U

University of
Stavanger

Faculty of Science and Technology

MASTER’S THESIS

Study program/specialization:
Spring semester, 2018
Mechanical and Structural Engineering and
Materials Science / Mechanical Systems

Open access

Author:
Jonas Olsvik Rydland (bmgrggcp[(y[‘j

(Signature author)

Faculty supervisor: Professor Dimitrios G. Pavlou

Supervisor(s): Kristen Rege (UiS)

Thesis title:

Design of loading devices for mixed-mode fatigue crack propagation testing

Credits (ECTS): 30

Key word:
Mixed-mode fatigue, CTS specimen, loading Pages: 69
device, crack growth rate, crack propagation
life, 5754-H22 aluminum alloy, crack + enclosure: 19
monitoring, finite element analysis.
Stavanger, 14.06.2018
Date/year







Master Thesis-Spring 2018

Abstract

Traditional fatigue crack propagation tests are performed in mode |, i.e. with a cyclic load
applied perpendicularly to the initial crack. However, fatigue cracks in real components are
often subjected to mixed-mode loading. It is therefore important to obtain experimental data
also for mixed-mode fatigue crack propagation.

In this thesis, a loading device suitable for mixed-mode | and Il fatigue crack propagation tests
of a compact tension shear (CTS) specimen has been designed and constructed. Computations
of fatigue crack propagation life and maximum applied load to a CTS specimen in order to
follow linear elastic fracture mechanics was performed. Based on these loadings a finite
element analysis was conducted using ANSYS Workbench 17 in order to establish the
maximum von Mises Stress and displacement occurring in the loading device during fatigue
testing. The obtained results were then used to choose a suitable material for the loading
device based on information gained from available S-N curves and relevant standards.

Suitable test specimens were prepared, and the produced loading device was used for
experimental investigation of three CTS specimens of the 5754 aluminum alloy furnished in
the H22 temper. The fatigue crack propagation tests were performed using a servo-hydraulic
MTS fatigue testing machine. Tests were conducted for both pure mode | loading and mixed-
mode | and Il loading for a loading angle of 60 degrees. Further, fatigue crack growth rates
and direction of crack growth was measured.

A photo camera was used in order to monitor the crack growth during the fatigue tests.
Necessary preparations were done, namely finding a suitable tripod for camera mounting and
trying different surface coatings in order for improved visibility of the crack. A total of three
different coating methods was tried. Finally, a procedure for performing mixed-mode | and Il
fatigue propagation tests using the designed loading device was prepared.

Based on results from conducted fatigue tests, the designed loading device was found well
suited for mixed-mode fatigue crack propagation testing.
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1 Introduction

1.1 Background

Components and structures are often subjected to cyclic loadings caused by different loading
conditions, such as environmental impact or operating conditions, and exist virtually
everywhere. Offshore structures, such as oil rigs and windmills, are subjected to a
combination of wave loads, currents and wind loads. Structural members in bridges are
repeatedly subjected to loads from passing traffic and wind loads while piping and other
pressurized systems, which is commonly used in the Norwegian oil industry, can be subjected
to pressure fluctuations or repeated temperature changes. Further, vehicles and other
machinery with rotating axles and gears are constantly subjected to fluctuating loads [1].
Damage to structures and components are often caused by small cracks present due to
material defects or as a result of service condition. Thus, most fatigue cracks initiate and grow
from structural defects [2], [3]. When such structures or components are subjected to
continual loading and unloading over a sufficient amount of time, cracks will nucleate in the
material. Over time, these cracks will grow larger until it finally leads to a fracture [2]. In order
to evaluate the safety of structures or components, knowledge about fatigue behavior is
therefore of great importance in various fields of engineering [3].

Many experimental investigations of fatigue behavior of cracks exposed to mode | loadings
have been conducted over the years. However, many of the realistic loading conditions in
engineering components and structures are due to mixed-mode loading. Such loading
situations in practical cases may occur as a result of complex state of stress in a structure
component, sharply bent or ramified cracks, multiple cracks, inclining or curved cracks, cracks
initiation from notches, cracks at welded and bonded joints or cracks in composite materials
as a result of dynamic or thermal stresses or of superimposed load, thermal and internal
stresses [4]. Any change in the loading condition of a component can result in a change of
crack path [5].

Since very few experimental testing results are obtained for mixed-mode loading, it is of great
interest to obtain more experimental data also for mixed-mode fatigue crack propagation.
Two of the main issues with regards to mixed-mode fatigue crack propagation is to establish
the crack growth rate and predict the direction of crack growth. There are several theories
that have been proposed to predict this path [6], but very few experimental testing results.
Different specimen configurations have been used for investigations of mixed-mode loading
[7], however, a common problem with many of these are the limited or absent opportunity
for a transition from mode | to mode Il loading. Thus, initiation of fatigue pre-cracking under
mode | loading is very problematic [3]. For this reason, it is desirable to make a device which
simplifies the transition from pure traction stress (Mode ) to pure shear stress (Mode II) of
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the specimen [8], see Figure 1-1. Introducing such a loading device makes testing of Mode |,
Mixed-Mode | and Il and Mode Il loadings easier and a universal fatigue testing machine can
be used.

Figure 1-1 Position of loading device for (a) mode I loading (e = 0°), (b) mixed-mode loading

(0°< a <90°) and (c) mode Il loading (a=90°) [8].

1.2 Scope

In this thesis, a loading device suitable for mixed mode | and Il loading is designed and used to
test three compact tension shear (CTS) specimens, see Figure 1-2. It is desirable to use the
loading device to test a selection of the most commonly used materials in the Norwegian
offshore industry. Four materials are chosen: EN S355, AlSI 316L, APl 5L X52 and the 5754
aluminum alloy. The loading device is designed for fatigue testing within the assumptions of
linear elastic fracture mechanics (LEFM). In order to follow LEFM, the maximum loading
applied to the CTS specimen is limited according to requirements given by the American
Society for Testing and Materials (ASTM). The finite element analysis software, ANSYS
Workbench 17, is used to determine the von Mises stress and displacement the loading
devices are exposed to during fatigue testing. Based on these results, a suitable material for
fabrication of the loading device is chosen.
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CTS specimen
2-3 Loading device
4-5 CT grip

6-7 Machine grip

Figure 1-2 Test setup for fatigue test of CTS specimen using designed loading device.

In addition, an appropriate method for crack growth monitoring is introduced. Commonly
used methods for monitoring of crack growth under mode | loading are mainly adapted for
monitoring of crack growth in the direction of the starter notch. This offers challenges for
monitoring of an inclined crack. Thus, different monitoring methods are discussed, and
necessary equipment preparations are performed in order to achieve a suitable monitoring
technique for mixed mode | and Il loading.

Further, experimental investigation of three CTS specimens of the 5754-H22 aluminum alloy
is conducted in order to verify the function of the designed loading device. The fatigue crack
propagation testing is performed using an MTS fatigue testing machine located in the
workshop of the University of Stavanger. Tests are performed for both mode | loading and
mixed-mode | and Il loading. Fatigue crack growth rates and crack propagation angles are
measured, and the experimental results are compared against the restrictions provided by
ASTM in order to determine the validity of the results.

Finally, in order to give guidance for later use of the designed loading device, a procedure for
performing mixed mode | and Il fatigue crack propagation tests are prepared.
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2 Theory

This chapter covers much of the theory which is used in the performed project. In addition, a
brief literature study of earlier specimen configurations used for mixed-mode fatigue tests
and available crack measurement methods are given.

2.1 Fatigue Strength

In order to determine the strength of materials subjected to fatigue loading, load is applied to
specimens with either repeated or varying forces while the cycles are counted to destruction
[9]. Applied stresses for fatigue testing is described by three parameters. The stress range, Ac,
which is the difference between the maximum and minimum stresses in one cycle, the mean
stress, om, Which is the average of the maximum and minimum stresses in one cycle and the
stress amplitude, o,, which is half the value of the stress range. When performing a fatigue
test, it is common to apply constant amplitude loading, and the applied stress conditions are
then usually written o, +/- 64 [2].

Ao = Opmax — Omin (2.1.12)
0, = — = —max __ Tmin (2.1.2)

0, + Omi
Oy = max2 min (2_1_3)

In addition to equations above, the mean stress is also characterized in terms of the stress
ratio R. The R ratio has a significant influence on the crack growth rate and is frequently used
concerning fatigue loading [10].

Omin

R =

(2.1.4)

Jmax

If the R ratio is equal to -1, the stresses are fully reversed, as Figure 2-1(a) illustrates. If the
stress is cycled between a maximum stress and no load, the stress ratio R becomes zero. If the
stress is cycled between two tensile stresses, the stress ratio R becomes a positive number
less then 1 [2], illustrated in Figure 2-1 (b).
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Omax

Stress
Stress

Omin

Time —> Time —>

(a) (b)
Figure 2-1 Constant amplitude loading and the associated nomenclature. (a) Stresses are fully

reversed, (R = -1 and o, = 0) (b) Fluctuating stress with nonzero mean stress, (R > 0).

Due to the statistical nature of fatigue, several tests are necessary in order to establish the
fatigue strength of a material. The first test is made using a stress that is slightly below the
tensile strength of the material, continuing to slightly reduce the applied stress for each test.
This process is continued for quite a number of test, and the results are plotted as stress
amplitude, maximum stress or stress range to number of cycles, N, to failure. The stress can
be plotted either using a linear or logarithmic scale, while number of cycles is plotted using a
logarithmic scale. The resulting plot of the data is called an S-N curve [9][2].

Steel
o
a
=
o
o
g .
32 Endurance Limit ™
- i S . SRR
2
o
7]
8 Aluminium
® |FaigueStrength —
T T T T i .
108 104 108 108 107 108 102

Number of stress cycles, N

Figure 2-2 Typical S-N Curves.

From this curve the stress a material can endure for a specific number of cycles before failure
can be found, called the fatigue strength. As Figure 2-2 illustrates, the fatigue strength
decreases with increasing number of cycles. It is also shown that for materials such as steel,
the S-N curve becomes horizontal at a given stress value. Below this stress value, the material
can withstand an infinite number of cycles without failure and is called the endurance limit or
the fatigue limit. For most nonferrous metals an alloys, such as aluminum, the curve does not
become horizontal, and therefore they do not have an endurance limit. Instead, the S-N curves
continue to slowly drop even at high numbers of cycles. For such metals, it is normal to report
the fatigue strength rather than fatigue limit, which is the stress the metal can be subjected
to for a specific number of cycles [2].
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2.1.1 Mean Stress Modifications

It is known that mean stress play an important role in influencing the fatigue life of materials.
In order to take the influence of different mean stresses on the fatigue life into account, mean
stress effects in fatigue can be represented using a constant-life diagram, as illustrated in
Figure 2-3. Different combinations of stress amplitude and mean stress which provides a
constant fatigue life are plotted. The three most know models are those due to Gerber,
Godman and Soderberg [11]. The life plot represented in Figure 2-3, the Modified Godman
relation, is described by the expression given below

0.
O0q = Og|gp,=0 {1 - O-_;r;} (2.1.5)

Where o, is the stress amplitude giving the fatigue strength for a nonzero mean stress,
Oalom=0 1S the stress amplitude for fully-reversed loading (om = 0 and R =- 1), and ors is the
tensile strength of the material. It can also be useful to plot the yield line in the diagram, as a
reminder that first-cycle yielding might be the reason of failure rather than fatigue [9].

S Yield line

Alternating stress, o,

Midrange stress, 0,

Figure 2-3 Constant-life curve for fatigue loading with a nonzero mean stress [9].

