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Preface

Conference Proceedings of the ICMFM XIX. Mechanical Fatigue
of Metals—Experimental and Simulation Perspectives

Fatigue represents one of the most important types of damage experienced by
materials and structures during normal service, which may lead to fracture. Once
today metallic alloys are still the most used materials in the majority of components
and structures allowing carrying out highest service loads, the study of the different
aspects of metals fatigue attracts permanent attention of scientists, engineers and
designers. The International Colloquium on Mechanical Fatigue of Metals
(ICMFM) has been organized as a forum for the discussion of the most recent
advances in the field. This international colloquium is intended to facilitate and
encourage the exchange of knowledge and experiences among the different com-
munities involved in both basic and applied research in this field—the fatigue of
metals, looking at the problem of fatigue from a multiscale perspective, and
exploring analytical and numerical simulative approaches, without losing the
applications perspectives.

The First International Colloquium on Mechanical Fatigue of Metals (ICMFM)
was organized in Brno, Czech Republic in 1968. Afterwards, regular Colloquia on
Mechanical Fatigue of Metals started in 1972 also in Brno and were originally
limited to participants from the countries of the former “Eastern Block”. They
continued until the 12th Colloquium in 1994 (Miskolc, Hungary) every 2 years.
After a break 12 years long, the Colloquia restarted in 2006 (Ternopil, Ukraine),
followed by the ones in 2008 (Varna, Bulgaria), 2010 (Opole, Poland), 2012 (Brno,
Czech Republic), 2014 (Verbania, Italy), 2016 (Gijón, Spain) and the last one, the
19th colloquium, organized in 5–7 September 2018 at the Faculty of Engineering
of the University of Porto, Portugal. The colloquium has reached the status of a
truly international science forum with more than 20 nationalities and more than 120
presentations involved in the 19th ICMFM.

This volume of the Springer Structural Integrity book series gathers 52 works
presented in the 19th ICMFM which were distributed along 10 parts covering the

v



following topics: (i) Microstructural Aspects of Fatigue and Thermal and
Environmental Fatigue; (ii) Fatigue of Additive Manufacturing Metals; (iii) Fatigue
Crack Propagation; (iv) ProbabilisticMethods; (v) FatigueModelling; (vi) Multiaxial
Fatigue; (vii) Very High Cycle Fatigue; (viii) Applications/Case Studies; (ix) Risk
Analysis and Safety of Large Structures and Structural Details and (x) Numerical
Methods.

The chairmen of the 19th ICMFM want to acknowledge all authors who have
contributed to the success of the event and particularly submitted their works to this
book series, as well as the symposia organizers, sponsors and members of the
organizing, advisory and scientific committees are also fully acknowledged for their
support. Also the Springer is fully acknowledged for their support to the Structural
Integrity Book Series.

Porto, Portugal Abílio M.P. De Jesus
September 2018 José A.F.O. Correia

Rui Calçada
António Augusto Fernandes
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Chapter 1
Microscopic Strain Localization
of Ti-6Al-4V Alloy Under Uniaxial
Tensile Loading

Guang-Jian Yuan, Peng-Cheng Zhao, Xian-Cheng Zhang, Shan-Tung Tu,
Xiao-Gang Wang and Cheng-Cheng Zhang

Abstract In this paper, Plate specimens for tensile tests with two different
microstructures (as-received and heat treated) were studied. Micromechanical mod-
elling by using a representative volume element has been adopted to investigate
the tensile flow behavior of Ti-6Al-4V alloy. Voronoi tessellation model and actual
microstructure model were developed to predict the macroscopic stress versus strain
behavior. Kinematic hardening rule was used to simulate the nonlinear hardening.
Results showed that Both VT model and actual microstructure model had good abil-
ity to predict the stress-strain response. The stress and strain distribution showed that
VT model agreed with the microstructure-based model well. Simulation result was
consistent with experimental result that measured by digital image correlation test.
In addition, the microstructure-level inhomogeneity and incompatible deformation
between the hard and soft phases were the main reason for damage.

Keywords Ti-6Al-4V alloy ·Micromechanical modeling · Inhomogeneity · DIC

1.1 Introduction

Ti-6Al-4V (TC4) is an α+β alloy which exhibits a higher strength compared with α

alloys, and a wider processing window as compared to both α and β alloys. It has
beenwidely used in aerospace, automotive andmedical sectors due to the low density
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and high strength at low to moderate temperatures. However, the microstructure
and mechanical property of Ti-6Al-4V alloys can vary in a wide range, which are
influenced by different heat treatments [1]. Therefore, it is difficult to record the
distribution of stress and strain in Ti-6Al-4V alloys quantitatively. Any investigation
on the microstructure and material property of Ti-6Al-4V alloys is necessary to
predict the mechanical behavior well and hence reduce the experiment costs largely.

Finite-element (FE) models have been widely used to investigate the deforma-
tion of materials at the microscale, with the microstructure modelled by using a
representative volume element (RVE). To simulate the deformation of the material,
the microstructural morphoplogy can be determined by experimental measurement
(scanning electron microscope (SEM) or electron backscatter diffraction (EBSD)
method) or may be generated artificially (Voronoi tessellation (VT) approach) [2].
Based on our previous work [3], the aim of present work is to investigate the stress
and strain distribution of Ti-6Al-4V alloys at the microscale by using VT model and
actual microstructure model. The influence of phase induced plasticity and compar-
ison between simulation results and experimental results has been discussed.

1.2 Experimental Procedures

1.2.1 Material

Ti-6Al-4V alloys with two different microstructures were used for tensile tests.
The microstructure of as-received alloys, consisted of α and β phases, as shown in
Fig. 1.1a. The microstructure of as-received alloy was changed through heat treated
(HT) method by two steps: solution annealing and aging treatment. Solution anneal-
ing was performed at 955 °C for 1 h, followed by cooling down to room temperature
a rate of 50 °C per hour. The second step aging was performed at 700 °C for 2 h to
relieve the internal stress and then air cooling. The resulting microstructure consisted
of α and β phases with different volume fraction, as shown in Fig. 1.1b.

1.2.2 In-situ Tensile Testing with DIC Method

Plate specimenswith gauge length of 8mm,width of 2.5mmand thickness of 0.5mm
were used, as shown in Fig. 1.2. Specimens were hand polished on an OPS cloth with
colloidal silica for 3 h after initial polishing to #2000 Sic paper. The etching pattern
was applied to the surface of the specimen by usingKroll’s reagent for approximately
10 s at room temperature. TheKroll’s reagent was in a solution ofHF,HNO3 andH2O
with a volume ratio of 5:10:85. In such a case, necessary features of themicrostructure
can be obtained for successful DIC. In-situ tensile tests were conducted using a SHI-
MADZU pulser system under scanning electron microscope with a fixed stage. The
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Fig. 1.1 a As-received TC4 SEM image, b heat treated TC4 SEM image, c as-received TC4 FE
model based onmicrostructure, d heat treated TC4 FEmodel based onmicrostructure, e as-received
TC4 FE model based on VT method, f heat treated TC4 FE model based on VT method

Fig. 1.2 A schematic of the
specimen used in the
experiment, with gauge
length of 8 mm, width of
2.5 mm and thickness of
0.5 mm

force-displacement data were collected and recorded automatically by the computer-
based control and data acquisition system during the tensile process. The specimens
were loaded in displacement control with a low strain rate of 0.01/min so that the load
applied to the specimens could be considered as quasi-static. In addition, the speci-
mens held at eachdisplacement increment for 30 s then imageswere captured forDIC.
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1.3 Micromechanical Modelling of Ti-6Al-4V Alloy

1.3.1 Microstructure-Based RVE Generation

2D representative volume elements were established for the microstructure of both
As-received and HT Ti-6Al-4V alloys. Actual microstructure model and VT model
were used to generate the polycrystalline aggregate RVEs according to the volume
fraction of microstructure, as shown in Fig. 1.1c–f. Plane stress elements (CPS3)
were employed for numerical tensile modelling. In order to realize the uniaxial
tensile loading of the RVE for actual microstructure model and VT model, boundary
constraints are referred to the previous work [4].

1.3.2 Kinematic Hardening Parameters Identification

In the current study, the kinematic hardening model developed by Chaboche [5] is
used for Ti-6Al-4V alloy, which can be expressed as:

Ẋ =
3∑

i=1

Ẋi (1.1)

Ẋ = 2

3
Ci ε̇P − γi Xi ṗ (1.2)

where the first term in Eq. (1.2) is the hardening moduli and the second term denotes
the recall term that represents nonlinear deformation effect. ParametersCi and γi are
material parameters that influences the hardening rate during plastic deformation.
Here, ε̇p denotes the plastic strain rate and ṗ is the equivalent plastic strain rate.
The index i denotes the individual back stress tensor, which is ranging from 1 to 3.
Therefore, the back stress is a summation of three back stress components as:

X = X1 + X2 + X3 (1.3)

where the first back stress X1 denotes that the high modulus saturates rapidly at the
yielding point. The second back stress X2 presents the nonlinear deformation of the
hysteresis curve. The last back stress X3 denotes the linear hardening at higher strain
range. Therefore, the total flow curve can be described as:

X = σ0 + X1 + X2 + X3 (1.4)

where σ0 is the yield stress according to tensile tests. Chaboche determined the
material parameters according to the hysteresis loop. However, some researchers [5,
6] estimated the material parameters from monotonic stress-strain curve. The final
material parameters has been calibrated as shown in Table 1.1.
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Table 1.1 Material
parameters for Ti-6Al-4V
alloy

Material C1
(MPa)

C2
(MPa)

C3
(MPa)

γ1 γ2 γ3

As-
recieved

10,000 8000 8000 1500 100 1.3

Heat-
treated

14,000 1000 2400 2100 300 2.6

1.4 Results and Discussion

The stress-strain curves predicted by using Voronoi tessellation model and actual
microstructure model are compared with experimental results, as shown in Fig. 1.3.
It can be seen that the predicted results agree well with the experimental data. How-
ever, the simulation curve predicted by VT model in HT material exists small dis-
crepancy compared with experimental data, which may be due to the Inhomogeneity
of microstructure generated by VT method, as shown in Fig. 1.1f. In addition, the
effect of grain size and grain morphology has not been considered.

At the microcale, the stress and plastic strain distribution have been captured
for both actual microstructure model and VT model at 8% macro-strain, as shown
in Figs. 1.4 and 1.5. Due to the relatively lower mechanical strength, α phase will
produce larger plastic strain compared with β phase. Hence, the inhomogeneity
of plastic strain will be formed at the boundaries between α and β phases. The
existence of intense plastic strain (shear bands) can be clearly seen in Fig. 1.5. Strain
localization in these shear bands will promote failure likelihood at the microscale.
Hence, the intense plastic strain at the α and β interface will finally lead to the
formation of crack, which is similar to the experimental results in previous work [7].

In addition, the shear bands are inclined at angles of 45° to the loading direction,
which may finally lead to the ductile fracture. Similar results have been found during

Fig. 1.3 Comparison of
stress-strain curve between
experiment and simulation
results
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Fig. 1.4 Stress distribution of microstructure model and VT model for (a) As-received material
and (b) HT material at 8% macro-strain

Fig. 1.5 Plastic strain distribution of microstructure model and VTmodel for (a) as-received mate-
rial and (b) HT material at 8% macro-strain

the in-situ DIC test. Figure 1.6 shows the total strain in the whole DIC measurement
field at the middle of sample. It can be clearly seen that the total strain measured
by DIC method also exhibits shear bands at angles about 45°, which shows that the
predicted results agree well with the experimental observation.

1.5 Conclusions

In-situ tensile tests were used to determine the microscopic strain localization of Ti-
6Al-4V. FE models generated by actual microstructure and VT method are analyzed
to verify the accuracy of these two models. The following results can be obtained:
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Fig. 1.6 The von Mises strain field at the middle of Ti-6Al-4V HT sample

(1) Both actual microstructure model and VT model can predict the stress-strain
curveswith sound accuracy. TheVTmodel ofHTmaterial has small discrepancy
due to the Inhomogeneity of microstructure.

(2) At the microscale, Inhomogeneity of plastic strain can be found in all models,
which will leads to the final failure at the α and β interface.

(3) Shear bands exist at the angle of 45° to the loading direction, which is similar
to the experimental DIC observation. It will finally cause ductile fracture at the
macroscale.
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Chapter 2
Characterization of the Fatigue
and Damage Behavior of Extruded
AW6060 Aluminum Chip Profiles

Alexander Koch, Philipp Wittke and Frank Walther

Abstract Due to a great potential for conserving resources, the direct recycling
of aluminum chips by hot extrusion is a promising alternative to energy-intensive
remelting process. The mechanical properties of cast-based and chip-based speci-
mens of AW6060 aluminum alloy were characterized bymeans of mechanical quasi-
static and cyclic experiments. The response of the material was followed by means
of hysteresis, thermometric and resistometric measurements, whereby the fatigue
strength could be estimated by alternating current potential drop-technique. The
effects deriving from defects in the microstructure, in the form of cavities and seam
welds between the chips, could be correlated with the fatigue properties by means
of optical and scanning electron micrographs.

Keywords Hot extrusion · Fatigue development · Aluminum chips · Computed
tomography · Alternating current potential drop

2.1 Introduction

Due to the increasing scarcity of resources, demands with regard to lightweight con-
struction have significantly increased in recent years [1]. In this context, aluminum
is particularly suitable for lightweight-relevant industries because of the excellent
strength-to-weight ratio [2]. A disadvantage is the energy-intensive production of
primary aluminum as well as recycling by remelting compared to other construction
metals [3, 4]. A promising alternative with significantly lower energy consumption is
recycling by hot extrusion, in which aluminum scrap produced in machining can be
pressed into profiles [5]. The use of such scrap like chips has the distinct advantages
of a reduced price compared to raw aluminum and a less material loss due to the
high demand of oxides on the surfaces of the chips. The mechanical properties of
chip-based specimens depend on the quality of the seam welds occurring between
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the chips during the extrusion process. Parameters such as shear stress, pressure and
local strain in the chips during the extrusion are critical for a satisfactory welding
process [6, 7].

Therefore, the aim of this study is to examine to what extent the mechanical
properties of chip-based extruded profiles are comparable to conventional cast-based
extruded profiles. In this context, quasi-static and cyclic investigations are used to
identify possible factors influencing themechanical properties of chip-based extruded
profiles.

Supportive measurands such as the plastic strain amplitude, the change in temper-
ature and the change in alternating current (AC) potential are used in order to draw
conclusions about the material behavior during fatigue tests as well as estimate the
fatigue strength based on material responses.

2.2 Material and Experimental Methodology

2.2.1 Material and Characterization of Microstructure

To characterize the effect of chips and weld seems on the quasi-static and cyclic
deformation and damage behavior, flat-face die profiles with an extrusion ratio of
30.25were investigated, see [6], using cast-based and chip-basedmaterial as the basis
for the extrusion process. Cast-based profileswere first homogenized for 6 h at 550 °C
following by an extrusion at a temperature of 450 °C using AW6060 aluminum alloy.
The chemical composition was analyzed by means of optical emission spectroscopy
and is shown in Table 2.1.

To produce the chip-based profiles, the geometrically determined chips with
a length of 11 ± 1.7 mm, a width of 7.6 ± 1.2 mm and a thickness of 1.1 ±
0.4 mm, were machined from AW6060 bulk material. Afterwards the chips were
cold-compacted to billets with a relative density of 0.78 and a diameter of db =
66 mm in order to improve the mechanical properties of the resulting profile. To
homogenize the material, the billets were heated up to a temperature of 550 °C for
6 h. Finally, the chip-based billets were extruded to profiles with a diameter of dp =
12 mm at 450 °C by a hydraulic extrusion press, using a ram speed of 1 mm/s.

The samples for metallographic characterization were taken directly from the
profiles as well as from broken specimens and were cold-embedded, ground and
polished up to 0.05 μm grit size using colloidal SiO2 polishing suspension. The
grain and chip structures were characterized in micrographs by means of Barker

Table 2.1 Chemical
composition of AW6060 in
wt%

Si Fe Mn Mg Zn Ti Al

0.4 0.21 0.04 0.42 0.01 0.01 Balance
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etching technique under polarized light using a stereoscopic light microscope (Zeiss
Axio Imager M1m).

2.2.2 Quasi-static Deformation Testing

In order to analyze the quasi-static deformation behavior and the differences between
cast-based and chip-based specimens, tensile tests were carried out according to
standard DIN EN ISO 6892-1 using a universal testing machine (Instron 3369) with
a maximum load of 50 kN. All tests were performed strain-controlled at a strain rate
of ε̇= 0.00025 s−1 in the elastic region. Above a stress level of 50MPa (elasto-plastic
region) the strain rate was increased to ε̇= 0.0067 s−1. The strainwasmeasured using
a tactile Instron extensometer with a gage length of 25 mm. Figure 2.1b shows the
specimen geometry used for the tensile tests, according to standard DIN 50125.

2.2.3 Cyclic Deformation Testing

To characterize the fatigue behavior of the cast-based and chip-based specimens,
fatigue tests were conducted on a servohydraulic fatigue testing system (Instron
8872) with a maximum load of 10 kN. All tests were carried out stress-controlled at
a stress ratio of R = −1 and a frequency of f = 10 Hz.

In order to determine the load-dependent deformation and damage behavior incl.
cyclic hardening, continuous load increase tests (LIT) and constant amplitude tests
(CAT), which are explained in [8], were carried out. The experimental setup (a) as

Fig. 2.1 a Experimental setup for fatigue tests and specimen geometry for b tensile tests and
c fatigue tests
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well as the specimen geometry (c) for the fatigue tests are shown in Fig. 2.1. In order
to follow the material response, different measurement techniques were used. The
stress-strain hysteresis loops were determined by means of a tactile Instron exten-
someter, gage length 10 mm. The change in alternating current potential (ACPD)
was measured using a Matelect CGM-5 system. Therefore, the contacts were spot-
welded to the specimen (see Fig. 2.1a). The current was kept constant at a value of
I = 1.7 A, with a signal gain of 90 dB and a frequency of fAC = 0.3 kHz. For the
measurement of the temperature of the specimens, thermocouples were applied at
specimen’s surface.

2.3 Results and Discussion

The differences in the microstructure between cast-based and chip-based material
are illustrated in Fig. 2.2 by representative micrographs. In the cast-based specimen
(Fig. 2.2a), the grains have a round shape and there is a gradient of grain size. For
the chip-based specimen (Fig. 2.2b) different grain orientations can only be seen
in the outer areas. The chips are elongated during the extrusion process. The crack
propagates through the grains in case of the cast-based specimens, whereas for the
chip-based ones the crack propagates between the chip boundaries. At a specific
diameter of the profile, a delamination phenomenon can be detected between the
chips, so that a tubular cavity is visible in the cross-section of the chip-based profile
(Fig. 2.2c). The pressure during the extrusion process is assumed to be insufficient
to secure a proper welding of the chips.

The results of the tensile tests, summarized in Table 2.2, show a higher tensile
strength as well as a higher elongation at break for the cast-based specimens, whereas
the yield strength is higher for the chip-based specimens. While the seam welds
reduce the ultimate tensile strength as well as the elongation at break, the yield
strength is increased due to the smaller grains of the chip-based profile.

Figure 2.3 shows the results of the LIT for the cast-based specimen as well as the
chip-based specimen. Plastic deformation can be detected above a stress amplitude

Fig. 2.2 a Grain structure of broken cast-based fatigue specimen (longitudinal section, Barker
etched), b grain and chip structure of broken chip-based fatigue specimen (longitudinal section,
Barker etched), c defect structure of chip-based profile (cross-section)
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Table 2.2 Results of tensile
tests

Material Yield strength
(MPa)

Ultimate
tensile
strength
(MPa)

Elongation at
break (10−2)

Cast-based 45.9 ± 0.5 140.5 ± 1.7 26.6 ± 2.9

Chip-based 54.1 ± 5.4 133.3 ± 5.8 18.2 ± 0.6

Fig. 2.3 Load increase tests of cast-based and chip-based specimens

of σa = 49 MPa for the cast-based specimen and σa = 50 MPa for the chip-based
specimen, which is in good agreement with the results of tensile tests. For the chip-
based specimen the plastic strain amplitude increases exponentially with a change in
the slope at a stress amplitude of σa = 115MPa, whereas the increase is linear for the
cast-based specimen until it changes into a drastic increase above a stress amplitude
of σa = 135 MPa.

The main differences can be seen in the change in AC potential (�UAC). For the
cast-based specimen, after a short phase of initial rise of AC potential, two regions of
linear increase can be distinguished, with a change in the slope at a stress amplitude
of σa = 93MPa. Based on thematerial response, the fatigue strength can be estimated
at about σa,e = 93 MPa. It can be assumed that, above this stress amplitude, damage-
relevant processes occur in the material, which are responsible for the changes in the
measured quantities. The results fit well to the S-N curve (Fig. 2.4a), where a run out
occurred in a CAT at a stress amplitude of σa = 90 MPa.

For the chip-based specimen a decrease of AC potential �UAC can be observed
until a stress amplitude of σa = 35 MPa is reached, presumably due to a compaction
of the seamwelds. In the stress amplitude region between σa = 35 and 63MPa,�UAC

shows a plateau phase, followed by an exponential increasewith a change of the slope
at a stress amplitude of σa = 115 MPa due to an initiation of a second main crack on
the opposite side of the first crack, which could be determined bymeans of computed
tomography investigations. Above a stress amplitude of σa = 140MPa,�UAC shows
a drastic increase until failure of the specimen. The change in temperature is constant
until σa = 105 MPa is reached, followed by a sharp increase. Analogous to the cast-
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Fig. 2.4 a S-N curves of cast-based and chip-based specimens and fractured surfaces as SEM
micrographs of b cast-based and c chip-based fatigue specimens (σa = 120 MPa)

based specimens, the fatigue strength of the chip-based specimens can be estimated
at about σa,e = 63 MPa, where exponential increase of �UAC starts.

