.14: Schmid plot shown in Figure 2.13 normalized using a CRSS ratio for basal, prismatic and 1st order pyramidal
of 1:1:2.63.

2.6. Concluding remarks

When high precision and medical applications are considered, excellent properties of the material and a
good understanding of the failure mechanics are required. Ti-6Al-4V is a material with a great strength
to weight ratio and corrosive properties. The unpredictability of fatigue crack growth can form an is-
sue when high cycle lifetimes are required. The microstructure with the highest fatigue crack growth
resistance is lamellar ¢ and therefore the influence of certain microstructural features on fatigue crack
growth in lamellar a Ti-6Al-4V will be explored.

The stress intensity range AK is a factor with a large influence on the fatigue crack growth rate.
The crack growth will respond differently to different values for AK and by creating a Paris diagram,
the stage of crack growth can be determined for each AK. By defining the stages of crack growth, the
microstructural features affecting crack growth can be related to these stages.

The effect of the R-ratio on the fatigue crack growth rate has long been attributed to the crack
closure effects. These effects are divided into plasticity, roughness and oxide-induced crack closure.
The influence of crack closure has long been overestimated however as it could not account for the
observed fatigue behaviour. By testing at a high and a low R-ratio, the effect of crack closure can be
singled out and different effects of microstructural features can be highlighted.

The most influential microstructural features for fatigue crack growth in lamellar a Ti-6Al-4V are the
high angle grain boundaries and the Schmid factors [39, 40, 41]. The high angle grain boundaries will
deflect the crack path and induce intergranular fracture modes. The Schmid factor is able to relate the
load direction to the crystallographic orientation. This Schmid factor reveals where transgranular crack
growth is possible and in which slip system this might occur. By relating crack growth at the different
stress intensity ranges and R-ratios tested, the influence of the microstructural features on the crack
path can be described in more detail.



Methods and Experimental

In order to understand the impact of microstructural features in Ti-6Al-4V on the fatigue crack propaga-
tion, understanding of the microstructural features present and the fatigue properties of the material are
essential. The process of understanding the microstructural features present in the material consists of
a material treatment, preparation and characterisation process. The material treatment should result
in homogeneous microstructural features and material properties throughout all experiments. Once
this has been achieved, the experiments have to be designed using different design and modelling
processes, such that all desired properties can be derived from the results for every load type tested.
After these models result into an accurate depiction of the stresses present in the samples, actual ex-
periments can be applied in order to determine the desired fatigue parameters. Once the specimens
are tested, the microstructural features influencing the crack path can be analysed using a combination
of different characterization techniques.

3.1. Material preparation

A proper analysis of fatigue crack growth in Ti-6Al-4V can only be achieved by acquiring a homoge-
neous material with the designed material properties. The samples will therefore all be treated using
the same heat treatment, cooling period and clean-up process. A few aspects that can differ in the final
material despite careful preparations are the oxidation layer and warping of the samples.

First of all, every sample is cut using electrical discharge machining (EDM) out of a single base plate
of Ti-6Al-4V according to the design displayed in Appendix A. The material will then be heat treated for
optimal fatigue crack growth properties according to [14]. By annealing at 70 °C above the g-transus
temperature the microstructure will be homogenized by forming a fully 8 microstructure [43]. By heating
to these temperatures however, the material will experience a significant increase in oxidation rate [44].
Since these oxidation layers cannot easily be controlled, they will be eliminated from the samples by
treating in an inert environment. This is achieved by filling an annealing envelope with argon gas and
subsequently adding the Ti-6Al-4V samples, after which the annealing envelopes are sealed and heat
treated as a whole.

Another factor which might cause a variation in the samples is warping due to internal stresses from
the EDM process being released during the heat treatment. This warping might cause the designed
stress concentration in the sample being shifted due to bending forces. This will be counteracted by
first bending the samples straight if needed. The internal stresses introduced in this process cannot be
disregarded and will need to be taken into account during the analyzing process by using FEM models
to calculate bending induced stress.

The first step in the design of the material is a heat treatment, this treatment will be applied to all
samples and will be consistent over all experiments conducted. Once this treatment is applied, some
samples will be prepared for microstructural characterisation.

3.1.1. Heat treatment
Nothing is known about the manufacturing method nor about the heat treatment of the base material
provided by Titanium-Services [45]. The resulting microstructure of the manufacturing method and the
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heat treatment applied on Ti-6Al-4V has the possibility to influence the results of a subsequent heat
treatment [46]. The untreated material will therefore need to be characterised alongside the treated
material in order to identify any microstructural features present due to the manufacturing method and
prior heat treatment.

The design of the heat treatment which will be applied on the material used for fatigue testing is
chosen from literature [14]. Due to the nature of the experiments, only one type of treatment will be
tested. Therefore it is necessary to apply a known heat treatment which is used for a long fatigue life,
especially for low fatigue crack propagation rates. One heat treatment which has been well described
in literature is ”g annealing”. B annealing maximises the fracture toughness of a material at the cost of
a significant decrease in fatigue initiation resistance [47]. However g annealed Ti-6Al-4V is described
as having a good resistance to fatigue crack propagation by achieving a microstructure of lamellar a
phase [48]. The current research is focused around fatigue crack propagation through Ti-6Al-4V and
therefore § annealing will provide the desired properties. By following a specific heat treatment, a
comparison can be drawn between the fatigue properties and microstructure of the material [14]. The
heat treatment conditions used are described in figure Figure 3.1.

1,050 °C / 1 hour

Temperature

B-annealed

Figure 3.1: B annealing treatment applied to all Ti-6Al-4V samples with a thickness of 2mm as designed by Jeong et al.

[14].

The main goal of this heat treatment is to approach the lamellar a structure described by Jeong et
al. [14]. This will allow for direct comparison of the fatigue properties measured by the different testing
methods. This direct comparison can only be made when all samples are identical to each other. This is
achieved by preventing oxidation by sealing the samples in annealing envelopes as described above.
Before inserting the samples into these annealing envelopes however, they are thoroughly cleaned
using 2-isopropanol. This is done to prevent any leftover residue on the samples from evaporating and
settling down on the sample during the heat treatment. These annealing envelopes are then placed
inside the heat treatment oven on top of a thermocouple in order to monitor the temperature of the
sample during the treatment.

After the sample has been held at a temperature of 1050°C for 1 hour, the sample was removed
from the oven and placed at room temperature to cool over the course of 2 hours outside the oven.
During this cooling period the samples are held in the argon environment to prevent oxidation during
the cooling process. The samples are removed from the annealing envelopes after they have cooled
down to room temperature.

3.1.2. Microstructure preparation
Once the Ti-6Al-4V samples have been heat treated according to the method described in subsec-
tion 3.1.1 a series of preparation steps have to be applied before material characterisation can be
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performed. This is done by hot-mounting a small segment of a Ti-6Al-4V sample in a conductive resin
in a Struers CitoPress. By mounting the sample in a conductive resin the sample will still be compatible
with SEM analysis during the characterisation process. After the sample is mounted, the sample is
sanded and polished to remove any scratches which might be visible during optical microscopy. The
sanding steps executed using SiC sandpaper on Struers LaboPol-25 are displayed in Table 3.1.

Table 3.1: Sanding steps for Ti-6Al-4V sample preparation.

Grit | Rotation speed [rpm| | Time [s]

P80 250 60
P180 250 60
P320 250 60
P800 250 60

P1200 250 60
P2000 250 120
P4000 250 300

The final step of sanding with P4000 grit sandpaper is added due to the inability to cleanly polish
Ti-6Al-4V samples using 1 ym - 3 um diamond polish. Diamond polishing introduces scratches and
smearing on Ti-6Al-4V samples.

The subsequent polishing step is therefore solely made up of polishing using colloidal silica (OP-S)
applied to a rotating MD-Chem cloth by Struers at a rotation speed of 300 rpm. The samples prepared
for optical microscopy are polished for 15 minutes after which no scratches are observed using a 50x
magnification optical microscope. Samples prepared for SEM/EBSD however, are polished for 2 hours
using the OP-S and rotating MD-Chem cloth. During the polishing process it was found necessary to
continuously wet the cloth with the OP-S solution and regularly flush the sample with 2-isopropanol.
When this is not done, the OP-S starts to etch the material making EBSD analysis less accurate.

Once the embedded Ti-6Al-4V samples destined for optical microscopy have been polished until no
scratches remain visible, the final step of material preparation is applied. The material is etched in order
to define the grains in the microstructure and make optical characterisation possible. Etching is done
using Kroll's reagent as recommended by Reddy et al. [49]. The composition used for Kroll's reagent
is 100ml H,O, 1ml HF and 2ml HNO3. Kroll's reagent is applied to the specimen by continuously
wetting the surface with the reagent using a swab over the course of 40 seconds. The sample is
then immediately flushed with 2-isopropanol and inspected. Due to the etchant deteriorating over time,
samples etched at a later date might require additional swabbing steps of only 10 seconds at a time to
avoid overetching. Once the grains are clearly visible under an optical microscope the etching process
is finished.

3.1.3. Microstructure and crack analysis

Due to the scale of the microstructure, crack path and microstructural features, several techniques
are used to identify all relevant data. The microstructure measurements are applied using different
methods for the different types of grains. The prior § grain size and the a colony size are measured
using a line method, applied on micrographs obtained by optical microscopy. In the line method, a
line of known length is drawn onto the micrograph and the number of grain boundary intersections is
counted. By dividing the line length over the number of intersections, an average grain size is obtained.
For the a lamellae thickness, an ellipse method is applied to a micrograph obtained using a SEM. In
the ellipse method, ellipses are manually drawn around several randomly chosen lamellae. The thin
radii of these ellipses are averaged in order to obtain the average lamellae thickness.