The following observations for the different models are important to take into account. The
model given by Gerber provides a conservative estimate of fatigue life for most engineering
alloys, while Godman’s model matches experimental observations quite well for brittle
metals, however, for ductile alloys it is conservative. The model given by Soderberg is
generally good for ductile alloys for tensile mean stresses but does not separate between the
difference in fatigue life due to compressive and tensile mean stresses [11].
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2.1.2 Eurocode 3: Design of steel structures - Part 1-9: Fatigue

In order to establish the fatigue strength of the loading device, information from the NS-EN
1993-1-9 standard is used [12]. This standard includes different methods for estimation of
fatigue resistance of members, connections, and joints subjected to fatigue loading. These
methods are derived from fatigue tests of large-scale specimens, including effects of geometry
and structural imperfections. The method that is described most comprehensive is the fatigue
strength based on S-N curves. Separate S-N curves are given for a range of different detail
categories, found in table 8.1 to 8.10 in NS-EN 1993-1-9. The tables cover, among other things,
plain materials and bolted connections.

Effect of varied stress range is also considered in this standard. A transition line is introduced
to the S-N curves for damage summation, which is expressed in the Palmgren-Miner rule,
stated below.

D_zni_(n1+n2+n3+ )
=27 - tw T, (2.1.6)

Where n; is the number of cycles with stress range of Ac; and N; is the design value of the
fatigue endurance for that stress. For a satisfactory assessment, D is less than or equal to 1.

The assessment methods provided in this standard can be used for all grades of structural
steel, stainless steel, and unprotected weathered steels. For some of the details, there may
be exceptions, which then is noted in the category tables. The fatigue strengths given in EN
1993-1-9 applies only to structures under normal atmospheric conditions and structures with
sufficient corrosion protection.

2.2 Fatigue Crack Propagation

For large structural bodies, the presence of a crack does not necessarily mean that failure of
the part will occur. The objective of fatigue crack propagation testing is to determine the crack
growth rates of preexisting cracks under cyclic loadings before they reach a critical size for
fracture [2]. In order to predict the crack growth of structures subjected to fatigue loadings,
linear fracture mechanics (LEFM) is used. The growth of a fatigue crack exposed to cyclic
loading is mainly controlled by the stress ratio and maximum load. Fatigue crack propagation
testing generally involves constant amplitude loading of notched specimens that have been
introduced to fatigue pre-cracking [2]. The crack length is then measured as a function of
number of cycles. Further, the crack growth rate, da/dN, is then established using the data
found subjected to numerical analysis. This fatigue crack growth data are typically presented
in a logarithmic plot of crack growth rate, da/dN, versus the stress-intensity factor range AK

[2].
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2.2.1 Stress Intensity Factor

In order to calculate crack growth rates when following LEFM, it is important to determine the
stress intensity factor. The stress intensity factor, K, is a measure of the severity of stress
concentrations around the crack tip and is necessary in order to find the fatigue crack
propagation rate. K is a function of the size of the crack, cracked specimen geometry and the
type of loading and shape [9], [13]. When defining K, it is important that the material is
assumed to behave in a linear-elastic manner, according to Hook’s law. For this reason, the
approach being used is linear-elastic fracture mechanics [14]. For different load and geometric
configurations, the stress intensity factor for mode | loading can be expressed as

K =Yovma (2.2.1)

Where Y is the stress intensity modification factor, which depends on the geometry and mode
of loading, o is the nominal stress and a is the length of the crack.

7 <A
)

& - =7

J

! N
\/ \/
Mode | Mode |I: Mode llI:

Opening In-plane shear Out-of-plane shear
Figure 2-4 Crack propagation modes.

A crack can experience three types of loading, as Figure 2-4 illustrates. Mode | loading is called
the opening mode and tends to open the crack. Here the load is applied normal to the crack
plane. Mode Il is called the sliding mode and tends to slide on the crack face with respect to
the other due to in-plane shear loading. Mode Ill involves sliding of the crack faces due to out-
of-plane shear. This mode is called the tearing mode and the crack faces are sliding parallel to
the leading edge. A cracked structure can be loaded in each of these modes, or a combination
of two or three modes [15][16]. The stress intensity factor is specific for each of the three
modes mentioned above and is usually defined as K|, K and K;.. This thesis will consider only
mode | and Il loading.
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2.2.2 Fatigue Crack Growth

In the 1960°s, Paris et al. [16] demonstrated that application of fracture mechanics to fatigue
was useful for characterizing crack growth. He suggested that the crack growth rate could be
presented by the power-law relationship, also known as the Paris Law.

da
il C(AK) (2.2.2)

Where da/dN is the growth rate of the crack, C and m are material constants that are
determined experimentally and AK is the stress intensity factor range, given by

AK = Kpax — Kmin = (1 = R)Kppgx fOT R 20

Crack initiation and crack propagation are caused by the tensile component of the loading. If
R is below zero the applied loading will vary between tension and compression, meaning that
the estimation of crack growth rate will be wrong since the crack will not grow under
compressive loading. In order to achieve comparative data for fatigue crack growth rates, a
stress ratio equal to 0.1 is frequently used in fatigue testing [2].

Fatigue crack growth data are typically presented in a logarithmic plot of crack growth rate,
da/dN, versus the stress-intensity factor range AK, as Figure 2-5 illustrates. Most structural
alloys are anticipated to have a plot of similar shape, however, the values of da/dN and AK
varies with the material. The curve in Figure 2-5 illustrates typical fatigue crack growth
behavior for metals [16]. Based on results of fatigue crack growth rate tests for a wide range
of different metallic structural metals, it is found that the curve in Figure 2-5 has three distinct
regions [2].

Region | illustrate the threshold value AKy,, which is the stress intensity factor range were
da/dN approaches zero. Below this stress intensity factor range, no crack growth will occur.
In region Il the crack growth rate increases steadily at intermediate stress intensity factor
range, AK, values [16]. The data in this region is usually described by a straight line on a log-
log plot of AK versus da/dN, which is characterized by the Paris Law given in equation 2.2.2.
In region lll, the crack growth rate is rapidly increased to the point where K.« reaches the
fracture toughness of the material, Kc, and failure occurs [2]. Due to the simplicity of the Paris
law, it is only valid for determination of crack growth rates of region Il behavior under constant
cyclic loading [1].
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da
dN Fracture

Region | Region 11 Region 111

—
AKn lg AK

Figure 2-5 Typical fatigue crack growth behavior for metals [1].

In order to develop a mathematical model for prediction of fatigue life, N, for a given stress
range at a constant load amplitude, the Paris law can be integrated. The number of cycles
required for a crack to grow from initial length ap to final length as can then be found.

ars
N _f da (2.2.3)
F= ] caK)™ -
Qo

2.2.3 Plastic Zone Size

In order to follow LEFM and for K to characterize the crack-tip conditions, the plastic zone size
around the crack-tip must be small compared to any remaining distance between the crack-
tip and boundaries of the specimen. If the plastic zone is sufficiently small, there will be an
area outside it where the elastic stress field equation still applies, and K uniquely defines the
crack tip conditions [14]. In other words, the elastic stress analysis becomes more inaccurate
as the inelastic region at the crack tip grows. An equation for the size of the yielding zone of
the crack tip can be estimated for plane stress situations from the elastic stress field equation.
By substituting yield strength into the elastic stress field equation and solving for r gives [16].

2

! (£> (2.2.4)

n, =—
Y 2m \oyg
Which is the distance ahead of the crack tip were the elastic stress distribution exceeds the

yield criterion for plane stress [14]. Note that for this expression, linear-elastic behavior is
assumed, thus, this expression is not strictly correct. For elastic-plastic material behavior the
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stresses cannot exceed the yield strength of the material, thus, forces above the yield strength
present in an elastic material cannot be carried in the elastic-plastic material. In order to
accommodate for these forces, yielding will extend even farther, which leads to a final
estimate for plastic zone size for plane stress [16]

2

r, = l(i) (2.2.5)

Oys

This expression shows as might be expected that the plastic zone will increase with increasing
stress.

2.3 Mixed-Mode Fatigue

If the applied force is not normal to the crack, or if there is a complex state of stress, there
may exist a combination of fracture modes |, Il and Ill [14]. When a structure is subject to
mixed-mode | and Il loading, the stresses that arise at the crack tip are characterized by the
stress intensity factors K, and K [4]. In order to evaluate the characteristics of mixed mode
fatigue crack propagation, a comparative stress intensity factor K, is necessary to introduce,
which consider K;and K, simultaneously [1]. Several comparable stress intensity factors have
been proposed over the years, among them are those of Tanaka and Richard & Henn [17],[7].
The Richard/Henn-criterion, which has been found to yield good agreement with results [18],

K 1 ,
KU == ?I E KIZ + 6K112 (231)

Additionally, when conducting mixed mode fatigue calculations, a defined comparative stress

is given by

intensity factor range, AK,, may be used in the Paris Law.

AK; 1
AKv = TI + E\/M(,Z + 6AK),” (2.3.2)

Where AK, and AK; are the stress intensity factor range for mode | and mode Il respectively.

Page 11 of 61



2 Theory Master Thesis-Spring 2018

2.3.1 Plastic Zone Shape

Golos and Wasiluk (2000) [19] proposed an expression for the plastic zone boundary based on
the elastic stress field around a mixed-mode | and Il crack derived using the von Mises yield
criterion under plane stress conditions. The expression defines the approximate boundary
between elastic and plastic behavior and is estimated based on linear-elastic material

behavior.
T, = L [K 2C0529—(1 + 3sin? 9—) + K;K;;sin6(3cos8 — 1) + K, {3 + sinze—(l - 900529—>}] (2.3.3)
P 2moys2 L] 2 2 e 1 2 2 e

Where 6 = 0 along the parallel extension of the crack tip. Substituting values for K, and K|, for
different loading angles, 0, gives the plastic zone boundaries, as illustrated in Figure 2-6.

y Im]
(=]
/

y Im]

S

x[m] 10

(c)

Figure 2-6 Crack-tip plastic zone boundaries for (a) Mode | (b) Mode Il and (c) Mixed-mode I+l
loadings.
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2.3.2 Evaluation of Crack Growth Angle

When a crack is subjected to mixed-mode loading, the crack usually follows the path which
offers the least resistance to propagate. In order to avoid rubbing their faces, fatigue cracks
will attempt to propagate in mode | or try to minimize the amount of mode Il loading, curving
their paths if necessary [6]. To choose the propagating path of the crack, several theories have
been proposed. The three most used are the criteria of maximum tangential stress, minimum
strain energy density and maximum energy release rate [1]. Bittencourt [20] have shown that
for brittle materials the three criteria mentioned basically predicts the same crack growth
path. However, no general agreement on which of the theories that should be used exists [1],
[21].

Concerning the criterion of maximum tangential stress, the crack extension should occur in a
direction corresponding to the maximum tangential stress. This criterion has been found to
yield good agreement with experimental observations [5], and due to its simplicity, this
criterion has been widely used. In order to determine the angle of crack growth under mixed-
mode fatigue loadings, Erdogan and Sih proposed the following expression [6]

6 = 2arctan | ~oL 4 (K’)2+8 (2.3.4)
= zarctan | —— =T — .O.
4‘I<II KII

Where the sign of 0 is the opposite of the K sign, and K, and K are the stress intensity
factors for mode | and mode | loadings.

2.4 Standardized Procedures for Measurement of Fatigue Crack

Growth Rates

There exist several standardized procedures for measurement of fatigue crack growth rates,
including the British Standards Institution (BSI), the International Institute of Standards (ISO),
and the American Society for Testing and Materials (ASTM). Since the ASTM standards are the
most widely used throughout the world with regards to fatigue testing of materials [16], it was
decided to follow the ASTM E 647 [22] standard in this thesis.

ASTM E 647 covers the determination of fatigue crack growth rates from near-threshold to
Kmax for compact tension C(T) and middle tension M(T) specimens. However, the general
procedures regarding pre-crack length, crack size measurement and K.« limitations is also
used for the compact tension shear (CTS) specimen used in this thesis.
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The ASTM standard for fatigue crack growth measurement requires that data must be
examined within the linear elastic fracture mechanics. The following expression gives the Kmax
limitation in order for LEFM to be valid.

2

W—-a) > %(%) (2.4.1)

Where (W — a) is the uncracked length of the specimen.

