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1 INTRODUCTION

In recent time mankind is using more modern and advanced mechanical
instruments and gadgets each day in all kinds of industrial branches.
Even the smallest devices used in day-to-day applications by ordinary people are
becoming very complex and complicated. This leads (almost) to addiction
on the modern technologies because no-one can imagine a day, even an hour without
his mobile phone, computer, car, always accessible source of electrical energy, etc.
But accidents happen and none of these devices are indestructible which means that
time-to-time something disturb the luxury of human life...

To improve the situation two things can be done — either to simplify everything
and go “back to roots” without use of any complicated technology or to work
on refining the devices to increase their durability and prolong their operating life.
The second resort seems to be more useful in our modern society and mankind is
working on this approach for decades.

Numerous theoretical approaches to describe fracture behavior, fatigue
of materials and related material properties were developed [1] starting with
the work of Inglis and Griffith in early 20th century. Their work was broadened
by other different approaches [2—4] (e.g. J-integral, stress intensity factors (SIFs),
crack tip opening displacement (CTOD), etc.) to evaluate the fracture parameters.
These approaches were used to create models representing at first some abstract
bodies with cracks (2D infinite or semi-infinite planes with central crack) but they
were adapted to more real-like specimens and geometries at a very fast pace. These
models are now used as a tool to obtain some description of the fracture by means
of quantitative results for normalized experiments [5].

Produced models proved to be very useful when behavior of bulk materials under
normalized conditions is investigated. For experimental testing of materials in terms
of fracture and fatigue behavior, several simplifications can be used with very small,
almost insignificant impact on investigated results. However, in cases where
the influence of microstructure of material has to be accounted for, the basic fracture
mechanics models fail to produce satisfactory results or to describe experimentally
observed phenomena.

In more in-depth research the crack front and faces geometry cannot be assumed
with simple, planar geometry. It has been shown [6-8] that fractures (particularly
under the remote shear loading) exhibit geometrical changes on the microstructure
level of the crack front and flanks which leads to crack front and flanks roughness.

This work aims to investigate those cases of cracked specimens where planar
simplifications of the crack shape are not usable and where it would lead to some
discrepancies in results. Moreover, it is aimed at those cases where the planar model
cannot sufficiently describe observed phenomena. Especially the shear mode loaded
cracks (when there is no mode I crack opening), which can be affected by real-like
geometry of the crack.



2 THEORY

Standard approach to obtain stress and strain fields around the crack front divides
loading according to deformation of the crack into three basic types — mode I
(normal mode), mode II (in-plane shear mode) and mode III (out-of-plane shear
mode).

5[1
Fig. 1: Loading modes

If the crack front is curved, the three-dimensional character must be taken into
account. The stress state varies along the crack front and, in general, it is composed
of the fields corresponding to the three crack opening modes. The real-like crack can
be solved by superposition of these three modes (Fig. 1). Mode I represents pure
normal loading of the crack (opening) and modes II and III are related to pure shear
loading. It was proved that fractures in objects propagate mainly in mode I and even
if the crack is originally loaded by pure shear mode the propagation tends to divert
to normal mode I loading [9]. This means that historically the mode I crack behavior
and the mode I propagation is well known [5] while the shear modes II and III are
subjected to less research.

There are several approaches to describe the stress and strain fields around
the crack tip.

The first one is the K-conception where the main crack parameters are the stress
intensity factors (SIFs) — Ki, Kn and Ky for loading modes I, II and III respectively.
The SIF determines a stress singularity at the crack tip and can be expressed
in separate form for each loading mode [10] and in these forms it is commonly used
for calculations in the field of linear-elastic fracture mechanics:

K (0.a,L)=0Vmalk, (aL); i=1 1L IIL (1)

Described stress intensity factor is defined by the stress ¢ in the body with
fracture, by the length of crack a and by the calibration function k., which is related
to length of crack a and to the characteristic geometrical dimension L; of cracked
body.

The second commonly used method in the fracture mechanics is an energetic
approach developed by Irwin [2, 3]. This approach is based on the energy balance
of the system consisting of fractured body and external forces described
by the elastic energy of fractured body W. and the potential energy or work
of external forces W,. Their combination forms energy of the entire system W..



With these energies in mind Irwin established a crack driving force G as a change
of the energy of system W, in dependence on the change of crack length a [11]:

dw.

c . 2
P (2)
The relation between energetic approach and the K-conception (under

the assumption of the linear-elastic fracture mechanic conditions) can be given
by [11]:

G =

— 3)

where E” equals Young’s modulus E for plane stress conditions and E” = E/(1-u?)
for plane strain conditions (u stands for Poisson’s ratio) and Egea 1S the shear
modulus.

The third commonly used conception in the field of fracture mechanics is
the J-integral conception. It is widely used for modeling and calculations under both
linear-elastic and elastic-plastic conditions which can occur when materials with low
value of yield strength are used [9]. For example, the K-conception cannot be used
under such conditions.