During and after the experimental many data sets are retrieved using several methods, these data
sets must then be processed using different software in order to retrieve the desired data. This starts
with an analysis of the crack growth during the experimental. The crack growth data will then be pro-
cessed and fitted to a Paris diagram. The final cracks and microstructural features around them also
need to be scanned using several characterization methods in order to obtain information about the
microstructural features present.

During the load shedding described in Table B.1 and Table B.2 (Appendix B), the crack growth is
observed by optical microscopy. In between load steps, the sample is removed from the test set-up
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and the crack growth is recorded using an optical microscope and a micrograph is captured such as
shown in Figure 3.2.

Figure 3.2: Five crack propagation steps on the same sample showing the crack propagation and measuring method.

By superimposing these micrographs for each individual growth step, a map of the crack propagation
steps can be created. This allows for a final inspection of the crack growth after the experiment is
complete to confirm the results obtained from the experiments. From Figure 3.2 it becomes clear there
is an inaccuracy in the measurements of the crack propagation using this method. Due to the resolution
of the optical microscope used, the minimum crack growth observed is 5 um.

Once the samples are fully tested, one sample from each of the R = 0.1 and R = 0.7 sets is further
examined using SEM and EBSD methods. Unfortunately, due to the long preparation and scanning
times of EBSD, not every sample can be analyzed this way. The SEM used is a JSM-IT100 and the
EBSD analyses are conducted in a JEOL JSM-7900F and a Helios G4 CX. These characterization
methods require a smaller sample size of around 20 mm by 20 mm and therefore require the samples
to be deconstructed. After an extensive polishing period of 2 hours using OP-S on MD-CHEM cloth,
the samples can be analysed further. The resulting sample is shown in Figure 3.3.

The SEM images are made using a retractable Robinson-type backscatter detector (BED-C) at
an energy of 10kV. For crack path analysis, a zoom of 1800x was used where for lamellae width
measurements this zoom was increased to 4000x. The instrument used for XRD measurements is a
Bruker D8 Advance diffractometer with CuKa radiation (45 kV, 40 mA), using a step scan mode with
the step of 0.040° (26) at 2 seconds per step.

The SEM analysis is combined with an EDS analysis to obtain a detailed overview of the elements
present. Furthermore, the entire crack is mapped in great detail in order to perform an optical exami-
nation of the grain morphology around the crack. The optical examination is then combined with grain
size measurements performed using an EBSD analysis to confirm the results. The EBSD analysis
will also uncover the various crystallographic properties of the grains. These properties are related to
the crystallographic orientation of the grains and can have a large influence on the crack path. The
most influential crystallographic properties are the Schmid factor and the misorientation angles at the
grain boundaries since these determine the stresses needed to propagate the crack intergranularly or
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Figure 3.3: A 20 mm by 20 mm sample as prepared for EBSD analysis with two marks present for orientation identification.

transgranularly [41].

For the EBSD analysis a step size has to be determined, this step size determines the resolution
of the data acquired. The step size is ideally as small as possible in order to uncover the most data.
A smaller step size also leads to a higher amount of points scanned, which increases the scanning
time. Therefore a step size must be determined which shows all desired data within a reasonable scan
time. The smallest features which should be visible are the a lamellae with an average thickness of
2 um. When these lamellae are displayed as 10 data points thick, all lamellae within the material are
distinguishable. Therefore the step size which will be used during EBSD analysis is 0.2 ym. At this step
size however, a full scan of the crack would result in significant scanning times when the JEOL SEM is
used. This is due to the JEOL SEM achieving an identification rate of 80% at a scan time per point of
90 ms. Therefore a different SEM (Helios) is used for to create an overview of the crack at a scanning
time of 20 ms per point. The resulting identification rate of the Helios scan is only 25% which makes
the data unusable for proper identification of the microstructural features. The Helios scan is therefore
used to define regions of interest which can then be further analysed using a JEOL scan.

3.2. Fatigue testing design

Once the material is properly treated, the dog bone shaped samples with dimensions shown in Ap-
pendix A, produced by EDM are prepared for testing. This testing requires a reliable test set-up and
matrix, which must be designed according to the requirements set. In order for representative and
repeatable results to be generated, this set-up must be sturdy and non-restrictive. The test matrix is
designed specifically for the specimen size used in the present.

3.2.1. Fatigue test sample preparation

Before any testing is conducted, the dog bone shaped samples must be prepared in order to retrieve
representative data. During the heat treatment process two additional processes occurred. First, the
annealing envelopes were not able to fully prohibit an oxide layer from forming, this formed layer was
therefore sanded away manually using P800 and P2000 grit sandpaper respectively. The samples were
then etched around the stress concentration, using the same method as described in subsection 3.1.2.
This step is done to improve visibility of the crack during testing. Second, the samples did warp during
the heat treatment. This warping is reversed using a 4-point bending set-up as seen in Figure 3.4. The
reversal of the warping using bending can induce cracks around the designed stress concentration but
in optical analysis no cracks were observed.

3.2.2. Fatigue test set-up Design

The design process of the fatigue crack propagation experiments of the current research are a result of
the dimensions of the provided raw material and the limitations of the clamping system of the MTS500
machine used for the fatigue testing. Due to the material having a thickness of 2 mm, a three/four point
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Figure 3.4: 4 point bending used to reverse the warping after heat treatment.

bending test is no longer applicable. The decision was therefore made to design for a tensile specimen.
By inducing a crack in the middle of the specimen, the total amount of cracks grown and observed is
doubled as a result of the cracks growing in two directions. This finally results in the decision to design
the specimens as middle tension specimens according to E647 ASTM standard [50]. Clamps which
allow for automatic alignment of the specimen to force direction applied by the testing apparatus were
custom designed. These clamps were designed as four separate parts, joined by four pins allowing for
an automatic alignment as shown in Figure 3.5. These clamps are fully modelled using FEM software
and under the maximum applied force. The FEM models resulted in no significant stresses being
reached in the clamps, therefore the assumption is made that these clamps will be able to endure all
fatigue tests planned.

Figure 3.5: Render of clamps with MT specimen included with dimensions shown in Appendix A.

As for the specimen design, in order to ensure valid results the recommendations according to the
E647 ASTM standard for middle tension specimens is followed [50]. In order to ensure crack growth at
the desired location at the stress concentration, a dog bone shape was adopted. According to a finite
element analysis using Solidworks 2021 the yield stress will never be exceeded in the specimen other
than at the designed stress concentration, as shown in Figure 3.6.

The clamps shown in Figure 3.5 are combined with the experimental sample using two M10 bolts.
This entire system is then clamped in the MTS500 universal testing machine as seen in Figure 3.7.
The MTS500 universal testing machine has easily releasable clamps for fast removal of the sample for
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Figure 3.6: Von Mises stresses at a maximum load of 17.3 kN during testing.

optical examination during the experimentals.

3.2.3. Fatigue test matrix design

The method by which the load is applied to the material during fatigue testing has a large influence
on the crack growth mechanics. The three testing parameters explained in section 2.3 can have an
influence on the fatigue crack propagation during the experiments. The MTS500 universal testing
machine requires the following three parameters as input: the frequency, number of cycles and the
range of force applied by means of a mean force and a force amplitude.

The frequency of the load variation is a parameter which can have a large influence on fatigue proper-
ties of certain materials. This is mostly related to oxide-induced crack closure effects in materials which
quickly generate an oxide layer in the testing atmosphere. This effect is negligible in Ti-6Al-4V however,
as a result of the low oxidation rates of Ti-6Al-4V in a standard atmosphere at room temperature. The
load cycle frequency of the experiments will therefore be determined by a combination of safety and
speed. A frequency of 10 Hz creates the safest environment with repeatable results and manageable
test times.

In order to determine mean force and force amplitude applied for each step of the experimental,
the desired stress intensity range has to be outlined. The stress intensity range AK applied to the
sample can have an influence on the crack path observed. Therefore AK is varied over the experiment
in order to observe the effects of AK on the crack path. Since this material is specifically designed
for the current research, the Paris diagrams are constructed for both R-ratios tested. The creation
of these Paris diagrams helps identify the near-threshold stress intensity range AK;,. These tests
are normally conducted using a load-shedding method described by [50]. This method allows for an
accurate determination of AK;; values as the load is gradually lowered until the crack growth rate has
dropped below 10~1%m/cycle, at which point the crack will be considered as having stopped propagating.
This method should result in a crack consisting of a range of propagation sections, all resulting from
different stress intensity ranges. These cracks will thus provide an overview of the influences of the
different stress intensities on the crack path.