Figure 2.4 shows S-N curves (a) as well as fractured surfaces as SEMmicrographs
of cast-based (b) and chip-based (c) specimens tested at σa = 120 MPa. The chip-
based specimens show a significantly reduced lifetime, especially in the HCF-region,
compared to cast-based specimens. For both specimens, two areas of fatigue fracture
surface and overload fracture surface can be distinguished. In the chip-based speci-
mens (Fig. 2.4c) the cracks propagate between the seam welds, so that individually
detached chips can be observed.

2.4 Conclusions and Outlook

Mechanical investigations have shown that both the quasi-static and cyclic properties
of chip-based AW6060 profiles are significantly reduced compared to conventionally
manufactured cast-based profiles. The reason for this is an insufficient quality of the
seam welds occurring in the chip-based profiles, where the chips weld together in
the extrusion process. With the help of ACPD-technique, a precise estimation of the
fatigue strength in load increase tests as well as a possibility of a tracking of the
fatigue progress succeeds. The chip-based specimens show a significant difference
in the damage behavior, as the ACPD shows a much earlier beginning of the fatigue
progress. As optical as well as scanning electronmicrographs have shown, the cracks
propagate between the chip boundaries, so that these are the weakest links in the
specimens.

In subsequent studies the influences of different extrusion ratios on quasi-static
and cyclic properties as well as crack propagation behavior will be investigated.
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Chapter 3
Micromagnetic-Based Fatigue Life
Prediction of Single-Lip Deep Drilled
AISI 4140

N. Baak, J. Nickel, D. Biermann and F. Walther

Abstract Non-destructive testing based on micromagnetic techniques, for example
magnetic Barkhausen noise analysis, are quick and reliable possibilities to detect
and classify material parameters like hardness and residual stresses. High-strength
steels, like AISI 4140 (42CrMo4 + QT), are commonly used for highly dynami-
cally loaded parts. Increasing requirements on weight, performance and efficiency
of automotive industry claim increasing demands on material properties. The aim of
this study is to evaluate the surface conditions of deep drilled round specimens due
to drilling parameters and to predict the resulting fatigue strength by micromagnetic
measurements. Furthermore, modified process parameters should enhance fatigue
life without the need for expensive processing steps, e.g. autofrettage.

Keywords Micromagnetic technique · Barkhausen noise · Fatigue performance ·
Surface condition · Single-lip deep hole drilling

3.1 Introduction

Steels are the essential material for highly dynamic loaded components in automotive
sector or plant engineering.Quenched and tempered steels, likeAISI 4140 (42CrMo4
+ QT), for example are used for common rail injectors [1]. Injectors are regularly
processed via machining processes like deep hole drilling. Higher sulfur content
improves the machining process due to improved chip breaking by formation of
manganese sulphides. This requirement is contrary to demands on high fatigue life.
In fatigue life high grades of purity are beneficial [2]. To improve the performance
without increasing the production costs considerable, surface conditions, for e.g.
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material structure and residual stresses, should be precisely set during drilling. So far
cost-intensive operations like autofrettage are commonprocedures to improve fatigue
life by the introduction of near-surface residual stresses due to plastic deformation
[3]. Effort and costs for autofrettage processes increase with smaller diameter and
higher depth of the bore [4]. This paper describes the influence of the feed rate during
single-lip deep drilling on the surface condition, accordingly the fatigue behavior and
the characterization by micromagnetic techniques.

3.2 Testing Strategy

3.2.1 Single-Lip Deep Hole Drilling

Single-lip deep hole drilling is characterized by very good values with regard to
the quality of the bore, such as surface roughness, straightness deviation, as well as
roundness and diameter of the bore. Due to the asymmetrical design, the single-lip
drill is equipped with guide pads which on the one hand allow the tool to guide itself
in the bore; on the other hand, the guide pads transmit the cutting and passive forces
that occur during process into the bore wall [5]. This smoothes the surface of the
bore and at the same time influences the subsurface area by initiating changes in
the microstructure and inducing residual stresses. The resulting surface integrity can
be influenced according to the process parameters cutting speed and feed rate. The
geometry of the drilling tools is another aspect that has an influence on the occurring
forces during the machining process and which are transferred to the bore wall [6].

3.2.2 Micromagnetic Techniques

Magnetic Barkhausen noise (MBN) is based on unsteady changes in areal expansion
of magnetic domains in ferromagnetic materials. The domains are divided by Bloch
walls, whichmovewhen an external magnetization occurs. Themovement is affected
by lattice defects and the magnetostriction. In a constantly changing magnetic field,
a characteristic in Bloch wall movement can be observed and traced back to the
microstructure and residual stresses. The maximum penetration depth of approxi-
mately 100μm is caused by the skin effect, thus it is important to detect the MBN on
the crucially surface [7]. Jiles showed that increasing compressive stresses leads to
an increase in coercive field strength and a decrease in maximum of the Barkhausen
noise amplitude [8]. The MBN measurement was performed with a custom-build
inner-surface sensor with a magnetization from the outer surface. The magnetization
frequency was set to 30 Hz and the bandpass filter between 20 and 200 kHz, this
assured a uniform magnetic field at the inner surface.
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3.2.3 Material

In this study two different melts of AISI 4140 (42CrMo4 + QT, 1.7225) in
quenched and tempered condition were evaluated. Both melts meet the standards
of DIN EN 10083-3 [9] and significant differences can only be found in sulphur
content. The sulpher content according the inspection certificate of melt S110 is
0.011 wt% and of melt S280 is 0.028 wt%.

Table 3.1 displays verification measurements by optical emission spectroscopy.
The specimens were machined from round material with a diameter of 50 mm made
by continuous casting.

3.2.4 Test Setup

Round specimens with a diameter of 7.5 mm at the measuring length and a single-lip
deep drilled bore in longitudinal axis with a diameter of 5 mm were investigated
(Fig. 3.1b). The feed rate f was varied between 0.05 and 0.15 mm by otherwise con-
stant parameters. The fatigue tests were performed on a Rumul Testronic 150 kN at
a load ratio of R = –1 and a test frequency of fcyc ≈ 75 Hz. The tests were instru-
mented with an extensometer, thermocouples and an alternating current potential
drop setup (ACPD) system (Fig. 3.2a). For an efficient comparison of the influence

Table 3.1 Chemical
compositions of the melts
S110 and S280 (wt%)

C Si Mn P S Cr Mo Fe

S110 0.41 0.18 0.85 0.011 0.011 1.01 0.18 bal.

S280 0.39 0.17 0.83 0.014 0.028 0.97 0.17 bal.

Fig. 3.1 a Instrumented fatigue specimen applied in Rumul Testronic 150 kN; b Deep drilled
fatigue specimen
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Fig. 3.2 Etched micro-sections of single-lip deep drilled specimen with varying feed rate f

of varying machining parameters, load increase tests (LIT), with a start amplitude
σa,start = 100 MPa with a load increase of �σa = 10 MPa/104 cycles were carried
out. Afterwards constant amplitude tests (CAT) for different load amplitudes were
performed. These tests were interrupted for micromagnetic testing at N = 104, 105

and 106 cycles.

3.3 Results

The varying feed rates lead to differences in the microstructure. Figure 3.2 shows
transversemicro-sections of the single-lip deep-drilled specimen. Thesemicrographs
reveal an expected deformation of the microstructure in the direction of the cut for
all feed rates. Furthermore, the highest feed rate f = 0.15 mm and the related high
process forces cause the formation of a white etching layer (WEL).

As seen in Fig. 3.3a the plastic strain amplitude (εa,p) is a good indicator for
first material response in LIT. Figure 3.3b compares the εa,p development for the
three feed rates in S110. A linear increase in εa,p can be seen for all feed rates, for
f = 0.05 and 0.15 mm a change from linear to exponential development can be
detected at a stress amplitude of 410 MPa. For f = 0.10 mm the gradient in the linear
part is significantly lower and the change to exponential increase is shifted to a stress
amplitude of 430 MPa. For S280 the change to exponential behavior for specimen
of with f = 0.10 mm occurs at the lower amplitude of 380 MPa.

Afterwards CAT tests for S110 with load amplitude of σa = 400 MPa were per-
formed. The results of MBN measurements are displayed in Fig. 3.4. Figure 3.4a
displays the coercive field strength Phicm in a linear scale. The diagram has a signif-
icant change during first 104 cycles for the feed rates f = 0.05 and 0.10 mm, while
Phicm remains constant for f = 0.15 mm. Figure 3.4b presents Phicm in a logarith-
mic scale. This representation allows an evaluation of MBN until 107 cycles. All
three feed rates show different Phicm developments. For f = 0.15 mm Phicm remains
constant until 107 cycles. The coercive field strength for f = 0.10 mm is constant
until 105 cycles and decreases afterwards. For f = 0.05 mm Phicm is nearly constant
until 106 cycles before it drops. These trends are similar to residual stress relaxation
curves known from [10].
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Fig. 3.3 a Results of load increase tests on S110 for f = 0.05 mm and b results of plastic strain
amplitude measurements of load increase tests with varying feed rate

3.4 Summary and Outlook

This study showed that the feed rate of the single-lip deep drilling process has a
significant impact on the fatigue behavior of single-lip deep-drilled AISI 4140 spec-
imen. Moreover, the development of micromagnetic parameters changes with the
feed rate of the drilling process. The trends of the coercive field strength during
fatigue tests for the two lower feed rates resemble known residual stress relaxation
curves. For f = 0.05 and 0.10 mm the coercive field decrease significantly in the
first 104 cycles; a further decreasing can be detected. For f = 0.15 mm no significant
change of the coercive field strength can be detected. This leads to the assumption
that the drilling process with f = 0.05 and 0.10 mm induce compressive residual
stresses, which diminish during first cycles to a level of equivalent surface stress.
Maybe the higher process forces for f = 0.15 mm induce residual stresses above the
load level or the higher process temperatures may inhibit the formation of residual
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Fig. 3.4 Coercive field strength during fatigue tests with a stress amplitude of 400 MPa for three
different feed rates in a linear and b logarithmic x scale measured on the inner surface

stresses. So neither compressive nor tensile stresses were induced. As expected the
higher sulphur content of S280 decreases the fatigue performance by otherwise same
parameters.

In subsequent studies the determination of residual stress values and their devel-
opment should be investigated. Especially the development during the first cycles,
from quasistatic investigations up to 104 cycles, should be evaluated. With this infor-
mation a prediction of the trend of residual stress relaxation and relating thereto
fatigue life can be possible.
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and sulphur content on the fatigue strength of the quenched and tempered steel 42CrMo4 + QT”
(WA 1672/22, BI 493/83).
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Chapter 4
Relationship Between Microstructural
Features and Fatigue Behavior
of Al-Based Alloy in Green Chemical
Processing

Ildiko Peter, Raffaella Sesana and Roberto Maiorano

Abstract In this study, a green chemical milling, Green Etching (Patent pending),
is applied to B356.2 Aluminum alloy with the aim to remove a controlled thickness
layer from the surface with no buckling and maintaining excellent dimensional toler-
ances. Comparison of the fatigue life of un-treated and chemically treated samples is
performed, with the aim to determine how the above mentioned chemical treatment
influences the fatigue resistance of the Al alloy to be used in automotive/aircraft
industrial application. The results revealed that the fatigue properties of Al casting
alloy are influenced by the presence of casting defects and the fatigue resistance
can not be significantly compromised by the milling treatment despite the surface
roughness induced by the treatment.

Keywords Al alloy · Green chemical milling ·Microstructure · Fatigue
resistance · Casting defects
4.1 Introduction

Chemical etching is a chemical process obtained bymeans of immersion in a tailored
solution, used for material removal and lightening of complex shape components.
The process allows to operate surfaces which cannot be reached bymeans of conven-
tional tools and it does not introduce residual stresses. Surface finish can be rough
and surface roughness can be higher than the one obtained by means of machin-
ing processes, and it is generally related to processed material, chemical solution,
temperature and process time [1]. Chemical processing can be operated by means of
alkaline [2–5] or acid [1, 6–10] solution. Temperature and time result to be parameter
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affecting the performance of the process. In [4] alkaline chemical etching on alu-
minum is applied to control the surface wettability and to obtain hydrophobic sur-
faces. An analogous investigation is described in [6] but related to an acid chemical
solution. In [7] the property of removing material without interfering with residual
stresses of etching allows to indirectly measure the residual stresses in a steel milled
specimen. Rectangular pits are obtained after etching both in alkaline [6] and acid [7]
chemical etching. In literature few researches are related to how chemical hatching
affects aluminummechanical properties in particular relating HCF. In [5] Al–Mg–Si
specimens, processed by means of alkaline chemical hatching, showed a 50% reduc-
tion in average LCF lives compared to electropolished Al–Mg–Si specimens. The
fatigue-life reduction of the chemically milled specimens is related to early onset of
crack nucleation due to pit-induced-stress concentrations. In [10] a similar research
is presented with similar results for specimens, processed by means of acid chemical
hatching. In [11] also HCF is investigated. It results that HCF behavior is related
mainly to surface roughness and to alloying chemical elements.

The aims of this paper are two. Following the suggestions in [1], the first aim
is to introduce an innovative chemical alkaline process, Green Etching (GE), for
material removal and lightening of aluminum alloys, which allows lower operation
temperatures, reusable chemical solution, recycling of processingwastes. The second
aim is to present and discuss HCF testing results for an automotive aluminum alloy
processed by means of Green Etching which showed an increased HCF resistance.
The surface profile and roughness parameters aremeasured to investigate the possible
relation with the HCF behavior.

4.2 Materials and Methods

The investigated alloy, B356.2, (Si: 7.4, Fe: 0.06, Cu: 0.03, Mg: 0.3, Zn: 0.05, Ti:
0.2, Al: balance, wt%) belongs to the Al–Si–Mg system and it is one of the most
commonly used gravity cast alloy at industrial level. With respect to the A356 alloy
has an equal main alloy content but has decreasing requirement limits related to
the impurity content, principally as Fe content regards. Two samples of specimens
were prepared. A first sample (Sample A) was obtained by base material specimens,
turned,milled and polished. A second set of specimenswas obtained by basematerial
specimens, turned, milled and underwent GE (Sample B). GE is a process consisting
in a localized chemical attack aiming at removing a thin surfacemetallic layer in Alu-
minum components. The surface roughness is increased, but mechanical, chemical
and physical properties result to be improved. Microparticles of the same material
of which the component is made deposit on the bottom of the tanks and, after being
washed, they can be recycled. These operations can be repeated many times and the
thickness of the removed layer can be controlled to generate profiles and cavities can
be generated. Temperature of the solution is lower than 70 °C, the solution can be
reused.
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The tensile properties (Yield strength σy, ultimate tensile strength UTS and elas-
tic modulus E) of the un-treated and GE samples have been evaluated by means of
Standard tensile tests, according to [12], using an Instron 8801 100 kN universal
testing equipment in strain rate control. 3 specimens were tested for base material
and surface polished. Fatigue testing was performed by means of a HFP Amsler
HFP 422 100 kN vibrophore. Uniaxial tensile fatigue tests have been carried out at
room temperature, on both on un-treated and GE samples, according to [13], in load
control, stress ratio R= σmin/σmax = 0,1 and a load frequency about 158 Hz, run-out
condition 105 cycles. The fatigue limit has been estimated by Staircasemethod. In the
present paper the term “fatigue limit” for Al alloys is referred to fatigue endurance
limit for a 5 milions cycle life. Specimen shape for both monotonic and fatigue tests
is dogbone, according to [12, 13]. With respect to [13] a data processing adaptation
was performed. As both of themwere varied to keep R= 0.1 constant, then Staircase
data processing was extended to the amplitude data thus obtaining σD0.1 fatigue limit.
Surface roughness measurements (Ra, Rm, Rt and Rz) were performed by means of
an ALPA surface roughness measurement instrument, 0.8 mm cutoff and 5 mmmea-
suring length, 5 measurements on each specimen, one specimen per sample. Profile
measurements were performed by means of a PSG200 SM Instruments profilome-
ter. Fracture surface analysis was carried out by Field emission scanning electron
microscope (FESEM, ZEISS MERLIN apparatus) equipped with EDS unit.

4.3 Results and Discussion

Tensile testing results are presented in Table 4.1. Fatigue results are reported in
Table 4.2. In this table, according to [13], the calculated value of fatigue resistance at
5 × 106cycles, R = 0,1 and 50% probability of failure, (σD0.1 50 %), 10% (σD0.1 10 %)
and 90% (σD0.1 90 %) are reported. If comparing these results with [5, 10] an opposite
behavior can be observed. The difference can be due to microstructural properties.
In [10] the structure of the Ti alloy results to be exposed to crack nucleation and

Table 4.1 Uniaxial monotonic mechanical characterization results for base material (σy
Yield stress, UTS Ultimate Tensile Resistance, E Elastic modulus)

σy (MPa) UTS (MPa) E (MPa)

144 250 67,670

Table 4.2 Uniaxial fatigue mechanical characterization results for base material with and without
Green Etching

σD0.1 50 % (MPa) σD0.1 10 % (MPa) σD0.1 90 % (MPa)

Base material 42,6 39,2 46,0

Base material with
GE

45,7 35,0 56,3
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Table 4.3 Surface roughness
measurements

Ra
(μm)

Rq
(μm)

Rt
(μm)

Rz
(μm)

Sample
A

Average 0,696 0,819 3,866 3,234

std dev 0,078 0,084 0,543 0,277

Sample
B

Average 2,882 3,797 31,368 15,261

std dev 1,710 2,220 12,915 8,070

Fig. 4.1 Profile measurements (scale 300:1) for base material (left) and GE base material (right)

propagation in multiple points: the crack nucleation is not directly a consequence of
etching but is related to the morphology and composition of the phases present in
the structure. A similar observation can be reported for [5]. According to [2], surface
appearance, roughness and topology is related to the alloy and solution compositions.
Surfacemeasurements are reported in Table 4.3while profiles are reported in Fig. 4.1.
This morphology is coherent with the corresponding reported in [10] for a Ti alloy.

Fracture surface analysis was performed on the specimens submitted to mechan-
ical investigation in order to make a comparison between the microstructural char-
acteristics revealed on the fractured surfaces in the presence or absence of chemical
milling, to individuate the presence and the nature of the defects and to analyze the
chemical composition and the shape of the particles sited on the fractured surfaces.
In particular, two regions of the specimen were observed: in the central part of the
specimens, where one has the same conditions, since the chemical milling do not
compromise the morphology making possible an evaluation of the production pro-
cess and of the “healthy” of the specimens produced; on the border of the specimens:
following chemical milling it reveals some changes, while with no any treatment
looks like as in the former case. The information collected during fracture surface
analysis can be directly correlated to the production process and to the mechanical
performance of the alloy clarifying the deviation of the tensile and fatigue resistance
of the specimens following chemical milling. By analyzing the central part of the
specimen it was observed that both of them reveal the presence of the same defect
(Fig. 4.2a, b), identified as an interdendritic porosity; such defect is developed in a
large area and probably is generated during themanufacturing of the alloy. Generally,
such defects are created following an inappropriate feeding of the die with a negative
effect on the solidification of the alloy.
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Observing the external part of the specimens it is possible to note that the un-
treated surface, in addition to the presence of porosities, contains a significant amount
of oxide, identified as Al2O3 (Fig. 4.2c), while the specimen when exposed to GE do
not show any presence of Al2O3: because chemical milling removes such particles
(Fig. 4.2d).

Following GE some holes/dips were developed (Fig. 4.3a, b) with different size
(130μm÷190μm).Additionally, the presenceof somedifferent precipitates appears
with an elongated shape (Fig. 4.3c) and chemically constituted by Si as detected by
EDS analysis. For both specimens a ductile fracture was observed (Fig. 4.4a, c),

(a) (b)

(c) (d)

Fig. 4.2 Microstructural details of the fractured surfaces: core of the specimen a base material,
b Green Etched base material and edge of the specimen, c base material, d Green Etched base
material

(a) (b) (c)

Fig. 4.3 View of the fracture surface of the Green Etched base material showing the modified
character near the edge compared to the central part
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(a) (b)

(c) (d)

Fig. 4.4 View of the fracture surface of the Green Etched base material showing the modified
character near the edge compared to the central part

demonstrating that the GE do not compromises the plasticity of the alloy. As higher
magnification the presence of dimples can be observed (Fig. 4.4b, d) and in the case
of the GE base material (Fig. 4.4 d) a clear evidence of fresh Al dendrites is observed.

4.4 Conclusions

The comparison of HCF results for the investigated aluminum alloy undergoing GE
processing shows an increment in fatigue life resistance. This phenomenon can be
attributed to many causes: the rounded shape if surface roughness due to alkaline
chemical etching, the chemical action which mechanically removes microinclusions
and surface alumina microparticles, the presence of a protective layer generated
by chemical actions. Further investigations on other automotive and aerospace alu-
minum alloys are ongoing.
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Chapter 5
Influence of Heat Treatment Process
to the Fatigue Properties of High
Strength Steel

V. Chmelko, I. Berta and M. Margetin

Abstract This paper is devoted to the analysis of static and cyclic properties of two
high strength steels (AS 4340). The reason for this analysis was the need to select
suitable materials for the power engineering. Analyzed materials had a practically
identical chemical composition. The heat treatment process declared by the inspec-
tion certificate was very similar too. By the measurements of mechanical properties
there were differences in static strength and especially in cyclic properties of com-
pared materials. To explain the significant differences in fatigue properties between
materials, it was necessary to analyze their microstructure. The results have shown
that a relatively small change in the heat treatment process has a significant effect on
the fatigue properties of the steel.

Keywords Fatigue properties · High strength steel · Heat treatment

5.1 Introduction

High strength of the steels and their good mechanical properties are achieved by the
heat treatment. It is very difficult to choose such procedure and the type of the heat
treatment which leads to the balanced mechanical properties in area of the strength,
ductility and fatigue strength. In this study mechanical properties are analyzed for
two materials—two steels with the same chemical composition (see Table 5.1) and
very similar heat treatment (see Table 5.2).