The ASTM E 647 standard does not contain any specific requirements on specimen thickness,
however, the fatigue properties can depend on thickness, so the thickness of the test
specimen should match the structure of interest [16].

Following the ASTM standard, all specimens must be fatigue pre-cracked before the actual
test. The length of the pre-crack should according to ASTM E 647 not be less than 0.1B, h or
1mm, whichever is greater. There are several procedures for notch preparation, depending
on the material. The notch for a standard specimen may be made by electrical-discharge
machining (EDM), milling, broaching, or saw cutting. The latter is only recommended for
aluminum alloys. The purpose of pre-cracking is to obtain a sharpened fatigue crack of
sufficient size and straightness. It is important that the final K.« during pre-cracking does not
exceed the initial Knax in the fatigue test.

During the test, the length of the crack must be measured periodically. Measurements should
be at intervals such that da/dN data are nearly evenly distributed with respect to AK. ASTM
also recommends a minimum Aa of 0.25mm. The suggested intervals for the C(T) specimen is

given by
a
Aa <0.04W for 0.25 < W <0.40 (2.4.2)
a
Aa <0.02W for 040 < W < 0.60 (2.4.3)
a
Aa <0.01W for W > 0.60 (2.4.4)

If crack size is measured visually, an average value of crack lengths of the front and back side
of the specimen should be used.

According to ASTM, the data are invalid if the crack deviates more than £20° from the
orientation of the initial notch over a distance equal of greater then 0.1W. The data are also
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invalid if the crack size measured on the front and back side of specimen differ by more than
0.25 times the thickness of the specimen.

The ASTM standard E 647 suggest two numerical methods for plotting of da/dN versus AK,
which is the secant method or the incremental polynomial method.

2.5 Specimen Configurations used for Mixed-mode Fatigue Crack

Growth Studies

A wide range of different specimen geometries has been used to simulate different
combinations of mixed-mode loadings. Since there does not exist any standardized specimen
geometries for mixed-mode loading, it is difficult to compare experimental results from
different specimen geometries with regards to mixed-mode crack growth [7]. Nine different
specimens have been presented by Richard [3], shown in Table 2-1, which have been used in
mixed mode fracture and fatigue studies [7].

Table 2-1 List of different specimen geometries used for mixed-mode loading.

(S1) Plate specimen with inclined central crack under tension.
(S2) Plate specimen with inclined edge crack under tension.
(S3) Disc specimen with inclined inside crack.
(S4) Cruciform specimen with inclined central crack.
Richard [3] (S5) Shear spe.cimen \fvitlf'l inslined central crack.
(S6) Pipe specimen with inclined through crack.
(S7) Pipe specimen exposed to superimposed tensile and
torsional stress.
(S8) Three-point bend specimen with offset crack.
(S9) Compact tension and shear specimen (CTS).
Lal (510) Double oblique edge crack specimen.
Mahanty and Maiti  (S11) CT specimen with inclined loads.
Chamers et al. (512) Double CT specimen with inclined loads.
Otsuka and Tohgo  (S13) CCT specimen loaded in tension and shear.

Richard [3] also listed some criteria in order to obtain an optimal mixed-mode specimen,
designed for fracture and fatigue tests. Following these was found useful in order to be able
to evaluate specimens under mixed-mode loading systematically. The most critical once are;
the possibility to apply full range of mixed mode | and mode Il combinations, compactness of
specimen, ease of manufacture, the ability to form fatigue pre-cracks under mode | loading
and ease clamping and loading conditions. In addition, Richard analyzed the different
specimen configurations (S1 to S9) based on the criteria’s mentioned above. He found that
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there was not possible for a transition from pure mode | to pure mode Il for specimens S1, S2
and S6, thereby problematic to introduce pre-cracking. Also, there is neither possible to vary
the K,/K, ratio for S1 and S1. Further, the presence of two crack tips was also listed
unfavorable, due to the possibility for that the crack propagation does not start
simultaneously at both crack tips. Richard then concluded that the CTS specimen (S9) was best
suited for fatigue tests under mixed-mode loadings.

Several other specimen geometries have also been used for mixed mode | and Il crack growth
studies [7]. Among them are a double oblique edge crack specimen (S10), used for mixed-
mode fatigue studies for different steels. For this specimen, force can be applied in both
horizontal and vertical direction. However, due to the angled cracks, there is no possibility for
fatigue pre-cracking under mode | loading. Further, a compact tension (CT) specimen (S11)
with inclined load was used for studying stable crack growth under mixed-mode | and I
loadings. Not either this specimen does allow for initiation of fatigue pre-cracking in the
direction of the starter notch. Neither is there any possibility for the K;/K, ratio to be varied.
In addition, a double CT specimen (S12) with inclined loads were also used in order to produce
mixed-mode | and Il loadings. This specimen configuration gives the possibility for initiating
fatigue pre-cracking under mode | loading, and the opportunity to vary the K,/K, ratio.
However, a fatigue testing machine with biaxial loading is required, which is not possible to
perform on the MTS fatigue machine used in this thesis. The same problem also applies to the
center cracked (CCT) specimen (S13) loaded in tension and shear for studying of the fatigue
crack growth under static mode | and cyclic mode Il loadings.

2.6 Compact Tension Shear (CTS) Specimen

In order to determine the forces the loading device is exposed to, it is necessary to calculate
the loads that will be applied for testing of the CTS Specimen. Richard [4] obtained expressions
for determination of the stress intensity factors K;and K, for the CTS geometry with an edge
crack, plane and normal to lateral faces. To stay within the limits of LEFM, the maximum force
can then be found by inserting maximum stress intensity factor, Knax, found from equation
2.4.1.

_Fi cosa 0.26 +2.65 (75— ) .61
WB - 1.|.0_55(W0‘_a)—0.08(Wa_a)2
P sing ~0.23 + 140 () .62

1-0.67 (=) + 2.08 (7= a)2

K =
" wB {_a
w
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Where W is the specimen width, B is the thickness of the specimen, a is the crack length, a is
the angle of loading direction with respect to the crack plane and F is the applied force, as
illustrated in Figure 2-7 (a). The given expressions are only valid in the range from

0.5<a/W <0.7 [4].

W
b
F\
Figure 2-7 Dimension, forces and angle of loading direction on CTS specimen [17].

Richard also found the relation between the uniaxial load F related to punctual loads in the
holes according to expressions [23]

1 c
Fi,=F,=F (E cosa + Esin a) (2.6.3)
F, =F; =Fsina (2.6.4)
1 c .
F;=F,=F (Ecosa - Esm a) (2.6.5)

Where a = 0° for Mode | loading, oo = 90° for Mode Il loading and 0° < a < 90° for Mixed Mode
loading. These forces will be necessary when analyzing the loading device later on in this
thesis.
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2.7 Crack Length Measurements Techniques

Several different methods can be used to monitor the crack growth during fatigue testing.
Among them are optical, including both visual and photographic monitoring, electrical,
compliance, ultrasonic and acoustic emission monitoring techniques [2].

Visual observation can be done in several ways, including observing the crack at the specimen
surface using a traveling microscope at a magnification of 20 to 50 times [2], [22], or by using
a photo camera documenting the propagating crack length. In the latter case, the photos can
be analyzed afterward, finding the crack propagation rate. For visual monitoring,
measurements of crack length are made at intervals according to ASTM standard E 647. If the
specimen surface is carefully polished and oxidation doesn’t occur during testing, the visual
monitoring technique gives accurate results [2]. In order to achieve a better optical
measurement, surface crack detection coating can be used. Research and testing done by
Three Bond Co. LTD [24], has shown that such a coating makes it easier to detect cracks on
the surface. When a crack propagates, capsules in the coating will break, releasing pigments
which will color the surface for easier detection of cracks. Other coloring technics can also be
used in order to achieve color contrast between the surface and crack, thus, with the
possibility for reduced quality.

Another monitoring technique is the compliance method of crack extension measurement.
Here the crack opening displacement and applied tensile load are measured in order to
determine the crack length, a, from the load line to the crack tip. As the crack length increases,
the opening displacement will also increase. Both specimen load and crack opening
displacement are measured simultaneously, using a displacement gauge and electronic
loading cell, directing the outputs to the same data-acquisition system [2].
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3 Feasibility Study

3.1 Design Discussion

In this chapter, there will be given an insight into the different choices in terms of which
specimen type that were used, decisions that are done with regards to the design of the
loading device and the chosen fabrication method.

3.1.1 Specimen Choice

Based on the knowledge gained from the research work, it was decided to use the CTS
specimen (S9) with a specially designed loading device introduced by Richard for mixed mode
I and Il crack propagation testing. This specimen type was chosen considering the available
clamping for the fatigue testing machine in the workshop at the University of Stavanger,
combined with the opportunity to follow the most critical criteria for mixed mode fatigue
testing proposed by Richard. Using this specimen combined with the specially designed
loading device gives the possibility to introduce pre-cracking under mode | loading, the ability
to apply a full range of mixed-mode loading combinations and easy clamping and loading using
the fatigue testing machines CT grip.

Another suitable specimen type is the pipe specimen (S7), which gives the possibility for
mixed-mode loading under combined tensile and torsional stresses. Based on already ongoing
work at the University of Stavanger using this specimen type, it was found to be some
disadvantages with the pipe specimen compared to CTS specimen. Concerning monitoring of
crack growth, due to the centered crack of the pipe specimen, cracks will arise from both crack
tips. Combined with the curved surface of the specimen, it was found difficult to get photos
with good visibility of the crack on both sides at the same time. This problem increased with
increasing crack length, meaning that manually photos had to be taken. Also by using a
microscope, the crack monitoring will be much more time consuming for the pipe specimen
compared to the CTS specimen, due to crack growth in both directions. As mentioned in
Ch.2.5, there may also occur problems with two crack tips due to the possibility for uneven
crack propagation. Another disadvantage with the pipe specimen is concerning the specimen
fabrication. In order for the pipe specimen to be suited for testing, specially designed end
pieces have to be welded on at both sides. Fabrication of a pipe specimen is therefore much
more time consuming and costly than for a CTS specimen. Based on these experiences, it was
desirable to try the CTS specimen for testing of mixed mode fatigue crack propagation.
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3.1.2 Design of Loading Device

In order to use the selected CTS specimen for mixed mode | and |l fatigue crack propagation
testing, a special loading device has to be designed. The loading device designed in this thesis
was based on similar loading devices that already have been introduced and used for
experimental investigations of fatigue behavior under mixed-mode loading [8], [17], [18], [23].

Due to the size of the CT grip available for the fatigue testing machine, the loading device was
restricted to have a maximum thickness of 12.7 mm. On the other hand, a thicker section
could be used in the area which is not affected by the CT grip, as done by Huang et. al [25].
However, due to the fabrication method used for the loading device, this design would have
increased the production costs a lot. In order to use this design, a machining process would
have been required after water jet cutting. In addition, a thicker plate would have been
necessary for the two side plates, resulting in higher material costs. Based on the increased
cost for a device with varying thickness, combined with results obtained from the finite
element analysis performed, the best solution was found to be using a constant thickness of
the entire loading device.

Due to the pin size of the CT grip, the holes for attaching the loading device to the fatigue
testing machine were set to have a diameter of 12.7 mm. Seven holes were made, making it
possible for testing of pure Mode |, Mixed-Mode | and Il and pure Mode Il loading. The holes
were made such that the angle of loading direction increases with 15 degrees for each hole,
see Figure 3-1.

Three holes were made for connecting the loading device and the CTS specimen using bolts.
In order to ensure a statically applied load transfer, the loading device is provided with
elongated holes, while the CTS specimen is provided with circular holes. The external holes
are elongated parallel to the direction of the notch, while the center hole is elongated
perpendicularly to the notch [3], [18]. It was decided to use M12 bolts for connecting the
loading device and specimen, thus, based on the standard for clearance holes for bolts, screws
and studs [26], a radius of 6.5 mm was used. Drawings of the loading device can be found in
Appendix-B.
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Figure 3-1 Loading device for testing of mixed-mode fatigue crack propagation [4].