In order to construct the Paris diagrams, an estimation for the crack growth rates for different stress
intensity ranges is made using the Paris diagrams constructed by Jeong et al. [14]. These stress
intensity ranges first have to be translated to a stress range however. This is done using the following
formula [50]:



22 3. Methods and Experimental

~
Figure 3.7: Test set-up as used in MTS500 universal testing machine.
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Where AK is the stress intensity range and Ao is the stress range. The values B and W are the
thickness and the width of the sample. Finally, a is 2a/W which is a ratio of the total crack length a and
the width W. Solving Equation 3.1 for Ao gives the stress range which needs to be applied. The stress
range can then be transformed to the force range by multiplying the stress by the area on which it acts.
Since the input parameter of the MTS500 universal testing machine requires the force amplitude, the
force range is divided by two:

Ag * (W —2a) *B
Famplitude = 2 (3.2)

The area in Equation 3.2 is the width W of the specimen minus the total crack length 2a, times the
thickness B. Finally, the minimum, maximum and mean force can be obtained from the force range by
solving for the different R-ratios applied, according to:

_ 2 Famplitude

Fmin - 1 1
R
E _ 2% Famplitude (3,3)
max — 1—-R
_ Fmin + Fmax
Fmean = f

The R-ratio has a large influence on the Paris diagram and therefore two different sets of tests will
be conducted, one set with an R-ratio of 0.1 and one set with an R-ratio of 0.7. This will provide one
set of samples with little to no roughness-induced crack closure and one with this effect. This will be
critical to confirm the validity of the conclusions drawn from the current research.

The number of cycles required for a crack propagation of 200 um is estimated from the results
obtained by Jeong et al. [14] for the crack propagation rates of Ti-6Al-4V shown in Figure 3.8. At each
applied stress intensity range this number of cycles is determined which results in a test matrix which



3.2. Fatigue testing design 23

a) b)
10°F R=0.1 Tie4 10°F R=0.7 Tie4
L-T L-T
10°F 10'5E
—_ M
3 2
g 107} 2 107E
: E
z 3
§ 10° ® 10°F
© -]
-
10°} 10°} 8
o o
- o
10™ A . . . 10" L . R
5 10 2030 50 100 5 10 2030 50 100
AK (MPavm) AK (MPaVm)

Figure 3.8: Test results from load shedding method by Jeong et al. used for estimating the crack growth rates in the
current research [14].

can be used during the load shedding, these test matrices are shown in Appendix B. The order of
the steps is critical since the total crack length achieved in each step is used for the calculations of
the stress intensity range of the next step. Due to the stochastic character of crack propagation rates,
the expected number of cycles is not always the number of cycles used in the test. When the crack
propagation rate deviates from the expected value, the test duration will be adjusted accordingly. This
process is clearly seen in the resulting test matrix shown in Appendix B.

Before the propagation stage is reached however, a crack must be initiated. This is done using
the same mean force and amplitude across all samples, including both R = 0.1 and R = 0.7. The
decision was made to initiate the crack at an R-ratio of R = 0.1 with an initial stress intensity range
of 15 MPaym. At this AK the crack propagation rate is low and therefore the crack length is easy to
monitor. The minimum length of this initial crack is defined by ASTM standard E647 [50]. When two
lines are drawn from the tip of the crack to two coincidence points on the slot, indicated by the green
lines in Figure 3.9, the angle must be lower than 30 degrees, this ensures no effect of the machined
notch on AK. The minimum required crack length to fulfill this requirement is 716 um. The initiation
step will thus be considered complete when all cracks have reached this initial length.

Figure 3.9: Schematic drawing of stress concentration slot in dog bone shaped samples showing the initial crack length
required.






Results and Discussion

The Ti-6Al-4V samples have been prepared and tested using the methods described in chapter 3. The
heat treatment applied has resulted in the desired microstructure. The characteristics and properties
of this microstructure are shown and discussed in section 4.1. These samples were tested using the
previously described load shedding method, which resulted in fatigue cracks of which the propagation
rates are processed and analyzed in section 4.2. The crack paths are analysed using two different
EBSD techniques which results in imagery of the microstructural features around the fatigue cracks, of
which the results are shown in section 4.3. Finally, the effects of the microstructural features on the
fatigue crack path are characterized. The effect of the microstructural features is expressed as a prob-
ability for the crack to bifurcate or deflect. These probabilities are a function of both the microstructural
features and the load case applied which are described in section 4.4.

4.1. Effect of heat treatment on the microstructure

The resulting microstructure and its mechanical properties are a combination of the chemical composi-
tion, the processing of the material and the heat treatment of the Ti-6Al-4V samples. In order to discuss
the expected microstructures, knowledge of the chemical composition of the material is required. The
alloying elements in Ti-6Al-4V have a large influence in the formation of the a and g phase as has
been described in subsection 2.1.1. The alloying elements in the base material are not known to an
accurate enough degree since no information on the composition is given by the supplier. An Energy-
dispersive X-ray spectroscopy (EDS) scan has therefore been performed on the material. This EDS
scan has been done over an area of 128 ym by 104 um. The depth of this scan is determined using
the Kanaya-Okayama model [51]:
27.6%AxE)>
T
Here, the penetration depth R (nm) is calculated using the atomic mass A (u), the incident energy
E, (keV), the atomic number Z and the density p (g * cm™3). Using the atomic properties of titanium,
the penetration depth is calculated to be 0.9 um at an incident energy of 10keV. The total volume
measured using EDS is then 1.2 x 10*um3. The net counts of the elements found in this volume are
shown in Table 4.1.

(4.1)

Table 4.1: Net counts and weight percentages with a standard deviation found in base material used in the current research
using EDS.

Element ‘ Ti ‘ Al ‘ A%
Net count 2730619 197077 115291
Wt% 89.70 + 0.07 | 6.48 + 0.02 | 3.79 + 0.03

The chemical composition lies within the limits of what is considered a grade 5 titanium alloy [4].
With the chemical composition confirmed, the effect of the heat treatment on the microstructure can be
analyzed.
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The morphology of the grains has a large influence on the fatigue properties of the material. As
described in subsection 2.1.2, a lamellar @ microstructure will provide the most resistance to fatigue
crack propagation. This lamellar « microstructure is achieved by the heat treatment described in sub-
section 3.1.1. Before this heat treatment can be applied, it is important to identify the grain morphology
of the base material. The morphology of the base material can still affect the microstructure after heat
treatment as the boundaries of the g grains in the base material can influence the a-formation, after
a heat treatment above the g transus temperature is applied [52]. The microstructure of the base ma-
terial was observed using optical microscopy and found to be fully equiaxed. A micrograph showing
the equiaxed microstructure of the base Ti-6Al-4V is shown in Figure 4.1. The black regions indicate
transformed g where the light regions indicate primary a [53].

Figure 4.1: Micrograph showing microstructure of the base Ti-6A1-4V material provided by Titanium Services [45].

The first analysed property of heat treated microstructure is the phase distribution. The heat treat-
ment used in the current research, designed by Jeong et al., is designed to produce a lamellar fully
microstructure [14]. The expected phases are therefore a with little to no 8 present. The phase distri-
bution of the heat treated sample is measured using both an X-ray diffraction (XRD) and an Electron
backscatter diffraction (EBSD) method. First, during the XRD analysis a clear majority of @ phase is
seen in Figure 4.2. There are however, some unidentified peaks at a 20 of 39° and 56°, indicated by
blue peaks in Figure 4.2. The lattice parameter of the B-Ti has been slightly altered to fit these blue
peak positions. No assumption can be made from the XRD results about the phase distribution apart
from the presence of a-Ti.

In order to further investigate phase distribution after the heat treatment, a phase map was created
using EBSD analysis. This phase map, shown in Figure 4.3, shows the phases present in two different
colours. The a phase is shown in red and the 8 phase is shown in blue. Some S phase is observed in
the figure.

From the data used to create Figure 4.3, a table is made in order to show the a« and 8 phase fractions.
These results are shown in Table 4.2,

Table 4.2: Phase distribution results of EBSD analysis of heat treated Ti-6Al-4V sample.

Phase | Composition [%]
TiHex (@) 99.95
Ti-Cubic (B) 0.05

The amount of 8 phase found lies within the same range of error found by Nolze and Winkelmann
where 0.07% of phase was erroneously assigned [54]. From Table 4.2 it can therefore reasonably be
assumed there will be no influence of  phase on the fatigue crack growth and the material will therefore
be treated as fully a.

After the heat treatment described in subsection 3.1.1 is applied to the material, the morphology
has changed significantly. Figure 4.4 shows a cross-section of a heat treated dog bone sample after
etching, using the method described in subsection 3.1.2.
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Figure 4.2: XRD results of heat treated Ti-6A1-4V where the f lines have been slightly altered to fit the peak positions.

Figure 4.3: EBSD results at a step size of 0.2 ym overlaying the identified phases over the band contrast where red depicts
the a and blue depicts the 8 phase.
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Figure 4.4: Series of increasingly zoomed in optical micrographs of the cross-section of a heat treated dog bone sample,
note that the prior B grain boundaries are highlighted in white.

The first in the series of micrographs shown in Figure 4.4 shows an overview of large prior 8 grains
in the cross-section. The second micrograph shows a clear overview of the shape and size of these
prior B grains. Finally, the micrograph at the smallest scale shows the lamellar a grains located within
the prior B grains. Due to the thickness of the a lamellae being so small, scanning electron microscopy
(SEM) is required to observe the thickness. A SEM image is shown in Figure 4.5 where the a lamellae
thickness is more clearly visible.

Figure 4.5: SEM image of the heat treated Ti-6Al-4V showing the a lamellae in the microstructure.

The grain sizes shown in Table 4.3 within the microstructure have a large influence on the fatigue
crack propagation in the material as a larger grain size increases the roughness-induced crack closure
[31]. The size of the grains also determines the density of grain boundaries present, which has a
large influence in determining the fracture mode during fatigue crack growth [39]. The grain sizes are
therefore determined using the method described in subsection 3.1.3. The three measured parameters
are the prior 8 grain size, the a colony size and the a lamellae thickness. The three types of boundaries
mentioned are highlighted in Figure 4.6.