Analyzed alloy steel AISI 4340 (34CrNiMo-6) is a medium carbon low alloy steel
mainly used in power transmission gears and shafts, aircraft landing gear, and other
structural parts.
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Table 5.1 Comparison of chemical composition of two materials

Chemical elements C Mn Ni Cr Al Si Mo Cu Co V

Material A 0,42 0,70 1,85 0,82 0,024 0,25 0,26 0,12 0,02 0,01

Material B 0,41 0,72 1,86 0,83 0,010 0,24 0,26 0,14 0,01 0,01

Table 5.2 Comparison of the
heat treatment procedure for
two materials

Heat
treatment

Preheating Hardening Tempering

Material A 600/2:30 870/6:00,
water

530/8:40,
water

Material B – 890/9:00,
polymer

540/11:00, air

Analyzes and measurements include:

• tensile tests and their analysis
• measurement of hardness
• cyclic test in force-controlled mode
• cyclic test in strain-controlled mode
• analysis of microstructure.

5.2 Analysis of Static Strength Properties

One of the required properties of the material was the ductility value minimally of
12%. The lower ductility value reported by certificate of one of the materials led
to the need to perform the tensile tests (three samples of each material) and the
measurement of their hardness. The tensile curves and the evaluated parameters of
both materials are compared in Fig. 5.1.

Differences in ductility values were not documented. The material A exhibited
approximately 20% higher tensile strength at practically identical Brinell hardness
values.

5.3 Analysis of Fatigue Properties

The cyclic tests of specimen of both analyzed materials were made in loading frame
ZUZ-200 of electrohydraulic testing equipment Inova Prague. Force-controlled ten-
sile loading (R=−1)was performed at frequency 1–8Hz togetherwith simultaneous
strain sensing by extensometer Sandtner PXA10-1. All load cycles were recorded at
sampling frequency, which allow evaluate amplitude of loading cycles with sufficient
precision. Basquin’s dependency in form [1]
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Fig. 5.1 Tensile diagrams of both analyzed materials and obtained mechanical properties

Fig. 5.2 Comparison of the Basquin curves of both analyzed materials

σa = σ ′
f (2Ni )

b (5.1)

were compared in Fig. 5.2. The number of cycles until the crack initiation Ni was
evaluated by reverse analysis of the hysteresis loops recorded and the corresponding
piston stroke of the hydraulic cylinder.
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The results obtained by cyclic tests show a wide difference between the materials
under consideration: for lifetime 2 · 106 cycles to initiate crack the corresponding
stress amplitude value calculate from regression curves is

Aσ 2·106
a = 520 MPa for the Material A

Bσ 2·106
a = 330 MPa for the Material B. (5.2)

The measured hysteresis loop records enabled to evaluate the cyclic consolidation
processes (cyclic hardening or softening)—see Figs. 5.3 and 5.4. Obtained values
of strain amplitudes corresponding to the controlled stress amplitudes during cyclic
loading indicate a high degree of cyclic stability of both materials [2].

Fig. 5.3 Material A: strain responses for loading amplitudes of stress

Fig. 5.4 Material B: strain response to loading amplitudes of stress
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Fig. 5.5 Comparison of microstructure: on the left—the material A: on the right—material B

5.4 Analysis of Microstructure

The explanation of those high differences in cyclic properties for comparing steels
is necessary to seek in microstructure of the steels. Specimens of material for met-
allographic analysis were prepared by conventional techniques—gradual grinding,
polishing and etching.

The difference of microstructure is possible to see also from simple optical metal-
lography of both steels (see Fig. 5.5). Microstructure ofMaterial A is the fine grained
homogenous sorbitic—typical microstructure after well proper heat treatment pro-
cess.

Microstructure of Material B reveal the presence of thickened carbides and the
boundaries of the original austenitic grains is the result of different temperatures but
mainly longer tempering time in the heat treatment process, which can be found by
more carefully reading in the Table 5.2 (different time and medium for hardening
and tempering processes).

5.5 Conclusions

In this study was present briefly the selected analysis of fatigue properties [3] of steel
AISI 4340 (34CrNiMo-6). Properties of steelwere analyzed for twoways of their heat
treatment. The obtained results remark to the key task ofmicrostructure for the fatigue
behavior of steel alloys. Identical chemical composition of metallic materials does
not guarantee the identical mechanical properties (mainly cyclic properties). Two
ways of heat treatment (with relatively small differences) lead to the non-significant
difference in Brinell hardness, 20% difference in tensile strength but between 50
and 60% difference in allowable loading amplitudes throughout the whole lifetime
region.
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Chapter 6
Effect of Heat Treatment
on High-Temperature Low-Cycle Fatigue
Behavior of Nickel-Based GH4169 Alloy

Xu-Min Zhu, Xian-Cheng Zhang, Shan-Tung Tu, Run-Zi Wang and Xu Zeng

Abstract The effect of heat treatment on the strain-controlled fatigue behavior of
Nickel-based GH4169 alloy at 650 °C was investigated. The volume fraction of δ

phase increases as the longer solution annealing time. The maximum phase fraction
reaches 13.79%after double-aging heat treatment. At the same time the yield strength
and the tensile strength of GH4169 alloy decrease gradually. The heat treatment had
almost no effect on fatigue life at strain amplitude higher than 0.6%. However, the
fatigue life slightly increased with increasing the solution annealing time at strain
amplitude lower than 0.5%. The alloy does not exhibit dual-slope Coffin-Manson
relationships at 650 °C. The needle-like δ phase obstruct movement of dislocations.
This makes the alloy exhibited the high-temperature fatigue life higher than the
room-temperature fatigue life at low strain amplitude.

Keywords High-temperature · Low cycle fatigue · δ phase

6.1 Introduction

The precipitation-strengthened nickel-based superalloy, GH4169, has similar
microstructure and mechanical properties to those of Inconel 718. This alloy has
been widely used in aviation, aerospace and nuclear industries in China due to its
high performance/price ratio, good formability and weldability [1, 2]. The com-
ponents fabricated by nickel-based superalloy, such as aircraft turbine disks, often
undergo fatigue loading. The cyclic loading could cause the low cycle fatigue (LCF)
failure. Hence, it is very important to identify the LCF behavior and mechanism of
GH4169 superalloy.

Several investigations have been concentrated in reflecting the effects of
microstructure, temperature, loading condition on the LCF behavior of Inconel 718
alloy Earlier studies regarding microstructural effect on the deformation behavior
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and LCF of IN 718 have been reported by Merrick [3], Fournier and Pineau [4],
Sanders et al. [5], Worthem et al. [6], Rao et al. [7], Bhattacharyya et al. [8], Xiao
et al. [9, 10], and recently Maderbacher et al. [11]. Merrick [3] investigated the
grain size effect on LCF life of Inconel 718 alloy. It was found that the fatigue life
decreased with increasing the grain size. On the other hand, the GH4169 or Inconel
718 alloy was mainly strengthened by Ni3Nb type γ′′ precipitation and partially by
Ni3Al type γ′ precipitation. A small degree of fatigue hardening quickly followed
by fatigue softening was often found during the fatigue process, which might be
attributed to the formation of intense slip bands and the shear and possible dissolu-
tion of or precipitates [4, 11]. The regularly spaced arrays of deformation bands were
often observed at high strain amplitudes [5, 7] and their density generally increased
with increase in number of cycles [8]. The experimental results by Worthem et al.
[6] and Xiao et al. [9] indicated that the deformation band spacing was obviously
influenced by the distribution and movement of dislocation. In addition to the and
precipitates, the precipitates at grain boundaries were often formed during heat treat-
ments (HTs) for IN718 alloy [12]. The phase has similar chemical compositions
to the primary strengthening phase, implying that the increment of volume fraction
of phase could lead to the decrement of volume fraction of phase. It was generally
believed that the presence of phasewithmoderate volume fractionwould improve the
creep resistance of IN718 since it is beneficial in enhancing ductility and toughness
[13].

Fewer reports r regarding the detail of effect of amount and distribution of pre-
cipitates on the LCF behavior and C-M relationship of GH4169 or IN718 alloy at
high-temperature was available. The aim of this paper was to identify the volume
fraction of δ phase on the on high-temperature LCF behavior of GH4169 alloy. The
volume fraction of δ phase was changed by changing the parameters used in HTs.

6.2 Experimental Procedures

The material used in this study was Nickel-based GH4169 alloy which was provided
by Fushun Special Steel Shares CO, LTD, China. The as-received alloy was supplied
in the form of hot rolling bar with the diameter of 60 mm and average grain size
of 8–9 μm. The chemical compositions of the alloy were listed in Table 6.1. The
alloy has the microstructure consisting of an austenitic face-centered cubic (FCC)-
Ni matrix strengthened by the precipitation of γ′ [Ll2, Ni3(Ti–Al)] and γ′′ [DO22,
Ni3(Nb–Ti)] particles and Ni3Nb δ phase. The δ phase usually precipitated at grain
boundaries and intragranular twinning interfaces on a certain orientation after HTs.

Table 6.1 Chemical composition (wt%) of GH4169 alloy with a diameter of 60 mm

Ni Cr Mo Al Ti Nb + Ta Mn Si C Fe

52.16 19.05 3.00 0.50 0.93–0.92 5.17 0.03 0.10 0.033–0.031 Other
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In order to investigate the effect of volume fraction of δ phase on LCF behavior
of GH4169 superalloy, three different heat treatments (HTs) were carried out in
an electric resistance-heating furnace equipped with a programmable temperature
controller. After the furnace temperature reached a predetermined temperature, the
specimens with dimensions of 8 × 6 × 5 mm used for micro structural observation
and blank specimens with dimensions of �17 × 108 mm used for fatigue tests and
tensile tests were put into the furnace. Each HT contained two different steps, the
solution annealing and the subsequent aging. The main difference among different
HTs was the parameters used in the solution annealing, as listed in Table 6.2, where
AC denoted the air cooling. After solution annealing, the specimens were subjected
to the conventional ageing treatment at 720 °C for 8 h followed by cooling at 50 °C/h
to 620 °C and aging at 620 °C for a further 8 h, and then finishing with an AC to RT.

Cylindrical LCF specimens shown in Fig. 6.1.
LCF tests were performed in air with a symmetrical triangular strain-wave cycle.

Tests were carried out at 650 °C with six different total strain amplitudes of ±0.4,
±0.45, ±0.5, ±0.6, ±0.8, ±1.0, ±1.2% at a constant strain rate of 8 × 10−3 s−1.
Strain was measured during the LCF test by using an extensometer mounted in the
gauge section of specimen.

Table 6.2 The processing
parameters used for solution
annealing in different HTs

HT1 960 °C for 1 h, AC to 720 °C

HT2 960 °C for 1 h, AC to 900 °C, 900 °C for 4 h, 960 °C
for 1 h, AC to 720 °C

HT3 960 °C for 1 h, AC to 900 °C, 900 °C for 20 h, 960 °C
for 1 h, AC to 720 °C

Fig. 6.1 Specimen of low cycle fatigue at 650 °C with a diameter of �10 mm
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6.3 Result and Discussion

The microstructures of as-received and heat-treated GH4169 alloy are shown in
Fig. 6.2. By comparing with the as-received material the grain sizes of the alloy
are almost not changed after heat treatments. However, the heat treatment will lead
to the precipitation of δ phase at the grain boundaries, as indicated by the arrows
in Fig. 6.3a–c. Some discretely short-rod like and granular δ phase precipitates at
the grain boundaries within the alloy after HT1. After HT2, the continuous δ phase
precipitates along grain boundaries and some needle-like δ phase precipitates along
twin boundaries in the grains. After HT3, lots of coarse δ phase precipitates at the
grain boundaries. The volume fraction of δ phase in the alloy after three HTs are
measured by Image-pro plus software. The volume fractions of δ phase in GH4169
alloy after HT1, HT2 and HT3 are respectively 2.71%, 9.13% and 13.79%. The
yield strength as well as the tensile strength of GH4169 alloy decrease gradually
with increasing the volume fraction of δ phase in the alloy. As the volume fraction of
δ phase increases from 2.71 to 13.79%, the yield strength of GH4169 alloy at room
temperature decreases by around 120 MPa. This result indicates that the volume
fraction of δ would have an obvious influence on the strength of GH4169 alloy.

After three different heat treatments, the results of high temperature and low cycle
fatigue test of alloyGH4169with different δ-phase content at 650 °C are summarized

Fig. 6.2 Microstructures of a as-received alloy, and alloys after, b HT1, c HT2, and d HT3
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Fig. 6.3 Low cycle fatigue
life of GH4169 alloy under
650 °C

in Fig. 6.3. The strain-life curve contains a total of three curves, which are elastic
strain-life curve, plastic strain-life curve and total strain-life curve. It can be seen
from the figure that the elastic line representing the relationship between the elastic
strain amplitude (�εe/2) and the number of failure reversals (2Nf) of the alloys heat-
treated by HT1, HT2 and HT3 is a straight line. The plastic line representing the
relationship between the plastic strain amplitude (�εp/2) and the number of failure
reversals (2Nf) is also a straight line.

The results show that the fatigue life of alloys treated with different processes with
the increase of strain amplitude decreases. At the same time, the alloys annealed by
HT1, HT2 and HT3 showed similar fatigue life at strain rates of 1.2%, 1.0%, 0.8%
and 0.6% respectively. At a small strain amplitude of 0.5%, the fatigue life has a
certain degree of dispersion, while its life expectancy is significantly affected by the
δ phase content. The fatigue life of the HT1 alloy was 5700 cycles and 4382 cycles,
respectively. The fatigue life of the HT2 heat-treated alloy is 14,053 cycles and 8759
cycles respectively. The fatigue life of the HT3 heat-treated alloy was 21,345 cycles.
It can be seen that from HT1 to HT3 heat treatment, the fatigue life of the alloy at
0.5% of the smaller strain amplitude is gradually increased.

As shown in Fig. 6.4. More secondary cracks appear on the fracture cross-section
of the HT1 specimen when the at a strain amplitude of ±0.5%. Non-uniform defor-
mation may cause more secondary cracks at low strain amplitudes. This also make
the failure life of HT3 group to be higher than the HT1 and HT2 groups at this strain
amplitude although they have higher yield strength.

Temperature is one of the important factors affecting the fatigue properties of
materials. Under normal circumstances, at higher temperatures, thematerial’s fatigue
resistance decreases with increasing temperature. However, for the GH4169 alloy
made from domestic turbine disk, the influence of temperature on its fatigue life is
relatively complicated. GH4169 alloy at room temperature and 650 °C low cycle
fatigue life comparison shown in Fig. 6.5. On the one hand, the temperature has a
great effect on the decrease of fatigue life under high strain amplitude. The fatigue
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Fig. 6.4 Secondary cracks with HT2 of strain amplitude �εt/2 = 0.5%

Fig. 6.5 Comparison of low cycle fatigue life of GH4169 alloy between 650 °C and room temper-
ature

life of the alloy at 650 °C is much less than the fatigue life at room temperature.
On the other hand, at lower strain rates, the tendency of this fatigue life to decrease
rapidly and the effect of temperature on fatigue life reduction at lower strain rates is
small. Under the condition of 650 °C and 0.45% strain, the fatigue life of the alloy is
73,054 cycles, which is close to the fatigue life of 0.4% strain at room temperature.
However, under the conditions of strain rate of 0.4% at 650 °C, the fatigue life of
the alloy exceeds 180,000 cycles without fatigue failure, which is far greater than
the fatigue life of the alloy at room temperature. It is possible that the fatigue life of
the alloy at 650 °C in the strain amplitude range of 0.4–0.5% is greater than that at
room temperature.
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6.4 Conclusion

(1) After heat treatment of �60 mm GH4169 alloy with HT1, HT2 and HT3, the
amount of δ phase precipitated by HT1 was the least, the content increased after
HT2 heat treatment, and reached the maximum after HT3 heat treatment.

(2) When the strain amplitude is higher than 0.6%, the effect of volume fraction of
δ phase on the fatigue life of GH4169 alloy cannot be distinguished. However,
increasing the volume fraction of δ phase had a beneficial effect on the increment
of fatigue life at strain amplitude lower 0.5%. In such a case, the fatigue striations
cannot be identified and the plastic deformation traces can be discerned on the
facets of the fracture surface for the specimen with high volume fraction of δ

phase.
(3) The temperature has an important influence on the bilinear behavior of GH4169

alloy. The alloy does not have bilinear behavior at 650 °C. The temperature has
a complex effect on the fatigue life of the alloy. The transition from bilinear
behavior to single linear behavior leads to complex changes in alloy fatigue life
at different temperatures.
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Chapter 7
High Temperature Fatigue Behaviour
of Secondary AlSi7Cu3Mg Alloys

Alessandro De Mori , Giulio Timelli and Filippo Berto

Abstract The high temperature fatigue behaviour of secondary AlSi7Cu3Mg alloys
has been investigated. The alloy has been solubilized and aged for different times
to obtain the age-hardening profile. The peak hardness is reached at 180 °C after
4 h ageing treatment. Further, the hardness stabilizes showing a plateau in the range
between 5 and 10 hours of ageing treatment. The heat treatment leads to a complete
dissolution of Cu-rich phases, spheroidization of eutectic Si particles and precipita-
tion inside the α-Al matrix. Several fatigue tests have been carried out on selected
heat-treated specimens both at room and elevated temperatures (200 and 300 °C).
The obtained results show how the fatigue strength decreases with increasing the
testing temperature.

Keywords Al–Si alloys · Foundry · High temperature fatigue · Heat treatment

7.1 Introduction

Due to excellent castability, low weight, good corrosion resistance and mechanical
properties, the Al–Si foundry alloys are nowadays the most used commercial Al
casting alloys for several automotive parts such as engine blocks or cylinder heads
[1, 2]. It is well-known how these components are applied at extreme working condi-
tions. Due to high combustion pressure, a temperature up to 300 °C can be reached,
far beyond the limit for existing Al–Si casting grades. A temperature of 200 °C is
generally considered as the threshold for the rapid degradation of the mechanical
properties of Al–Si alloys [1–4]. Therefore, a breakthrough development is needed
for engine materials.
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The post-casting heat treatment plays a key role to improve the high temperature
mechanical properties of Al–Si alloys due to precipitation strengthening. One of
the most common heat treatment for cylinder heads is the over-aged T7 condition,
which is characterised by incoherent precipitation that guarantees higher ductility at
the expense of strength [5].However, the improvement provided by the heat treatment
could be limitedwhen using secondaryAl alloys,which show lower cost than primary
ones, but also small amounts of elements and impurities which can negatively affect
the final mechanical properties [6].

Most of research activities paid attention about mechanical properties at room
temperature. On the contrary, data regarding high temperature fatigue behaviour of
the Al–Si alloys are few, despite their use and diffusion.

The aim of this work is to characterize the high temperature fatigue behaviour of
secondary unmodified AlSi7Cu3Mg foundry alloys, generally used for automotive
engine production, and to correlate the results with the microstructural properties of
the material.

7.2 Experimental Procedure

7.2.1 Casting Parameters

An AlSi7Mg0.3 alloy was used as a baseline material. It was supplied in the form of
commercial foundry ingots produced by recycling scrap aluminium. Addition of Ti
was made to the melt in the form of commercial Al–10Ti master alloy, which was
added to the molten metal as waffle ingots. Commercial purity Cu was also used
to achieve the chemical composition of EN AC-46300 alloy (equivalent to the US
designation A320).

The material was melted in a 12 kg SiC crucible in an electric resistance furnace
set up at 760 ± 5 °C. The melt was stirred and surface skimmed prior to pour. The
chemical composition was analysed by optical emission spectrometry on specimens
separately poured at the beginning and at the end of the casting trial; the average
composition of the alloy is listed in Table 7.1.

The castings were produced by using a steel mould, as proposed in the document
CEN/TR 16748:2014 [7]. The cylindrical bars were then sectioned from the castings.
A semi-permanent layer of boron nitride coating was sprayed on the steel die walls at
temperature of about 200 °C according to standard foundry practice. Before pouring,
the temperature of the die was increased to 250 ± 2 °C. The temperature was moni-

Table 7.1 Chemical
composition of the
investigated AlSi7Cu3Mg
alloy (wt%)

Si Fe Cu Mn Mg Zn Cr Ti Al

6.713 0.416 3.56 0.287 0.320 0.05 0.013 0.092 bal.
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tored by means of thermocouples embedded in the die. The working temperature in
the die was in the range of 250–350 °C, which could guarantee an average value of
secondary dendritic arm spacing (SDAS) around 20 μm.

7.2.2 Heat Treatment and Hardness Measurements

The produced castings were solution heat-treated inside an air circulating resistance
furnace at 485 °C for 24 h and thenwater quenched at room temperature. The solution
temperature was selected according to the results indicated in Ref. [4]. The artificial
ageing was performed at 180 °C for different times, in the range between 1 to 10
hours.

In order to obtain the ageing curve for the AlSi7Cu3Mg alloy, Brinell hardness
measurements were carried out by using a load of 62.5 kgf, an indenter diameter of
2.5 mm, according to the standard ASTM E10-17. An average over three readings
was taken to assess hardness value presented for each condition.

7.2.3 Fatigue Testing

The cyclic tests were performed both at room- and high-temperature on specimens
previously aged at 180 °C for 8 h. The fatigue test specimens were machined from
produced castings with a total length of 175 mm, a gauge length and diameter of 65
and 10 mm, respectively.

The room-temperature load-controlled fatigue tests were conducted using a 100
kN fatigue testing system at a stress ratio (minimum stress divided by maximum
stress) of R = 0.01 and frequency of 25 s−1. High temperature fatigue testing was
carried out at 200 and 300 °C, respectively,with the aforementioned stress ratio inside
an air circulating furnace, integrated in the fatigue testing machine, at a frequency of
50 s−1. Before fatigue testing, each specimen was maintained for 30 min at testing
temperature. If the sample survived up to a fatigue cycle of 2 × 106, then the life
cycle was considered to have an infinite fatigue life. A sine cyclic waveform was
used during testing.

7.2.4 Microstructural Investigations

The microstructures of as-cast and heat-treated specimens were examined with an
optical microscopy equipped with a quantitative image analyser. The samples were
cut transversally close to final fracture, and mechanically prepared to a 3-μm finish
with diamond paste and, finally, polished with a commercial fine silica slurry. The
eutectic Si characteristics such as the equivalent diameter and roundness factor,which
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is here calculated as P2/4πA, where P is perimeter and A is the area of the particle,
were measured from different micrographs to obtain a statistical average.