3.1.3 Production Method

Through close collaboration with Martin Bae, workshop engineer at the University of
Stavanger, it was decided to fabricate the loading device using three plates prepared by water
jet cutting and then spot welded together. For simplicity, plates with a thickness of 4 mm were
used, giving a total thickness of 12 mm. The loading device will then consist of two similar side
plates and one middle plate, giving a 4 mm gap for insertion of the CTS specimen, see
Appendix-B. This method was found to be the most cost-efficient way to manufacture the
loading device, but still giving a satisfactory result.

Another production method that was considered was milling the loading device using a CNC-
machine. However, due to the geometry of the loading device, it was found hard to get the
workpiece properly fastened in the machine. In addition, machining the device would be a
much costlier production method than water jet cutting. Some of the advantages of using a
CNC-machine instead of water jet cutting are; increased accuracy of machined surfaces and
edges, and avoiding weaknesses and inaccuracy with regard to welding.

Results found from the finite element analysis showed that the influence of the middle plate
was almost absent. Based on this result, combined with recommendation received from
Martin Bae, it was decided that water jet cutting followed by spot welding was a satisfactory
fabrication method to use in this thesis. In addition, if the accuracy after water jet cutting and
welding is too bad, it was still possible to mill the loading device afterward in order to achieve
a better accuracy using a CNC-machine available at the workshop of the University of
Stavanger.
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3.2 Method for Monitoring of Crack Propagation

For monitoring of the crack growth, it was decided to use a photo camera attached to an
adjustable tripod, as illustrated in Figure 3-2. The camera was connected to a computer for
the possibility of shooting at preset intervals. The desired advantage with the use of a photo
camera was the possibility to reduce the work amount with regard to monitoring of the crack
growth compared to using a traveling microscope. Using a camera with the ability for
automatic shooting do not require the same presence during testing. When using a traveling
microscope, the operator physically has to move the microscope between each measurement
of the crack growth. Another disadvantage with the use of a traveling microscope is the
eventual equipment preparations needed for monitoring of mixed-mode fatigue testing.
Microscopes for monitoring of fatigue crack propagation is usually delivered with a sliding rig
for horizontal movement only. Thus, for monitoring of an inclined crack, an additional sliding
rig for vertical movement has to be designed. For the work in this thesis, there was no time
for such additional work. In addition, the equipment cost for a traveling microscope is much
higher than for a photo camera.

One disadvantage of using a camera is the challenge of getting good visibility of the crack
growth in the photos. However, based on knowledge gained from the research work done,
there are several coating techniques available for enhanced visibility of cracks on the
specimen surface. Therefore, based on the assumptions and research done for the two
different crack measurement methods, it was decided to try using a photo camera in this
work.

k \ “p—

Figure 3-2 Monitoring of crack growth with the use of a photo camera.
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3.3 Experience from Earlier Tests

During this Master thesis, the author has participated in fatigue crack propagation testing of
pipe specimens. For this specimen type, mixed-mode loading was possible to obtain using a
combination of axial and torsional loading. A total of three specimens were tested, all under
pure mode | loading. Since the fatigue testing machine was new to the University of Stavanger,
the first three tests were time consuming and used to gain experience with the machine. For
this reason, there was no time for mixed mode | and Il loading of the pipe specimen. During
this work, good experience operating the fatigue testing machine was obtained.

A photo camera was used for monitoring of the crack propagation, which gave the author
good experience regarding crack monitoring with the use of a camera. Based on this testing,
it was found difficult to see the crack on the photos. Several technics were tried in order to
make the crack more visual, namely a green coating, a red and a yellow marker pen. It was
found that the yellow marker pen gave the best result, making it easier to detect the surface
crack on the photos. The red marker pen made the surface in some cases too dark for the
camera to handle, giving a photo with reduced quality. The green painting did not stick
perfectly to the surface around the crack, causing the crack to partly grow under the painting,
making it difficult to tell the exact crack length. However, using a similar coating technique as
given by Three Bond Co., LTD [24], would possibly have given a better result.
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4 CTS Specimen Calculation

In order to determine the forces the loading device would be exposed to, it was necessary to
calculate the loads that would be applied for testing of the CTS Specimen. It was desirable to
design the loading device in such a way that it was possible to test specimens of different
materials. For this reason, calculations were done for four commonly used materials within
the Norwegian offshore industry, namely EN S355, EN 316L, APl 5L X52 and the 5754
aluminum alloy. The loading device was designed for fatigue testing within the assumption of
LEFM. To stay within the limits of LEFM, the maximum applied loading to the CTS specimens
follows requirements given by the ASTM E 647 standard. It was also desirable to determine
how many cycles that was necessary for completing a crack propagation fatigue test of a
specimen. These results were used later on to choose a suitable material for the loading
device.

Mixed-mode fatigue crack propagation tests were performed using CTS specimens with width,
W = 90mm, initial notch length, a = 42.5 mm and a thickness B = 4 mm, see Figure 4-1. The
selected dimensions for the CTS specimen was based on earlier work done by Richard [4], [8].
Using stress-analytical investigations carried out with the photo-elastic method and the finite-
element method, he found the optimal dimensions for a CTS specimen.
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Figure 4-1 Dimensions of tested CTS specimen. Thickness: 4 mm.
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4.1 Maximum Allowable Load for CTS Specimens

For simplicity, the following calculations were based on mode | loading only. In order to
determine the maximum loadings used for fatigue testing of the CTS specimens, the maximum
stress intensity factor, K.y, had to be found. It was desired to stay within the limits of LEFM,
thus, the maximum allowable stress intensity factor was found using the expression given in
ASTM E 647, Eq.(2.6.1). Stresses occurring at the crack tip increases with increasing crack
length, thus, the maximum stress intensity factor will occur at the final crack length. In order
to use the expression given by Richard, Eq.(2.5.1), the final crack length of the CTS specimens
was limited to 63 mm. As can be seen from expression below, K.y varies for different yield
strengths, hence for different materials. Calculations for all the selected materials was
therefore performed.

s
Kmax < Oys \/Z (0.09 — 0.063)

By inserting the calculated K.« values into the stress intensity factor expression for Mode |
loading given by Richard (Equation 2.5.1), the maximum applied force, Fr,ax Was found. Table
4-1 shows the maximum allowable stress intensity factors for the selected materials, along
with the maximum applied forces in order to follow LEFM.

Table 4-1 Maximum allowable stress intensity factors and maximum applied loading for the different

materials.
Material Yield Strength [MPa] Kpmax [MPaVm] F[N]
EN S355 355 51.7 6720
316L 170 24.8 3224
API 5L X52 300 43.7 5680
Al 5754 H22 130 18.9 2460

4.1.1 Loads on CTS Specimen Holes

In order to determine the forces that would act on the loading device during fatigue testing,
the punctual forces acting on each hole of the CTS specimen was desired to be found,
illustrated in Figure 2-7. Similar forces will also act in the elongated holes of the loading device,
just of opposite direction. Using expressions given by Richard, Eq.(2.6.3 — 2.6.5), the punctual
forces for all the different loading angles were calculated for fatigue testing of steel grade EN
S355, shown in Table 4-2. The calculations were done for this material since it has the highest
yield strength of the selected materials, hence the highest applied load.
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Table 4-2 Punctual loads acting on each hole of the CTS Specimen of steel grade EN $355.

Loading Angle F,=Fs[N] F,=Fs5[N] F3=F4[N]
0° 3360 0 3360
15° 4985 1739 1506
30° 6270 3360 -450
45° 7483 5718 -3953
60° 7500 5820 -4140
75° 7361 6491 -5621
90° 6720 6720 -6720

4.2 Crack Propagation Life

In order to know how many cycles that are necessary for fatigue crack propagation testing of
the CTS specimen, it was desirable to find the crack propagation life. The calculations were
based on region Il behavior; hence the use of the Paris law expression. Carrying out the Paris
law integration and inserting the stress intensity factor range for mode | loading, AK;, the
number of cycles to reach the final crack length of 63 mm were found. The stress ratio, R, were
set to 0.1 in order to reduce the influence of crack closer during the test. The Paris Law
constants, C and m, were found from earlier experiments and literature. Calculations and
associated plots were computed using MATLAB.

Pre-Cracking 5754-H22 Crack Propagation 5754-H22

y/ 62

Crack lenght a jmm]
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Number of C‘/C\(:S N 10°
Figure 4-2 Numbers of cycles for fatigue pre-cracking and fatigue crack propagation testing of the
5754-H22 aluminum alloy.

Figure 4-2 shows the crack length versus the number of cycles for a CTS specimen of the 5754
—H22 aluminum alloy for both pre-cracking and crack propagation. The total number of cycles,
including pre-cracking, for fatigue testing of all four materials, and the associated Paris Law
constants, C and m, are listed in Table 4-3. It must be mentioned that there is a great
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uncertainty regarding the Paris law constants. These constants have to be determined
experimentally, thus a correct value for each of the materials was hard to find. The constants,
C and m, were found from different works of literature and experimental work. However, for
some of the metals constants from materials with similar properties were used.

Table 4-3 Paris Law constants and estimated number of cycles for different materials (AK in MPa Vm,
and da/dN in m/cycle).

) Number of cycles Number of cycles
Material C m ) i
Pre-cracking Crack propagation
EN 5355 [27] 3.47x10" 331 65 000 111 000
AlSI 3161 [28] 5.61x10™  3.25 600 000 900 000
API 51 X52 [29] 1.427x10"*  3.523 145 000 275 000
AL 5754-H22 [30] | 1.759x10"°  3.040 65 000 110 000

4.3 Plastic Zone Size and Shape

To control that the size of the plastic zone is sufficiently small during the crack propagation
fatigue test, such that LEFM applies, r, were calculated according to Eq.(2.2.4). As stated
earlier in Ch. 2.2.3, this is an estimate of the extent of the plastic zone ahead of the crack tip
based on linear-elastic material behavior. A plot of plastic zone size divided by crack length
were created using MATLAB, showing the percentage of the plastic zone size relative to the
crack length. Figure 4-3 shows that the plastic zone size reaches a maximum of 5.5 % of the
crack length for fatigue testing of the 5754 — H22 aluminum alloy, which was found sufficient
in order to reduce plasticity effects.
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Figure 4-3 Percentage of plastic zone size relative to the crack length and plastic zone shape for mode
I and mixed mode I+II.
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In addition, it was desirable to investigate if the plastic zone shape obtained during pre-
cracking would influence the result of the mixed-mode fatigue crack propagation testing. As
stated earlier in Ch.2.3.1, the plastic zone boundaries are different for different angles of
loading. A plot of plastic zone shape for pre-cracking under mode | loading and mixed-mode
loading for a loading angle of o = 60° was created, as illustrated in Figure 4-3. Plastic zone
boundaries obtained during pre-cracking were plotted for two different loadings. As shown,
reducing the applied load during pre-cracking decreases the plastic zone size, hence, affects
the result of mixed-mode fatigue testing less. Since the size of the plastic zone is so small, it
was decided to introduce pre-cracking under a loading of 2300 N.

4.4 Crack Propagation Angle

Using the criteria of maximum tangential stress, Eq.(2.3.4), the predicted crack propagation
angles were calculated for every possible loading angles, as shown in Table 4-4. This result
was used later on comparing against the actual angle obtained during mixed-mode fatigue
crack propagation testing.

Table 4-4 Theoretically calculated crack propagation angle.

Loading Angle, o [°] Predicted Crack Propagation Angle, 6[°]
15 13.1
30 25.7
45 37.5
60 48.6
75 59.5
90 70.5

In addition, predicted crack growth paths were plotted for every possible loading angles, see
Figure 4-4. Based on the criteria of maximum tangential stress, the crack-tip angle will slightly
decrease with increasing crack length. However, for simplicity, the different paths were
plotted as straight lines along the predicted initiation angle.
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Figure 4-4 Predicted crack growth paths for mixed-mode loading under different loading angles.
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5 Design and Analysis of the Loading Device

5.1 Finite Element Analysis of the Loading Device

Two computer software’s were used to design and perform analysis of the loading device in
this thesis. The finite element analysis program ANSYS Workbench 17 was used for analyzing
the loading device. ANSYS Workbench also allows creating 3D models of the geometry using
the built-in Design Modeler. However, due to previous experience with the CAD software
Autodesk Inventor, this was used instead for modeling of the loading device geometry. There
exists an import function between Inventor and ANSYS making it possible to export the 3D
assembly from Inventor to an ANSYS model.