The resulting grain sizes from the measurements are shown in Table 4.3. Both the prior g grain size
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Figure 4.6: Micrographs showing the prior B grain boundaries in white (a), the a colony boundaries in white- (b) and
the a using an ellipse approach (c).

and the a lamellae thickness are similarly sized in the current microstructure when compared to the g
annealed Ti-6Al-4V analyzed by Jeong et al. [14]. The a colony size, however, was found to be smaller
by a factor 2 in the current microstructure when compared to the colony size found by Jeong et al., where
an average a colony size of 84 ym was found. This difference is attributed to the determination method
of the colony size as SEM imaging of the § annealed Ti-6Al-4V analyzed by Jeong et al. [14] reveals
colonies of the same size.

Table 4.3: The average grain size measured for the heat treated Ti-6Al-4V with standard deviation

B grain size [um] | a colony size [um] | a lamellae thickness [um]
380 + 40 ‘ 34 + 8 ‘ 1.2+ 0.1

Finally, the difference in microstructure before and after the heat treatment should be reflected in
a difference in hardness. An increase in hardness is expected due to the formation of a fully a mi-
crostructure, which is in general harder and more brittle when compared to the ductile § microstructure
[11]. Hardness measurements in the form of a Vickers’ hardness test are performed on the as received
equiaxed material and on the g annealed lamellar @ material. The results of these tests are shown in
Figure 4.7.
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Figure 4.7: Vickers’ hardness test results comparing the hardness of the as received sample to the beta annealed sample.

A clear increase in hardness is shown post heat treatment with the average hardness increasing
from 332 HV to 349 HV. The larger spread of the 8 annealed hardness is attributed to the larger grain
size when compared to the as received material. At a larger grain size, the hardness test can some-
times completely avoid grain boundaries or encompass a large number of grain boundaries, creating
a deviation in the hardness results. The spread found in the f annealed hardness is however, small
enough to indicate a homogeneous microstructure throughout the sample.
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4.2. Crack propagation

The load shedding method described in subsection 3.2.3 has been applied to four samples at an R-ratio
of 0.1 and to four samples at an R-ratio of 0.7. During these tests, from 4 to 10 crack propagation steps
were recorded using optical microscopy. These micrographs were used to determine the stress intensity
range and crack growth at every step. This was done by overlaying the intermediate micrographs on
top of an image of the final crack. The resulting crack is then highlighted and the stress intensity range
at every step is indicated. Figure 4.8 shows the crack path at several stress intensity ranges with an
R-ratio of 0.1. There is no clear relation visible between the applied stress intensity range and the
crack path. If there is any influence of the stress intensity range on the crack path, it could become
more visible when the scale is drastically decreased or different visualization techniques like EBSD are
applied.

M Initiation
AK=29.5MPavm
M AK=19.3MPavm
AK=18.5MPavm
B AK=18.1 MPaVvm
B AK=8.5 MPavm

Figure 4.8: Overview of the crack path and the accompanying stress intensity range of crack 1 out of 4 on sample 1, tested
at an R-ratio of 0.1

Figure 4.8 does not provide any information on the rate at which the crack has propagated. The
crack propagation rates have been recorded in the form of distance per cycle, indicating the crack
growth in meters per cycle. These values can then be plotted against AK to create a Paris diagram
which is shown in Figure 4.9. The green step in Figure 4.8, for example, shows a smaller propagation
rate for a similar AK in Figure 4.9 when compared to the yellow step. This indicates that there is an
influence of some microstructural features that creates this deviation in crack propagation rates. This
influence of microstructural features would also explain the large spread in the data.
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Figure 4.9: Paris diagram showing the crack propagation rates for the stress intensities tested at an R-ratio of 0.1. The
crack propagation steps of Figure 4.8 are highlighted in the graph using the same color scheme.

At a double logarithmic scale, the results of the load shedding method for an R-ratio of 0.1 can be
fitted using an exponential function with an R? value of 0.60:

da
oy =4 10~ *AK>0 (4.2)

The resulting Paris constants for an R-ratio of 0.1 from Equation 4.2 are determined to be ¢ =
4% 10714 m/(cyclexMPaym) and m = 5.0.
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Figure 4.10 shows a similar figure to Figure 4.8 but at an R-ratio of 0.7. Due to the lower overall crack
growth of each visible step, more steps could be applied at different stress intensity ranges. During the
green propagation step, indicated with a AK of 9.6 MPa+/m, the propagation was so little, there was a
debate whether the crack was propagating at all. The stress intensity has therefore been temporarily
increased as can be seen by the sudden jump in AK to 15.8 MPaym in the yellow region.

M Initiation
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Figure 4.10: Overview of the crack path and the accompanying stress intensity range of crack 4 out of 4 on sample 5,
tested at an R-ratio of 0.7.

Figure 4.10, much like Figure 4.8, does not show a clear indication to an influence of the applied
stress intensity range to the crack path. The effect of the different R-ratios is also not clearly visible
on the scale shown. The only apparent difference between the R=0.1 and R=0.7 cracks is the width of
the initial crack. This difference is attributed to the higher peak force applied when the R-ratio of 0.7 is
tested. The peak force of 17.3 kN translates to a stress on the cross-section of the sample of 880 MPa,
which is the only stress applied during the experimental surpassing the yield strength of g annealed
Ti-6Al-4V at 867 MPa [14]. This leads to an elongation of the sample and a significant widening of the
crack.

The values for the crack growth rates at an R-ratio of 0.7 are plotted over the applied stress intensity
range in order to construct another Paris diagram in Figure 4.11. An even larger spread in results is
found in Figure 4.11 when compared to Figure 4.9. The change in spread is attributed to the smaller
propagation rates. The smaller propagation rates result in lower crack growth per step and therefore
small discrepancies between the steps are more visible.
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Figure 4.11: Paris diagram showing the crack propagation rates for the stress intensities tested at an R-ratio of 0.7. The
crack propagation steps of Figure 4.10 are highlighted in the graph using the same color scheme.

The results from the load shedding method shown in Figure 4.11 are fitted to an exponential equation

with an R? value of 0.39:
da
— ~14 p /6.2
Ty = 2+ 107K (4.3)

The resulting Paris constants of the material tested at an R-ratio 0.7 differ from those tested at an
R-ratio of 0.1. The Paris constants have been determined to be € = 2 * 10™1* m/(cyclexMPaym) and
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m = 6.2 for an R-ratio of 0.7. The results for an R-ratio of 0.1 and 0.7 are shown in Table 4 .4.

Table 4.4: Comparison of the Paris constants found in the current for an R-ratio of 0.1 and 0.7 in Ti-6Al-4V.

R-ratio | 01 | 07
Cc [m/(cycle*MPa\/E)] 41071 [ 2x107 1
m 5.0 6.2

Despite the influence of the different R-ratios not being clearly visible in Figure 4.8 and Figure 4.10,
a clear difference in crack propagation rates between the R-ratios of 0.1 and 0.7 has been observed in
the Paris diagrams. The fits of both Paris diagrams are combined into Figure 4.12.
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Figure 4.12: A comparison between the fits of the Paris diagrams of an R-ratio of 0.1 and 0.7 with a 95% confidence fit
highlighted in the respective colors.

A shift of the crack propagation rates as a result of a change in R-ratio is clearly visible in Figure 4.12.
As has been discussed in subsection 2.3.3, a shift to lower AK values in the Paris diagram is expected
when the R-ratio is increased. Besides this shift, the slope of the fit also seems affected by the change
in R-ratio. This change of slope has not been described by the effects discussed in subsection 2.3.3.
This change of slope is most likely a result of a combination of the spread in the measured data and
an underestimation of the fit in the near AK,;, regime.

The shift to lower AK values in the Paris diagram for an increase in R-ratio is mostly attributed
to crack closure effects. In g annealed Ti-6Al-4V this effect will mostly originate from the roughness-
induced crack closure [38]. This roughness-induced crack closure should be detectable optically in
the form of crack blunting. Figure 4.13 shows two micrographs where two cracks have propagated
through an a colony along the direction of the a lamellae. These comparable cracks show one distinct
difference in that the width of the crack is significantly larger in the crack where an R-ratio of 0.1 was
applied.

—O 1m

Figure 4.13: Crack propagation through an a colony along the direction of a lamellae in Ti-6A1-4V at an R-ratio of 0.1
(a) and an R-ratio of 0.7 (b).
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The increase in crack width, due to the effect of roughness-induced crack closure, allows for a larger
shift of the material on either side of the crack. This shift is most clearly seen by the discontinuation of
the a lamellae boundaries in Figure 4.13a, highlighted in red. The misfit created by this shift will induce
a larger effect of roughness-induced crack closure which will enhance the effect further.

It has been previously stated that the effects of crack closure have been overestimated in the past
and could not fully account for the shift in crack growth rates observed. This would indicate that some
other feature or parameter would be influenced by the change in R-ratios in order to fully account for the
difference in observed crack growth rates. Apart from the effects of roughness-induced crack closure
however, there is no clear indication of different crack growth behaviour between the two tested R-ratios.
In the next sections the effect of the microstructural features and the load case on the crack path are
further explored in an attempt to further explain the observed effects.