7.3 Results and Discussion

7.3.1 Age-Hardening Response in the AlSi7Cu3Mg Alloy

The hardness of the artificially aged specimens as a function of the ageing time is
shown in Fig. 7.1. While the as-cast AlSi7Cu3Mg alloy shows hardness value of
90 ± 3 HB, the as-quenched alloy shows a hardness of 84 ± 3 HB. As reported in
literature [5], the age-hardening phenomenon is represented by the hardness increase
at the early stage of ageing, followed by the peak-hardness and a decrease due to
over-ageing. The ageing treatment generally increases the mechanical response of
the alloy; in particular, the maximum value of hardness (138 ± 3 HB) is reached
after 4 h at 180 °C. Then, a stable value of about 135 HB is shown when ageing time
increases from 5 to 10 hours.

Fig. 7.1 Age-hardening curve of the experimental AlSi7Cu3Mg alloy artificially aged at 180 °C
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Fig. 7.2 Typical microstructure of the AlSi7Cu3Mg alloy in a as-cast and b heat-treated conditions

7.3.2 Microstructural Observations

Figure 7.2 shows typical as-cast and heat-treated microstructures observed in the
specimens tested at room temperature. Both microstructures consist mainly of pri-
mary dendritic α-Al phase and eutectic Si. The morphology of eutectic Si particles
changes from unmodified, typical of as-cast temper, to a globular shape after heat
treatment. The roundness of eutectic Si particles changes from~6 in as-cast condition
to ~2 in heat-treated alloy, thus indicating that the 24 h solution heat treatmentwas not
sufficient to completely spheroidize the eutectic Si particles. The equivalent diam-
eter of Si particles increases from 3.5 ± 2.3 to 4.8 ± 2.1 μm after heat treatment,
indicating coarsening phenomena of the particles [8]. Furthermore, the dissolution
of Cu-containing phases due to heat treatment can be also observed, while Fe-rich
particles located in the interdendritic regions only partially dissolved, indicating the
thermodynamic stability at solution temperatures [1]. The performed heat treatment
also led to the precipitation of finely dispersed particles throughout the α-Al matrix
[9].

Figure 7.3 shows typical heat-treated microstructures after fatigue testing at 200
and 300 °C, respectively. The permanence at high temperature did not change the
characteristics of eutectic Si particle,while the coarseningof the strengtheningphases
occurred at 300 °C, thus influencing the mechanical response of the material.

7.3.3 Fatigue Characterization

The plot of cyclic stress amplitude and the number of cycles to failure during room-
and high-temperature fatigue testing for the investigatedAlSi7Cu3Mg alloy is shown
in Fig. 7.4.

In general, it is observed howhigher stress amplitudes correspond to lower number
of cycles before failure. The experimental data showsimilar trends except thematerial
tested at room temperature where the slope has a steeper gradient. Upon increasing
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the testing temperature, the maximum stress amplitude decreases and this is related
to a reduction of the material static strength. While the fatigue behaviour at 200 °C is
comparable to that at room temperature, the fatigue properties significantly decreases
at 300 °C due to the coarsening of strengthening precipitates (see Fig. 7.3).

7.4 Conclusions

The high temperature fatigue behaviour of secondary unmodified AlSi7Cu3Mg
foundry alloys has been evaluated together with the microstructural characteristics
of the material. The following conclusions can be drawn from this study.

• The alloy reaches themaximum hardness after 4-hours ageing treatment at 180 °C.

Fig. 7.3 Microstructures of heat-treated AlSi7Cu3Mg alloy after fatigue testing at a 200 and
b 300 °C

Fig. 7.4 Fatigue life of heat-treated AlSi7Cu3Mg alloy at different testing temperatures
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• The solutionheat treatment at 485 °C for 24hdoes not complete the spheroidization
of the eutectic Si particles, but leads to a complete dissolutionofCu-bearingphases.
On the contrary, the Fe-rich particles are stable and do not dissolve in the α-Al
matrix during heat treatment.

• The fatigue life of the heat-treated alloy decreases with increasing the stress ampli-
tude.

• Increasing the testing temperature from 20 to 200 °C causes the decrease of the
fatigue strength. However, while up to 200 °C the behaviour is minimally affected
by temperature, the mechanical response at 300 °C significantly decreases due to
the coarsening of the strengthening precipitates.
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Chapter 8
Mean Stress Effect on Fatigue Behavior
of Austenitic Stainless Steel in Air
and LWR Conditions

W. Chen, P. Spätig and H. P. Seifert

Abstract In this paper, mean stress influence and cooperative effects associated
with light water reactor (LWR) environmental factors were studied through load-
controlled fatigue tests with cylindrical hollow specimens. Positive (+10, +50 MPa)
and negative (−10,−20MPa)mean stresseswere applied and both showed beneficial
influence on fatigue life due to cyclic hardening, which results in smaller strain
amplitude under the same stress amplitude. The increase in fatigue life was found to
depend on mean stress and testing environments. The increase (1.8–2.2x) in fatigue
life with +50 MPa mean stress in boiling water reactor/hydrogen water chemistry
(BWR/HWC) is smaller than that in air (3.0–3.4x), while the increase with−20MPa
mean stress in both environments is approximately similar. −20 MPa mean stress
enhances the resistance to crack initiation as observed with optical microscopy (OM)
observations of fracture surfaces and wall cross-sections of tested specimens.

Keywords Fatigue · Mean stress · Light water reactor (LWR) · Austenitic
stainless steel (SS)

8.1 Introduction

Mean stress is normally induced from asymmetric cyclic loading. Deadweight, water
pressure andweld residual stress in nuclear power plant (NPP)may createmean stress
in the internal components of pressure vessels and reactor coolant piping system
[1–4]. These components are mainly fabricated with austenitic stainless steels (SSs)
owing to their good corrosion and fatigue resistance. Although a great deal of fatigue
studies have been carried out on austenitic SSs in air and LWR environment, mean
stress effect and cooperative LWR environmental effects on fatigue life are not fully
addressed and understood. JSME and ASMECodes were formed to guide the fatigue
design [5–7]. In ANL, JSME and ASME Codes, a margin factor in life design is
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introduced to cover the influence of data scatter, size effect, surface finish and loading
history on the basis of mean value of strain-controlled test results in air condition
[7]. Mean stress effect is absent or obscurely treated in the standard Codes. Thus it
is critical to understand mean stress effect under stress-controlled/strain-controlled
conditions from a practical view point. Vincent et al. [1] successfully performed tests
at constantmean stress and strain range under strain-controlled condition by adjusting
the mean strain during the tests. Their results showed that mean stress shortened
fatigue life under the same strain range. However, mean strain might affect fatigue
strength and mean strain cannot be so large in actual components due to geometrical
constraints [8]. Most of the mean stress studies are based on strain-controlled fatigue
tests with laboratory standard specimens in air condition, where mean stress tends
to be relaxed [9]. The test condition is far from the actual operation condition of
austenitic SS components, where complex thermo-mechanical loading and corrosive
environments have to be taken into account.

Positive mean stress generally reduces fatigue life while negative mean stress
is beneficial to fatigue life. Goodman [10], Gerber [11], Morrow [12], Soderberg
[13] methods are commonly applied to correct mean stress effect on fatigue life.
These mean stress correction methods mostly applied to high cycle fatigue in carbon
and low alloy steels, whose endurance limit is less than the yield stress. However,
these methods are not applicable to SSs without modifications since the endurance
limit is generally bigger than the yield stress [10]. Recent findings by Spätig et al.
show that +50 MPa mean stress increases fatigue life of 316L SS based on load-
controlled fatigue tests in LWR environment and in air [14]. Additionally, Solomon
also reported that +100 MPa mean stress extended the fatigue life of 304L SS in air
and pressurized water reactor (PWR) environment at 150 °C and 300 °C [15, 16].
The non-standard mean stress effect on fatigue life of austenitic SSs is attributed to
cyclic hardening that consequently leads to smaller strain amplitude under the same
stress amplitude.

8.2 Material and Experimental Procedure

8.2.1 Material and Specimens Fabrication

A solution annealed (non-sensitized) and quenched low-carbon austenitic SS tube
section with 219.1 mm outer diameter and 19.5 mm wall thickness was delivered
by Sandvik. The chemical composition is 0.011% C, 0.56% Si, 1.77% Mn, 0.031%
P, 0.024% S, 17.20%Cr, 2.02%Mo and 11.14%Ni in wt%. The texture-free material
has a high share of twin grain boundaries (31%) and a mean grain size of 53 μm
(5.23 in ASTM grain size number). Its 0.2% yield stress is equal to 258MPa at 20 °C
and 146 MPa at 300 °C.

Cylindrical hollow fatigue specimens, with outer diameter of 10 mm, wall thick-
ness of 2.5 or 2 mm and gage length of 18 mm, were cut from the delivered tube with
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loading axis parallel to the tube longitudinal direction. The surface roughness was
measured 0.41 μm (Ra)/3.57 μm (RzD) at inner surface and 0.15 μm (Ra)/1 μm
(RzD) at outer surface.

8.2.2 Fatigue Test Facilities and Experimental Conditions

Two fatigue testing facilities were used for tests in high-temperature water (HTW)
and in high-temperature air (HTA) respectively. The facility for tests in HTW is
described in detail in [17]. Facility for test in HTA consists of a Schenck RMC 100
type electro-mechanical machine and an ATS series 2961 oven.

The HTW was characterized by 288 °C pressurized high-purity hydrogenated
water at 100 bar with 150 ppb dissolved hydrogen (DH). The conductivity of the
inlet and outlet water was about 0.055 μS/cm. This HTW is also called BWR/HWC.
The specimenwas heated by the high-temperature pressurized water flowing through
the tube with 30 L/h. An extensometer was attached on specimen surface. A sinu-
soidal waveform at a frequency of 0.17 Hz was applied for testing cycles ≤ 105.
Afterwards, the frequency was adjusted to 1 Hz until life end or running up to 106

cycles, considered as fatigue strength (σfs). Fatigue life was defined when the speci-
men totally broke into two parts or the measured elongation was larger than 1.0 mm.

8.3 Results and Discussion

8.3.1 Fatigue Tests

Load-controlled fatigue testswere conducted both inHTW(BWR/HWC) and inHTA
conditions. Their stress-life (S-N) data is plotted in Fig. 8.1. The stress amplitude
is in the range of 170 to 250 MPa, where EAF phenomenon occurs. Positive (+10,
+50 MPa), negative (−10, −20 MPa) and 0 MPa mean stress was applied. For the
strain-controlled tests, the corresponding average stress amplitudes versus fatigue
life data (σa vs. Nf) are depicted with green stars in Fig. 8.1a. Extensive tests in air
condition are ongoing to obtain data points in the high cycle fatigue (HCF) regime
with Nf > 105.

Both positive (+50 MPa) and negative (−10, −20 MPa) mean stresses increase
fatigue life in the two environments, except for +10 MPa mean stress, where no sig-
nificant effect was found. This is consistent with the findings of Solomon [14] and
Spätig et al. [13]. In HTW, −20 MPa mean stress leads to larger fatigue life increase
(5.0–7.5x) than +50 MPa mean stress does (1.8–2.2x) when compared with fatigue
life without mean stress tests in LCF regime (Nf < 105). In HTA, −20 MPa and +
50 MPa mean stresses increase the fatigue life by 5.7–6.5 × and 3.0–3.4x, respec-
tively. Comparing the mean stress effect in the two environments, the mean stress
beneficial factors on fatigue life of −20 MPa in HTW is close to those in HTA.
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Fig. 8.1 S-N curves of fatigue tests conducted under load-control with different mean stress: a in
288 °C BWR/HWC; b in 288 °C air condition

However, the beneficial factors of +50 MPa in HTW are smaller than those in HTA.
This is due to a larger HTWenvironment detrimental influence in positive (+50MPa)
mean stress tests than in negative (−20 MPa) mean stress tests. In HTW the fatigue
strength (σfs) increases from 170 MPa at zero mean stress condition to 194 MPa
at −20 MPa mean stress. However, +50 MPa mean stress slightly affects fatigue
strength in HTW, but more tests with strain amplitude close to the fatigue strength
are necessary to assess the mean stress dependence on fatigue strength accurately.

The beneficial effect on fatigue life of both negative and positive mean stresses is
tentatively attributed to cyclic hardening reflected as smaller strain amplitude at the
same stress amplitude as presented in Fig. 8.2,where the average strain amplitude (εa)
over the whole life was calculated. The slopes of 0 and+50MPamean stress data are
approximately similar in both environments. In HTW,+10MPa mean stress slightly
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hardened the material. −20 MPa mean stress shows stronger hardening effect than
+50 MPa mean stress. However, an opposite phenomenon was observed in HTA,
where+50MPa has stronger hardening effect. An approximate−7MPamean stress,
induced by 100 bar internal water pressure in HTW tests and confirmed via finite
element analysis (FEA), may account for the distinct hardening magnitude of −20
and +50 MPa mean stress in the two environments.

8.3.2 Post-test Specimen Characterization

The fracture surfaces of specimens tested in HTW were imaged with optical micro-
scope (OM). Four representative fracture surfaces obtained with σa = 210 MPa and
σm = 0, +10, +50, −20 MPa are shown in Fig. 8.3. After long-term exposure to
HTW, the oxide layer formed on the fatigue crack surface appears as dark areas that
correspond to the fatigue crack shape. All cracks initiated at the inner side and are
distributed around the inner wall. However, the fatigue cracking zone of the tests
with +10, +50 and −20 MPa mean stresses are smaller than that with zero mean
stress, showing a higher resistance to crack initiation. Note that −20 MPa mean
stress shows the strongest retardation on crack initiation: except the main crack lead-
ing to failure, no small fatigue cracks were observed. This is also confirmed by the
OM observations of wall cross-sections along the loading axis in Fig. 8.4, where no
crack was observed along the wall cross-section of the specimen with negative mean
stress. Larger crack opening and stronger necking in specimens tested with +10 and
+50 MPa mean stress is associated with a more intense strain localization and larger
ratchetting strain at failure.

(a) (c)(b) (d)

Fig. 8.3 Fracture surfaces of tested specimens with 210 MPa stress amplitude and a 0 MPa, b +
10 MPa, c +50 MPa, d −20 MPa mean stress under load-control

(a) (b)

(c) (d)

Fig. 8.4 OM images of tested specimens wall cross-sections cut along loading axis. Specimens
were tested with σa = 210 MPa, a σm = 0 MPa, b +10 MPa, c +50 MPa, d −20 MPa
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8.4 Conclusion

In this work, a set of load-controlled fatigue tests with and without mean stress
were conducted in BWR/HWC and in air conditions. Both positive (+50 MPa) and
negative (−10, −20 MPa) mean stress exhibited a clear increase of fatigue life with
dependence on mean stress and testing environment. BWR/HWC shows moderate
influence on fatigue life beneficial effect of −20 MPa mean stress. However, the
fatigue life increase resulting from the application of +50 MPa mean stress was
found smaller in BWR/HWC than in air. The fatigue life beneficial effect of mean
stress is attributed to the cyclic hardening,which is reflected as smaller average strain-
amplitude at the same stress amplitude. OM observations on fracture surfaces and
wall cross-sections show that −20 MPa mean stress strongly retards crack initiation.
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Chapter 9
Characterization of the Fatigue Behavior
of Mechanical and Thermal Aged
Austenitic Power Plant Steel AISI 347

F. Maci, M. Jamrozy, R. Acosta, P. Starke, C. Boller, K. Heckmann,
J. Sievers, T. Schopf and F. Walther

Abstract For the comprehensive understanding of the fatigue mechanisms of
mechanical and thermally aged materials in power plant reactors, an innovative,
resource- and time-optimized approach based on non-destructive testing methods
is used. Beside investigations on AISI 347 austenitic stainless steel under cyclic
loading, magnetic, resistometric and electrochemical measurement techniques were
applied to monitor the proceeding fatigue behavior. Qualitative values indicate sur-
face passivation effects and microstructural changes, which are directly related to
fatigue states. In total strain-controlled increase tests, cyclic investigations for the ini-
tial and a mechanically and thermal aged condition were carried out under distilled
water environment at ambient temperature. In comparison to the initial state, the
aging process shows a significant influence on the fatigue behavior with a reduction
of the stress amplitude at failure down to 75%.
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9.1 Introduction

Materials used in power plants are exposed to aging mechanisms under service con-
ditions that influence the materials’ fatigue properties. A cyclic thermal loading,
especially through startup and shutdown processes, causes expansions and compres-
sions in a variable high-pressure environment resulting in a reduction of service time
due to crack formation and growth. For those applications, generally austenitic stain-
less steels are well suited, due to their material properties combining high strength,
ductility and superior corrosion resistance at elevated temperatures [1]. However, to
ensure the integrity of the components throughout the lifetime, innovative, resource-
and time-optimized non-destructive testing (NDT) methods are used, with the objec-
tive to monitor and estimate the fatigue life during operation. In the study reported
here, electrochemical, magnetic and resistometric measurements are combined in
order to monitor the proceeding fatigue-related mechanisms, which are relevant for
further fatigue life calculation of power plant steels.

9.2 Material and Material Condition

For safety-relevant components in German power plants the niobium-stabilized
austenitic stainless steel AISI 347 (X6CrNiNb18-10, 1.4550) is widely used [2].
The chemical composition according to manufacturer’s report is given in Table 9.1.

Two material conditions were investigated in form of hourglass specimens
(Fig. 9.1). Beside the initial state, an additional aged condition was used. The aging
process consisted of cyclic loading under air conditions with the total strain ampli-
tude εa,t = 3 × 10−3, constant strain rate ε̇t = 0.4 × 10−3 s−1 and temperature T =
240 °C. After 50% (15,725 cycles) of the specimen’s lifetime, the fatigue tests were
stopped. This number of cycles was determined statistically in preliminary tests.

Table 9.1 Chemical composition of AISI 347 stainless steel according to manufacturer’s report

Alloying elements (wt%)

C Cr Ni Mn Si Nb P Co S Fe

0.025 18.147 10.064 0.577 0.401 0.402 0.024 0.019 0.0011 Bal.

Fig. 9.1 Geometry of
fatigue specimen
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9.3 Experimental Setup and Procedure

For the characterization of the fatigue behavior, total strain-controlled increase tests
(SIT) were carried out under distilled water environment with fully reversed loading,
applying the strain ratioRε =−1.A servo-hydraulic testing system (Instron 8802, F=
±250 kN)was used. In preliminary calibration tests, the extensometer measured over
a gauge length of 89 mmwas correlated to a gauge length of 8 mm, positioned within
the gauge length of the extensometer and representing the specimen’sminimumcross
section. For the SIT, the total strain amplitude was increased stepwise starting from
εa,t,cor,start = 0.5 × 10−3 by �εa,t,cor = 0.5 × 10−3 each �t = 1,800 s under a constant
total strain rate of ε̇t,cor = 4 × 10−3 s−1 until failure. The temperature during the test
was kept constant at 20 °C.

Figure 9.2 shows the experimental setup for fatigue tests performed under distilled
water environment using an in situ corrosion cell with measurements taken based on
electrochemical, magnetic and resistometric NDT methods.

The working principles of magnetic measurements requires the presence of a
magnetic field. Therefore, a constant direct current of IDC = 10 A has been applied
at the clamping jaws of the testing system.When the current flows through the speci-
men, the magnetic field can be measured with a Hall sensor. With known voltage and
constant direct current, the electrical resistance was determined according to Ohm’s
law. For the electrochemical measurement a three electrode system is used, which
contains the specimen itself acting as a working electrode, a graphite counter elec-
trode and a silver chloride (Ag/AgCl) reference electrode. The data were measured
within the separate circuit of the potentiostat (Gamry Interface 1000A).

Direct current

Extensometer

Magnetic sensor

Electrochemical

measurement

Corrosion cell

Resistometry

Fig. 9.2 Experimental setup
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9.4 Results of Testing and Measurement

From preliminary fatigue tests, lifetime influencing effects can be excluded from the
use of distilled water. Therefore, the field of non-destructive testing methods can
be extended to characterize the fatigue behavior of AISI 347 stainless steel. Within
SIT, a significant influence of the aging process (Fig. 9.4) can be observed when
compared to the results shown for the initial state in Fig. 9.3. At the specimens’
failure, materials in the initial state achieve a higher strain level of εa,t,cor = 0.95%
when compared to the aged condition (εa,t,cor = 0.70%). Consequently, the stress
amplitude at failure σa,f = 734 MPa for the initial state is higher when compared to

Fig. 9.3 Total strain-controlled increase test for initial state with direct current

Fig. 9.4 Total strain-controlled increase test for aged condition with direct current
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the aged condition (σa,f = 561MPa). Bothmaterial states show a qualitatively similar
curve in the progression of their stress amplitude. Three sections for the initial state
can be determined. At strain levels 0.05% < εa,t,cor < 0.25% an almost analogues
relationship between the strain and stress amplitude is observed. The first area rep-
resents a linear stress-strain relationship while a transient behavior of the material
is observed in the second area respectively. From 0.25% < εa,t,cor < 0.50% a non-
analogues relationship of stress-strain is observed. In this second section, the stress
amplitude drops and raises again and represents the cyclic softening effect through
a decrease in deformation resistance. This is related to dislocation movements on
energetically beneficial regions within the microstructure. From εa,t,cor > 0.50% the
stress amplitude raises continuously until fracture. This third section represents the
cyclic hardening effect that indicates an increase in deformation resistance. This is
also related to microstructural changes due to a saturation in dislocation densities
and martensitic transformation [1].