The J-integral itself can be expressed (for a simplified 2D model) as [9]:
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Fig. 2: The crack integration path (2D example)

where T; are components of the vector of surface forces in perpendicular direction
to the integration path 7, u; are the components of a vector of relative displacements,
s stands for the length of integration path and w is the strain energy density (o;; and
&ij are the stress and strain tensor components).

Despite the different methods to obtain the crack driving force G and
the J-integral, their final values equal and thus (if the linear-elastic fracture
mechanics conditions are met) to recalculate the J-integral to SIFs (and vice versa)
the same formula (3) as for the crack driving force G can be used.



2.1 INFLUENCE OF THE CRACK MICROSTRUCTURE ON THE
FRACTURE PARAMETERS

Material characteristics related to the fracture mechanics are derived from
experimental results, but the data evaluation is based on elementary theory
for homogenous body with straight planar crack. This theory generally does not
account for microstructural patterns of the crack front and flanks. Contrary to this
fact, even if the specimen is loaded by the pure remote mode loading the real
tortuous shape of crack front leads to decrease of the crack driving force caused
by localized mixed-mode I+II+I1I loading [12, 13].

mode [ crack opening -
-<—

Fig. 3: Example of zig-zag shaped crack under remote mode III loading

Influence of the crack roughness on changes of the crack driving force is called
roughness induced shielding (RIS) [14] and it can be seen from various points
of view. During the last decades, there have been some works submitting and
solving 2D models of RIS [15-19] but these models were far from explaining
the real implications of RIS on the fracture behavior even for simple normal loading.

The RIS can be observed from three points of view. The first one was the most
investigated in past years and it is related to the crack faces interaction.
When remote mode III loading is present, the crack faces slide on each other.
If no remote mode I is present and crack faces are assumed to be planar, no crack
faces interaction is present. However, real-like cracks are rough and some mode I
loading i1s almost always present in the real applications due to interactions
of the crack flanks asperities (see e.g. [20-22] and Fig. 3).

The second one is related to the linear crack front roughness where a zig-zag
crack front shape (either simplified or not) is assumed, but the crack front
geometrically stays in plane of fracture. It was proved that for serrated cracks under
the remote mode III loading there are present local mode II advances of the crack
front [23] and thus the crack front geometry has some significant impact
on the crack propagation.

In the third approach a full 3D crack model has to be employed to model the crack
where small, separate portions of the crack are assumed to be kinked
in a 3-dimensional space. The crack kink angle is not uniform along the whole width
of the crack, it is changing instead, and it represents a very real-like model
of the crack after some propagation. In the year 2003 a statistical approach to this
type of crack was introduced [14] for remote mode I loading. This approach
accounted for statistical appearance of the fracture roughness and employed
amethod for quantitative interpretation of some phenomena related to RIS
in metallic materials with use of “pyramidal model” of intergranular crack front
solved analytically and numerically.



3 AIMS OF THE THESIS

There is some research accounting for the crack front and flanks microstructure,
but the knowledge aimed on the fracture mechanics specialized in effects caused
by small structural deviances from ideal shape is poor, especially in the field
of remote shear mode loading. Even if some simplifications are taken into
consideration, the most of existing studies are aimed only on the basic
configurations and normal mode I loading [14]. This work aims to contribute
to present research on shear loaded fractures affected by deviances from
standardized and long used models. Tracked and investigated deviances are mainly
the geometrical abnormalities of the fracture geometry from generally used planar
models of the crack.

These variances of the fracture surfaces exhibit in different forms for almost all
fracture mechanisms. They are mainly governed by the grain structure and
microstructural composition of real materials, such as polycrystalline metallic
materials. As was mentioned above, these geometrical nuances are mostly deemed
as insignificant and their influence is not evaluated. However, if the complex crack
shape should be modeled more realistically, the microstructure could be viewed
from several different angles.

2) b) d T—»“ ©)
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Fig. 4: Schematic examples of the crack microstructure with: a) out-of-plane
tortuosity, b) in-plane tortuosity, c) partial tortuosity with twist and kink of the crack

Some examples of the crack micro-geometries are shown in Fig. 4 where all three
examples are cracks where the x-axis denotes the general crack propagation
direction and the x-z plane is the general crack plane. Schema a) shows the crack
with only out-of-plane tortuosity where the crack plane is rough along its whole
length, but the crack front lies still in one plane parallel to the y-z plane, schema b)
shows in-plane tortuosity where the crack flanks are ideally planar and only
the crack front shows tortuosity, but still in the plane x-z, schematic c) then shows
partially rough crack with both kink and twist of the crack. In case c) the crack front
can lie in one plane the same as in schema a), but it can also introduce some crack
front tortuosity like in the schema b). Of course, the combination of cases a) and b)
can be modeled too and it is closer to reality than the separate cases.

The crack geometries described in the paragraph above can lead to local induction
of all loading modes I, II and III and their combination I+II+III along the crack front
which affects resulting crack behavior e.g. during the experimental measurement.