4.3. Microstructural features affecting crack path

Besides the effects of roughness-induced crack closure, there are several microstructural features
which affect the fatigue crack propagation rate through the material. In the current section, the influence
of these microstructural features on the crack propagation rate are related to the crack path. Each grain
had a unique crystallographic orientation within the material which lead to distinct fatigue properties in
each individual grain. The microstructural features which are examined in the current research are
limited to the following three:

+ Schmid factor
» Low angle grain boundaries (LAGB)

 High angle grain boundaries (HAGB)

A special distinction is made between LAGB and HAGB. The boundaries between « lamellae in are
typically found to be at a low angles (< 5°). The angles between prior  grains boundaries or a colony
boundaries however, were found to be mostly high (> 15°). By making this distinction, the effects of
lamellae thickness and «a colony size can be separated.

In the current section, two methods by which the crack path is altered due to microstructural features
are discussed. These two methods are deflection and bifurcation. Deflection is used as a term to
describe a clear deviation of the crack from a straight crack path by means of intergranular cracking.
Bifurcation is used to describe the formation of clearly observable secondary cracks, this requires a
minimum secondary crack length of 5 ym due to the limitations of the used equipment.

4.3.1. Activated slip system in crack path due to Schmid factor

Besides the effect of the Schmid factor on altering the crack path, the Schmid factor also determines the
active slip system during crack propagation. As has been described in subsection 2.5.2, the Schmid
factor determines the active slip system used to propagate the crack during transgranular cracking. The
shifting of slip systems allows for a crack, which would normally be deflected in a basal slip system due
to a low Schmid factor, to shift to a prismatic slip system if a high Schmid factor is available. Therefore,
a large deflection due to the Schmid factor should only be expected when the crystal orientation is such
that for all slip systems a low Schimd factor results.

From Figure 2.14 it is apparent that there could be three different slip systems active, depending on
the angle between the c-axis and the loading direction. Despite the range of angles of 0° to 10° showing
that 1st order pyramidal slip is favourable, this was never found to be the active slip system when the
crack path was analysed. The crack will only propagate when the resolved shear stress exceeds the
critical shear stress value. The critically resolved shear stress of the pyramidal system is 2.5 times
higher than that of the basal and prismatic systems and as a result, the resolved shear stress will never
exceed the critical shear stress, so no pyramidal slip will occur [42].

The two cracks analysed using EBSD techniques in the current research are one sample tested
using an R-ratio of 0.1 and one sample tested at an R-ratio of 0.7. The entirety of these cracks is
first analysed using a Helios SEM. Due to the large scan area and small step size the scan time per
point is low. This resulted in large detailed EBSD maps of both cracks at the cost of a high level of
noise. Figure 4.14 and Figure 4.15 show the full cracks analysed using the Helios SEM. The colours
in the image represent the highest Schmid factor detected, this includes both the basal and prismatic
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slip systems. The same color scheme is used to identify the Schmid factor for the rest of the current
research, a scale bar for these Schmid factors is shown in figs. 4.14 to 4.16.

Figure 4.14: Helios image of the crack in the sample tested at an R-ratio of 0.1, the EBSD results are overlayed with SEM
imagery to highlight grain boundaries further.

Figure 4.15: Helios image of the crack in the sample tested at an R-ratio of 0.7, the EBSD results are overlayed with SEM
imagery to highlight grain boundaries further.
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Figure 4.16: Coloured Schmid factor scale used for all Schmid factor maps by both Helios and Jeol EBSD.

Figure 4.14 and Figure 4.15 are used to identify areas of interest for further examination. The two
areas chosen per sample are selected due to their high correlation between microstructural features.
Areas a in both Figure 4.14 and Figure 4.15 indicate areas with relatively high AK values of 24 MPay/m
and 15 MPa+/m for the tested R-ratios of 0.1 and 0.7 respectively. Areas b indicate areas where a AK
near the threshold was applied for both R-ratios.

The first area which is further examined is a of the sample tested at R=0.1, which was tested at a
relatively high AK of 24 MPay/m. An EBSD scan using the Jeol SEM was performed in order to get a
detailed image together with information about the crystallographic orientation of the grain. An image
of the Schmid factors is shown for both the basal and the prismatic slip systems in Figure 4.17 and
Figure 4.18.

Figure 4.17: Schmid factors of the basal slip system, for the crack in the sample tested at R=0.1 at area a, indicated for
all individual grains with the colours representing the magnitude of the Schmid factor according to Figure 4.16.
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Figure 4.18: Schmid factors of the prismatic slip system, for the crack in the sample tested at R=0.1 at area a, indicated
for all individual grains with the colours representing the magnitude of the Schmid factor according to Figure 4.16.

By comparing Figure 4.17 and Figure 4.18 the optimal slip system for the crack propagation is
determined. The optimal slip system is determined by examining the crack path in the system where
the Schmid factor is highest. When the crack then propagates into a region where the other slip system
provides an easier crack path in the form of a higher Schmid factor, the crack is assumed to change
slip system. This method allows for identification of the locations and frequencies of expected changes
in slip system. This method is applied to Figure 4.17 and Figure 4.18 in order to create an EBSD image
of the crack path through the optimal slip system available, shown in Figure 4.19.
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Figure 4.19: Combined Schmid factor image of the basal and prismatic slip systems for the crack in the sample tested at
R=0.1 at area a where the areas where basal slip is expected are indicated with B and the areas where prismatic slip is
expected are indicated with P.

From Figure 4.19 is becomes clear that the movement of the crack through the material is influenced
by the low Schmid factor areas encountered. The crack moves straight through areas indicated with
red or orange colors, where the Schmid factor is high. At the areas where green or blue grains are en-
countered, a significant deflection of the crack can be observed, indicated by the square in Figure 4.19,
this deflection is attributed to the low Schmid factors of these green and blue areas. Furthermore, the
slip system changes on average every 16 um, this is a result of the high concentration of low Schmid
factor areas present in both the basal and the prismatic slip systems. These low Schmid factor areas
cause a change in slip system when this leads to a higher Schmid factor.

Another part of the crack in the sample tested at R=0.1 which was further examined is area b as
indicated in Figure 4.14. This area has been tested at a near-threshold AK of 11 MPaym. When the
combined Schmid factor image of this area is inspected, similar results are found in area b (Figure 4.20)
when compared to area a (Figure 4.19). The black areas visible indicate unidentified points in the EBSD
analysis.
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Figure 4.20: Combined Schmid factor image of the basal and prismatic slip systems for the crack in the sample tested at
R=0.1 at area b where the areas where basal slip is expected are indicated with B and the areas where prismatic slip is
expected are indicated with P.

The movement of the crack shown in Figure 4.20 shows tortuosity around low Schmid factor areas
indicated with green and blue colours, as highlighted by the square. The deflections found in Fig-
ure 4.20 are not as drastic as those found in Figure 4.19 as a path through high Schmid factors was
always available without a large deflection. The amount of changes in slip system indicated is higher
in Figure 4.20 than that of Figure 4.19 at a rate of one transition at on average every 10 um. This is
on one hand attributed to an even higher concentration of low Schmid areas. On the other hand, this
might be an overestimation as the crack is able to propagate through a low Schmid factor region without
changing slip system. This is due to a crack being able to propagate through an unlikely grain if this
accommodates an easy fracture path [41]. This effect might cause the current method used to predict
a change in slip system to overestimate the amount of changes.

The same method to predict the active slip system was also applied to the areas indicated in the
crack tested an R-ratio of 0.7 shown in Figure 4.15. Firstly, the slip systems of area a are shown in
Figure 4.21 which was tested at a relatively high AK of 13 MPay/m.

Figure 4.21: Combined Schmid factor image of the basal and prismatic slip systems for the crack in the sample tested at
R=0.7 at area a where the areas where basal slip is expected are indicated with B and the areas where prismatic slip is
expected are indicated with P.

Figure 4.21 shows a clear image of area a of Figure 4.15 where the movement of the crack is
again clearly influenced by the Schmid factor. This influence is most apparent when the movement
through the high Schmid areas is mostly straight but whenever a low Schmid area is encountered,
small deflections appear in order to avoid the low Schmid area, visible in the three areas highlighted with
squares in Figure 4.21. The amount of changes in slip system present is a lower at about one change
every 33 um. This low amount of changes in slip system is attributed to the large a colonies present
in this part of the material. The a colonies have a largely homogeneous Schmid factor throughout the
colony and therefore no change in slip system is expected.

The final area examined for the active slip system is area b of the sample tested at R=0.7 shown in
Figure 4.15, this area is tested at a near-threshold AK of 9 MPa+y/m (Figure 4.22).
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Figure 4.22: Combined Schmid factor image of the basal and prismatic slip systems for the crack in the sample tested at

R=0.7 at area b where the areas where basal slip is expected are indicated with B and the areas where prismatic slip is
expected are indicated with P.

Figure 4.22 shows well how a high Schmid area indicated by red or orange allows for a straight
crack path, in contrast to the areas where more low Schmid areas are present and a more irregular
crack path is followed. A low amount of changes in slip system, at a transition on average every 25 um,
is still observed in Figure 4.22 as this is a direct continuation of the area shown in Figure 4.21. Fewer
changes in slip system are expected due the large homogeneous «a colonies.