For the aged condition, this third section is significantly shorter, resulting in lower
stress amplitudes. With the phase transition from paramagnetic austenite to ferro-
magnetic martensite, the material becomes ferromagnetic, leading to a change in the
magnetic field [3]. Generally, with continuous cyclic loading, the resistivity varies
with increased defect density. The change in magnetic field and electrical resistance
are linked tomicrostructural changes, which are directly related to the current fatigue
state [4, 5]. For both material states the magnetic signal decreases stepwise in accor-
dance with the applied strain, whereas the slope of the electrical resistance is nearly
constant up to εa,t,cor = 0.35%, which is followed by a continuous increase due to the
increase of the defect density. In the SIT for the initial state, the slope of the magnetic
signal and the decrease in each step are nearly constant until εa,t,cor = 0.4%. From
εa,t,cor = 0.4–0.7%, the slope of each step becomes positive. This behavior is linked
to the formation of deformation-induced α′-martensite. At this point, the increase in
the defect density can be observed in the increase of the slope of the electrical resis-
tance signal. From εa,t,cor = 0.7%, the slope in the magnetic signal changes again,
becoming negative. It also gets wider within every step due to the Villari effect and
the development of intrusions and extrusions at the specimen surface [3].

In the final step before fracture, a more pronounced decrease in the magnetic
signal occurs, indicating the formation of macro cracks which propagated until the
specimens’ failure. This is also observable in the exponential increase of the electrical
resistance [4]. For the aged condition, themagnetic behavior during the test is similar,
but through the previous damage from the ageing procedure, the damage evolution
process starts earlier and the damage phases described before are shorter. The change
in the slope of the signal due to phase transformation starts already at εa,t,cor = 0.25%
and shows a positive slope until εa,t,cor = 0.55%. For the electrical resistance, it starts
already at εa,t,cor = 0.45%. From εa,t,cor = 0.55%, themagnetic signal changes its slope
and gets wider. In the final step, there is also a pronounced decrease in the magnetic
signal and increase in the electrical resistance signal before specimen failure.

As an additional reference, the open circuit potential (EOCP) is used to detect
surface-related changes i.e. passivation effects and cracks of passive layers, which
result in a change in the EOCP signal [5]. The EOCP has been measured and compared
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Fig. 9.5 Fractography comparison after SIT for a initial state b aged condition

for both material states. From εa,t,cor = 0.4%, at the beginning of every step, a local
decrease can be observed resulting from a fresh and active material surface. In every
step, a new open circuit potential is set, being lower than the step before. This pattern
repeats until fracture. For the aged condition a clear drop occurs at εa,t,cor = 0.4%
followed by an increase in EOCP. This is assumed to be the passivation of a new active
surfacematerial as a consequence of crack initiation [6]. For bothmaterial conditions
the strain related stress amplitudes are similar until fracture, whereas the EOCP signal
indicates the crack initiationmuch earlier. Figure 9.5 shows a significant difference in
the area of final fracture and the crack progression path. For the initial state two fatigue
progressions paths can be determined, the primary outlined in orange and secondary
in green. It is assumed that the ductile fracture occurred stepwise from the crack
origin with two different paths. The crack progression for the aged condition occurs
on one plain. This implies for the initial state, a slower crack propagation, resulting
in higher stress amplitudes due to predomination of cyclic hardening mechanism.

This could be a reason of the decelerated response in the EOCP signal (Fig. 9.3).
The aged condition contains multiple crack areas and ratchet marks. It is known, that
cyclic hardening effects and especially deformation-induced martensite formation
are reduced at elevated temperatures, and crack initiation occurs on lower strain and
stress levels [7]. Therefore, due to existing cracks from the aging process the crack
propagation starts immediately, which results in a noticeable EOCP signal change for
the aged condition (Fig. 9.4).

9.5 Conclusions

The combination of magnetic, resistometric and electrochemical techniques have
been successfully applied to monitor and understand fatigue-relevant mechanisms
in terms of microstructural changes leading to crack formation, crack growth and
rupture under fatigue loading. The high sensitivity of NDT contributes to predict
fatigue-related failures of safety-relevant components in nuclear power plants at
even very small scales throughout their lifetime.
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Part II
Fatigue of Additive Manufacturing Metals



Chapter 10
As-Built Sharp Notch Geometry
and Fatigue Performance of DMLS
Ti6Al4V

Martin Frkáň, Gianni Nicoletto and Radomila Konečná

Abstract Metal parts obtained by the layer-wise selective melting of a powder
bed are characterized by surfaces that are considerably rougher than convention-
ally machined parts. Application of lightweight design tools results in complex
part geometries with notches, reentrant corners, internal surfaces that are difficult
to inspect and whose surface finish may not be improved. To efficiently investigate
the fatigue response of as-built DMLS Ti6Al4V in the presence of as-built notches
a miniature specimen approach is adopted. Sets of directional mini specimens were
manufactured with the long axis parallel and perpendicular to the build direction and
heat treated. The sharp notched bar geometry is subjected to cyclic bending. The
interaction of directional notch generation, surface quality and geometrical accuracy
on the notch fatigue behavior is quantified and discussed.

Keywords Notch fatigue · Direct metal laser sintering (DMLS) · Ti6Al4V ·
As-built surface

10.1 Introduction

Metal additive manufacturing (AM) appeal has grown enormously in recent years.
Components that would not have even been possible just a few years ago can now
be made to high standards using a wide range of metals using a powder bed fusion
(PBF) technology. No longer only for prototyping applications, PBF is now on the
verge of being used for the series production of metal parts.

In the PBF process thin layers of metal powdered are sequentially spread across
a build plate before being melted by a laser. Each layer is selectively melted and
solidified on top of the preceding layer. The concentrated energy beam of the PBF
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system is operated according to the CAD part file and therefore it can reproduce the
desired geometry of any complexity.

No matter the remarkable progress, metal PBF still involves unique processing,
material and part qualification issues still open, namely: (i) complex microstructure
due to the layer-wise production and (ii) surface quality that is considerably rougher
than conventionally machining and (iii) complex part geometries that are difficult to
inspect and whose surface finish may not be post processed and improved.

A major challenge for part qualification is the poor fatigue behavior of as-built
parts [1]. In general, the fatigue strength can be reduced for several reasons, a rough
surface, an internal defect or a geometrical notch, [2]. Internal defects, being typ-
ically small, play a negative role mainly when the surface is machined otherwise
fatigue crack initiation starts at as-built surface. Surface roughness depends on sev-
eral mechanisms of the PBF processing (balling effect, un-melted particles, stair-
stepping effect, surface orientation etc.), [3], and reduces significantly the fatigue
strength compared to conventional processes as documented in the literature. Still
limited is the knowledge of the notch fatigue behavior of PBF metals. The influence
of an as-built mild notch (i.e. Stress concentration factor Kt = 1.63) on the fatigue
behavior of Direct Metal Laser Sintered (DMLS) Ti6Al4V was studied in [4] finding
that notch fatigue factors are affected by fabrication direction.

The present study reports an investigation of the fatigue behavior of DMLS
Ti6Al4V using as-built specimens containing a sharp notch (i.e. Kt = 5). Sets of
specimens were fabricated in the horizontal and vertical orientations (i.e. perpendic-
ular and parallel to build direction) and fatigue tested in the as-built state. Directional
notch fatigue factors for sharp notch geometry in DMLS-processed material are pre-
sented.

10.2 Material and Experimental Details

Material and process. Specimens were manufactured using titanium alloy Ti6Al4V
powder supplied by EOS GmbH. The powder particles were spherical, with a diam-
eter range 25–45 μm and with a chemical composition according to standard. The
DMLS EOS M 290 system operates a 400 W Yb fiber laser unit with a wavelength
of 1075 nm in building chamber filled by argon gas to avoid oxidation of titanium
powder. Specimen fabrication used a layer thickness of 60 μm and a chamber tem-
perature of 80 °C. The scan strategy was based on a shell and core concept, where
the internal part of the layer is first melted by raster laser motion, followed by geo-
metrical contouring. The hatching directions of subsequent layers were rotated by a
30° angle.

Since the DMLS process generates considerable thermal-related internal stresses
[5] in the part, after fabrication the build was stress-relieved. After removal from the
build plate, all specimenswere heat treated in a vacuum furnace (TAV Italy) to protect
the surface from oxidization. The heat treatment consisted of heating to a maximum
temperature (740 °C), with soaking period 2 h, followed by a control cooling to a



10 As-Built Sharp Notch Geometry and Fatigue Performance … 77

temperature 520 °C. Last stage consists of fast cooling from a temperature 520 °C to
a room temperature by Argon gas. This heat treatment reduces residual stresses of
the fabrication process to negligible levels and optimizes the material structure from
the mechanical standpoint.

Fatigue specimens. Special miniature fatigue specimens (5× 5 mm in minimum
cross-section and 22 mm in length) were used, [4]. Three sets of specimens were
produced according to two orientations with respect to build direction (i.e. horizontal
and vertical, see Fig. 10.1) using the same process parameters. The geometrical
accuracy and surface roughness of a fine detail, such as the notch, on the fatigue
behavior was investigated by applying a cyclic bending loading. Figure 10.2 shows
the elastic FE stress distribution in the sharply notched mini specimen due to an
applied bendingmoment. The stress concentration factor for this semielliptical notch
(i.e. b/a= 0.25, where a= 2mm and b= 0.5 mm are the major andminor semi-axes)
is Kt = 5.

Material characterization. Microstructure of specimens was observed using a
light optical microscope Zeiss Axio Observer Z1 M on polished and etched (10%
HF for 10 s) specimens that were cut from the fatigue testing samples. Observation
of structure was made in order to characterize the degree of material anisotropy,
which arises by the peculiar process conditions, (i.e. layer by layer generative princi-
ple, short interactions, high temperature gradients and the high localization). Tensile

Fig. 10.1 Miniature
specimens for fatigue testing
of AM metals

Fig. 10.2 Stress distribution
in a mini specimens with a
semi-elliptical notch
subjected to bending
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testing on standard tensile specimens produced in the same job of the fatigue speci-
mens provided the following characteristics: tensile strength Rm = 1176 MPa, yield
stress Rp0.2 = 1104 MPa and elongation to rupture A = 12.9%.

Vickers hardness testing was performed with a HPO 250/AQ hardness test equip-
ment using 10 kp loading (HV10). The load was applied on the side plane of each
specimen on polished surface. All series of hardness tests have uniform results and
does not show dependence between orientation and distance throughout the thick-
ness. The mean value from the Vickers hardness measurements are 387 HV10.

Fatigue testing. It was performed at room temperature on modified Schenk-type
fatigue testing machine applying a pulsating plane bending (load cycle ratio R =
0) to the specimen at a frequency f = 15 Hz. The fatigue behavior of notched mini
specimens with different build orientation (Fig. 10.1) with rough as-built surface
were tested and compared with the fatigue behavior of un-notched mini specimens
of type A (A flat surface).

10.3 Results and Discussion

10.3.1 Microstructure

The metallographic analysis after heat treatment showed a two-phase structure
formed by the α + β phases. Texture of structure is different between parallel and
orthogonal plane to the build direction. The microstructure of planes, which are ori-
ented parallel to the build direction is characterized by primary β columnar grains
that are filled with fine needles of α phase in β matrix, which are arranged in the
Widmanstätten form. This primary β columnar grains, which are several building
layers long, are always oriented parallel to the build direction because of the effect
of the thermal history during the layer-by-layer fabrication. The microstructure of
orthogonal planes shows the primary β columnar grains in cross-section, so they
appear as polyhedral grains.

A Widmanstätten microstructure following a β recrystallization annealing pro-
vides maximum fracture toughness and fatigue crack growth resistance [6]. This type
of microstructure is very similar to our but in our case the microstructure is much
finer due to DMLS process. Therefore, the good fatigue crack growth resistance and
fracture toughness is expected. On the other hand a bi-modal α + β microstructure
is preferred to prevent fatigue crack initiation.

10.3.2 Fatigue Behavior

The fatigue test results of in terms of max nominal bending stress vs number of
cycles are plotted in Fig. 10.3. The fatigue data appear well-behaved with a reduced
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Fig. 10.3 Directional fatigue behavior of SLM Ti6Al4V in the presence of sharp notches

scatter for the Type A notch. The Type C is instead characterized by a larger scatter
although the average behavior is not too different from the other direction.

Compared to the reference un-notched fatigue behavior, the notch effect is sig-
nificant. According an empirical definition of the notch fatigue factor Kf (i.e. ratio
between rough as-built un-notched fatigue strength/rough as-built notched fatigue
strength), the present mini specimen geometry with a stress concentration factor Kt

= 5 is associated to Kf,A+ = 3 and Kf,C = 2.4.
The fatigue behavior is related to the influence of the notch, its geometrical accu-

racy and its surface quality which depends on the building orientation and DMLS
process parameters (i.e. layer thickness) [7]. As shown in the Fig. 10.4a the quality of
the notch of Type A+ specimen is high and the shape corresponds to the theoretical
geometry from the CAD model (broken line ellipse).

In the case of Type C notch in Fig. 10.4b, the geometrical accuracy of the notch
changes along the profile as shown by the comparison with the CAD profile: the
notch surface can be split in an accurate up-skin surface (bottom half) and in a highly
inaccurate down-skin (top half) surface.

This poor surface quality and accuracy of the down-skin surface is due to a condi-
tion involving melting and solidification of loose powder without building supports.
Such supports are important in the case of overhangs on top of loose powder and
provide a thermal path to dissipate heat, [8].

Although the quality of the A + and C mini specimens is clearly different
(Fig. 10.4), the fatigue behavior is similar because the notch root, where the highest
stress concentration develops (Fig. 10.2) is very similar for both types of specimens
(A+, C). Nonetheless, a larger data scatter is found for C specimens.



80 M. Frkáň et al.

Fig. 10.4 Magnified view of semielliptical notches in mini specimens

10.4 Conclusions

The aimof this studywas the determination of the influence of notchedmini specimen
on the fatigue behavior which is associated by geometrical shape, notch sensitivity
of material and aspects related to the manufacturing technology. This study leads to
the following conclusions:

• The microstructure of Ti6Al4V specimens prepared by DMLS and then heat
treated is characterized by primary β columnar grains that are filled with fine
needles of α phase in β matrix arranged in the Widmanstätten form.

• The notch quality of the A+ and C mini specimens is directional so is the fatigue
behavior.

• Considering the reference un-notched fatigue strength, the directionality of notch
fatigue factor was quantified in Kf,A+ = 3 and Kf,C = 2.4 for Kt = 5.
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Chapter 11
Impact of Various Surface Treatments
on the S-N Curve of Additive
Manufactured AlSi12

Steffen Greuling, Wolfgang Weise, Dieter Fetzer, Klaus Müller-Lohmeier
and Mattias-Manuel Speckle

Abstract Objective of this work is to investigate the behavior of AlSi12 specimens
under fatigue loading. It describes the impact of various surface treatments like turn-
ing, polishing, shot peening and deep rolling on the S-N curve. Surface treatments,
which create compressive residual stresses in near-surface regions show an improved
fatigue strength. Deep rolling leads to the best results. Furthermore, the scatter of the
S-N curves is discussed. Crack initiation seems to be sensitive to surface treatment.
It is concluded, that in the case of rough surfaces the crack starts at surface defects
whereas for improved surface conditions, for example polishing, the crack may start
at pores in near-surface regions.

Keywords Additive manufacturing · Surface treatment · AlSi12

11.1 Introduction

Additive manufacturing offers unique possibilities to produce complex shaped com-
ponents, which cannot be realized by conventional processes. Requirements on
lightweight design often can be solved by applying aluminum alloys because of
low density and their specific weight. The applications of Al-alloys for example in
rapid prototyping are well known. However, for serial production in mechanical and
automotive engineering a lot of tests still have to be carried out.

Mechanical behavior and metallurgical aspects of AlSi-cast materials are well
known and published, e.g. [1]. However, the research on material behavior of
AlSi12, which is widely used in mechanical engineering, is still in the beginning.
For AlSi10Mg more results are available, because it is used more often in additive
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manufacturing compared to AlSi12. In order to fulfill the requirements in integrity
of structures more investigations are required [2–4].

Objective of this work is to determine the fatigue strength of AlSi12 specimens.
Especially the impact of various surface treatments on the S-N curve is investigated.
Besides measuring the fatigue strength, i.e. determining the S-N curve, the surface
conditions are characterized by roughness measurements and applying SEM tech-
niques (scanning electron microscope). The microstructure is investigated and crack
initiation is detected by applying SEM.

11.2 Experimental Investigations

The specimens are produced by selective laser melting (SLM) [5, 6] using a SLM
250 HL-machine. Building direction is always 90°, see Fig. 11.1. S-N curves will
be determined for additive manufactured AlSi12 specimens applying the following
surface treatments:

• Additive Manufactured, AM (no post treatment)
• Turning (rough machined and finished)
• Polishing
• Shot Peening (MHG SMG 25/1, micro glass balls <50 µm, approx. 4 min)
• Shot Peening and und Slide Finishing (Rösler Tub Vibrator)
• Turning and Deep Rolling
• Slide Finishing and Deep Rolling.
For the S-N curve the test results are evaluated according to German standard DIN

50100 [13]. Tests were carried out on a 25 kN resonance testing machine at room
temperature. In order to avoid buckling of specimens, tests are carried out with a
R-value of 0.1. The testing frequency is in the range of 30–40 Hz. Figure 11.2 shows
the specimen’s geometry. In these investigations, the S-N curves are determined for
finite life regime. Tests for the endurance limit are still running.

Fig. 11.1 Building
directions for SLM process
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Fig. 11.2 Drawing of
specimen

In order to investigate the microstructure, cross sections in longitudinal and
transversal directions to the specimen’s axial direction were produced. The cross
sections were embedded in methyl methacrylate resin, grinded with SiC-foils (120,
320, 600 and 1200) and polishedwith 3µm-diamond paste. Etching occurred in 15%-
sodium hydroxide solution for 7 s. The microstructure was investigated applying the
microscope Olympus UC30. The surface roughness was measured by applying tac-
tile measurement techniques using the testing device MarSurf XR20-GD25. The
surfaces after post treatments and fracture surfaces were characterized by applying
SEM Phenom G1.

11.3 Results

11.3.1 Chemical Composition

Table 11.1 shows the results of a spectroscopic analysis. Si-concentration of 12.7%
is close to the eutectic equilibrium concentration of 12.5% for AlSi-alloys [1].

Table 11.1 Chemical analysis of AlSi12 specimens compared to values of standards, compositions
in wt% [7]

Si Fe Cu Mn Zn Ti

Standard 10.5–13.5 0.55 0.05 0.35 0.10 0.15

Specimens 12.7 0.22 0.02 0.01 0.04 0.03
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11.3.2 Metallography

Figure 11.3 shows the results of a macroscopic investigation of the cross section.
Comparatively many pores are observed. Applying the analysis software of UC30
microscope a pore concentration of 1.5% andmaximum pore size of 112µm is deter-
mined. However, measuring the density of AlSi12 related to its theoretical density a
pore concentration of 3.4% is detected.

The formation of pores may have many causes and is investigated for AlSi10Mg
in [8]. In welding seams of Al-alloys cavities may occur due to shrinkage or pore
forms due to hydrogen. Sources for hydrogen can be H-atoms solved in the Al-
melt, hydrogen concentrations in shield gas or absorbed water on the powder surface
[9]. Absorbed water on powder surfaces may react with molten Al to Al2O3 + H2,
which was observed in sand casting processes where molding materials contain a
certain amount of water [10]. After drying of the powder a density of 99.5% was
measured [11]. In addition, impurities in the powder prior to the SLM process might
be a reason for pores. Furthermore, process parameters like laser beam energy and
scanning velocity have a strong influence on micro porosity [11].

In this investigation pores in additive manufactured AlSi12 probably are caused
by hydrogen, when dissolved H-atoms recombine during crystallization of molten
Al. This conclusion can be justified, because nearly no pores can be observed in
metallographic investigations of the original powder used for this SLM process.

According to Fig. 11.3, a very fine microstructure can be observed. The structure
of the additive molten layers can be detected in the micrograph. This very fine
microstructure can be explained by a very high cooling rate occurred during the SLM
process.At highermagnification (Fig. 11.3, right) it canbe seen thatwedonot observe
100% eutectic phase, which will be expected for AlSi12 material for equilibrium
conditions. Primary crystallized AlSi solid solution phases are detected. Due to very
high cooling rates, the eutectic composition canbe raised up to 13.5%[12].According
to Table 11.1, the AlSi-alloy tested in this work has a composition of 12.7%. For
non-equilibrium conditions, which is the case in SLM process, this concentration is
below the eutectic composition and therefore the existence of primary crystallized
AlSi-phases can be explained.

Fig. 11.3 Micrographs of additive manufactured AlSi12-alloys (white arrow: building direction)
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11.3.3 Investigation of Specimen Surfaces

The surface roughness is measured using tactile measurement techniques. SEM pho-
tographs document the topographies of various surfaces. Figure 11.4 shows the results
of surface roughness measurements. Hence, polishing shows low roughness values
compared to conditions of additive manufactured specimens and post treatment turn-
ing. Even lower roughness values are detected on deep rolled surfaces. Figure 11.5
shows the SEM photographs of various surface treatments. Firstly, the rough surface
of the original additive manufactured specimen can be seen, shot peening leads to a
typical spherical calotte structure. The polished surface is smooth but pores can be
detected. Obviously, pores beneath the surface are opened by polishing. Deep rolling
also shows a smooth surface. However, some irregularities can be seen, which might
be micro cracks due to strongly cold deformed surface regions.

Fig. 11.4 Results of roughness measurements for various surface treatments

Fig. 11.5 SEM micrographs of specimens for different conditions: additive manufactured, shot
peening, polishing and deep rolling (from left to right)



88 S. Greuling et al.

11.4 Results of Fatigue Testing

Figure 11.6 shows the results of all fatigue tests. The S-N curves are evaluated for
a failure probability of P = 50% by applying a linear regression method [13]. In
general, at least nine tests at room temperature were performed for each S-N curve.

Specimens, which were post treated by shot peening or deep rolling after additive
manufacturing, turning and grinding are showing partly much higher fatigue strength
then specimens in additive manufactured, polished, rough machined or finished sur-
face conditions. Surprisingly, polishing does not lead to an improvement in fatigue
strength. The reason for this behavior is explained with pores in the near-surface
regions that will be opened after polishing and act as defects for crack initiation.
Shot peening improves fatigue strength probably due to higher compressive residual
stresses in near-surface regions. The fatigue strength of shot peened specimens are
lying all in the same range neither if they were grinded before shot peening or addi-
tive manufactured before shot peening. Even higher residual compressive stresses
can be achieved by deep rolling. This leads to higher fatigue strengths.