A project in ANSYS workbench consists of seven steps, which all have to be defined in order
to execute an analysis.

Analysis system
Engineering data
Geometry
Model

Setup

Solution

No ks wDN e

Results

Before starting the simulation setup in ANSYS Workbench, a suitable analysis system has to
be chosen. There are many different environments to choose from, depending on what type
of analysis to perform. For this thesis, it was desirable to find the maximum stress and
displacement occurring in the loading device, thus the Static Structural analysis system was
used.

Further, the material properties of the desired material have to be defined in the Engineering
Data, such as tensile strength, yield strength, poison’s ratio, etc. To get an accurate result of
the analysis, material properties as identically as possible to the real material should be used.

Autodesk Inventor was used instead of the built-in Design Modeler available in ANSYS to
create a 3D model of the loading device geometry. Two plate geometries were made, a side
plate and a middle plate, see Appendix-B. Then the assemble function in Inventor was used in
order to make the loading device, consisting of the middle plate in between the two side
plates. Further, the assembly was saved as a STEP file before imported to ANSYS using the
Design Modeler.
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The remaining four steps take place in the Workbench Mechanical module. Here a suitable
mesh was generated before forces and constraints were applied. Before running the
simulation, desired result parameters also had to be determined. For this analysis, maximum
von Mises stress and total deformation were used.

Since the values and directions of the forces acting in the elongated holes related to the total
applied force are already known, it gives a more accurate result applying forces instead of
constraints in the elongated holes. In order to simulate the correct load acting on the loading
device, it was therefore chosen to apply forces in the elongated holes and a constraint in the
upper circular hole.

5.1.1 Connections

Since the loading device will consist of three separate plates spot welded together, a suitable
connection between the plates had to be chosen. The mechanical software in ANSYS
Workbench automatically defines a fixed connection between the three plates. Since there
does not exist an easy approach for simulating the case of spot welded connections, both fixed
and frictionless connection between the plates were tested. The results for both cases gave a
similar result, which means that the center plate isn’t bearing any considerable load. This
result shows that the connection method isn’t critical for the resulting analysis and that any
of the two methods mentioned can be used.

Based on this result, another possible solution is to perform the simulation based on a
geometry consisting only of the two side plates, neglecting the effect of the middle plate. This
would have reduced the number of meshed parts and the opportunity for a finer overall
meshing. However, since the majority of the meshing is located around the elongated holes,
it turned out to not have any significant influence. Thus, it was decided to perform the analysis
using the actual geometry with a fixed connection between the three plates.

5.1.2 Meshing

The loading device was meshed using the automatic meshing method with 10-node
tetrahedral elements in ANSYS Workbench [31], applied utilizing element sizing control.
Quadrilateral dominant elements were not available for this analysis, thus tetrahedral
elements were found to be the best-suited method. To localize the critical areas regarding
stress concentrations in the loading device, a simulation was first executed using a mesh with
element sizing control set to 5 mm. The given result showed that maximum stress occurred in
and around the elongated holes of the loading device. However, for the 45 degree loading
case, high stresses also occurred in the circular hole. Thus, a different mesh was used for
analyzing the case of loading for 45 degrees.
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For the 45 degree loading case, mesh refinement was used both around the elongated holes
and the circular hole. For the other loading cases, mesh refinement was only used for the local
mesh around the elongated holes. Mesh refinement around the circular hole for these loading
angles was also tested, but it proved to not result in any changes. Since the ANSYS Workbench
software license at the University of Stavanger has limitations on the allowable number of
elements, a finer general mesh size was prioritized for these cases. Figure 5-1 shows the final
meshing used for the simulation.

ANSYS

R17.0
Academic

0,00 50,00 100,00 (mm)
[ —EEaaaa—— S

25,00 75,00

Figure 5-1 General meshing used for analysis in ANSYS Workbench. Source: ANSYS®
Workbench, R17.0, Academic.

5.1.2.1 Mesh Convergence Test

In order to ensure a satisfactory meshing accuracy, a mesh convergence test using a
decreasing range of mesh sizes was performed. The maximum von Mises stress based on
nodal average stress were plotted for an increasing number of elements. If the corresponding
plot is converging, the given mesh is satisfactory. Since the geometry is relatively simple, a
satisfactory meshing was obtained even though there is some limitation to the ANSYS
software regarding the allowable number of elements.

Von Mises stress [MPa]
5 B8 &

3

L
04 06 08 1 12 14 16 18
number of elements «10*

Figure 5-2 Mesh convergence test.
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5.1.3 Constraints

The loading device was constrained in the circular hole where the device will be connected to
the fatigue testing machine’s CT grip. Different holes are constrained, depending on which
loading angle that is to be analyzed. ANSYS Workbench 17 has a built-in constraint function
called cylindrical support for simulation of bolted or pinned connections. This function can
control displacement in three directions, radial, axial and tangential direction. Since the
loading device will be locked, hence no movement in any direction, all three directions were
set to fixed.

In addition, fixed displacement in z-direction was applied in the open space between the two
side plates were the CTS specimen would be installed during testing. Figure 5-3 shows applied
constraints for the case of a loading direction of a = 90°.

ANSYS
R17.0
Academic

0,00 50,00 100,00 {mm)
I ]

25,00 75,00

Figure 5-3 Applied constraints and forces for ANSYS Workbench analysis. Source: ANSYS®
Workbench, R17.0, Academic.

5.1.4 Forces

The forces acting on the loading device were applied in the elongated holes, which is the
bolted connection with the CTS specimen. The calculated values shown in Table 4-2 were
used, only that they are acting in the opposite direction. For simplicity, circular holes were
used instead of elongated holes for the FEA analysis. A simple study of the two different
approaches was performed, showing that both circular holes and elongated holes gave a
similar result. When running the analysis using elongated holes, a surface simulating the
connection area between the bolts and the elongated holes had to be created. Then point
loads were applied to the created bolt surface. Figure 5-4 shows the simulation results for
both cases for a loading direction of oo = 90°.
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Figure 5-4 Comparison between using elongated holes and circular holes. Source: ANSYS®
Workbench, R17.0, Academic.

Using circular holes made it possible to use the bearing load function for simulation of the
bolted connection. A bearing load represents a typical load that will occur from a bolt in a
cylindrical contact area. Using this function instead of modeling a virtual part for the
connection is much less time-consuming, due to the reduction of meshed parts. In addition, a
very fine mesh is required for a correct simulation of the contact area between the holes and
the bolt. Since the used ANSYS license had a restriction on the allowable number of elements,
using an extra part would have reduced the overall mesh sizing, leading to a more inaccurate
result. Forces given in Table 4-2 were applied for the different angles of loading direction.
Figure 5-3 shows the forces applied using the bearing load function for a loading direction of
o =90°.

5.2 Results of Simulation

The finite element analysis using ANSYS showed that the loading device is exposed to a
maximum von Mises stress of 166 MPa, which occurs for a loading direction of a = 90°.
Following are the results for total displacement and von Mises stress occurring in the loading
device for every possible loading direction. These results are based on fatigue testing of a CTS
specimen of steel grade EN S355, hence an applied total force of 6720 N. However, as long as
all stresses remain below the yield strength of the material, the problem is linear, and the
stress components can be multiplied in order to find stresses for different loadings. Table 5-1
shows the maximum von Mises stress occurring in the loading device during fatigue testing of
all the four materials that are taken into account in this thesis.
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Figure 5-5 von Mises stress and total displacement for a loading direction of a = 0°. Source: ANSYS®
Workbench, R17.0, Academic.

L RR0) 10000 enm)

25,00 75,00

25,00 75,00

Figure 5-6 von Mises stress and total displacement for a loading direction of oe = 15° Source: ANSYS®
Workbench, R17.0, Academic.
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Figure 5-7 von Mises stress and total displacement for a loading direction of oe = 30°. Source: ANSYS®
Workbench, R17.0, Academic.
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Figure 5-8 von Mises stress and total displacement for a loading direction of ot = 45° Source: ANSYS®
Workbench, R17.0, Academic.
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Figure 5-9 von Mises stress and total displacement for a loading direction of oo = 60°. Source:
Workbench, R17.0, Academic.
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Figure 5-10 von Mises stress and total displacement for a loading direction of a = 75°. Source:
ANSYS® Workbench, R17.0, Academic.
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Figure 5-11 von Mises stress and total displacement for a loading direction of a = 90°. Source:
ANSYS® Workbench, R17.0, Academic.

Table 5-1 Maximum von Mises stress occurring in the loading device for fatigue testing of different
materials and for different angles of loading direction.

Loading Maximum von Mises stress [MPa]
Angle, a [°] EN S355 AISI 316L API 5L X52 AL 5754 — H22
0 59 28 50 22
15 76 37 64 28
30 100 48 85 37
45 145 70 123 53
60 132 63 112 48
75 154 74 130 56
90 166 80 140 61

5.3 Bolt Calculation

It was desirable to find the shear forces acting on each individual bolt. Partial thread M12 bolts
of grade 8.8 with a length such that the thread is not in the shear plane were used. The
maximum shear forces acting on each of the three bolts connecting the CTS specimen to the
loading devices was calculated for an applied load of 6720 N, which is the maximum load used
for consideration. Due to a missing pin for the CT grip, M12 bolts were used here as well. Thus,
the shear stress in the bolt connecting the loading device with the CT grip in the fatigue testing
machine was also calculated. All of the bolts will be loose, and due to the design of the joint,
the bolts will be exposed to double shear. The expression for shear stress in a bolt under
double shear is

_2F  2X6720N
oo = Tg2 = m(12mm)?

= 29.7 MPa (5.3.1)
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Where F is the applied force and d is the bolt diameter. According to Eurocode 3, detail
category 100, a bolt in double shear of grade 8.8 will have a cut-off limit of approximately 67
MPa, which is well above the calculated shear stress of 29.7 MPa. This means that every bolt
will have an infinite life.

5.4 Material Choice of Loading Device

Based on the results obtained from the ANSYS Workbench analysis, a suitable material for the
loading device had to be chosen. Since the loading device is exposed to a maximum von Mises
stress of around 166 MPa, a material with an endurance limit above this was desirable. In
addition, it should also be possible to apply double overload to the CTS specimens, making a
material with yield strength higher than 332 MPa necessary. Due to the chosen fabrication
method, the material also needed to have good weldability. Another factor to account for was
the material and production cost. If a durable material with infinite life would be much more
expensive than a common material, there could be more cost efficient to make several loading
devices of a cheaper material with a given fatigue life.

Several different materials were investigated. Based on material properties and information
gained from different S-N curves, a high strength low carbon martensitic/austenitic stainless
steel, S165 [32], was found to have all the desired material properties. From the S-N curve
shown in Figure 5-12 [33], a mean value for the fatigue limit is approximately 535 MPa for
testing with R = -1, and 457 MPa for testing performed with a stress ratio equal zero. Using
the modified Godman relation, it was found that the material has a fatigue limit of
approximately 400 MPa for a stress ratio of R = 0.1. It is important to mention that only one
S-N curve was found for this material, which leads to a high uncertainty. In addition, the source
of the data is not the best.