Research in this thesis deals with investigation of influence of the fracture
microstructure on SIFs for cracks subjected to the shear mode loading. The aim is
to find the relation between the crack front or the crack flanks roughness and
fracture parameters. This relation should be investigated for remote mode II and III
loading. Investigation of these cases should bring some insight to shear modes
behavior therefore this thesis will contribute to broadening of the fracture mechanics
theory.

Alongside the investigation of influence of the crack front micro-geometry
on the fracture parameters some innovative approaches of evaluation of SIFs along
geometrically complex fractures should be created. With use of both analytical and
numerical (FEM) approaches, new (more universal) mathematical models should
be created if possible. This means both pure mode II and III loading and also
mixed-mode II+III loading.

Some correlation between presented models and experimental results is also
expected. The findings obtained from numerical and analytical modelling should
be used to correct the experimental data in terms of accounting for the crack
micro-geometry. Moreover, the results should be compared to the research done
by different authors.

10



4 USED METHODS AND MODELS

In presented dissertation thesis two types of real specimens were investigated
in detail — the cylindrical specimen (see e.g. [24-26]) and the compact-tension-shear
(CTS) specimen (see e.g. [27, 28]).

At first, the influence of the crack front zig-zag shape in plane of fracture
is discussed and some model simplifications are suggested. For this purpose,
the cylindrical specimen was modeled, and some results were used in conjunction
with the experimental work of Vojtek et al. [8], performed the same specimen.

The second part of this work aims at the decrease of the SIFs due to the crack
front and flanks roughness for the remote mode II loading. The CTS specimen
1s suitable to model this type of the crack roughness (for mode II shear loading).
The crack geometry was modeled to resemble the crack surfaces observed on real
fractures (either with use of in-plane and out-of-plane roughness or with crack front
kink and twist, see Fig. 4). Decrease of calculated SIFs was used for correction
of the experimental threshold values which were than compared to the theoretical
ones predicted by multiscale models.

For the evaluation of SIFs, the Ansys numerical FEM software was used and all
presented variations of models were created in the mentioned program.

4.1 CYLINDRICAL SPECIMEN

The cylindrical specimen can be used for two types of experimental setups —
torsion and shear loading. For both setups the same geometry of specimen can be
used — a cylindrical bar with circumferential notch. The crack itself propagates from

the tip of the notch.
100 / _@ N
42 ;

{O——0

3 N '_ /

Fig. 5: Schema of the cylindrical specimen (example dimensions) on the left and
the loading device (in different scale) on the right
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|
|

For pure remote mode III loading a torsion loading of cylindrical specimen
is ideal. For pure torsion loading the specimen (Fig. 5 left) was clamped in a special
device which transforms push-pull loading into torsion momentum [26].

To test pure remote mode II and IIT and also mixed-mode II+III loading on one
specimen simultaneously a special testing device had to be utilized [24, 25].
The gripping device (Fig. 5 right) can be easily mounted in a push-pull device
to transform tensile forces to simple shear loading. The specimen itself is clamped

11



in the central location of the device which assures that at the central point (where
the notch with the crack is present) the bending momentum is exactly zero, therefore

no superimposed mode I is present.
Actual distribution of modes II and III loading at the crack front around
the specimen changes from pure mode II loading to pure mode III loading.

H+I1 TI+I11

il shear direction

TI+I1T TI+I11

II
Fig. 6: The specimen cross-section with the corresponding loading modes

At the top and bottom of the specimen a pure mode II loading is present, at sides
of the specimen a pure mode III loading is present and between these special points
a mixed-mode II+III loading is present (Fig. 6). Loading components are functions
of polar coordinate ¢. Our previous research showed that for coordinate system with
¢ =0° at the top of the specimen the mode II and III SIFs follow functions cos(¢)
and sin(¢) respectively [29].

4.2 CTS SPECIMEN

The CTS specimen was developed for investigation of the cracks loaded by pure
mode Il and mixed-mode I+II loading. The specimen was created with several
requirements in mind [27]: the specimen has simple and compact shape, pure shear
mode loading is distributed over large area of the specimen, the crack tip is loaded
only by a pure shear mode and the stress conditions are little affected by global
geometric alterations.

0.45w
F
- 2 h/2
0.45w N
/2 2 < D)
<~ . 0.225w C &
) A KK A
o ; o S0 ol & B
Y 23 & I N S I
W D D 23 Y il M \G **********
% i N D N e S
log ek I ol o
thickness B f¢ " - N p U2 N R
L o.osvﬁ : =
a=0.55-0.65w 0.2w DW 02w
B ()
c=0.6w NV
f=02w '
h=L17w 0.6w YF
r=0.075w x=0.075w | 035w |
1.05w

Fig. 7: Original CTS specimen specifications [27]
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Richard used the equation for analytical calculation of the SIF Ky for original
CTS specimen with relative dimensions [27] (which was later rearranged by Plank
and Kuhn [28]) from where the Kj; can be derived:

- } —023+1.40-%
KH=E\/7Ta[ﬂw—a) hod 7| (&)
1-067—2 +2.08( a4 j
w—a w—a

where F' is the applied force, B is the thickness of the specimen and a and w are
the characteristic dimensions of the specimen (see Fig. 7).