SEM investigations of the fracture surfaces are carried out in order to detect the
location of crack initiation. Two basic mechanisms of crack initiation are observed.
Cracks may initiate at the surface in case of very rough surfaces or initiate at a pore
in near-surface regions. This is derived from SEM pictures of the fracture surface
as shown in Fig. 11.7 (left), where a crack initiated at the surface of an additive
manufactured specimen. Figure 11.7 (right) shows the crack initiation at a pore right
under the surface in this case for a specimen which were post treated by grinding
and shot peening. The evaluation leads to the conclusion that crack initiation occurs
at the surface for specimens with high roughness values. This for example was the
case for nearly all specimen in the condition AM. For lower roughness values, crack
initiation occurs at pores in near-surface regions.

Fig. 11.6 Results of fatigue tests carried out on AlSi12-specimens with various surface post treat-
ments. For each surface condition the S-N curve is depicted for a failure probability of P = 50%
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Fig. 11.7 Crack initiation at a surface of an additive manufactured specimen (left) and crack initi-
ation at a pore in near-surface region of a slide finished and deep rolled specimen (right)

A better surface condition, in our case especially produced by deep rolling, leads
to higher fatigue strength. However, for specimens and components, which will be
exposed to fatigue loading, a micrograph having a low pore concentration and much
smaller pores should be achieved. Further research will be focused on materials hav-
ing a much lower porosity. Furthermore, the influence of various surface treatments
on the endurance limit of additive manufactured Al-alloys will be carried out.
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Chapter 12
Fatigue Properties of Powder Bed Fused
Inconel 718 in As-Built Surface Condition

M. Sprengel, A. Baca, J. Gumpinger, T. Connolley, A. Brandao, T. Rohr
and T. Ghidini

Abstract The aim of this study was to investigate the fatigue properties of Selec-
tive Laser Melted (SLM) processed Inconel 718 (IN718). The joint research activ-
ity between the European Space Agency and the company Renishaw, chose IN718
for its suitability in applications for launcher engine components and for Additive
Manufacturing (AM) processing. The high-cycle fatigue properties of vertically and
horizontally built specimens in as-built condition were investigated and a stress-life
(S-N) curve constructed. The fatigue specimens were characterized by X-Ray Com-
puted Tomography (XRCT) and the fracture surfaces analysed by Scanning Elec-
tron Microscopy (SEM). The analysis performed shows similar fatigue properties
of vertically and horizontally built specimens below 106 cycles, despite significant
differences in surface roughness.

Keywords Selective laser melting · IN718 · S-N curve · Additive manufacturing

12.1 Introduction

The process of Additive Manufacturing (AM), as defined in ISO/ASTM 52910, is
the layer-by-layer manufacturing of a part. Amongst these processes, the Powder
Bed Fusion (PBF) process uses thermal energy to selectively fuse areas of a powder
bed [1]. Selective Laser Melting (SLM) is a PBF process using a laser to melt the
powder. This process enhances significantly the freedom of part shapes and can also
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be used for alloys that are difficult to manufacture such as Inconel 718 (IN718) [2,
3]. As part of the family of Ni-based superalloys, IN718 exhibits high strength at ele-
vated temperatures and resistance to corrosion and is thus used for high temperature
applications such as gas turbine components, jet engines and launcher engines [2,
4]. The exceptional mechanical properties are achieved through a two-step precipita-
tion hardening heat treatment aimed at precipitating the Ni3(Al,Ti) γ′ and Ni3Nb γ′′
phases [5]. Amongst the various applications of AM parts, loading scenarios includ-
ing fatigue loads are most challenging for parts produced by AM [6]. The challenge
to overcome has been partly attributed to the surface condition and internal defects
of AM parts [1–7]. Surface roughness is seen as one of the most detrimental factors
for the fatigue performance of metallic materials [6, 8]. In addition to the influence
of surface condition, the presence of sub-surface defects, assumed to be inherent to
SLM processed parts, have been reported to decrease the fatigue performance [9].
Although some fatigue data of SLM IN718 is available, the investigations performed
rarely focusedon as-built specimens that solely received the standard two-step precip-
itation heat treatment. The novelty of this investigation is the testing of horizontally
built specimens in as-built condition, namely without any surface treatment. This
situation is faced for launcher liquid propulsion components in some cases and is
seen as a potential worst case scenario.

12.2 Materials and Methods

12.2.1 Specimen Manufacture

Cylindrical IN718 fatigue specimens were manufactured in the horizontal and verti-
cal orientation on a Renishaw machine. The specimens were designed according to
ASTM E 466. The specimens were built using a laser power of 500 W and a layer
thickness of 60 μm. The layers were built using a stripe hatch pattern with a 70 μm
hatch distance, two contour lines and a rotation of 67° between each successive layer.
The specimens were heat treated according to Renishaw’s standard heat treatment
based on the AMS 2774 standard. The two-step precipitation heat treatment consists
in stress relieving the specimens at 1253 K for 1 h before gas quenching. Then the
specimens were heated for a first dwell of 8 h at 993 K and furnace cooling to 873 K
for a second dwell of 8 h. The specimens were then gas quenched down to 373 K and
then allowed to furnace cool. On the horizontal specimens, the supporting structure
was broken off manually with pliers, no other technique was applied. Some relatively
small parts were then still connected to the specimens.
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12.2.2 Experimental Methods

The specimens were characterized through Non-Destructive (NDI) and Destructive
Investigation (DI) methods. The fatigue tests were performed according to ASTM
E 466. An Instron 8800 equipped with a 100 kN load cell was used. A stress ratio
of R = 0.1 and a frequency of 20 Hz were applied to perform the tests. Based on
prior tensile tests, the stress amplitudes 360, 270, 200 and 135 MPa were chosen.
With a Zeiss optical microscope, the fracture surface was analysed. X-ray Computed
Tomography (XRCT) scans were carried out to analyse the internal defects. The
XRCT acquisition was performed using a GE Phoenix V|tome|x M 300 kV at a gun
voltage of 230 kV and a current of 150μA. The voxel size was approximately 25μm.

12.3 Results and Discussion

12.3.1 XRCT Results

In Fig. 12.1a, the remainders of the support structure is approximately 0.6 mm high
and 6.7mm long. Voids at the interface support structure—specimen can be observed
in Fig. 12.1b. The surface of the downward-facing side of the horizontal specimen,
where the supporting structure was connected appears very rough compared to the
surface of the vertical specimen shown in Fig. 12.1d. The cross sections displayed
in Fig. 12.1c, e confirms this finding. Furthermore, sub-surface porosity is visible in
(e). An elongated pore and disc shaped void, presumably a lack of fusion defect due
to its shape and location, are highlighted by arrows in Fig. 12.1c.

(a) (b) (c) (d)
1

2

(e)

BB

Fig. 12.1 XRCT images—a surface of a horizontally built specimen; b example of voids located
at the interface of the support structure and the specimen; c drop shaped void in horizontal specimen
(arrow 1) and lack of fusion defect (arrow 2); d surface of a vertically built specimen; e porosity
line in vertical specimen
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12.3.2 Fatigue Results

The results of the fatigue testing for vertically and horizontally built SLM IN718
specimens are shown in Fig. 12.2, displayed as an S-N diagram on a plot of stress
amplitude versus log number of cycles to failure. The target fatigue life was set to 107

cycles. Specimens achieving this number of cycles were categorized as run-outs. The
results show near to identical fatigue stress-life behaviour for the two specimen types
at stress amplitude levels between 360 MPa and 135 MPa, reaching approximately
106 cycles. Furthermore, the endurance limit at 106 cycles is less than 135 MPa,
with runouts at 107 cycles occurring for specimens tested at lower stress amplitudes.
Additional testing at these lower amplitudes would be required to confirm the fatigue
limit at 106 cycles for the tested specimens. Table 12.1 shows superior endurance
limits at 106 cycles for IN718 reported in literature. However, the specimens used in
these investigations were manufactured and tested in different conditions. The main
differences being the post processing steps and testing conditions. Although only
used as indication, these values emphasize the low fatigue stress-life behaviour of
the tested specimens.

Surface roughness and internal defects such as pores and lack of fusion were
found to be key aspects that directly affect the fatigue properties [10]. Furthermore,
build orientation dependency of SLM IN718 was observed in fatigue tests [11]. The

Fig. 12.2 S-N curve of
SLM IN718 specimens in
as-built and heat treated
condition, R = 0.1
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Table 12.1 Endurance limits
of selected sources, displayed
as stress amplitudes of IN718
at 106 cycles

Ref. Process Endurance limit (MPa) Stress
ratio R

Results SLM 135 0.1

[6] SLM 250–300 −1

[11] SLM 200 0

[9] DMD 225 0.1

[14] Wrought 500 −1

[15] Wrought 380 0.01
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above mentioned aspects have been reported to contribute to anisotropic mechanical
properties of SLM parts [12, 13]. The herein presented results however show corre-
sponding endurance limits at 106 cycles for the two specimen types, independently
from the differences in surface roughness and microstructure induced by the build
orientation.

12.3.3 Fracture Surfaces

Selected fracture surfaces of horizontal and vertical specimens were analysed with
an optical microscope, see Fig. 12.3. The fracture surfaces of the horizontally built
specimens appear rougher in comparison with the vertical specimens. This could be
resulting from the crack path taken in horizontal specimen, having to go through
versus along elongated grains for the vertical specimens, as described in [6, 13].
The crack initiation (1), crack growth (2) and final fracture (3) areas are visible
and highlighted in Fig. 12.3a. On all horizontal specimens, the crack initiated close
to the interface of the support structures as indicated in Fig. 12.3b. Furthermore,
investigating the surfaces with the SEM resulted in the finding of voids and pores
in this area, making it difficult to assign the crack initiation precisely to one defect.
Elongated defects along the circumference of the horizontal specimen tested at a
stress amplitude of 200 and 135 MPa are indicated by an arrow in Fig. 12.3c, d. The
occurrence of these drop shaped defects was detected in the XRCT scan displayed in
Fig. 12.1d. In Fig. 12.3e, the fracture surface of a vertical specimen tested at 360MPa
is displayed. The surface is scattered with bright areas. Using the SEM, these defects
were determined to be lack of fusion. Lack of fusion defects are generally reported
to be detrimental for the mechanical properties and contribute to the anisotropy in

360 MPa 200 MPa 135 MPa

V

H

(f)(e)

(c)

(h)

270 MPa

1

2

3

(a) (b) (d)

(g)

Fig. 12.3 Overview of fracture surfaces of horizontal and vertical SLM IN718 specimens at dif-
ferent stress amplitude levels
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SLM specimens [13]. In Fig. 12.3f multiple crack initiation sites are visible and
seem to start from sub-surface porosity lines. The presence of these pores between
the inner filling and the contour as well as the multiple crack initiation sites were
also reported in [6, 7]. The fracture surfaces of vertical specimens tested at 200 and
135 MPa appear to be less crowded with defects and the initiation sites are more
distinguishable as shown in Fig. 12.3g, h.

12.4 Conclusions

The fatigue stress-life properties of as-built, heat treated SLM IN718 specimens
built horizontally and vertically were assessed. The study aimed at investigating the
influence of very rough surfaces on the fatigue properties. The findings reported
were:

• The endurance limits at 106 of the vertical and horizontal specimens are lower
compared to findings of AM and wrought IN718 reported in literature.

• No significant difference in fatigue stress-life behaviour between horizontal and
vertical specimens was observed at stress amplitudes above 135 MPa.

• The fracture surfaces of the horizontal specimens appear very rough and are prob-
ably linked to the perpendicular crack growth path with respect to the layer orien-
tations. All cracks seem to start in the vicinity of the support structures—specimen
interface for horizontally built specimens.

Acknowledgements The authors wish to thank the company Renishaw for providing and the
ESTEC workshop for machining the IN718 specimens as well as Diamond Light Source Ltd. for
the access to the fatigue machine.
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Chapter 13
Application of Data Science Approach
to Fatigue Property Assessment of Laser
Powder Bed Fusion Stainless Steel 316L

M. Zhang, C. N. Sun, X. Zhang, P. C. Goh, J. Wei, D. Hardacre and H. Li

Abstract The adaptive neuro-fuzzy inference system (ANFIS) was applied for
fatigue life prediction of laser powder bed fusion (L-PBF) stainless steel 316L.
The model was evaluated using a dataset containing 111 fatigue data derived from
14 independent S-N curves. By using porosity fraction, tensile strength and cyclic
stress as the inputs, the fuzzy rules defining the relations between these parameters
and fatigue life were obtained for a Sugeno-type ANFISmodel. The computationally
derived fuzzy sets agree well with understanding of the fatigue failure mechanism,
and the model demonstrates good prediction accuracy for both the training and test
data. For parts made by the emerging L-PBF process where sufficient knowledge
of the material behavior is still lacking, the ANFIS approach offers clear advantage
over classical neural network, as the use of fuzzy logics allows more physically
meaningful system design and result validation.

Keywords Fatigue · Life prediction · Neuro-fuzzy modelling · Stainless steel
316L · Selective laser melting

13.1 Introduction

Recent progresses in additive manufacturing (AM) have encouraged the use of
the technology beyond rapid prototyping to actual part production. Comparing
with conventional manufacturing processes, AM systems are associated with added
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complexities due to the large number of processing parameters. The laser powder bed
fusion (L-PBF)method, for example, consists of parameters expanding the laser unit,
powder characteristics, scanning pattern, etc., and changes in these parameters could
induce different thermal histories and amyriad of physical andmechanical properties
in the final parts. In particular, one of the material properties that is strongly affected
by L-PBF processing is fatigue as it is very sensitive to manufacturing defects. Many
L-PBF materials show inferior fatigue properties to the conventional forms because
of premature crack initiation at process-induced lack of fusion defects [1, 2]. This
could cause unexpected performance of engineering components and heighten the
risk of structural failure.

Computational methods are time- and cost-effective means for solving engi-
neering problems as they are capable of recognizing patterns in complex data [3].
Advanced machine learning algorithms such as the neural network had been used
for modelling the input parameter-property relations of processing techniques such
as welding [4], hot rolling [5] and casting [6], and could potentially be applied to
tackle the intricacies of AM. However, in applying data science methods, it is to
be recognized that they adopt attributes of the ‘black box’. This is not desirable for
modelling novel processes like L-PBF, as the lack of sufficient understanding of
the underlying material science can lead to meaningless results. Using fuzzy logics
could potentially circumvent this problem. By describing input variables as a set of
linguistic terms, the desired physical meaning and system transparency could be real-
ized, and the problem of imprecise and insufficient information could be addressed.
For instance, with fuzzy logic, key fatigue assessment indicators, such as porosity
and tensile properties, could be related to the fatigue stress-life relations via a set of
‘if-then’ rules:

Rule 1: If porosity fraction is low and tensile strength is high and stress is low,
then fatigue life is long.

Rule 2: If porosity fraction is high and tensile strength is low and stress is high,
then fatigue life is short.

The implementation of such rules allows the states between acceptable and non-
acceptable porosity and strength conditions to bedefined imprecisely by fuzzybound-
aries. In this work, the applicability of the adaptive neuro-fuzzy inference system
(ANFIS), which incorporates fuzzy logic into the neural network, was examined for
fatigue property assessment of L-PBF stainless steel 316L.

13.2 Fatigue Data

A total of 111 fatigue data were adapted from the authors’ prior experimental works
[7–9]. Stainless steel 316L samples with different tensile stress and porosity condi-
tions were fabricated by varying L-PBF processing conditions, including the laser
power, scan speed and layer thickness. 14 independent processing conditions were
tested, resulting in 14 sets of S-N curves. Fatigue tests were conducted under load-
controlled mode at frequency of 5 Hz and load ratio R = 0.1.
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13.3 Neuro-fuzzy Modelling of Fatigue Life

13.3.1 Input Variables

Three variables, namely porosity fraction p, static tensile strength σ b and the max-
imum cyclic stress σmax, were used as the inputs for the model. Porosity is a key
variable defining the crack-initiating defects. For parts with p below a critical level,
fatigue fracture of L-PBF stainless steel 316L is characterized by intergranular crack
initiation due to dislocations and elemental segregations at dendritic grain bound-
aries [9], whereas for p above the critical level, the presence of defects triggers
defect-driven crack initiation. The resistance to fatigue failure of the specimens is
represented by the static tensile strength, where for conventional ferrous metals, the
fatigue endurance limit is approximated to be half of the tensile strength [10].

13.3.2 Architecture of the Adaptive Neuro-fuzzy Inference
System

Considering the ‘if-then’ rules described in the Introduction, and prescribing the low
level as ‘1’, and the high level as ‘2’, the linguistic rules could be expressed for a
Sugeno-type ANFIS model [11] as:

Rule 1: If p is A1, σ b is B2 and σmax is C1, then

f1 = q1 p + r1σb + s1σmax + t1 (13.1)

Rule 2: If p is A2, σb is B1 and σmax is C2, then

f2 = q2 p + r2σb + s2σmax + t2 (13.2)

where Ai, Bj, and Ck are the linguistic labels of the variables p, σ b and σmax respec-
tively, f is the linear consequent function and q, r, s and t are the consequent param-
eters of the fuzzy rules. Figure 13.1 shows the architecture of the ANFIS model. The
first layer specifies the degrees to which the given input parameters belong to each of
the linguistic labels via expressions known as membership functions. Bymultiplying
the corresponding membership values, i.e. the outputs of the nodes in Layer1, the
firing strength wi, or the ‘degree of fulfilment’, of a particular rule is obtained in the
second layer. Output of a node in the third layer is equal to the normalized firing
strength multiplied by the consequent function f of a rule. The last layer constitutes
the summation of all the incoming signals and is equal to the predicted N f.

The square nodes, i.e. Layer 1 and Layer 3, are adaptive nodes where the param-
eters are optimized by the adaptive neuro network. A hybrid learning algorithm,
consisting the back-propagation and least square methods, were used for tuning the
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membership function and the consequent parameters. All computations were per-
formed using the Neuro-Fuzzy Designer app in Matlab.

13.4 Results and Discussion

Of the 111 data points, 78 (70%) were used for training and 33 (30%) for testing
the ANFIS model. Training was stopped when the smallest training error, in terms
of the root mean squared error (RMSE), was reached. By applying subtractive clus-
tering, four distinct fatigue life clusters were determined, resulting in four fuzzy
rules, as illustrated in Fig. 13.1. The input parameters p, σ b, and σmax were parti-
tioned into 4-3-4 fuzzy sets respectively and the membership functions, in the form
of Gaussian distributions, are shown in Fig. 13.2. By correlating with the experimen-
tal data, the physical meanings of the membership functions could be interpreted in
terms of the fatigue fracture mechanisms. Specifically, a porosity fraction with a high
degree of presence in the ‘Low’ level is associated with the optimum fatigue prop-
erties. Mechanistically, this involves crack initiation from microstructural defects.
The ‘Medium low’ level is linked to the transition from microstructure-driven

Fig. 13.1 Structure of the adaptive neuro-fuzzy inference system used in this work. The levels of
the linguistic labels, from low to high, are indicated by the subscripts of the nodes in Layer 1 in
increasing order
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Fig. 13.2 Membership functions for a porosity, b tensile strength and c cyclic stress

to defect-driven failure. The ‘Medium high’ and ‘High’ levels correspond to defect-
driven failure, where cracks initiate from isolated defects andmultiple defects respec-
tively. For the ultimate tensile strength, only three fuzzy categories are applicable.
This could imply that fatigue life is less sensitive to tensile strength than to porosity.
For the maximum cyclic stress, the fuzzy levels are related to the actual stresses used
for fatigue testing.

Relating to the fuzzy rules in Fig. 13.1, the first rule indicates that a medium
low porosity and medium low stress will lead to type 1 fatigue life, and the second
rule indicates that a medium high porosity, high tensile strength and medium high
stress will lead to type 2 fatigue life, and so on. For a given input, all the rules
were evaluated in parallel for calculating the fatigue life. As shown in Fig. 13.3,
the predicted results compare well with the experimental fatigue lives for both the
training and test datasets. The RMSE values for the training and test sets are 13.27%
and 13.38% respectively. Such errors on fatigue life could be considered as small
relative to the inherent scatter associated with fatigue data (which was evaluated at
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Fig. 13.3 Actual and predicted fatigue life (load cycles) for the a training data and b test data.
Dotted lines represent life factor of two on life

a factor of two on life, as indicated by the dotted lines in Fig. 13.3). This result
testifies that the chosen parameters, i.e. the input variables, the number and type
of membership functions, rules and the allocation of data for testing and training,
are appropriate for the current dataset, and that the ANFIS approach is effective for
modelling the fatigue life of L-PBF stainless steel 316L.

13.5 Conclusions

The ANFIS method was applied as a preliminary study for modelling the fatigue life
of L-PBF stainless steel 316L using machine learning approaches. Results from this
work show that:

1. The neuro-fuzzy system could successfully predict the fatigue life of L-PBF
stainless steel 316L with different process-induced porosity and tensile strength
properties, and subjected to different cyclic stress levels.

2. The derived membership functions could be interpreted in terms of the fatigue
failure mechanisms. Unlike non-fuzzy-based learning approaches, the trans-
parency offered by the linguistic rules enables immediate appreciation of the
model, and greatly simplifies the model design and validation process. In addi-
tion, the fuzzy boundaries allow better tolerance for imprecise and sparse data,
which is relevant to the case of high cycle fatigue tests. This could have con-
tributed to the good prediction accuracy achieved by the present ANFIS model.

3. In future works, the experimental dataset could be expanded to include a larger
design space that is more representative of the different types of fatigue failure
relevant to L-PBF processing. This will lead to a more complex system such that
the use of artificial intelligence methods could be better justified.
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Chapter 14
Influence of Surface Orientation
and Segmentation on the Notch Fatigue
Behavior of as-Built DMLS Ti6Al4V

Gianni Nicoletto and Radomila Konečná

Abstract Design and qualification of load-bearing metal parts produced by the
additive manufacturing technology is a critical issue. Such metal parts are complex
in geometry with notches that are critical locations under fatigue loading. Notch
surfaces are typically in the as-built state because post-fabrication surface finishing
is not a viable approach inmost applications. Here fatigue experiments using notched
specimens produced according to different orientationswith respect to build direction
are presented andused to discuss the notch fatiguebehavior ofDMLSTi6Al4V.Notch
fatigue factors depend on the process itself and on fabrication details such as up-skin
versus down-skin surface orientation, stair-stepping of the notch surface due to the
layer-by-layer segmentation and intrinsic as-built surface roughness.