4.3.2. Misorientation angles along crack path

Besides the effects of the Schmid factor on the crack path, there are other microstructural features
which can influence the crack path. At areas where no direct advantage in the lowest energy crack path
can be obtained from the Schmid factor, the grain boundaries play an important role in facilitating crack
propagation [6]. The microstructural features discussed in the current section besides the Schmid factor
are therefore misorientation angles of the different grain boundaries. The grain boundaries between «
lamellae within a colonies typically have misorientation angles of < 5° whereas the misorientation angle
between these a colonies is typically > 15°. The medium to high angle grain boundaries (> 5°) are
highlighted in Figure 4.23 with the legend of the colours of the angles of the grain boundaries shown.
The cracks shown in subsection 4.3.2 are the same as those shown in subsection 4.3.1.

Figure 4.23: Misorientation angles between grains where the angles > 5° are highlighted.

Figure 4.23 is an overlay of the HAGB found by the Jeol SEM projected onto the band contrast
image. This allows for the HAGB to be clearly identified while the LAGB in the form of the boundaries
between the a lamellae are also visible. One issue with the identification of the HAGB is that the
crack itself is also considered a HAGB at times. This issue is solved by overlaying the IPF map onto
Figure 4.23 as seen in Figure 4.24.
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Figure 4.24: Map of the HAGB and band contrast results from the Jeol EBSD results overlayed onto the IPF data for a
visual check on the results presented of area a in the sample tested at R=0.1.

Figure 4.24 shows how the crack tested at an R-ratio of 0.1 and a high AK of 24 MPa/m tends to
move along the LAGB of the a lamellae when the boundaries of the lamellae are in a similar direction
as the crack. When the crack encounters these LAGB at a higher incident angle, the crack seems to
propagate through without any visible deflection. When a HAGB is encountered, the crack tends to
move along the boundary and intergranular cracking is preferred, a clear example is highlighted by the
square in Figure 4.24. The effect of HAGB on crack deflection is not significant and deflection is only
detected at a low incident angle of the crack on these boundaries. The effect of HAGB on deflections
seems therefore significantly lower than the effect of the Schmid factor.

When area b of the sample tested at R=0.1 crack, tested at a near-threshold AK of 11 MPa+ym, is
considered, some different mechanics seem to play a role. The band contrast, HAGB and IPF are
again combined into one figure which results in Figure 4.25.

Figure 4.25: Map of the HAGB and band contrast results from the Jeol EBSD results overlayed onto the IPF data for a
visual check on the results presented of area b in the sample tested at R=0.1.

At close inspection of Figure 4.25, more crack bifurcation is visible when compared to Figure 4.24.
This happens at the areas where HAGB are present, highlighted by the squares in Figure 4.25, in-
dicating that in Ti-6Al-4V there might be a correlation between HAGB and bifurcation. Furthermore,
the material seems not affected by the LAGB found between the a lamellae as the lamellae are not
orientated favourable with the crack growth direction.

Area a from the sample tested at R=0.7, shown in Figure 4.26, which was tested at a high AK of
13 MPa+/m, shows a clear picture of the effects of the LAGB on the crack path.
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Figure 4.26: Map of the HAGB and band contrast results from the Jeol EBSD results overlayed onto the IPF data for a
visual check on the results presented of area a in the sample tested at R=0.7.
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The crack propagation through the large a colonies visible in Figure 4.26 shows good correlation
between the orientation of the a lamellae and the crack growth direction, as highlighted by the squares.
When the angle of incidence is low enough, the LAGB of the « lamellae are able to facilitate intergranular
crack propagation. The effect of the HAGB in Figure 4.26 is not clearly identified as no bifurcation or
large deflections are found.

Finally, area b from the sample tested at R=0.7, tested at a near-threshold AK of 9 MPa+/m, shows
the crack tip with some different mechanics when compared to a higher AK area. This crack tip is
shown in Figure 4.27.
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Figure 4.27: Map of the HAGB and band contrast results from the Jeol EBSD results overlayed onto the IPF data for a
visual check on the results presented of area b in the sample tested at R=0.7.

The crack shown in Figure 4.27 contains more bifurcation than the areas previously discussed,
as indicated by the square. The bifurcation is mostly present at HAGB with the added notion that
there are multiple transgranular crack paths possible at a low incident angle with the growth direction.
There is therefore an indication that a combination of these factors is more likely able to facilitate crack
bifurcation.

4. 4. Effect of microstructural features on crack path probability

As discussed in section 4.3, the Schmid factors and the misorientation angles along the crack path
can greatly influence the crack path. The effect of these properties was divided into deflection and
bifurcation. It has become clear that different microstructural features affect the crack path differently
for different load cases. In this section, the effects of the Schmid factors and the misorientation angles
at different load cases on the crack path are discussed, after which the probability of a crack path
deviation in the form of either deflection or bifurcation is related to the microstructural features present
and the load case applied. This will result in an overview of the influence of the microstructural features
on fatigue crack propagation in Ti-6Al-4V.

4.4.1. Effect of Schmid factor on crack path

The figures in subsection 4.3.1 show the changes in active slip system along the crack path and the
effects of a low Schmid factor on crack deflection. This section will relate the effects of the Schmid
factor to the load case applied by comparing what range of Schmid factors causes deflections. An
overview of four different load cases is presented in Figure 4.28, showing the crack paths in comparable
microstructures at similar Schmid factors.

From Figure 4.28 similar deflection patterns are visible across all load cases presented. The cracks
seem to prefer propagation along the red regions (mg; = 0.45 — 0.50), where orange regions (m; =
0.35 — 0.45) provide a crack path where no deflection is observed. Starting at the yellow regions
(mg = 0.35—0.30), some deflection is observed, especially when a high Schmid factor region is nearby.
The green (mg = 0.30 —0.15) and the blue (m,; = 0.15 — 0) regions show a large influence on deflection
where large deviations from the expected crack path are observed. Some propagation through the
green and blue areas is observed but only when this facilitates an easy crack path by linking two grains
where slip is more likely [41].
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Near-threshold AK

Figure 4.28: Selected sections of the combined Schmid factor figs. 4.19 to 4.22, showing the influence of Schmid factors
on the crack path at different load cases where high AK values are 24 MPay/m and 15 MPay/m for the tested R-ratios of 0.1
and 0.7 respectively.

The crack is not only deflected when a low Schmid factor area is encountered. When a crack is
forced to propagate through a low Schmid factor area, different behaviour is observed. When a crack
propagates through a colony with a high Schmid factor, the crack follows a straight path. When the
crack propagates through a low Schmid factor area, the crack struggles to find an easy path and shows
erratic movement. This is visible in a section of the analysed crack of the sample tested at R=0.1 shown
in Figure 4.29.

The crack path through the low Schmid area (m; = 0.04) shown on the right side of Figure 4.29a,
shows small deflections despite encountering no HAGB or favourably orientated LAGB as shown in
Figure 4.29b. When the crack enters the high Schmid factor area on the left side of Figure 4.29a,
the crack path is only deflected when other low Schmid regions are encountered, indicated by green
regions. The difference in crack path is therefore attributed to the difference in Schmid factor through
which the crack propagates.

There is no observable difference in the influence of the Schmid factor on the crack path at the
different load cases. The crack seems to be affected in a similar way by the Schmid factor, from a
high AK all the way to the near-threshold AK. There is seemingly also no effect of different R-ratios
on the influence the Schmid factors has on crack deflection, which is in accordance with literature [8].
Therefore, a decrease of the Schmid factor seemingly always leads to a decrease the crack propagation
rate independent of the load case applied. A low Schmid factor microstructure for the available slip
systems is therefore desired when a material is designed for low fatigue crack growth rates.

4.4.2. Effects of misorientation angles on crack path
The results of the influence of the misorientation angles on the crack path have been discussed in
subsection 4.3.2. These results have shown a distinct influence of HAGB on crack bifurcation for
different load cases. The different load cases shown in subsection 4.3.2 have been summarized in
Figure 4.30.

Figure 4.30 shows two sections of two different cracks for a total of four sections, these particular
sections were chosen for this comparison due to their similar amount of 60° grain boundaries along



4.4, Effect of microstructural features on crack path probability 41

(— Growth dlrectlon

Figure 4.29: Crack path in a basal slip system (a) and through the HAGB + IPF (b) tested at an R-ratio of 0.1 at a
near-threshold AK.
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Figure 4.30: Selected sections of the combined HAGB + IPF figs. 4.24 to 4.27, showing the influence of the HAGB on
the crack path at different load cases where high AK values are 24 MPaym and 15MPaym for the tested R-ratios of 0.1
and 0.7 respectively.
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the crack path. These HAGB were found to correlate closely to observed bifurcation, which is due to
the HAGB promoting the transition from transgranular crack growth to intergranular crack growth [52].
Therefore, once a HAGB is encountered there are multiple crack paths available and bifurcation is more
likely.
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Figure 4.31: A histogram of the relative count of grain boundaries of different orientations found in the current research.

Figure 4.31 shows the relative count of different grain boundary angles found in the fatigue tested
B annealed Ti-6Al-4V of the current research. Apart from the high concentration of LAGB between the
a lamellae, a clear spike in HAGB is found at 60°. The high concentration of 60° grain boundaries
in Ti-6Al-4V was also found by Hu et al., where the high concentration is attributed to deformation
twinning [55]. During SEM analysis of the cracks in the current research, no deformation twins were
found however as the tested samples have not been etched after testing.