Richard and Benitz [30] later improved and furthermore investigated this type
of specimen and they also adjusted the loading device for mixed-mode I+II loading.

4.3 FE MODELLING

For both types of models (the CTS and cylindrical specimens) the FE model was
created with use of submodelling technique [31]. At first the global models of both
specimens were created according to the geometries of real specimens (see Fig. 5
and Fig. 7). Each specimen was loaded to model the real loading regimens to mimic
shear modes II, IIT and II+III loading at the crack tip which was modeled smooth
without any asperity at this stage of modelling. As a material model used for FE
calculations only linear-elastic material properties were considered, and actual
values of elastic moduli and Poisson’s ratios were used to model the behavior
of pure ARMCO iron and niobium according to real experiments done
by Vojtek et al. (e.g. [8, 23, 25]), the loading of the specimens was applied
at the magnitudes following the same real experiments. In the end, neither of those
parameters matter because the SIFs are independent on elastic material properties
and all results were normalized to used loading.

Fig. 8: The examples of global model geometries (CTS specimen on the left
and the cylindrical specimen on the right)

For the submodels of the specimens a small portion of geometry of each specimen
around the crack was cut out and modelled with very fine FE mesh for a better stress
and strain results. Moreover, the crack front and flanks asperities were introduced
in this stage of modelling to create desired crack front and flanks microstructure.

13
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Fig. 9: Schematic of tortuous crack front and flanks (red line denotes the crack)

According to the schematic in Fig. 9 the crack front and flanks tortuosity in used
models could be controlled by four geometrical parameters — the length of tortuous
portion of crack s; and the amplitude of crack front roughness in each of 3D
directions ry, ry and r,. If the parameter s was used, it was set as a constant along the
whole crack front. On the other hand, the roughness parameters were used in a more
complex way. To suit the needs of each model, any of the three r-parameters could
be set as a constant (usually with alternating + symbol), at a zero value or it could
be used only as the amplitude which was multiplied by a random number in range
from -1 to 1. This randomization was used in the advanced models to create random
pattern of crack front and flanks asperities and by this way to model the most
real-like crack. To enable full control and repeatability of the model this
randomization was governed by a key parameter. If two models with the same key
parameter were created, the random pattern of these models was the same.

Y

A

Fig. 10: Example of the rough crack front and flanks with use of all roughness
parameters

0,000 0,150 0,300 (mm)
0,075 0,225

Along the tortuous crack front the SIFs were calculated using Ansys built-in
subroutine CINT which calculates in each mesh node the values of SIFs with use
of contour integration [31].

14



5 RESULTS

The cylindrical specimen crack front roughness was considered to be only
in-plane, and it was decided that only uniform crack front asperities will be included
in this type of model. Within the frame of these constrictions, two types of models
were investigated. The first one aimed at description of simplification possibilities
of the crack front roughness and the second one was aimed at the investigation
of the influence of crack front microstructure on crack propagation during shear
mode loading.

Unlike the cylindrical specimen, for the CTS specimen there were more
researched variants. In general, two observation methods were used — local view
on local ki, k, and k3 along one distinct crack front asperity and a description
of influence of crack roughness on the mean progression of the SIFs along the crack
front.

5.1 MODEL SIMPLIFICATIONS (CYLINDRICAL SPECIMEN)

Besides standard steps for efficient modelling (for example submodelling,
efficient FE mesh sizing etc.) a geometry simplification was considered while
modelling the cylindrical specimen. The simplification in terms of modelling only
one particular part of crack front (area of interest) with geometrical asperities was
considered and the rest of the crack front could be simplified.

/-_\
odd num. — AN
full model
,/—m position of area
' ' of interest

cven num. _-

|
i
i
NGt
i
f
i
i

Fig. 11: Example of the crack front simplification system

The difference between full and simplified models can be seen in Fig. 11 where
two types of simplified models are shown. Since the number of modeled teeth
around the area of interest was one variable for modelling and the symmetry of the
model was needed to be preserved the simplified model had to be divided into two
groups — one with odd number of teeth and the second with even number of teeth.
Each simplified model was compared with corresponding full model with the same
characteristic dimensions of teeth. Observed value was the relative difference
of the local SIFs between the full model and simplified model (ki run and i, simpie
respectively, where 1=2 or 3) at each location around the specimen denoted
by the angular coordinate ¢ (see Fig. 6):

5ki - ‘ki’ full (¢) - ki, simple (¢)‘
ki, full (40)

100%. (6)
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Fig. 12: Example of &k, (upper chart) and 6k; (lower chart) at position ¢ = 0°

Resulting differences (example) according to Eq. (6) are shown in Fig. 12 where
several numbers of teeth n were plotted, and each white and gray strip represents
one half-tooth. Closer look on results for n > 2 suggests that core teeth (for example
for n = 4 core teeth are the second and the third ones etc.) give very accurate, almost
identical results as full model and the side teeth facets and the transition facets show
difference increasing with the distance from center of the area of interest. Obtained
results confirm that, for the investigated types of serrated crack fronts and loading,
the local SIFs are influenced only by the close surroundings of investigated area.
The lowest undisrupted area corresponds to that in between the two regular teeth
framed on sides by the transition asperities, excluding these two side teeth —
the lowest n should be 3 for case where only one tooth is investigated.