Keywords Direct metal laser sintering · Ti6Al4V · Notch fatigue · Surface quality

14.1 Introduction

The on-going drive for a full exploitation of metal additive manufacturing (AM)
technology by industrial sectors such as aerospace, energy, motor racing andmedical
is pushing for new know-how development supporting the design and qualification
of load-bearing metal parts [1].

Powder Bed Fusion (PBF) metal parts for structural applications are expected to
have a complex geometry (organic shapes generated by topological optimization,
internal cavities, and lattices of different kinds). Their surfaces will be rich of cross
sectional changes, variation of orientation with respect to build orientation, rounded
notches etc. [2]. Therefore, a critical section of a PBF part will combine a notched
geometry and an as-built surface. Fatigue design of notched metal parts obtained by
conventional processes and surface finish is well established, widely used in industry
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and presented in many textbooks. The topic is however quite unexplored in the case
of notched PBF metal parts.

This contribution considers DirectMetal Laser Sintering (DMLS) as the PBF pro-
cess of choice and addresses the fatigue behavior of DMLS Ti6Al4V in the presence
of as-built notches whose surface quality depends on the layer-wise surface gener-
ation and directionality with respect to build. Therefore, fatigue experiments using
notched specimens produced according to different build orientations are presented
and discussed.

14.2 Curved Surface Quality Generated by the PBF Process

Part fabrication by the PBF process surfaces leads to high surface roughness com-
pared to conventional milling or grinding. Roughness measurements, i.e. Ra mea-
sured with the standard instrumentation, are typically used to characterize the quality
of an as-built PBF surface. Inspection of Fig. 14.1, [3], reveals how the roughness
varies in dependence of the surface orientation with respect to the build platform.
A vertically oriented surface has the lowest roughness due to adhesion that occurs
between loose and melted powder during the localized melting process. Two param-
eters, δ and υ, are defined in Fig. 14.1 and can be used to character the surface
orientation as either up-skin (i.e. 0 < υ < 90) or as down-skin (angle 0 < δ < 90).
Down-skin surfaces are considerably rougher than the up-skin counterparts due to
the presence of dross. Dross formation is due to the much higher density and weight
of the weld pool than the loose powder and sinks into it.

Figure 14.1 shows that up-skin flat surfaces have a roughness that is lower than
down-skin flat surfaces but however higher than the vertical orientation. That is the
effect of the layer-by-layer PBF fabrication process on an inclined surface. This
technological effect influences also the quality of the curved surface of an as-built
notch.

Fig. 14.1 Qualitative dependence of roughness on surface inclination [3]
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Fig. 14.2 Segmented
geometry resulting from the
layer-by-layer fabrication of
a semicircular detail

While sectioning a notch with a cutting plane perpendicular to the build direc-
tion shows an accurate notch geometry, its intersection with a plane containing
the z-axis results in stair-stepped notch geometry. Such a stair-stepping derives
from the segmentation (or tessellation) of the original Computer-aidedDesign (CAD)
model.

The example of Fig. 14.2 exemplifies how a semicircular geometry (i.e. round
notch) of radius R is approximated by segmentation. The stepped profile depends
on: (i) the ratio λ/R where λ is the layer thickness and R is the radius, see Fig. 14.2,
and (ii) the local orientation θ with respect to the build direction: when θ approaches
0° the local geometry is markedly stair stepped, while for θ approaching 90° the
actual geometry merges to the nominal geometry.

According to the previous definition, the notch geometry of Fig. 14.2 is associated
to a down-skin surface. Therefore, dross formation is expected after PBF fabrication
in addition to the stepped profile. Alternatively, the notch geometry of Fig. 14.2 could
be produced according to the up-skin orientation and only the stepped profile would
contribute to its surface quality.

14.3 Experimental Details

An experimental approach using a novel specimen geometry is adopted to investigate
the interaction of a notch with the as-built surface state and the fatigue behavior. The
material considered is Ti6Al4V fabricated with the DMLS process.

Theminiature notch specimen geometry proposed in [4] is used here to investigate
the as-built notch fatigue behavior in a controlled and repeatable manner. Figure 14.3
shows the miniature specimen (22 × 5 × 7 mm3) compared to a standard 80-mm-
long rotating bending specimen. The notch is semicircular and has a radius R =
2 mm. The notched specimen geometry loaded in plane bending is characterized by
an elastic stress concentration factor Kt = 1.63 [5].

The main features of the test method used are: (i) the specimen is small to con-
veniently generate many specimens with considerable weight and cost savings com-
pared to standard geometries; (ii) the specimen is tested in plane bending so that a
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Fig. 14.3 Standard versus
miniature as-built fatigue
specimens

Fig. 14.4 Two types of
notched miniature specimen
under bending load: Type
A+: up-skin notch, Type A−:
down-skin notch

selected surface feature (either the notch or the opposite flat surface) is under applied
cyclic tensile stress; (iii) the specimen contains a simple notch (semi-circular) so
that the unique geometrical parameter R defines it; (iv) the specimen orientation
with respect to build direction can be readily selected to generate either up-skin or
down-skin notches [5].

Figure 14.4 shows the two types of specimens used in this study with respect
to build direction. Type A+ specimen is characterized by the round notch in the
up-skin orientation, so that only stair stepping is significant at the location of crack
initiation. On the other hand, Type A− specimen has the round notch in the down
skin orientation, so that stair stepping and dross formation is expected to influence
fatigue crack initiation. Figure 14.4 schematically shows also the cyclic bending
moment applied to generate cyclic tensile stress in the respective notch roots.

The two sets of mini specimens were tested in fatigue using an electromechanical
plane bending machine under a load ratio R = 0 with test run-out fixed at 2 × 106

cycles. The fatigue results obtained by applying tensile cyclic stress to the as-built
flat surface opposite to the notch (i.e. reversing the bending moments of Fig. 14.4)
in a previous study [4], will be used as the reference un-notched fatigue behavior of
as-built DMLS Ti6Al4V.

Mini-specimen fabricationwas performedwith theDMLS systemEOSINTM290
(EOSGmbH, Germany) working with a layer thickness of 60μm, a max laser power
of 400 W and a chamber temperature of 80 °C. The Ti6Al4V ELI alloy powder used
here was characterized by spherical powder particles of predominant diameter range
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from 25 to 45 μm. After fabrication, a stress relieving heat treatment in a vacuum
furnace was applied. The structure was quite isotropic, see [5].

The optical characterization of the as-built notch quality was performed on pol-
ished and non-etched specimens with a light microscope Zeiss Neophot 32.

14.4 Results and Discussion

The fatigue test results of in terms of maximum nominal stress σmax versus number
of cycles to failure N for the un-notched condition and for the two sets of Type
A+ and Type A− notched mini specimens of as-built DMLS Ti6Al4V are plotted
in Fig. 14.5. The fatigue data appear well-behaved with a reduced scatter. The up-
skin fabrication condition is associated to a slightly better fatigue behavior than the
down-skin condition. According the empirical notch fatigue factor Kf definition (i.e.
smooth fatigue strength/notched fatigue strength), the notch geometry with a stress
concentration factor Kt = 1.63 is associated to two notch fatigue factors Kf,A+ = 2.0
and Kf,A− = 2.6.

It is stressed that differently from conventionalmetal fatigue here the notch fatigue
factor is larger than the stress intensity factor. Furthermore, two notch fatigue factors
are due to the different surface quality in dependence of the notch fabrication.

The respective magnified notch profiles of Fig. 14.6 demonstrate that the rough-
ness of these two notch orientations. The down-skin notch surface of Type A−
specimen, Fig. 14.6b, is affected by dross formation and is very rough while the
up-skin notch surface of Type A+ specimen, Fig. 14.6a, is affected by stair stepping
only.

Fig. 14.5 Fatigue behavior
of smooth and up-skin versus
down-skin circular notches
in DMLS Ti6Al4V
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Fig. 14.6 a Up-skin round
notch; b down-skin round
notch (R = 2 mm)

14.5 Conclusions

PBF metal parts are typically complex in geometry with notches that are prone to
fatigue failure. Their surfaces will be in the as-built condition, as surface finish is not
a viable approach. Here the miniature specimen approach proposed elsewhere has
been applied to the study of the notch fatigue behavior of DMLS Ti6Al4V. Specimen
fabricationwas specified so that the notch surface quality is affected by the layer-wise
consolidation and by notch directionality with respect to build direction.

The following conclusions are reached:

• The mini specimen concept is suitable for the investigation of the as-built notch
fatigue behavior of PBF materials in a controlled way.

• Up-skin and down-skin notches were produced in mini specimens of DMLS
Ti6Al4V tested in cyclic bending and their different quality demonstrated by opti-
cal microscopy.

• The notch behavior of DMLS Ti6Al4V was quantified by means of two notch
fatigue factors, the largest of which is associated to the down-skin notch.

• Both notch fatigue factors are larger than the theoretical stress concentration factor.
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Chapter 15
Characterization of the Cyclic Material
Behavior of AlSi10Mg and Inconel® 718
Produced by SLM

M. Scurria, B. Möller, R. Wagener and T. Bein

Abstract The flexibility in design offered by advanced additivemanufacturing tech-
nologiesmakes this processmore andmore attractive for the automotive aswell as the
aircraft industry, especially for the production of metal components. Nevertheless,
while, on the one hand, additive manufacturing paved the way for new design solu-
tions which were not possible before, on the other hand, it represents a new process,
which has still not been standardized and, therefore, made exploitable. In this work,
the cyclic material behavior of two different metals used for additive manufacturing
technologies were evaluated. Small-scale specimens, produced by Selective Laser
Melting (SLM) of the Aluminum alloy AlSi10Mg and Inconel® 718 powder, were
subjected to Incremental Step Tests (IST) in order to evaluate the cyclic stress-strain
behavior of the material. The effects of removed support structures, four building
orientations, surface conditions and an additional heat treatment on the cyclic stress-
strain behavior of the material were evaluated.

Keywords SLM · AlSi10Mg · Inconel · Cyclic material behavior · IST · Additive
manufacturing

15.1 Introduction

Although the term“AdditiveManufacturing” is relatively new, the basis of the various
technologies that it includes is well known and had already been introduced by
the 1980’s. The initial idea was to create 3D objects, which represented a scale
benchmark of a part (or assembly), by adding material layer by layer. These objects
had no structural function and consisted of resin, as in stereo lithography (STL), or
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layers of paper, as in the case of Laminated Object Manufacturing (LOM). Many
process variations evolved, depending on the material and the principles on which
they were based, but the fact that their products were limited to a “visual” rather than
“structural” function justified their classification in the Rapid Prototyping category,
or more often called 3D Printing. The term Additive Manufacturing (as oppose
to Rapid Manufacturing), on the other hand, represented the intention to expand the
field of application to parts with a structural function, aiming for series production,
i.e. implementing the use of metals. The technology used for this study is Selective
Laser Melting (SLM), developed at the Fraunhofer Institute ILT [1].

A layer of metal powder is deposited on a build platform through a rake and then
melted by a laser beam. The platform is then lowered by an amount corresponding to
the desired layer thickness and another layer of powder is deposited and melted; the
process is repeated until the final shape of the object is obtained. The materials inves-
tigated here were an Aluminum alloy, AlSi10Mg, and a Nickel superalloy, Inconel®

718. The reasons why the possible use of these metals for additive manufacturing
technologies has been widely investigated are different. AlSi10Mg is a hypoeutectic
alloy close to the eutectic composition (weight%,Si = 9–11) and therefore is already
widely used for casting. The properties of additive manufactured AlSi10Mg have
already in part been investigated in several studies [2, 3]. Inconel® 718 is a high
strength, thermally resistant Nickel-based alloy, widely used in the aircraft indus-
try. Additive manufacturing offers an alternative to the difficulties of machining this
alloy, related to its rapid work hardening, and, therefore, several studies have already
been conducted [4, 5].

Additivelymanufactured parts are characterized by defects, which can be internal,
such as pores, or surface-related, such as high roughness. The process is still not fully
standardized and the variables, which can affect the cyclic material behavior, are
several; for example, the process parameters, the presence and removal of support
structures, the different microstructures due to different cooling rates, pores, possible
heat treatments, surface finish and the anisotropy due to different build directions.
This work has focused on the effects of these variables on the cyclic stress-strain
behavior of Inconel® 718 and AlSi10Mg.

15.2 Experimental Campaign

15.2.1 Specimens and Reference System

For this investigation, flat small-scale specimens with a thickness of about 2 mm
have been used. In order to define the initial conditions, specimens oriented along
the powder deposition direction in X (0°, lying), XZ (45°) and Z (90°, standing)
directions and specimens lying orthogonal to the powder deposition direction with
respect to the building platform (Y specimens) were manufactured using standard
process parameters (Fig. 15.1, left).
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Fig. 15.1 Specimen orientationwith respect to the direction of powder (left) and surfaces for which
a support structure must be provided (right)

Individually adapted support structures, needed for lying (X andY directions) and
45° XZ specimens and surfaces with downskin angles up to 45° (Fig. 15.1, right),
have been subsequently removed. The specimens were taken from the build platform
and the support structures were mechanically removed. The maximum roughness
for surfaces as-built ranged from Rz = 19 for Z specimens to Rz = 25 for X and Y
specimens, while, after the removal of support structures, these values could reach
peak levels of Rz = 120. The subsequent removal of these multiple point joints, in
fact, left the surface irregular and with a large amount of defects (Fig. 15.2). A part of
the specimens was subjected to a stress relief heat treatment (denoted as ‘tempered’)
while the rest was tested in the as-built state.

15.2.2 Test Equipment

The experimental campaign was carried out using an E-cylinder test rig, developed
at the Fraunhofer LBF, which enables strain-controlled fatigue tests using an electric
motor. A load cell measures the force, while the strain is measured by an extensome-
ter. An anti-buckling device is used to avoid buckling phenomena when a strain ratio
of Rε < 0 is applied. The test rig and the set up are shown in Fig. 15.3.

Fig. 15.2 Surfaces of an AlSi10Mg specimen built in the X direction: as-built state (left) and after
the removal of support structures (right)
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extensometer

anti-buckling 
system

Fig. 15.3 E-Cylinder test rig (left), specimen (right)mountedbetween the clamping systems includ-
ing anti-buckling system with applied extensometer (center)

Fig. 15.4 Strain history [9] on the left and reversal points of one block on the right

Incremental Step Tests (IST) [6], a defined load sequence with decreasing and
increasing amplitudes, were performed on the specimens, applying a strain ratio Rε

= −1 until failure occurred.
The cycles between two maxima belong to one block (Fig. 15.4, left). The failure

corresponds to the n-block, in which the maximum force decreased by 10% relates
to n/2, which is called the stabilized block (or stabilized state). The reversal points
(Fig. 15.4, right) of the stabilized block are used to evaluate the cyclic stress-strain
curve by regression of the Ramberg-Osgood equation [7]. The cyclic stress-strain
behavior of the material is crucial in simulating the fatigue life of a component and
represents the starting point for an assessment using elastic-plastic approaches and,
especially, a material-based fatigue approach [8].
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15.3 Results

The derived cyclically stabilized stress-strain curves are represented in Fig. 15.5.
The different colors correspond to different build orientations (as in Fig. 15.1) and
the results are shown for maximum strain amplitudes of εa,t = 0.4 and 0.8% applied
to the two materials after tempering, and on AlSi10Mg also on the as-built state.

Fig. 15.5 Cyclic stress-strain behavior of blasted and tempered Inconel718 (a and b), tempered
(c and d) and as-built (e and f) AlSi10Mg for maximum strain amplitudes of 0.4 and 0.8%
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The Young’s modulus of Inconel® 718 depends on the build directions; values
varying between 180 GPa in the X direction and 230 GPa in the Z direction under
cyclic loading conditions have been observed. On the other hand, the Young’s modu-
lus of the aluminum alloy specimens is constant which means that the Young’s mod-
ulus is not influenced by the build direction. Nevertheless, the stress-strain behavior
of AlSi10Mg depends on the build direction, especially in the case of the as-built
material state. Furthermore, the behavior is different under tensile and compression
loading, which is not the case of Inconel® 718.

The tempering of additively manufactured specimens leads to a lower yield
strength, compared to the as-built material state, and reduces the different behav-
iors under tensile and compression loading conditions.

15.4 Conclusions

The cyclic material behavior has been determined by performing Incremental Step
Tests on specimens of AlSi10Mg and Inconel® 718. The evaluation of the measured
data enables the description of the cyclic stress-strain curves using the equation of
Ramberg-Osgood. Summarizing all test results, the stress-strain behavior of addi-
tively manufactured specimens and structured depends on the build direction.

In the case of Inconel® 718, the anisotropy is very high and has to be considered
for fatigue life assessment in order to enable the light weight potential of additive
manufacturing for cyclically loaded structures. Further investigations are necessary,
since the influence of the surface quality on the fatigue life seems to be high and an
anisotropic behavior was found in some cases. Furthermore, the influence of a heat
treatment might have a large influence on the cyclic material behavior and should be
investigated in more detail.
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Chapter 16
Review of Current Progress in 3D Linear
Elastic Fracture Mechanics

Andrei Kotousov, Aditya Khanna, Ricardo Branco, Abílio M.P. De Jesus
and José A.F.O. Correia

Abstract The aim of this contribution is to provide a brief review of the latest
developments in the area of 3D Linear-Elastic Fracture Mechanics. The primary
focus of this contribution is on the situations where the classical results, which are
normally obtained within the framework of plane theory of elasticity, lead to peculiar
results. These situations include analysis of stress and displacement fields near vertex
points, generation of the coupled fracture mode under shear loading, application of
Williams series expansion to 3D problems as well as fracture scaling.

Keywords LEFM · FE · 3D stress singularities · Plates

16.1 Introduction

Plane problems of elasticity are often treated within the classical two-dimensional
(2D) theory of elasticity, which adopts plane stress or plane strain simplifications.
However, stress analysis based on this theory occasionally leads to peculiar results
due, in part, to the fact that it is an approximate three-dimensional theory even when
the plane stress equations are solved exactly [1, 2].

It has been confirmed in many careful numerical studies and is now commonly
accepted that the stress and deformation fields in the three-dimensional (3D) plane
problems of elasticity can be resolved as a sum of an interior plane stress solution
and 3D layer solution as illustrated in Fig. 16.1 [2, 3].
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Plane stress

3D stress state

Fig. 16.1 Representation of the exact solution to plane problems of elasticity as a sum of an interior
plane stress solution and 3D stress state near boundaries

The region(s) of 3D stress state of characteristic width, h, is normally very small
compared to the rest of the structure, and for most situations the in-plane stress
components are not very different from their plane stress counterparts. However, this
is not true for problems with strong stress concentrators (e.g. elliptical holes with
large aspect ratios) and, so called, singular problems such as problems with sharp
notches and cracks [4, 5]. The latter problems are the main focus of the present
review.

16.2 Stress Singularities

Stress singularities are not of the real world. Nonetheless, they are of a real fact in
stress analysis. In general, stress singularities can be associated with a sudden change
of boundary conditions or applied loading (e.g. concentrated forces and moments)
over vanishingly small areas or volumes, which is often termed as singular loads.
This class of stress singularities is well investigated and the nature of their origin and
asymptotic behaviour is presently well understood. Another class of singularities is
generally not related to singular loads and may occur due to an abrupt change of the
geometry; singularities arising in fracture problems belong to this class [1, 2, 4–17].

16.2.1 2D Linear Elastic Fracture Mechanics

The classical plane theory of elasticity provides a powerful tool for analysis of sin-
gular problems, and, in particular, problems with cracks. It is based on four basic
assumptions: (1) strains and (2) displacements are vanishingly small, (3) the material
response is linear (i.e. implying that the strains never exceed the limits of elasticity),
and (4) the state of stress near a crack tip follows either the plane stress or plane strain
assumptions. Nevertheless, the singular stress state near the crack tip is in violation
of all of these assumptions.
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The classical Linear-Elastic Fracture Mechanics (LEFM) provides an elegant jus-
tification to the implementation of the first three assumptions for failure assessment
in the case when the process zone associated with all sorts of nonlinearities is small
compared to other characteristic dimensions of the problem. The 3D LEFM deals
with the relaxation of the last assumption.

16.2.2 3D Linear Elastic Fracture Mechanics

The 3D stress states near the crack front, see Fig. 16.2, is often represented as a sum
of two singular states corresponding to the line (or edge) singularity along the crack
front and the 3D corner (or wedge) singularities, which concentrated in the vertex
(or angular) points:

σik =
∑

M=I,I I,I I I

KM(η)√
r

f Mik (φ) + KCS R−λCS f S(ϑ, ϕ) + KCAR−λCA f A(ϑ, ϕ),

(16.1)

where KM(η) are the stress intensity factors inmode I, II and II; KCS and KCA are the
intensities of the 3D corner singularity corresponding to symmetric (S) and antisym-
metric (A) modes; R is the distance to the vertex point; and r is the distance normal
to the crack front. The strength of the 3D corner singularity, λC , depends on angle
β, Poisson’s ratio, ν, as well as the mode of loading, symmetric or antisymmetric.
The values of λC for different geometries and loading conditions were exhaustively
investigated using various semi-analytical as well as numerical approaches [5, 6,
8–10].