An increase of the effects of HAGB on bifurcation is observed in Figure 4.30 when AK is decreased
towards the near-threshold AK. This indicates that when AK is lowered during testing, the crack prop-
agation rate does not only decrease due to a decrease in the stress intensity range applied but the
bifurcation in itself causes a decrease in the effective AK and therefore the crack propagation rate
[56]. When a material is designed for near-threshold AK applications, an increase in HAGB is therefore
desired for better fatigue crack growth resistance. This is in accordance with Kumar et al. where an
increase in bifurcation was found in near-threshold crack propagation in Ti-6Al-4V [52].

The effect of LAGB between the a lamellae on the crack path is seemingly not affected by the load
case. The effect is also limited to small deflections in the crack path and does not seem to cause
bifurcation. Bifurcation is mainly found when a transition from transgranular to intergranular cracking
is observed. Since the LAGB are found within the a colonies, they do not attribute to this transition.

4.4.3. Probability of change in crack path due to microstructural features

The Schmid factor and the misorientation angles present in the microstructure have distinct effects on
the crack path followed. The effects on the crack path due to the microstructural features are divided
into deflection and bifurcation. Due to there being no certainty of crack deflection or bifurcation when a
certain microstructural threshold is reached, two probability functions are proposed. These probability
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functions would describe the probability of a crack deflecting and the probability of crack bifurcation as
a function of microstructural features and load cases applied.

The probability function for crack deflection at a certain point in the propagation stage can be de-
scribed as a function of microstructural features and load cases applied. The first microstructural feature
which shows a clear influence on crack deflection is the Schmid factor, as has been described in sub-
section 4.4.1. Due to the Schmid factor being a scalar, the relation between the Schmid factor and the
probability of deflection is considered linear. This linear relation is further supported by the results for
the Schmid factor of slip systems obtained by Zeng et al. and Ma et al. [57, 8].
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Figure 4.32: Schmid factors of grains which have been propagated through during fatigue crack growth at different R-ratios
in a 5083 aluminum alloy [8].

Figure 4.32 shows the amount of grains of certain Schmid factors which have been propagated
through during the fatigue crack growth in a 5083 aluminum alloy [8]. This indicates a relation where
an increase in Schmid factors allows for a higher probability of propagation. Since the probability of a
crack propagating transgranularly is the inverse of the probability of crack deflection, a linear decrease
in deflections is assumed for a linear increase in Schmid factor. Unfortunately the graph shown in
Figure 4.32 could not be constructed using the data for Ti-6Al-4V received from the crack propagation
tests in the current research. This is a result of the limitations in the amount and quality of the EBSD
data.

The probability of crack deflection due to grain boundary misorientation is divided into two factors.
First there is the incident angle of the crack with the grain boundary, this angle leads to a deflection angle
of the crack. Then there is the misorientation angle of grain boundary which describes the difference in
crystallographic orientation between two grains. Kobayashi et al. [7] found a decrease in the amount of
cracks deflected when the deflection angle is increased. However, an increase in the amount of cracks
deflected was found for an increase in the misorientation angle for austenitic stainless steel, which is
shown in Figure 4.33 [7]. The only deflections observed at LAGB are at low deflection angles while the
amount of deflections clearly increases with the misorientation angle. This is in accordance with the
findings of the current research as deflections have been observed for LAGB at low deflection angles
while HAGB have shown deflections even at higher deflection angles. A diagram such as Figure 4.33
could not be constructed for Ti-6Al-4V using the data from the current research due to the high distortion
of the EBSD data along the crack path.
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Figure 4.33: Amount of deflections found during fatigue crack growth as a function of deflection angle and misorientation
angle in austenitic stainless steel [7].

There is no indication that the load case applied, in the form of AK and R-ratio, seems to influence
the probability of crack deflection. Figure 4.28 shows four microstructurally similar cracks with only
the load case varied. The behaviour of the deflection is comparable among all four cracks, indicating
no influence of the load case. This indication disagrees with Kumar et al., where a decrease of AK
is linked to an increase in tortuosity [52]. Figure 4.32 shows a slight difference in the Schmid factors
which have been propagated through for different R-ratios but the qualitative analysis of the data of the
current research suggests that this is the result of a probabilistic spread.

The probability of deflection is therefore proposed in the current study to be a function of the Schmid
factor m, the deflection angle ¢ and the misorientation angle 1. The resulting probability function is:

P(deflection) = f(ms™1,cos(¢p),P) (4.4)

The probability of deflection shows an inverse relationship with the Schmid factor since an increase
in Schmid factor decreases the probability of crack deflection. The deflection angle has a relation to
the probability in the form of cos(¢), this is due to the probability of deflection being significantly higher
at low angles and moving to zero at 90°. The misorientation angle simply has a positive relationship to
the probability of crack deflection as an increase in grain boundary angle leads to an increase in crack
deflections.

When the probability for bifurcation is considered, Yoder et al. found a relation between bifurcation
and the orientation of the a lamellae in the material [58]. This relation is also visible in Figure 4.30,
where bifurcation seems to be in accordance with the direction of the a lamellae boundaries. The
main influence on crack bifurcation as observed in the current research seems to be the presence of
HAGB. These are consistently found to intersect the crack path at locations where crack bifurcation
was observed. This effect is also found in literature where the amount of HAGB are found to be directly
linked to the amount of crack bifurcation [57].

A correlation between Schmid factor and crack bifurcation is not clear from the current results. De-
spite some indications of a low Schmid factor aiding in crack bifurcations being shown in Figure 4.22,
these bifurcations are mostly linked to the HAGB present. The effect of Schmid factor is therefore
limited to deflections, this is also found by Ma et al. [8].

The probability function of bifurcation is proposed to be more complicated than that of deflection.
This is due to the effect which AK has on bifurcation, as is shown in Figure 4.30. The indication here
is that a decrease of AK towards AK;; leads to an increase in bifurcation. The statement made by
Kumar et al., shown above, that a decrease in AK leads to an increase in tortuosity, seems to apply
to bifurcation [52]. This is due to the fact that the tortuosity observed was linked to the transition from
transgranular to intergranular cracking, which is the same transition from which bifurcation originates.
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Choi et al. have also observed a clear relation between a decrease in AK and crack bifurcation on a
microscopic level [59]. The probability of bifurcation is therefore linked to the ratio of AK to AK;; where
bifurcation increases as AK approaches AK;,. There was no link found between bifurcation and R-ratio
in the current research and in literature.

The probability function of bifurcation is proposed in the current study to be a function of AK applied,
the deflection angle ¢ and the misorientation angle ¥. The influence of AK applied is implemented as a
ratio of AK;, over AK as the amount of bifurcation increases as AK approaches AK;,. The effect of the
deflection angle ¢ on the probability of bifurcation, similar to the effect on the probability of deflection,
is proposed in the form of cos(¢). Finally, the misorientation angle i is directly proportional to the
probability of bifurcation, much like the probability of deflection. The difference is that the misorientation
angle plays a larger role in bifurcation when compared to deflection, where the Schmid factor is most
influential. These relations lead to the following function for the probability of bifurcation.

Ben os(@) ) (4.5)
AK '’ ! ’

The influence of the microstructural features in Ti-6Al-4V on proposed probability functions of de-
flection and bifurcation seem to be in accordance to the literature discussed in section 2.5. The results
acquired from the fatigue tests and all EBSD maps shown in Appendix C have been used as a qualita-
tive confirmation of the results presented subsection 4.4.3. A quantitative analysis was unfortunately
not possible due to the limitations of the amount of scans and the quality of the EBSD data.

The grain boundaries were related to both bifurcation and deflections while the Schmid factor has
been seen to be the main influence on deflections observed. The stress intensity range applied has
an influence on the amount of bifurcation observed. The change in crack propagation rate due to
the different R-ratios applied could not be linked to any microstructural features in the current research.
The only effect of R-ratio found was the previously described effect of roughness-induced crack closure,
which on its own cannot account for the change in crack propagation rate found [37].

The results presented can be used to improve the predictability of the fatigue crack growth in
Ti-6Al-4V. There are limitations to this however. The main challenge is to map the microstructural
features of the material in a non-destructive manner, in 3D-space and at a large scale. When these
microstructural features can be mapped in such a way however, the material can be machined in such
an orientation that the probability of deflections and bifurcation is maximized, therefore decreasing the
fatigue crack propagation rate. If the mapping of the microstructural features is not possible, a mate-
rial with desirable microstructural features such as low Schmid factors for the designed load direction
and high angle misorientation angles can be designed through heat treatments and processing. This
can be achieved by, for example, controlling the direction of grain growth during heat treatment or by
introducing 60° twinning by means of deformation.

P(bifurcation) = f(






Conclusions and Recommendations

5.1. Conclusions
Which microstructural features influence the fatigue crack propagation properties in Ti-6Al-4V ?

» There are two main microstructural features found to have a large influence on the fatigue crack
propagation in Ti-6Al-4V. The first of these is the Schmid factor, which relates the stress applied
to the slip system available. Due to the small amount of slip systems available in Ti-6Al-4V, a
crack path through high Schmid areas is not always found and large deflections in the crack path
can be the result. The second microstructural feature found to have a large influence on fatigue
crack propagation in Ti-6Al-4V is the misorientation angle of the grain boundaries. When the
misorientation angle is large enough, a shift from transgranular cracking to intergranular cracking
is observed. Intergranular cracking can cause deviations of the crack path around the grains and
the formation of secondary cracks.