Full results set was already published by the author of these thesis topics
in a paper [32].

16



5.2 MODE III CRACK PROPAGATION (CYLYNDRICAL SPECIMEN)

Description of micro-mechanisms of crack propagation under remote mode III
loading is rather difficult. There have been some attempts to describe this type
of crack propagation qualitatively (by observation of fractographical patterns) and
it was deduced that serrated crack front under remote mode III loading exhibits local
mode II crack propagation due to geometrically induced local mode II loading [33].
To confirm and help quantify this phenomenon the cylindrical specimen with
azig-zag crack front was modeled (similarly to the model in chapter 5.1,
with adjustable asperity angles) and local SIFs values were obtained along each
serration. Modeled teeth angles ranged from 3.35° to 41.65°.

asperity angle 1

Y\ 1\
PGl

Fig. 13: Positions and numbering of evaluation nodes along the crack front serration
(only odd numbers are shown) and the asperity angle schematic

Actual observed results were at location of remote mode III loading at one crack
front tooth facet. On one facet there were 9 evaluation nodes to obtain local SIFs
(see Fig. 13 area with red lines pattern represents un-cracked material and area
above zig-zag line represents crack faces). Simulation was calculated for two
material models (ARMCO iron and niobium according to experiments
by Vojtek et al., e.g. [8, 23, 25], see chapter 4.3) to compare the results with
experimental data.

1.2 I
] |- —
0.8 e 1
SN 0T PR R
-~ 5 ZBPadiE I
04r 7
--Iron - maximal values
02F < Iron - average values H
P “+-Niobium - maximal values
| | t < Niobium - average values
O 1 1 1 I I

0 5 10 15 20 25 30 35 40 45
asperity angle / degrees

Fig. 14: Resulting ratio k»/Kiy for different asperity angles and two material models
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As a result for comparison local mode II loading with global remote mode III
loading, a ratio of locally induced k, values to global Kiz were obtained along
the crack front serration. Because resulting ratios were not constant along the crack
asperity (they were decreasing with maximum at the node No. 2), the maximal and
averaged values were used for evaluation. Results for evaluated asperity angles can
be seen in Fig. 14 together with experimentally measured results — the crossing
points of dotted lines (with respective colors for each material) represent intersection
of experimentally measured threshold ratios Ak esrm/AKinesr n @and mean asperity
angles for used materials obtained from fractography. Measured ratios of effective
mode II and mode III thresholds and mean asperity angles are (.59 and 25°
respectively for iron and 0.71 and 26° respectively for niobium [23, 32, 33].

Comparison of experimentally measured angles and effective threshold ratios
with numerical models shows a very good agreement. It showed that even with
relatively small asperity angles at the in-plane pre-crack front the local induced
mode II loading (and hence mode II crack propagation mechanisms) can contribute
to propagation of crack under remote mode III loading. Therefore, this numerical
model helped with quantitative description of mode III crack propagation assisted
by mode II mechanism. These findings and theirs implications were published
by the author of these thesis topics (and his colleagues) in [8, 36].

5.3 UNIFORM CRACK ROUGHNESS (CTS SPECIMEN)

As was described in previous chapters, the crack front and flanks geometry
is planar in minimum of real-life cases. In fact, the observations of the cracks and
pre-cracks morphology showed significant in-plane and out-of-plane roughness
of the crack geometry [6, 37]. Small changes in the crack front and flanks
micro-geometry affects overall SIFs progressions along the crack front. For this
case, a uniform distribution of the crack front asperities along the fracture in CTS
specimen loaded in pure remote mode II were investigated.

A il

Fig. 15: Example of: a) in-plane, b) out-of-plane crack front roughness and
¢) combination of previous cases

The crack micro-geometry was modeled in three different types. At first,
the in-plane tortuosity was modeled (Fig. 15 a)) where the crack front followed
the zig-zag shaped path but the crack itself with crack front stayed in the x-z plane.
Each crack tooth was described by angle  which was the same for all teeth along
the crack front and varied from 11.2° to 43.6°. The second investigated type of crack
front tortuosity was out-of-plane roughness (Fig. 15 b)) characterized by the zig-zag
morphology only in the y-z plane (factory-roof-like morphology) with all asperities
characterized by angle w which varied from 14.0° to 26.6°. The third configuration

18



of modeled crack geometry was the combination of two previous cases (Fig. 15 ¢))
characterized by both asperity angles. The range of angles v and w was chosen
to correspond with the naturally occurring range of crack front and flanks
roughnesses.