However, even if the material properties are well suited, there were some disadvantages to
the use of this steel alloy. The material cost for the steel alloy S165 and similar high strength
steels is much higher than for common structural steels. Hence, using a cheaper steel grad
with lower strength could be more economic. Even though the loading device would not have
the same durability, it could be possible to produce multiple devices at a lower price. Another
problem regarding steel alloys of this strength was that they are only delivered in round bar,
making the production cost increase due to extra work. If using round bar, the material first
has to be cut into suitable slices and then machined in order to achieve an approved surface
finish. Several companies providing a wide range of materials was contacted in order to find
steel alloys of this strength in plates with a thickness of 4 mm, without any success.
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Figure 5-12 S-N curves for S165 based on experimental results obtained by [33].

In addition, the company that provided water jet cutting of the loading device parts, Smed T.
Kristiansen AS, offered to produce the loading device for free if a common steel alloy was
used, namely EN S355. Based on information gained from different S-N curves and the
Eurocode 3 standard, combined with the fact that production and material costs were free, it
was decided to fabricate the loading devices using this steel alloy.

Based on notch detail 160, derived from Eurocode 3, the loading device will have an infinite
life for stress ranges below 119 MPa. Meaning, that for mixed-mode fatigue crack propagation
testing of a CTS specimen made of AlISI 316L and AL 5475 — H22 aluminum alloy, testing using
a stress ratio of R = 0.1, the loading device will theoretically have an infinite life. The same also
applies for testing of API 5L X52, except for a loading direction of o = 90°, and for EN S355 for
loading directions of a. = 0°, 15°, 30° and 60°.

Based on this information, the loading device will have a given fatigue life for the case of
testing of API 5L X52 for a loading direction of o = 90°, and for testing of EN S355 for both a
loading direction of o = 75° and 90°. Thus, it was desirable to estimate the minimum number
of cycles the loading device would endure. According to Eurocode 3, the loading device will
have a fatigue life of approximately 2 million cycles for testing of the steel grade EN S355
under a loading angle of a = 90°. In addition, when variable amplitude loading is applied, the
cut-off limit is reduced. The endurance limit is therefore reduced after tests were the stresses
exceed the fatigue limit. According to Eurocode 3, using the extended fatigue strength curve,
this leads to a reduction of the cut-off limit to approximately 65 MPa.

In addition to the S-N curve provided by Eurocode 3, two other S-N curves were found. Based
on experimental testing with regard to the steel grade EN S355 by Ungermann et. al [34], the
corresponding S-N curve gave a mean fatigue limit of approximately 157 MPa, see Figure 5-13.
The tests were performed using a constant stress range under sinusoidal cycle with a stress
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range of R = 0.05. Using the modified Godman relation, the fatigue limit for a stress range of
R =0.1 was found to be a stress range of 155 MPa.
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Figure 5-13 S-N curve for steel alloy EN S355 based on experimental results by Ungermann et. al. [34].

Results from the second studied S-N curve for S355J2 steel, based on experimental results by
Ulewicz et al. [35], showed a fatigue limit of 290 MPa, as illustrated in Figure 5-14. Here 12
specimens were tested using a stress ratio of R = -1. For this S-N curve, the stresses are
reported as stress amplitude instead of stress range. Using the modified Godman relation, the
fatigue limit for a stress ratio of R = 0.1 was found to be 234 MPa, which is well above the
maximum amplitude stress occurring in the loading device. Based on this result the loading
device will have an infinite life. However, since the results deviate so much compared to the
S-N curve found by Ungermann et al. and those results gained from the Eurocode 3 standard,
a great uncertainty must be assumed. In addition, the source of the last discussed S-N curve
is highly unsure.
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Figure 5-14 S-N curve for steel alloy EN S355 based on experimental results by Ulewicz et al. [35].
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Based on the knowledge gained from studied standard and S-N curves, the use of steel grade
EN S355 was found sufficient. Combined with the fact that material and production cost when
using this steel grade was free, it was found to be the best solution for this thesis. Based on
results from Eurocode 3 combined with results from the two other studied S-N curves, it is
safe to say that the loading device will endure testing of many specimens before failure.
However, due to the fact that the loading device will not have an infinite life for all testing
cases considered, it was decided to produce two sets of the loading device.

5.5 Fabrication of Loading Device

As mentioned earlier, it was decided that the loading device would consist of three plates.
Each of the plates was prepared by water jet cutting, and then spot welded together. It was
also considered to rout the holes on the loading device after welding to obtain a better
accuracy and surface finish of the holes. Since the loading device was found to not last forever,
it was decided together with Martin Bae that the precision and surface finish obtained by
water jet cutting would be sufficient. However, if a material giving infinite life would have
been used, such as the high strength steel alloy S165, extra work with regard to achieving a
finer finish and accuracy would have been preferred.

The geometry of the loading device drawn in Inventor was imported into AUTOCAD, were dfx.
files of the side plate and a middle plate was generated. These were then sent over to Smed
T. Kristiansen AS for water jet cutting. A total of 8 side plates and 4 middle plates were
produced in order to have two sets of the loading device. After water jet cutting, a thin layer
of rust had settled on the surfaces and edges of the plates. Prior to welding, the plates were
sandblasted in order to remove the rust, see Figure 5-15. This was done in the workshop at
the University of Stavanger.

Figure 5-15 Sandblasting of plates before welding.
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Prior to welding, the three plates were clamped tight together using a vise and two screw
clamps. The lower flat side of the plates was placed in the vise in order to align the plates
correctly in relation to each other, see Figure 5-16. In addition, it was checked that all the
holes were perfectly aligned before the two screw clamps were attached. The clamps were
used to make sure that there was no movement between the plates during welding. The
welding was performed in the workshop at the University of Stavanger by Johan Andreas
Thorkaas.

TIG — welding was used, which is well suited for thin materials and small specimens. Since the
three plates were laying on top of each other, no filler wire was used, meaning that the three
plates were just melted together. Before welding of the loading device, two test plates were
welded together in order to make sure that a sufficient result was obtained. Seven spot welds
were evenly distributed around the loading device. In order to make sure that the material
strength around the holes would not be influenced by the welds, the spot welds were placed
as far away as possible from the holes.

Figure 5-16 Clamping of loading device prior to welding.

To prevent new rust from forming, a lanoline-based lubricant from Fluid Film [36] was applied
to the loading devices after welding. It was then left overnight in order for the lubricant to
penetrate to the base of the metal, then was the excess fluid removed with a paper towel.
Since the loading device is exposed to repeated cyclic loadings, this was found to be a more
durable protection than paint coatings.
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6 Fatigue Crack Propagation Testing

The fatigue crack propagation testing was conducted using the 5754 aluminum alloy furnished
in the H22 temper. In order to achieve this temper, the aluminum is work hardened by rolling
and then annealed to quarter hard. The mechanical properties and chemical composition of
the aluminum alloy are shown in Table 6-1 and Table 6-2. The certification of the material is
found in Appendix-D.

Both Mode | and Mixed-Mode I+l fatigue crack growth tests were conducted on CTS
specimens with a thickness of 4 mm. All dimensions of the CTS specimen are shown in Figure
4-1. Three CTS specimens were made using water jet cutting by Smed T. Kristiansen AS. The
initial notch length, a, after water cutting was 41 mm. Than a jeweler saw was used in order
to get a total initial notch length of 42.5 mm. The saw used in this project was obtained from
a jeweler and had a saw blade thickness of 0.48 mm. However, a suitable saw can be
purchased online from K.A. Rasumssen Norway.

Table 6-1 Chemical composition of 5754-H22 aluminum alloy [% weight].

Si Fe Cu Mn Mg Cr Zn Ti Al
0.4 0.4 0.1 0.5 2.6-3.6 0.3 0.2 0.15 Rem.

Table 6-2 Mechanical Properties of 5754 — H22 aluminum alloy.

Tensile Strength, [MPa] 220-270
Yield Strength, [MPa] 130 Min

The tests were conducted using the loading device created in this thesis, see Figure 6-1. This
device allows applying mixed-mode loading to the CTS specimen as well as pure Mode | and
pure Mode Il loading by changing the loading angle, a.

The crack propagation tests were performed using a fatigue testing machine from MTS
installed in the workshop at the University of Stavanger. The fatigue testing machine was
connected to a computer for machine control. Every test was performed in air at room
temperature. The loads were applied with a sinusoidal waveform at a frequency of 8 Hz. A
loading ratio of 0.1 was kept constant for all the fatigue tests. Applied mean and amplitude
loadings used for the pre-cracking and crack propagation testing are shown in Table 6-3. The
procedure for the crack propagation testing is shown in Appendix-A.
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Figure 6-1 Setup for mixed-mode loading (a = 60°).

For mode | loading, it was found that the fatigue testing machine did not manage to deliver
the targeted loads for such low loadings. Thus, the actually applied load and stress ratio was
slightly higher than those inserted in the machine control. However, for mixed-mode testing
under a loading angle of 60 degrees, the actual values delivered by the machine were almost
identical to the input values. One possible reason for this is that the assembly of the loading
device and specimen is stiffer when rotated. For mode | loading a slight vibration of the
specimen was observed, which may be caused due to the low thickness of the specimen. This
vibration was not present during mixed-mode loading.

Table 6-3 Values for calculated and actual obtained loadings.

Loading Mode R Fm [N] Fa [N]
Input Pre-cracking 0.1 1265 1035
values Crack Propagation 0.1 1353 1107
Actual Pre-cracking 0.15 1460 1080
values Crack Propagation 0.14 1560 1170

Fatigue pre-cracking was performed under mode | loading (o = 0) to a total crack length of 45
mm was achieved. This crack length gives an a/W ratio of 0.5, which is within the region where
the stress intensity factor expressions given in Eq.(2.6.1 — 2.6.2) are valid. For mixed-mode
testing, the loading device was adjusted after pre-cracking such that a loading direction of
a=60° was obtained.
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The crack growth was measured using a Canon photo camera connected to a computer
allowing to take photos at preset intervals. A tripod with an adjustable height was used to
install the camera in front of the specimen. Based on experience from participation in fatigue
testing of pipe specimens, it was found that the best camera position relative to the test
specimen vary from test to test. Therefore, the best-suited camera angle has to be found for
each test after pre-cracking. In order to make it easier to measure the crack length in the
photos, length scales were attached to the specimen.

Knowledge gained during participation in fatigue testing of pipe specimens showed that using
a yellow marker pen was the best available method to achieve enhanced visibility of the crack
in the photos. No place that sold the coating introduced by ThreeBond Co. were found. It was
therefore not possible to acquire such a coating for use in this project. As mentioned in Ch.3.3,
a green paint was tried during participation in fatigue testing in order to achieve a similar
effect. However, this coating turned out to give a poor result. Figure 6-2 shows photos of the
cracked surface without any coating, with a red marker pen and with a yellow marker pen.
The pictures were taken at almost the same time, clearly showing that using a marker pen
increases the visibility of the crack in the photos. In this example, both the red and the yellow
marker pen gave a good result, however, the red marker pen was found to be more sensitive

to the light condition in the room.

'.l“‘ g £ 2N _'!

Figure 6-2 Crack visibility using two different marker pens compared to a clean surface.

Two specimens were tested under mode | loading in order to test the loading device and to
determine suitable Paris law constants for the 5754 aluminum alloy. The last specimen was
tested for mixed-mode loading for a loading direction of a. = 60°. The influence of the different
loadings was than investigated in the Paris regime and the crack growth rates were
determined using the incremental polynomial method.
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7 Results

Three CTS specimen were tested during this master thesis, two specimens under mode |
loading and one specimen for mixed-mode loading for a loading direction of a = 60°. The first
specimen was tested to failure in order to verify that the loading device was functional and
that found Paris law constants was somewhat correct. The obtained results showed a big
deviation between the calculated number of cycles and the actually used number of cycles.
Thus, new Paris law constants that fitted better with the achieved results were derived.