» The load case applied during fatigue testing can also influence the fatigue crack propagation
properties of Ti-6Al-4V. The R-ratio applied determines the amount of crack closure observed. A
high R-ratio tends to keep the crack open during testing where at a lower R-ratio the crack closes
in on itself. The effect of crack closure in Ti-6Al-4V is mainly attributed to roughness-induced
crack closure which is further aggravated when the grain size of the material is increased. Finally
AK applied can influence the fatigue crack propagation properties of Ti-6Al-4V by increasing the
tortuousness of the crack when AK applied approaches AK;y,.

Which experimental methods can be used to determine the influence of the microstructural features
on the fatigue crack propagation in Ti-6Al-4V ?

* A load shedding method can be used to construct the Paris’ diagrams of the material tested.
The Paris’ diagram can then be used to quantify the effect of crack closure when different R-
ratios are tested. AK,;, can also be determined using the load shedding method, which allows for
comparison between high AK and near-threshold AK crack propagation. Finally, regions of slow
crack propagation can easily be identified and further analysed for microstructural features which
may have influenced the crack propagation rate.

- EBSD techniques can be combined with SEM imaging to closely relate the microstructural fea-
tures to the crack path. The EBSD results show the crystallographic orientations of the grains
analysed but do not show the crack path in detail. The SEM imagery, on the other hand, shows
a detailed crack path but no information on the crystallographic orientations of the grains. By
overlaying the results of EBSD and SEM data more details can be observed and analysed.

How do the microstructural features affect the probable crack path during fatigue crack propagation in
Ti-6Al-4V ?
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5. Conclusions and Recommendations

» By quantitative analysis it was found that the Schmid factor has a direct relation to the amount
and severity of deflections observed in the crack path. When a crack, which is propagating,
would encounter a Schmid factor below 0.35, deflections away from the low Schmid area are
first observed. When lower Schmid factors are encountered, more deflections are observed and
transgranular propagation becomes less likely. The crack is able to shift slip systems if this shift
results in a high enough Schmid factor to allow for transgranular cracking.

« The misorientation angle of the grain boundaries encountered during the crack propagation stage
can induce both deflections and bifurcations in the crack path. A large number of misorientation
angles at 60° are found, these are most likely a result of deformation twinning. These HAGB are
mostly found between a colonies and prior 8 grains and coincide with locations where deflections
and bifurcations originate. The increase in deflections and bifurcation at HAGB are a result of the
shift from transgranular cracking to intergranular cracking.

At locations where the incidence angle of the propagating crack with an encountered grain bound-
ary is low, deflections are observed even at low misorientation angles between the a lamellae.
These deflections at low deflection angles are observed to aid in both deflections and bifurcation
of the crack.

What is the influence of the microstructural features in Ti-6AI-4V on the fatigue crack
propagation?

The influence of microstructural features on fatigue crack propagation in Ti-6Al-4V is found to be
mostly in the form of deviations in the crack path due to the Schmid factor and misorientation
angles encountered. These deviations in crack path extend the fatigue life of the material. AK
applied during the fatigue life influences the effect of the microstructural features on the crack
path whereas the R-ratio does not.

One type of deviation in the crack path is the deflection. The current study proposes the probability
for a crack to deviate at a certain point in the crack propagation stage is to be a function of
the Schmid factor, the deflection angle and the misorientation angle. A low Schmid factor will
increase the chance of deflections, a low deflection angle is also preferred for deflections. A high
misorientation angle increases the chance of a shift from transgranular to intergranular cracking
and therefore increases the chance of deflections.

The other type of deviation in the crack path described is the bifurcation. The current study
proposes the probability of a crack bifurcating during fatigue crack propagation to be a function of
AK, the deflection angle and the misorientation angle. A clear increase in bifurcations is observed
when AK tends towards AK;;. A low deflection angle and a high misorientation angle both allow
for an easy secondary crack path resulting in an increased chance of bifurcation.

5.2. Recommendations

In order to further extend the knowledge of influence of the microstructural features on fatigue crack
propagation in Ti-6Al-4V, some recommendations are made to aid in further research.

+ During the design phase of the samples, some issues were encountered when the heat treatment
was applied. The samples used in the current had warped due to the internal stresses induced
by the EDM process. A stress relief step in the heat treatment is therefore recommended. Fur-
thermore, the method of preventing an oxidation layer from forming on the samples by means
of annealing envelopes was not effective enough to eliminate oxidation. The stainless steel en-
velopes also fused together with some Ti-6Al-4V samples, making these unusable. The use of a
protective paint for oxidation prevention is therefore recommended.

» During the testing phase, the crack propagation rates were microscopically observed. This has
led to useful micrographs for post-inspection but it also led to inaccurate propagation measure-
ments. The use of electron potential drop to measure the crack length is therefore recommended.
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 During the analysis of the microstructural features around the crack using EBSD, an emphasis
was laid on fast analysis at large scales. This emphasis has not allowed for a quantitative analysis
of the influence of the Schmid factor and misorientation angles on deflections and bifurcation
such as shown in Figure 4.32 and Figure 4.33. This was not possible due to the crack itself being
poorly identified, it is therefore recommended to lay an emphasis on a high success rate around
the cracks during EBSD analysis.

» The results presented in the current research are limited to a 2D analysis of the microstructural
features. When a non-destructive characterisation of the microstructural features in Ti-6Al-4V can
be made in 3D or if the crystal orientations can be controlled in such a way that they can be
described post treatment, the relations between the crack path and the microstructural features
can be described in much more detail. This would also allow for much more reliable estimates in
fatigue life of a sample.

+ During the current research, a relation was found between the high misorientation angles between
grains and bifurcation. These angles were found to mostly be around 60°, this explained by the
presence of deformation twinning. This deformation twinning, however, has not been found in the
material. If the presence of deformation twinning can be confirmed and related to the bifurcation,
deformation twinning can be used to design more fatigue propagation resistant materials.
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Test matrix load-shedding

Table B.1: Expected load shedding method with the calculated cycles per load step for R=0.1 for a crack growth of
200 ym

Stage AK | Fampiitude IN] | Fnean [N] | No. of Cycles | Expected growth [pm]|

Initiation 15 5000 3056 10000 716
Propagation 29 4456 5446 400 200
26 3793 4635 500 200

23 3190 3899 800 200

21 2774 3390 1667 200

19 2391 2922 4444 200

17 2040 2493 9524 200

15 1717 2099 22222 200

14 1528 1867 28571 200

12 1248 1525 40000 200

11 109 1332 66667 200

10 943 1153 100000 200

9 807 986 3333333 200

Table B.2: Expected load shedding method with the calculated cycles per load step for R=0.7 for a crack growth of
200 ym

Stage AK | Fampiitude [N ‘ Fnean [N] ‘ No. of Cycles ‘ Expected growth [pm]|

Initiation 15 5000 3056 10000 716
Propagation 16 2600 14733 167 200
14 2075 11758 476 200

13 1850 10483 526 200

12 1600 9067 690 200

10 1350 7650 1111 200

9 1100 6233 2000 200

8 950 5383 3333 200

8 850 4817 3846 200

7 750 4250 5128 200

6 650 3683 8000 200

6 575 3258 11111 200

5 500 2833 36364 200
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B. Test matrix load-shedding

MTS 500 universal testing machine

Sample # R Thickness W
2 01 0,0019 0,015 Frequency of 10Hz

Ini stage DeltaK at 10-10m/cycle is DeltaKth

Force [N] dK location 1

Range Mean Amp Max Expected cycles Range Growth m Cycles

Prop stage
Force [N] dK Location 1

Max

Expected cycles Range Cycles Total crack leiGrowth [pUm

320,7

Average size [Um

768

73,97

965

191,98

1098

208,44

1298

833

1819

220

2346

47

2479

MTS500 universal testing machine

Sample# R Thickness W
6 0,7 0,0019 0,015 Frequency of 10Hz

Ini stage DeltaK at 10-10m/cycle is DeltaKt

Force [N] dK location 1

Range Mean Max Expected cycles Range Growth n Cycles

Prop stage
Force [N] dK Location 1
Range Mean Amp Max Expected cycles Range Cycles

Total crack Growth [um] Average size [um]

5200 17333 16,72 151 672
4150 13833 13,81 110| 802
4150 13833 12,59 62| 8838
3700 12333 11,06 58| 948
3200 10667 9,51 96| 1025
2700 9000 7,89 40| 1093
2200 7333 6,94 116| 1171




All EBSD results

This appendix shows all EBSD results from the cracks sample 4 and sample 8, the order of figures
show is from top to bottom: Schmid factor in basal plane, Schmid factor in prismatic plane, Schmid
factor in preferred slip plane and HAGB+IPF map.

R e T
T '."'gv

‘!.-

‘1

4\4“ mm \~\\.\ ¥ .,\_QA\\ \.M v

e e
"' X ‘. e L .‘,,“‘: ﬁ‘
’\ \“‘ \.‘\. \:\\.s. ’\\ ‘&M P

BJ‘"'. ot ‘;; "
\ ‘h ’* > ﬁra;gr )

L
-

_ ’\ "'\m;-\ \:“' “_ \.*i‘\\
':,_\ : l\‘/ 7 ’ “ -

.J s |

: U,-wa_ ,;“‘-’ i * '; 4
TN R ) ’ﬂﬂ “\

Figure C.1: Crack Sample 4 area 1 tested at R-ratio = 0.1 and AK = 11 MPaym
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62 C. All EBSD results
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C. All EBSD results
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