Local changes of SIFs along the crack front caused by different types of modeled
crack micro-geometries showed that, in the case of in-plane tortuosity,
the component k; exhibits only very small local oscillations with zero mean value
along the whole crack front, i.e. it practically does not differ from that
for the straight crack front. The components k> and ks oscillate with much higher
amplitudes and their mean values also change along the crack front which represents
a rather significant difference comparing to the results for the straight crack front.

In the case of the out-of-plane roughness, the local k;-values were more
pronounced particularly at the crack front points adjacent to free surfaces (specimen
sides). On the contrary, the values of k, and k3 components were almost unaffected
and coincided with those for the straight front. The combination of both types
of roughnesses showed differences of all three local SIFs from those of the planar
(straight) crack, but slightly less significant when compared to the previous types.

For the assessment of the local SIFs, each crack asperity along the crack front was
modeled to have nine evaluation nodes along one half-tooth from which the first and
the last one was shared by the previous or the next asperity (in the same way as was
constructed model of the cylindrical specimen, see Fig. 13). This means that for each
elementary crack front serration nine evaluation points for obtaining the local SIFs
were available but the first and the last one had to be omitted, since the crack front
direction could not be well defined there. Therefore, in the further description
of the results only the nodes No. 2 — 8 will be utilized, where the ratios of the local
ks and k; SIFs to remote mode II SIF Ky were evaluated for in-plane and
out-of-plane roughness, respectively, and for all selected values of the angles
w and o [38].
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Fig. 16: Normalized values of local k3 along one crack asperity (in-plane roughness)
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Fig. 17: Normalized values of local k; along one crack asperity (out-of-plane
roughness)

The local values of the ratio k3/Ky along the half-tooth show an expected increase
with an increasing angle y for the in-plane roughness (Fig. 16). In addition,
the ratios k3/Ky for y higher than 26.0° tend to exhibit an increase towards
the evaluation node No. 2, which is more pronounced for the highest asperity angle
43.6°. This node lies at the innermost part of the crack tooth where the crack length
is the smallest, but the stress concentration is the highest due to the effect
of the asperity [38]. The increase of the local mode III SIF towards the node No. 2 is
in a qualitative agreement with the results for the local k, obtained for a serrated
crack front loaded by remote mode III, which were described similarly in terms
of the ratio k»/Kyy in chapter 5.2 where the cylindrical specimen was examined.

On the other hand, the ratio k;/Ky for cracks with out-of-plane roughness (Fig. 17)
is very small. This ratio should be even zero along the entire out-of-plane tooth
according to a simple stress tensor transformation method. It means that the small
tensile and compressive stresses are just local perturbations resulting from a more
accurate numerical analysis describing the full complexity of the 3D model [38].

From the global point of view the change of mean functional values of SIFs from
rough cracks was visible in all investigated cases. This change can be described
by quotient Q; which represents the change in the functional mean value
of the results. Mentioned quotient can be defined as follows - if the set of result
points of the local SIFs from the model with the rough crack front is interpolated
by a function which is a Q;-multiple of function K;,(z) (the functional description
of results for the standard simple straight crack), the coefficient Q; actually
quantifies the ratio between (a sort of) mean value of results from rough crack and
results from planar model of crack and thus it describes the decrease of global SIF
value. Only the mode I SIF was omitted from evaluation of Q;, because in all cases
k; oscillates around the 0 MPa-mm', hence the quotient Q; would be nonsensical.
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Fig. 18: Quotient Qi as a function of both asperity angles y and

Quantified quotients Qn and Qu as functions of angles y and @ are visible
in the Fig. 18. Obviously, both mode Il and III SIFs at the rough crack
front are decreasing with increasing angles w and © (increasing roughness)
due to the geometrical shielding effect. The decrease of mode II SIF values is much
more influenced by the in-plane tortuosity than by the out-of-plane roughness, while
the mode III SIF values decrease more rapidly and in a similar rate for both y and w
angles. The results obtained for global SIFs can be utilized to correct experimental
values of mode II effective fatigue thresholds in metallic materials obtained under
the assumption of smooth pre-crack. According to Fig. 18, for example,
the reduction of the measured threshold values for ARMCO iron and niobium
should be around 15% since the in-plane mean angles of the pre-crack fronts
measured in these materials were y = 25°. However, this correction is just a rough
prediction, since no precise observation of real angles y and w was performed.
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5.4 TILT AND TWIST OF THE CRACK FRONT (CTS SPECIMEN)

The other type of crack front and flanks tortuosity is the complex 3D crack front
tilt and twist. In this case almost whole crack from the notch tip is considered planar,
but in the area close to crack front the crack starts to deviate from its planar shape
to both upper and bottom directions.