7.1 Fatigue Crack Propagation Testing of CTS Specimens

The result from the test of the second specimen showed a deviation in crack length of the
front and the back side after pre-cracking of approximately 2 mm, which is a bigger deviation
than allowable according to ASTM. This difference of the crack length continued for the crack
propagation testing, meaning that obtained results are not valid according to restrictions
given by ASTM. It was also observed that the crack on the back side stopped growing when a
crack length of 15 mm was obtained, while the crack on the front side continued to grow. In
addition, a slight deviation in the direction of the crack was observed for both sides of the
specimen. Over a distance of 9 mm, this angle was calculated to be 6.7° for the front side and
6° for the back side. Meaning that deviation with regard to crack direction was well within the
limits according to ASTM.
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6,1E-07 Front

5,1E-07

4,1E-07

da/dN [m/cycle]

3,1E-07
2,1E-07
1,1€-07

1E-08
AK [MPavVm]

Figure 7-1 Crack growth rate versus stress intensity factor range, AK, based on average crack growth,
crack growth of front side and crack growth of back side of CTS specimen.

The photos taken from both the back and front side of the second specimen were investigated
and crack length at various number of cycles was noted. This was then used to determine the
crack growth rate, da/dN. Further, the incremental polynomial method was used to determine
the crack growth behavior, as illustrated in Figure 7-2. MATLAB was used in to calculate the

Page 46 of 61



7 Results Master Thesis-Spring 2018

stress intensity factor range and a plot of crack growth rate versus the stress intensity factor
range were made. The obtained Paris law constants, C and m, for mode | loading were
obtained by fitting the results using a power law function. Due to the big deviation in crack
length of the front and the back side of the specimen, the crack growth rate versus stress
intensity factor range was plotted for both the front and the back. In addition, an average
crack growth length of the front and the back were calculated and used to plot the crack
growth behavior, see Figure 7-1. Table 7-1 shows the obtained Paris law constants for the
front, the back and an average value. Possible reasons for deviation of crack lengths for the
front and the back side will be discussed later on.

Table 7-1 Obtained Paris law parameters and R’ correlation coefficients (AK in MPa Vm and da/dN in

m/cycle).
C m R?
Front 1.0994x107° 2.1705 0.9169
Back 3.7075x10°° 1.5411 0.3819
Average 3,3392x10°° 1.6071 0.8489
6,1E-07
5,1E-07
::J; 4,1E-07
B
§ 3,1E-07
6 7 8 9 10 11 ;; [MP:\Sm] 14 15 16 17 18 19 20

Figure 7-2 Crack growth rate versus stress intensity factor range, AK, based on crack growth of the
front side of the CTS specimen.

For the third specimen pre-cracking were introduced under mode | loading with loads as given
in Table 6-3. It was observed that the crack in the front grew straight, while the crack on the
back side grew downwards at an angle of approximately 14.5 degrees. When the first planned
pre-crack length of 45 mm was obtained, there was a length difference of 2.6 mm, combined
with the difference of the crack direction, as shown in Figure 7-3. Due to the big difference in
crack length and crack direction of the front and back side during pre-cracking, it was decided
to extend the length of the pre-crack to a total of 50 mm in order to see if the crack would
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stabilize. Further, it was observed that the crack on the back side started to grow upwards
again, as can be seen from Figure 7-3. When a final pre-crack length of 50 mm was obtained,
the differences between the front and back side had improved, but there was still a difference
in length of 1.7 mm.

, ._‘g_.« s

¢-¢+u4

Figure 7-3 Difference in crack growth of the front and the back side during pre-cracking of the third
specimen.

After pre-cracking, the loading direction was changed to an angle of 60 degrees, but due to
the clearance between the bolts and elongated holes, the actual loading angle was slightly
lower than this, see Figure 7-4. A loading similar to the one used during pre-cracking were
applied for the crack propagation testing. After approximately 30 000 cycles, no crack growth
had been observed, thus, the loading was increased to the same value as used for the second
specimen. When the applied load was increased, the crack almost immediately started to
grow on the front side. However, as can be seen from Figure 7-5, the crack on the back side
of the specimen started to grow later than for the front side. In fact, the crack on the front
had grown approximately 4 mm before the crack on the back side started to grow. A possible
reason being the difference in crack length that occurred during pre-cracking. When the crack
started to grow, it was observed that the fatigue crack growth direction changed immediately
from the fatigue pre-crack orientation.

Figure 7-4 Offset of CTS specimen for mixed-mode loading due to bolt hole clearance.
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Due to the time limitations of the project, there was no time for calculation of the comparative
stress intensity factor range for the third specimen, meaning that a plot of crack growth rate
versus the comparative stress intensity factor range was not obtained for the mixed-mode
fatigue test. However, for testing of mixed-mode loading, the crack growth path was plotted
as shown in Figure 7-5. Here ax is the horizontal crack length and ay the vertical crack length.
Both values for the front and the back side are shown, and the corresponding number of cycles
are noted. In addition, a straight line along the predicted crack growth angle of 48.6° is plotted
for comparison.
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Figure 7-5 Crack growth paths for the front and the back side of the third specimen.

The measured values of the crack length were then used to calculate the crack propagation
angle. The initial slope at the crack tip for a loading angle of 60 degrees was found for both
the front and back side of the specimen. In addition, an average value was calculated due to
the big difference between the two sides of the specimen, as shown in Table 7-2.
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Table 7-2 Comparison of calculated and experimentally obtained crack angle.

Front Back Average Theoretically calculated
33.7° 46.6° 37.5° 48.6°

Figure 7-6 shows crack length versus the number of cycles recorded for both mode | and
mixed-mode | and Il loading for o, = 60°. As can be seen from this figure, for the mixed-mode
test the crack did not start to grow before approximately 30.000 cycles. One possible reason
for this is that a lower loading then for the mode | test was used. As soon as the loading was
increased, the crack started to grow. The mode | fatigue crack propagation test needed
102.848 to reach a total crack length of 63 mm, while the mixed-mode fatigue test needed
261.211 cycles in order to reach the same length. Since the specimen for mixed-mode testing
were pre-cracked to a total crack length of 50 mm, the length of crack growth during fatigue
testing was shorter for the third specimen. Further, pictures of the final cracked specimens
are shown in Figure 7-7 to 7-9.

Crack Lenght, a [mm]

"
0,0€+00 2,5E+04 5,06+04 7,5E404 1,0E405 1,3€405 1,5€405 1,8E+05 2,0E+05 2,3E405 2,5E405 2,8E405 3,0E405

Number of Cycles, N

Figure 7-6 Crack length versus number of cycles for mode | and mixed-mode I+l loading.
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WL

Figure 7-7 Pictures of specimen number 1 after testing. The front side of the specimen is shown to the
left.

Figure 7-8 Pictures of specimen number 2 after testing. The front side of the specimen is shown to the
left.
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Figure 7-9 Pictures of specimen number 3 after testing. The front side of the specimen is shown to the
left.
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8 Discussion

The objective of this thesis was to make preparations for mixed-mode fatigue crack
propagation testing. Hence, a suitable loading device for testing of CTS specimens was
constructed and used for testing of three specimens. Both fatigue tests for mode | and mixed-
mode loading was performed. In addition, a suitable method for crack growth measurements
was prepared. Functionalities and possible improvements with regards to both the loading
device and the prepared measurement method is discussed in the following subsections.

8.1 Functionality of Loading Device

Despite the fact that obtained results for the fatigue tests gave invalid results according to
restrictions given by ASTM, some of the results from fatigue testing were found to yield
agreement with other experimental results [18], [30]. In Figure 4-2, estimated crack length at
various number of cycles is plotted for the 5754-H22 aluminum alloy. The figure has been
generated in MATLAB by integrating the Paris law expression Eq.(2.2.3) and then crack length
versus the number of cycles is plotted. Used values for the Paris law constants, C = 1.759x10
%3nd m = 3.040, was found from an experiment by Meilinger et al. [30]. Comparing this result
to the actual number of cycles used for fatigue testing in this thesis, Figure 7-6, shows
relatively good agreement. This estimate shows only a difference of approximately 8.000
cycles between estimated and experimentally achieved results. Whit regard to the mixed-
mode fatigue crack propagation test, some typically crack growth behaviors were found to be
corresponding to other observations [18]. When the loading direction was changed after pre-
cracking, the crack growth direction immediately changed from the orientation of the initial
notch. Another observation that matched with previous results was that the crack tip angle
decreased with increasing crack length, see Figure 7-5. This also agrees with the crack path
prediction given by the criteria of maximum tangential stress stated in Eq.(2.3.4). However, a
direct comparison of the actually obtained crack path direction against those calculated was
difficult due to the high deviation of the result. From Figure 7-5, it can be seen that the crack
path of the back side of the specimen fits well with the predicted path given by the criteria of
maximum tangential stress, whereas the crack path on the front side deviates considerably.

Further, several desired features with the use of this loading device were found to be fulfilled.
Firstly, the loading device was found well suited to use in a standard uniaxial MTS fatigue
testing machine. Easy off and on clamping of both the CTS specimen and installation of the
loading device in the fatigue testing machine was achieved. However, it should be mentioned
that some vibrations were detected for testing using high frequency’s. In order to reduce this
vibration, a frequency of 8 Hz was used. One possible reason for vibrations at high frequency’s
is the low thickness of the CTS specimen. In addition, it was experienced that for loadings as
low as used in this thesis, the machine did not manage to deliver the desired values. Actual
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values applied during testing were therefore slightly higher than desired. However, for higher
loads, this problem was not present. Further, from the performed fatigue tests it was found
successful to introduce fatigue pre-cracking under mode | loading. Due to the importance of
fatigue pre-cracking in order to obtain good results for fatigue testing, this was one of the
most important criteria to fulfill. It was also experienced that a transition from pure mode |
loading to mixed-mode loading was uncomplicated due to the design of the loading device
and the easy off and on clamping. Thus, the loading device can be used for testing of a variety
of K,/K, ratios.

Since only three CTS specimens of the 5754-H22 aluminum alloy were tested during this thesis,
there was not possible to verify if the actual strength and endurance of the loading device
were as estimated. However, after the conducted tests no wear and tear or defects could be
observed in the holes of the loading device.

Based on the observations discussed above, the loading device was found well suited for
mixed-mode fatigue crack propagation testing. It fulfills the desired criteria’s and provides a
simple test procedure. From tests performed in this thesis, both the design and material
quality used for the loading device was found successful. However, in order to reduce
deviation in the results, some adjustments and modifications has to be done to the loading
device.

8.1.1 Possible Reasons for Deviations in Results

Based on the gained results from conducted fatigue tests, deviations in crack growth length
of the back and the front side of the specimens were observed. According to restrictions given
by ASTM, these deviations were too high for the results to be valid. In addition, both for pre-
cracking and for mode | loading of the CTS specimen, it was observed that the crack
propagated with a small angle. Even if the obtained angle was within the claim of ASTM, this
could influence the direction of the crack path under mixed-mode loading. There may be
several possible reasons for the deviations experienced.

The first factor is the accuracy of the water jet cutting. A slight inclination of the surfaces inside
the holes could be spotted, meaning that the load distribution of the CTS specimen could be
unevenly partitioned. Thus, a difference in the crack path and crack length of the front and
the back side could arise. In addition, a deviation in the distance from the external elongated
holes to the lower edge of the loading device was measured to have a slight deviation. Thus,
the CTS specimen will be loaded under a small angle, which can explain the angled direction
of crack growth during mode | loading. In addition, the welding gave a slight offset between
the three plates, reinforcing the already existing inclination and inaccuracy of the holes.
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Another factor that can affect the results of the fatigue testing is the big bolt hole clearance
of the elongated holes. They were designed using recommended values for a tight fit with
regards to bolted structures, meaning, that a clearance between the holes and the bolts were
approximately 1 mm. Based on the experience gained through the performed fatigue tests,
this clearance is desirable to be as small as possible. For mode | loading using a stress ratio of
R = 0.1, this will not necessarily have a great significance, since a load always will be applied,
and thus no movement of the bolts. However, for mixed-mode testing, this clearance will
cause the obtained loading angle to be slightly different than estimated, as can be seen from
Figure 7-4. For testing using a stress ratio equal to 0.1, no movement of the bolts inside the
elongated holes was observed. However, if testing is to be performed using a stress ratio equal
to or lower than zero, this clearance will most likely have an influence on the result.