‘‘‘‘‘‘

Fig. 19: Examples of modelled twist and tilt of the crack front

Two types of models were considered: the numerical model of the crack with
random distribution of the crack front asperities (Fig. 19 left) and an analytical
model (Fig. 19 right) containing only one crack front asperity with the width dy,
crack length a + Aa, changing tilt angle a (with maximal value a;,) and twist angle
p. The results from numerical model were described by coefficient Oy (similarly
to the previous chapter) and the analytical model could be described by similar ratio:

1 am
k,| K H:gmj k,/K (a.B)da, (7)

m  -a,

where the function k»/Kn(a, f) is (with use of simple tensor transformation):

k,/K,(a.B)= {1 —sin (%j [Sin (%’ﬂ [dos (%j [dos (2a) [dos (B) +

(8)
1+cos’ (f) . . 3 . (a) .. .
+T [{in (a) [din (20’) [d¢os (7) +sin (Ej [din (20’) [ﬁl — psin’ (Ig)}
Angles o and S can be related to the linear roughness of the crack front Ry
a =tan”' {—dm Lan ('B)},
" 20a
9)

|
[ =cos (RLJ.

Comparison of these two models was done using two different Ry values
(for the random FE model the mean value from several simulations was used).

Table 1: Comparison of the numerical and analytical models

RL,l =1.078 RL’QZ 1.261
ko/Kn (analytical model) 0.9270 0.7912
Oy (numerical model) 0.8981 0.7588
Relative deviation between models 3.12% 4.10 %
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There is a good agreement between the analytical and numerical models.
Despite the difference in terms of uniform contra statistical distribution of the crack
front asperities, the relative deviation between the two averaged ratios is for both
crack front roughnesses under 5 % [39]. Moreover, obtained coefficients can be used
for correction of the experimentally measured fatigue threshold for ARMCO iron,
(AKnm, eff = 1.5 MPa-m'? for Ry r.= 1.2 [40]). With use of obtained quotients,
this value can be corrected to 1.2 MPa-m'?. This corrected value can
be compared to the theoretical SIF related to the emission of dislocations
in the cracked iron single crystal, obtained from multiscale quasi-continuum models
Kne = 0.7 MPa-m'? [41]. With use of correctional factor of 1.3 suggested
by Riemelmoser [42], experimentally measured value decreases even
to 0.93 MPa-m'?, which is closely approaching the theoretical threshold [39].

5.5 FULLY RANDOM CRACK FRONT AND FLANKS GEOMETRY
(CTS SPECIMEN)

The last investigated type of crack front tortuosity was combination
of kinked/twisted crack with in-plane tortuosity. This particular type of simulation
was created to look into the influence of fully random crack front shape. Moreover,
two types of material models were used here to check the influence of material
parameters (mainly Poisson’s ratio set to g =0.3 for standard model and x =0
for artificial model).
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Fig. 20: Coefficient Oy as a function of crack flanks roughness Rs

The evaluation of resulting coefficient Oy as a function of the surface roughness
Rs (Fig. 20) of the crack flanks, obtained directly from the FE models showed, that
the difference caused by the Poisson’s ratio is very small. In the end, all of the
results combined were interpolated by a power-law function (with the 99%
confidence limit showed as a blue dashed line in Fig. 20) which asymptotically
approaches value of Qi .= 0.7, thus the smallest coefficient decreasing the applied
K1, app should not be less than 0.7 for this type of tortuous cracks [43].
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6 CONCLUSIONS

During the Ph.D. research new modelling approaches were used for a description
of fracture behavior of cracks with rough crack flanks and tortuous crack fronts.
Several phenomena related to the geometrically induced shielding for shear modes
loading were described and some of them were applied in relation to experimental
measurement of the fatigue threshold values for metallic materials.

Described research confirmed the influence of the crack front microstructure and
extended the knowledge about the geometrical shielding on shear modes where
it was not investigated as much as for loading mode I. For this purpose, two types
of specimens were investigated — cylindrical specimen and CTS specimen.

Calculations performed on the cylindrical specimen revealed that it is not
necessary to model the whole specimen with tortuous crack front, but one can model
in detail a very small part of the crack around the place of interest, but in the rest
of the model the crack front and flanks can be modeled as a simplified plane without
influencing wanted results. In fact, for sufficient accuracy of the resulting SIFs along
any asperity on crack front only one or two additional asperities have to be modeled
on each side of the region of interest. This finding can help in acceleration
of calculations of future models of cracks with the tortuous crack front where only
a small portion of actual fracture is investigated.

The second thing related to the cylindrical specimen in this research was actual
quantification of the local &, influence on crack propagation under remote mode II1
loading. It was shown that for in-plane zig-zag shaped crack fronts the induced local
k, along each asperity is strongly dependent on actual asperity angle — mode II
inducement increases with higher asperity angles and for angles larger than 15°
the induced k» is not constant along the whole crack tooth but it increases towards
the crack tooth peak. Comparison of numerically modeled ratios of ky/Km with
experimentally measured ratios of the fatigue threshold values for modes II and III
showed that modeled ratios of k»/Km corelates with the threshold values well and
thus the local mode II crack advances under remote mode III loading could
be quantified for ARMCO iron and Niobium.