Natural defects in the tested aluminum alloy may also cause some deviation in the results. As
mentioned in Ch.2.3.2, a growing crack tends to seek the path of least resistance. Since the
crack growth during pre-cracking for the first two specimens were straight, local defects in the
microstructure may therefore be a possible reason for the unexpected crack growth during
pre-cracking of the third specimen. Local defects in the microstructure can also be the reason
that caused the crack growth on the back side of the second specimen to stop, followed by a
sudden change of crack growth path, see Figure 7-8.

8.1.2 Solutions to Improve the Loading Device

In order to obtain better results for both crack growth rates and crack propagation direction,
some modifications of the loading device were necessary. Possible solutions for fixing the
loading device and necessary changes for future production of the loading device is given in
this subchapter. The following suggestions are based on assumptions and observations made
in the previous chapters.

To improve the already produced loading devices, both the elongated holes and the circular
holes are recommended to be machined in order to achieve a better accuracy and finish. The
elongated holes are recommended to be machined to a radius of 7.05 mm. M14 bolts can
then be used instead of M12 bolts. In addition, the circular holes were found to have a
diameter smaller than supposed. They were measured to have a diameter of 12.5 mm. It is
therefore recommended to machine these to the supposed diameter of 12.7 mm. These
modifications will both reduce the bolt hole clearance of the elongated holes and improve the
accuracy and finish of all the holes in the loading device, correcting the inclination inside the
holes. A new analysis was performed in order to check that increasing the size of the elongated
holes would not influence the strength and durability of the loading device. The results are
given in Figure 8-1, showing that increasing the radius of the elongated holes does not
significantly weaken the loading device.
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No CNC-operator was available at the workshop of the University of Stavanger during this
thesis, thus, the modifications mentioned above were not completed. It is therefore
recommended before further use of the produced loading device that the holes are CNC-
milled according to suggested values, see Appendix-C.
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Figure 8-1 The von Mises stress and total deformation from ANSYS analysis for elongated holes with
radius of 7.05 mm. Source: ANSYS® Workbench, R17.0, Academic.

Since the used manufacturing method of the loading device did not give the wanted accuracy,
the achieved result was not satisfactory. It is therefore recommended for future production
to machine the holes to desired dimensions after welding the plates together. This will
improve the accuracy and finish of the edges of the holes. A second revision was made of the
drawings, were the circular holes of the side and middle plates were reduced to 12 mm prior
to water jet cutting. The loading device can then after water jet cutting and welding be
machined to the desired dimensions of 12.7 mm for the circular holes and a radius of 7.05 mm
for the elongated holes. Since the new design proposition requires to use M14 bolts, the holes
in the CTS specimen was changed to a diameter of 14.1 mm. The modified drawings are found
in Appendix-C.

For further use of this loading device, fabrication of the loading device using a CNC-machine
can also be considered. If materials with higher yield strength then what was accounted for in
this thesis is to be tested, the loading device is recommended to be fabricated using a material
with higher strength then the steel alloy EN S355. As mentioned earlier, high strength
materials such as the steel alloy S165 were only delivered in round bars. Thus, the use of a
CNC-machine for manufacturing may be a good solution. Due to the extra work with regard
to material preparation prior to water jet cutting for the round bars, the cost savings of water
jet cutting compared to machining decreases.
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8.2 Crack Monitoring Using a Camera

For monitoring of crack growth under mode | loading, the camera worked well, considering
the visibility of the crack if a colored surface were used. In addition, it allowed for automatic
shooting, meaning that presence during the test was not necessary. However, the work
analyzing the photos afterward was very time consuming. The hoped advantage with regard
to saving time compared to the use of a traveling microscope therefore disappeared.

When it came to monitoring of crack growth during mixed-mode fatigue testing, a good
quality photo was about impossible to obtain when the camera was attached to the tripod.
However, if the camera were handheld, photos of the same quality as for mode | loading were
possible to obtain. In order to get this quality, the camera had to be tilted in the same direction
as the angled crack. Different attempts showed that in order to achieve a good photo of the
crack, the camera had to be located below the crack shooting upwards, making the light reflect
in such a way that the crack became visible. One possible solution to this problem is to design
a wall mounted stand for the camera, with the possibility of rotating and tilting the camera in
different directions. Using a tripod gave a very reduced opportunity for camera positioning.

Based on testing done in this thesis, the use of a photo camera for crack monitoring was found
to be a sufficient method. However, this method was both more time consuming and
challenging than first assumed. One possible solution that simplifies this method is to use a
better coating technique for increased crack visibility, as the one introduced by Three Bond
Co. This will most likely improve the accuracy of the measured crack lengths and simplify the
work analyzing the photos. In addition, an improved coating will possibly give better results
when the camera is attached to the tripod. Unfortunately, such a coating technique was not
available for use in this thesis.

It is also possible to use a traveling microscope for monitoring of crack growth, which was
done by Peixoto and de Castro [17]. Since the microscope only measured the crack length
precisely in the horizontal direction, they used a microscope equipped with two digital
micrometers to draw the crack profile. However, this is a much more expensive and
complicated method than using a camera. Due to the extensive preparations needed in order
to use this method, it was not possible to use in this thesis.
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9 Conclusion

The goal of this project was to design a loading device for mixed-mode fatigue crack
propagation testing. Based on results gained from fatigue tests conducted in this thesis
combined with knowledge gained from research of previous work done using a similar loading
device, it was found well suited for mixed-mode fatigue crack propagation testing. However,
it was also found that in order to achieve better results, a high accuracy regarding fabrication
of the loading device is necessary. To improve the produced loading device, several
suggestions have been proposed, mainly reduction of bolt hole clearance and measures to
improve the accuracy with regard to manufacturing of the loading device.

Based on knowledge gained through this thesis, the use of a photo camera for monitoring of
crack growth was found to give sufficient results. However, the desired benefit in terms of
saving time making the crack monitoring more automatic was not achieved. For monitoring
of mixed mode fatigue crack propagation testing, the camera had to be handheld in order to
achieve usable photos.

9.1 Future use of the Loading Device

For further use of this loading device, suggested changes would be recommended. In addition,
if mainly materials with high yield strength are to be tested, the use of a material with higher
strength than used in this thesis would be recommended for fabrication of the loading device,
such as the S165 steel alloy discussed.

With regard to crack monitoring, designing a new mounting device or trying better surface
coatings would be recommended for further use of a photo camera. Another possibility is to
use a traveling microscope in combination with a specially designed device for monitoring of
crack length in both vertical and horizontal direction.
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Appendixes

Appendix-A Procedure for performing mixed mode | and Il
fatigue crack propagation tests



Procedure for Performing Mixed-Mode I+l
Fatigue Crack Propagation Tests

Using:
MTS 809 Axial/Torsional Test System

Model 319.25 Axial-Torsional Load Frame

Including:

Special Designed Loading Device for
Mixed-Mode I+1l Fatigue Crack Propagation Tests of
CTS Specimens

Prepared by Jonas Olsvik Rydland
Rev. 01, 16.05.18

Department of Mechanical and Structural
Engineering and Materials Science
University of Stavanger



Necessary Manuals

The following is a list of necessary manuals for operating the fatigue machine provided by
MTS. Any operator of the fatigue testing machine needs to read these three manuals before
operating the machine.

Hardware

- Series 319 Axial-Torsional Load Frame Product Information
- Series 647 Hydraulic Wedge Grips Reference Manual (Only hard copy)

Control Software
- MTS Series 793 Control Software

In order to use this testing procedure for performing mixed-mode I+ll crack propagation
testing it is also necessary to have the Guide for Operating the Fatigue Testing Machine by
Kristen Rege at hand.



1.Introduction

This procedure is written as a help for performing mixed-mode I+l fatigue crack propagation
testing using a special loading device for testing of CTS specimens. This procedure includes
description on how to install the loading device into the fatigue testing machine and
monitoring of crack growth. This test does not describe how to operate the fatigue testing
machine, therefore, this procedure must be used together with the Guide for Operating the
Fatigue Testing Machine by Kristen Rege.

Figure 0-1 Installation of loading device and CTS



2.Installation Setup

When performing this part of the procedure, chapter 3.4 in the Guide for Operating the
Fatigue Testing Machine by Kristen Rege must be followed.

2.1 Specimen Installation

2.1.1 Ensure that the spacing for installation of CTS specimen in the loading device is clear
of dirt.

2.1.2 Insert the CTS specimen (1) into the upper (3) and lower (2) part of the loading
devices, insert the bolts and fasten the nuts, as illustrated in Figure 0-1. The bolts are
of such a length that the nuts can be screwed in completely. If other bolts are used,
make sure that no tightening torque are used.

2.2 Installation of Loading Device

2.2.1 Install the CT grip (4) in the upper grip of the machine (6).

2.2.2 Raise the crossbeam so that there is good space in between the fixtures to install the
loading device.

2.2.3 Place the upper part of the loading device (3) in the upper CT grip, and fasten bolt or
pin.

2.2.4 Attach the lower CT grip to the lower part of loading device (2).

Warning: When performing this operation your hands will be within the crush zone! Make
sure to take necessary precautions!

2.2.5 Before extending the actuator upwards, make sure that the pin (5) attached to the CT
grip is inside the lower grip (7) of the machine. If not, use the crossbeam to lower CT
grip pin (5) into position.

Warning: Make sure that the lower grip pin does not hit the bottom inner edge of the lower
grip wedges! This can cause damage to both the specimen and the machine!

2.2.6 Slowly extend the actuator upwards until the displacement is zero (Midstroke of the
machine). If necessary, raise the crossbeam upwards to make more space for grip
pin. It is recommended to be two persons for this operation.



2.2.7 When actuator is positioned at midstroke, if necessary, lower the crossbeam allowing
a space of at least 3 mm but not greater than 6 mm between lower part of CT grip
pin (5) and the inner lower edges of the wedges. Lock the lower grip.

2.2.8 Control that the specimen and loading device is positioned correctly, and that both
the upper and lower CT grip is located parallel to each other. If not, open the lower
grip (7) and adjust the placement of the lower CT grip.

2.2.9 Follow chapter 3.5 in the Guide for Operating the Fatigue Testing Machine by Kristen
Rege before starting the test.



3.Monitoring of Crack Propagation

For this test procedure a photo camera (Canon EOS 1300D) is used for monitoring the crack
propagation. A tripod with adjustable height is used in order to install the camera in front of
the tested specimen.

3.1 Installation and Setup of Camera

3.1.1 Install the camera on the tripod and adjust the camera to desired position. Based on
previous testing the best results were obtained when camera was placed below the
crack and shooting upwards at an angle, as illustrated in Figure 0-2. However, the
position giving the best results will vary from time to time, meaning, that the best
suited placement of the camera most be found for every test.

3.1.2 Which camera setting to use can vary depending on surface of different materials
and light conditions in the fatigue testing room. Thus, it is recommended to try
different shooting modes, starting with the auto setting. If this doesn’t give a
satisfactory result, try using the program mode. This setting allows to predefine
different parameters such as iso setting, white balance and whether to use blitz or
not.

3.1.3 Ifthe crackis hard to spot in the photos, try using a yellow marker pen on the crack
surface and area around the crack.

3.2 Monitoring

3.2.1 Use a camera software that allows for time interval shooting. The time intervals
pictures should be set based on theoretically calculated crack growth and monitoring
intervals acc to. ASTM E 657. If such a software is not present, shoot manually at the
same time intervals. When testing a new material, it is recommended to be present
during testing or check in at short time intervals.

3.2.2 Acc to. ASTM E647 pictures should also be taken from both the back and front side of
the specimen. If there is a difference between crack length in the front and the back,
manually shooting have to be done of the back side of the specimen.



25 %4

Figure 0-2 Recommended position of tripod and camera.



Appendix-B Machine drawings of fabricated parts
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Appendix-C Revised machine drawings for improvement
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Appendix-D Material certification AL 5754-H22

- - -
Henan Mingtai Al. Industrial Co.,Ltd
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