For the CTS specimen under the remote mode II loading the influence of several
crack front and flanks roughnesses were investigated. Using only numerical FE
models a decrease of mean k»(z) value in comparison with applied Kia.pp Was
quantified by quotient O for in-plane and out-of-plane crack roughness and also
for their combination. This quantification revealed that the in-plane crack front
tortuosity has much larger influence on the mode Il SIF decrease than
the out-of-plane tortuosity. Overall decrease of the mode II SIF can be used
to correct experimentally measured values of SIFs if the real crack asperity mean
angles are known. The same simulations were used to investigate local modes
inducement along one particular asperity. For the in-plane crack front tortuosity
qualitatively the same result as for the cylindrical specimen was observed, but with
locally induced k3 in relation to global K. On the other hand, for the out-of-plane
tortuosity, despite no obvious reason, mode I SIF was induced along each particular
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crack front asperity. Closer observation of this phenomenon showed that the small
amount of induced k; can be clarified — small tensile and compressive stresses were
just a local perturbation resulting from accurate numerical model and they have
no direct connection to the crack front rotation.

The last step in modelling of the complex crack front shape was to create model
where only a small portion of crack length is rough, and the rest is planar.
This corresponds to experimentally observed crack morphologies where part
of a crack was created ultra-fine and planar on purpose but the rest, after some shear
crack propagation, exhibited some roughness. For the investigation of this type
of shear cracks both numerical and analytical models with combination of crack
front kink and twist were introduced. The analytical model included several
simplifications, but the numerical model included random crack front shape
(governed by mean crack front linear roughness). Comparison of the numerical and
analytical approaches led to the conclusion that both methods can describe
the decrease of the mean k, value very well. In fact, the resulting coefficients QO
were used to correct experimentally measured fatigue threshold value for ARMCO
iron (measured under the assumption of straight crack front) and to corelate
the threshold value with theoretical multiscale quasi-continuum models.
Moreover, overall decrease of the mean values of SIFs for this type of crack front
and flanks geometry was quantified and related to crack geometrical shielding
effect. One particular part of presented research showed that the decrease of mean
value of k»(z) with increasing crack front and flanks roughness is independent on all
linear material properties (despite the fact that the Poisson’s ratio influences overall
progression of Ky and Kiy).

In conclusion, advances in presented research helped mainly in the path
for correction of experimentally measured SIFs to the real crack front microstructure
for the remote shear loading. Newly used coefficient Q; can be used for such
correction when the actual crack front and flanks roughness is known. In addition,
new models of the shear cracks (statistical approach in FE models and one
new analytical model) enable new possibilities in this branch of research. These new
models can be used in further research in correlation with more experimental results.
Furthermore, the same approach as was used here in FE modelling can be extended
for different, more complicated crack flanks geometries and even create models
as exact copies of SEM observed crack morphologies.
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ABSTRACT

The first part of the thesis topics contains a brief summary of the theoretical
background of the fracture mechanics, whereas its methods enable complex
evaluation of crack parameters and the influence of the crack. It is followed
by the specification of aims of dissertation.

Subsequently the originally used methods and obtained results are concisely
discussed. Models for two types of real specimens are shown (cylindrical specimen
with the circumferential notch and crack and CTS specimen) implementing newly
used crack front and flanks tortuosity. Moreover, the results complementing
the knowledge of the fracture mechanics in the field of micro-structurally
complicated cracks under the shear modes loading are described.

In the end, a full conclusion is given, relating to the results of the whole research
(complementing present knowledge on the geometrical shielding effects),
summarizing the whole extend of the dissertation thesis.

Reader should keep in mind, that only the main and the most important sections
of full dissertation thesis are shown in these topics. Therefore, this publication
presents the core of results and methods obtained during whole doctoral studies.

ABSTRAKT

Prvni Cast prace je tvofena struénym shrnutim teoretického zakladu lomové
mechaniky, jejiZ metody umoziiujici komplexni uré¢eni hodnot soucinitelii intensity
napéti a J-integralu jsou pouZity na stanoveni vlivu mikrostruktury trhliny. Néasleduji
hlavni cile disertacni prace.

Dale jsou popsany metody zvolené (a vytvorené) k ziskani hodnot souciniteli
intenzity napéti, vCetné diskuze vysledkil. Prezentovany jsou dva kone¢no-prvkové
modely redlnych experimentilnich téles (valcovy vzorek s obvodovym vrubem
a trhlinou a CTS téleso), u kterych je nové implementovana drsnost lomovych ploch
a zubatost Cela trhliny. Dale jsou zde popsany vysledky dopliiujici sou¢asné chapani
vlivu geometrické mikrostruktury cela trhliny pii zat€Zovani ve smyku.

Na zavér jsou vSechny vysledky vyhodnoceny a shrnuty a ze ziskanych poznatkl
jsou vyvozeny zavéry dopliujici souCasné poznani geometrického stinéni cela
trhliny.

Tato zkracena verze disertacni prace obsahuje pouze nejdileZitéjsi Casti plné
disertatni prace a predstavuje jadro vyzkumu, provedeného v priabéhu celého
doktorského studia.
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