Crack surface

Crack front
Crack surface

Crack front
Corner point

Free surface

Fig. 16.2 Representation of the stress field near the front of 3D crack
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16.3 3D Stress States, Fracture and Fatigue Phenomena

16.3.1 Effect of 3D Corner Singularity of Fatigue Crack
Growth

Several researchers suggested in the past that the presence of the 3Dcorner singularity
might lead to a deviation of the fatigue crack front from the orthogonal direction near
the free surface. This phenomenon is normally observed in fatigue crack tests for
variousmaterials. Energy considerations suggest that during fatigue crack growth the
shape of the entire crack front should preserve a r−1/2 behavior, including the corner
points. This is only possible if the front edge of a fatigue crack intersects the free
surface at a certain critical angle, βc. Particular values and various approximations
for βc as a function of Poisson’s ratio are all available in many papers and will not
be provided in this paper [9, 11].

The outcomes of experimental verification studies are often controversial. For
example, fatigue crack front shapes in specimens of rectangular and trapezoidal
beams made of PMMA agree with the energy considerations [9]. Another set of
experimental data for surface-breaking cracks performed on steel round bars does not
support these considerations [12]. In the latterwork the traditionalLEFMrequirement
has been enforced to keep the plastic zone size negligible compared to the ligament.
A simple analysis demonstrates, however, that this requirement is not sufficient to
separate the plasticity effects from the elastic stress state generated by the 3D corner
singularity. Therefore, this particular study cannot be considered as conclusive.

16.3.2 On Evaluation of Edge Singularities Near Vertex
Points

An accurate evaluation of singular stress states near the corner point represents a sig-
nificant computational challenge [8]. As first shown by Benthem [14], the behaviour
of the stress intensity factor, KI , in this can be described as

KI (s) ∼ s−λC I+ 1
2 , (16.2)

where s is the curvilinear abscissa of the crack front with its origin set at the end
point on the free surface. A similar dependence was obtained attracting the matched
asymptotic expansion method [8]. Further, based on dimensionless considerations,
the variation of the stress intensity factor near the corner points was investigated for
through-the-thickness cracks [4, 15, 16]. Moreover, it seems that the similar power
function behavior is valid near the vertex point in the case of dissimilar materials [7].
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16.3.3 Coupled Fracture Mode (O-mode)

The existence of the coupled out-of-plane mode (O-mode), was exhaustively dis-
cussed in the literature. Mode II loading creates tensile and compressive stress states
on two sides along the bi-sector line, which leads a scissoring motion due to the Pois-
son’s effect. This generates a new fracture mode, which has similar characteristics to
Mode III. However, this is a local mode, which decays very rapidly with the distance
from the crack front. As all 3D stress states in plates, it is confined to approximately
half of the plate thickness, h, in the radial direction [6, 16], see Fig. 16.3. The influ-
ences of the coupled mode as well as the variations of the stress intensity factors
across the plate thickness on fracture and fatigue phenomena largely remain unclear
[16].

16.3.4 Local Stress Intensity Factor Distribution

The intensities of stress intensity factors vary along the crack front, L . The energy
balance equation can provide a link between the remotely applied stress intensity
factors, K∞

I and K∞
I I from one side and the distribution of the local stress intensity

factors, KI (η), KI I (η) and KO(η) from the other side:

(
K∞

I

)2 + (
K∞

I I

)2 = 1 − ν2

2h

∫

L

[
K 2

I (η) + K 2
I I (η)

]
dη + 1 + ν

2h

∫

L

K 2
O(η)dη.

(16.3)

This relationship is often utilised to verify the quality and accuracy of the numer-
ical simulations [6]. However, it needs to be applied with caution, see Sect. 16.3.6.

Fig. 16.3 Illustration of the generation of the coupled fracture mode (mode O) due to Poisson’s
effect for a crack subjected to shear loading
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16.3.5 Surface Displacements at Crack Tip

As mentioned in the introduction, plane stress and plane strain theories provide mis-
leading results for the out-of-plane (transverse) displacements, strains and stresses in
the near crack tip region. The first theory predicts infinite out-of-plane displacements,
uz , at the crack tip, the second theory (plane strain theory) predicts no the out-of-
plane displacements at all. The latest numerical studies supported by experimental
investigations indicate that the transverse displacements at the crack tip for mode I
are finite (as expected) and the surface displacement can be accurately described by
the following equation [10]:

uz ≈ −1.34 · νK∞
I

√
h/E . (16.4)

A similar equation was derived for mode II, which was also verified using 3D FE
analysis as well as experimental measurements with the DIC method [10, 13].

16.3.6 Williams Asymptotic Series Expansion

This classical result, in general, is not valid in 3D as part of the stress and deformation
fields do not follow the plane stress or plane strain simplifications, specifically, in the
areas adjacent to the crack faces (Fig. 16.1). This conclusion has many implications
for experimental analysis of the stress intensity factor and interpretation of 3D FE
calculations [10].

16.3.7 Fracture Scaling Laws in 3D LEFM

The problem of scale effects at brittle fractures was addressed in many studies pub-
lished in the past. In addition to the classical scaling law in the classical (2D) theory
of brittle fracture, dimensionless considerations provide two new scaling laws [4]:

KCS ∼ K∞
I h1/2−λCS and KCA ∼ K∞

I I h
1/2−λCA . (16.5)

The difference 1/2 − λCS ≤ 0 and 1/2 − λCA ≥ 0, which implies that the
intensity of the corner singularity, KCS , increases boundlessly with a decrease of the
plate thickness, and it is expected to affect failure conditions for very thin plates. The
intensity of the antisymmetric corner singularity, KCA, has the opposite trend, and it
grows boundlessly with an increase of the plate thickness. The presence of two new
scaling laws might help to explain the discrepancies between LEFM predictions and
test results [17].
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16.4 Conclusion

The area of 3D Fracture Mechanics is currently not as well developed as the classical
2D fracture theory. It is largely based on few 3D analytical results, several exact solu-
tions obtained within simplified 3D plate theories and analysis and generalisations
of a large number of numerical simulations. This area offers ample opportunities for
further research, which can be critical for failure assessment.
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Chapter 17
An Improved Prediction of the Effective
Range of Stress Intensity Factor
in Fatigue Crack Growth

Bing Yang, M. N. James, Yongfang Huang, J. M. Vasco-Olmo and F. A. Díaz

Abstract This paper will summarise the results obtained to date and which demon-
strate that the mesoscale CJP model of crack tip fields is capable of providing an
improved correlation of fatigue crack growth rates across a range of stress ratios and
specimen geometries, comparedwith the standard stress intensity factor calculations.

Keywords Crack tip field model · Digital image correlation · Shielding

17.1 Introduction

The CJP model is a meso-scale model of crack tip displacement and stress that
was proposed a few years ago as an attempt to better characterise the elastic forces
induced by the plastic enclave that surrounds a growing fatigue crack and hence
enable direct prediction of the effective range of crack driving force. The model was
a development of earlier work that had achieved some success in measuring the wake
contact pressure arising from the plastic enclave that surrounds a growing fatigue
crack [1]. The theoretical model in Mode I loading was extended from a stress-based
version that could be fitted to full-field photoelastic images of the crack tip region
[2, 3], to one that utilised digital image correlation and could be applied directly to
displacement fields on metallic specimens [4]. The next step in the development of
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the model extended it to deal with combined Mode I and Mode II loading which, in
principle, would open up its use to include characterising surface roughness-induced
shielding as well as plasticity-induced shielding [5].

Experimental verification of the concepts in the CJP model followed a little more
slowly than the theoretical developments, reflecting factors such the complexity
of phase-stepping photoelastic fatigue experiments, the development of software
necessary to automate the CJP model solution from photoelastic and DIC images,
and the training of Ph.D. students. Over the last several years, however, researchers
from the University of Jaen in Spain, Gifu University in Japan, Southwest Jiaotong
University and Xiamen University in China have been making considerable progress
in experimental verification of the model [6, 7].

This paper will summarise the results obtained to date and which demonstrate that
the CJPmodel appears capable of providing an improved correlation of fatigue crack
growth rates across a range of stress ratios and specimen geometries, compared with
the standard stress intensity factor calculations. The model also appears to correctly
characterise both plastic zone shape and size and this paper will also briefly discuss
the data obtained from overload experiments.

17.2 Background to the Model

The objective of the work described in Ref. [2] was to identify the real influence
or effect on the applied elastic field, of stresses arising from plastic deformation
associated with crack growth. Reference [4] notes that the CJP model essentially
treats the crack as a notional plastic inclusion in an elastic body. This approach leads
to the definition of a stress intensity factor perpendicular to the crack plane, called
KF , which drives crack growth in an analogous fashion to KI and is modified by the
incorporation of shielding force components acting perpendicular to the crack. The
shielding effect of the plastic enclave is considered via a new retarding stress intensity
factorKR that is defined to account for forces in the plane of the crack that act to retard
the crack, and the model also defines an interfacial shear stress intensity factor, KS ,
which is included to capture compatibility-induced shear components of shielding
that would perhaps be more applicable to Mode II or III loading. This paper will
focus on KF and KR that have been shown to be applicable to Mode I fatigue crack
growth. The model also defines a value for the T-stress as this parameter has certain
characteristics that affect fatigue crack growth rate; as stated in Ref. [8] these depend
on the sign and magnitude of the T-stress and can include substantially changing
the size and shape of the plane strain crack tip plastic zone, a decrease in fatigue
crack growth rate in the Paris law regime with increasing T-stress (this reflects the
fact that higher positive values of T-stress imply higher constraint and smaller plastic
zone size), and crack path influences (negative T-stress values can stabilise the crack
path while, in contrast, positive T-stress values induce crack bifurcation). Reference
[4] discusses the T-stress in the context of using the CJP model to characterise
fatigue crack growth in polycarbonate CT specimens. The model can also be used to
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investigate the effect of changing values of T-stress on the crack tip field as illustrated
in Ref. [2] for the case of photoelastic fringes showing difference in principal stress.
Clearly, for a crack tip model to more accurately define plastic zone size and shape,
the T-stress is an important parameter.

The intention in developing the CJP model was to elucidate the role and influ-
ence of factors such as compatibility-induced interfacial shear stresses and wake
contact forces on the effective range of stress intensity factor and any resulting
changes observed in the fatigue crack growth rate. There was therefore a dual aim
of improved mechanistic understanding of fatigue phenomena such as crack clo-
sure, plasticity-induced shielding and overload effects, together with obtaining an
improved characterisation of fatigue crack growth in situations where these phenom-
ena are occurring. As an example of improved understanding of the mechanisms that
underlie observed phenomena, Ref. [2] indicates that the introduction of interfacial
shear stresses causes migration along the crack path of the join between the photoe-
lastic fringe loops on either side of the crack path. This is perhaps more pronounced
in the crack wake, but both ahead and behind the crack, the shape of the join between
the loops of common fringe order changes from a sharp ‘V’ to more of a ‘U’ shape.
This phenomenon has been observed before in photoelastic images in the presence
of crack closure but the discussion in Ref. [2] is probably the first time that it could be
assigned, fairly reasonably, to the effect of interfacial shear stresses. Thus the model
offers significant potential in terms of obtaining a better physical understanding of
the potential role of the various forces in plasticity-induced shielding.

Further independent evidence of the utility of the model in providing predictions
of the effective range of stress intensity factor comes from work recently published
by Nowell et al. [9]. In Ref. [9] they discuss the CJP model and present a slightly
simplified version of the force diagram given in Ref. [2]. They go on to demonstrate,
using DIC data obtained from a growing fatigue crack, that the combined KF +
KR parameter predicts, a priori, very similar values of �Keff throughout a fatigue
cycle to those measured experimentally on an existing crack with their technique.
Nowell et al. [9] express reservations regarding the split of ΔK into the KF and KR

terms although they note in their paper that the split into what they call “applied and
residual terms” may be helpful, even for measurements taken very close to the crack
tip.

In terms of providing an improved characterisation of fatigue crack growth rate,
sufficient experimental work has now been performed across a range of stress ratio
values, specimen geometries and materials to verify that the model does indeed
achieve this, compared with data obtained using the standard Irwin stress intensity
value.

This paper will demonstrate this by presenting experimental fatigue crack growth
rate data obtained at Plymouth and Jaen over the last two years and it will also
summarise current work aimed at predicting fatigue crack growth rates using the
CJP model and a calibration curve approach. Other ongoing work has considered
the capability of the CJP model to characterise plastic zone size and shape through
the application of overload cycles during constant amplitude (CA) fatigue [10], and
compared the size and shape results with those given by other commonly used elastic
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models of crack tip stresses [11]. The results demonstrate that the CJP model pro-
vides a very good characterisation of plastic zone size and shape during CA loading
and throughout an overload event, while the accurate prediction of effective stress
intensity factor range and the insights offered into the mechanisms operating dur-
ing shielding allow the influence of other potential causes of crack growth changes
during an overload to be identified [10].

17.3 Specimen Geometries and Experimental Techniques

Recent work has focussed on Grade 2 (commercially pure—CP) titanium with a
measured yield strength of 390 MPa and a tensile strength of 448 MPa. The elastic
Young’s modulus E = 105 GPa and Poisson’s ratio ν = 0.33. Figure 17.1 shows the
three specimen geometries that were used in the tests, i.e. compact tension (CT),
double edge-notched tension (DENT) and centre-cracked tension (CCT). Fatigue
testing was performed on an ElectroPuls E3000 with the relevant details given in
Table 17.1.

The CCD camera used to acquire DIC images was equipped with a 10× magnifi-
cation macro-zoom lens to provide the necessary spatial resolution in the measure-
ment region surrounding the crack tip. The field of view was 1624 × 1202 pixels
(approximately 13.68 × 10.12 mm, with slight specimen-to-specimen variations),
giving the spatial resolution for each specimen shown in Table 17.1. Data acquisi-
tion involved periodically pausing the fatigue cycling and applying stepwise loading
through a fatigue cycle, making DIC measurements at each step and crack tip posi-
tion was recorded using a travelling microscope on the reverse side of the specimen
(resolution ≈ 10 μm). Full experimental and analysis details are given in Ref. [7].

Fig. 17.1 The three specimen geometries used in this work: a CT; b DENT; c CCT
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Table 17.1 Fatigue test
parameters used in this work

Specimen Pmax
(N)

R DIC spatial resolution
(μm/pixel)

CT1 700 0.1 8.33

CT2 700 0.3 8.33

CT3 700 0.6 8.22

DENT1 2200 0.05 8.62

DENT2 2200 0.3 8.61

CCT1 2200 0.1 8.88

CCT2 2200 0.3 7.36

CCT3 2200 0.6 7.65
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Fig. 17.2 Fatigue crack growth rate data characterised by a the standard definition ofΔK; bΔKCJP

Figure 17.2a presents the crack growth rate data characterised in terms of ΔK,
while Fig. 17.2b presents the same information characterised using ΔKCJP, which
is defined as:

�KCJ P = (
KF,max − KR,max

) − (
KF,min − KR,min

)

The level of plasticity-induced crack tip shielding in CP titanium is fairly low and
hence, on a log-log plot the improvement in the characterisation into a single curve
may not appear very high, reflecting the low level of plasticity-induced shielding in
CP titanium. However, statistical analysis demonstrates a significant improvement
in terms of fitting the data with a single straight line, e.g. from a regression parameter
of 0.9504 for the DENT, CT and CCT curves using ΔK to 0.9861 using ΔKCJP. It is
also the case that the CJP crack tip field model does not require the incorporation of
compliance-based geometry-correction factors in the calculation of stress intensity.
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Reference [7] has shown that there are simple relationships between ΔKCJP and ΔK
using calibration curves that relate the values of the parameters in the CJP model to
the standardΔK value. These relationships have been determined for CT and DENT
specimens of the CP titanium alloy, and they would be affected by influences that
change the stress component parameters A, B or D, i.e. changes in the forces that
contribute to shielding.

17.4 Concluding Remarks

The work described in Ref. [7] and the additional data on CCT specimens presented
here give confidence that the CJP model has significant potential to improve crack
growth characterisation where plasticity-induced shielding of the crack tip is occur-
ring. The work reported in Ref. [10] has shown that the CJP model can be used to
obtain accurate predictions of both the effective range of stress intensity factor and the
changes in plastic zone size and shape that occur during variable amplitude fatigue,
and to then assess how well the changes in crack growth rate can be correlated with
the effects of plasticity-induced closure.
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Chapter 18
Short and Long Crack Growth
of Aluminium Cast Alloys

Martin Leitner, Roman Aigner, Sebastian Pomberger, Michael Stoschka,
Christian Garb and Stefan Pusterhofer

Abstract Fatigue design of AlSi-alloy cast components is a challenging issue due
to a great variety of the microstructure depending on the local cooling conditions,
which majorly affects the local fatigue behaviour. Therefore, this paper contributes
with an experimental evaluation of the short and long crack growth of aluminium
cast alloys. At first, single edge notched bending (SENB) crack propagation tests
show a distinctive transition of the crack resistance from the small to the long crack
regime. At second, in situ fatigue experiments with an optical measurement of the
surface crack length augment the crack growth data of the SENB-tests. In addition,
the observations reveal that the local material condition, such as micro shrinkage
pores or variation in local microstructure, affect the crack propagation as well as
the crack path. Summarized, the presented work highlights that the short and long
crack behaviour including the influence of microstructural properties needs to be
considered thoroughly in order to properly assess the fatigue life of AlSi-alloy cast
components.

Keywords Crack growth · Aluminium cast · Crack closure · Resistance curve ·
Microstructural effects

18.1 Introduction

This paper deals with an experimental characterization of the short and long crack
growth behaviour of aluminium AlSi-cast alloys. The work includes four different
material types exhibiting a variation of the alloy specification, heat treatment, and
eutectic modifiers. In addition, different grades of porosity are established as the
samples are extracted from varying components with locally tailored cooling rates,
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Table 18.1 Overview of investigated aluminium cast materials

Alloy specification Heat treatment Eutectic modifier Cast component

EN AC-45500 T6 Strontium (Sr) Cylinder head (ch)

EN AC-45500 T6 Sodium (Na) Cylinder head (ch)

EN AC-46200 T5 Strontium (Sr) Cylinder head (ch)

EN AC-46200 T6 Strontium (Sr) Crank case (cc)

see Table 18.1. Preliminary studies [1, 2] revealed that these cast process parameters
can significantly affect the fatigue strength; hence, this paper continuatively focuses
on the crack growth characteristics as shown in [3, 4]. The experiments cover both the
short and long crack fatigue regime. Within the short crack growth special attention
is laid on the effective threshold of the stress intensity factor range ΔKth,eff [5] as
well as the increasing influence of crack closure phenomena [6], such as plasticity-
and roughness-induced crack closure effects [7], during crack propagation.

18.2 Crack Resistance Curve

A compression pre-cracking method to generate near-threshold fatigue-crack-
growth-rate data [8] is applied to evaluate the resistance (R-) curve [9] of the inves-
tigated SENB cast alloy specimens. This R-curve describes the course of the fatigue
crack thresholdΔKth starting from the effective valueΔKth,eff at a crack extension of
Δa = 0 mm up to the long crack growth threshold ΔKth,lc. This short- to long crack
growth based change can be described utilizing an exponential approach including
the characteristic length lR [10], see Eq. (18.1).

ΔKth = ΔKth,e f f + (ΔKth,lc − ΔKth,e f f ) · (1− e(−Δa/ l R)) (18.1)

Further on, if the crack extends and the long crack growth threshold ΔKth,lc is
reached, the common fatigue crack propagation law introduced by Paris and Erdogan
[11] is employed. Figure 18.1 (left) depicts the experimental crack growth results
for three single-edge-notched-bending samples made of EN AC-45500-T6 Sr (ch)
[12]. All fracture mechanical tests are conducted at an alternating load stress ratio
of R = −1. A subsequent evaluation of the R-curve in Fig. 18.1 (right) shows that
the effective threshold values in the short crack regime match well; however, major
differences regarding the influence of crack closure effects and the final long crack
threshold are recognizable.

Microstructural characteristics significantly affect the fatigue crack growth of
aluminium AlSi-cast alloys [13]. Hence, further experiments with optical in situ
fatigue crackgrowthdetection according to the procedure given in [14] are conducted.
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Fig. 18.1 Experimental crack growth results for EN AC-45500-T6 Sr (ch) (left) and evaluation of
the fatigue crack resistance curve for the different test series (right)

18.3 In Situ Crack Propagation Tests

In [15], a small-scale rotating bending test-rig was build-up as illustrated in Fig. 18.2.
The test rig enables in situ crack propagation analysis utilizing an optical crack
measurement based on laser-confocal microscopy. Therefore, round specimens are
taken from the very sample position to investigate the surface crack growth.

In order to evaluate the corresponding stress intensity factor rangeΔK, the geom-
etry function recommended in [16] is applied, which is valid for round bars under
rotating bending load, see Eqs. (18.2) and (18.3).

ΔK = Δσ · Y (a, r) · √
πs wi th a = 2s/π (18.2)

Y (a, r) = 0.63423 − 0.29743(a/r) + 0.07408(a/r)2 + 0.48717(a/r)3

(18.3)

Herein, Δσ is the applied nominal stress range, Y (a, r) is the geometry function,
s is the surface crack arc length, a is the crack depth, and r is the radius of the round
specimen. Utilizing the measured surface crack arc length from the in situ tests, the
stress intensity factor range ΔK at the surface is directly calculable.

Figure 18.3 demonstrates an example of an in situ crack propagation analysis
for a round specimen, which is made of a EN AC-45500-T6 Sr (ch) cast alloy. It is
observed that the fatigue crack initiated at a micro shrinkage pore at a number of
N0 ~ 0.1 · Nf load-cycles. This observation is in agreement to a study given in [17].
After initiation, the crack propagates within the small-crack growth region (N1 and
N2) up to a surface crack length of s ~ 0.2 mm, which equals a stress intensity factor
range ΔK of about 2.3 MPa

√
m. After reaching the long-crack regime at N3, the

crack growth rate accelerates according to the SENB test data up to final fracture at
Nf .
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Fig. 18.2 Design of bending test rig for in situ crack propagation tests [15]

To sum up, the investigated in situ fatigue crack growth tests fit well to the evalu-
ated fracture mechanical SENB crack propagation results, which validate the prac-
ticability of this data to assess the fatigue life of AlSi-cast materials. However, both
the crack propagation rate as well as the crack path may be significantly influenced
by microstructural properties, such as shown in [18].

Figure 18.4 (left) highlights the effect of a micro pore on the fatigue crack path.
Thereby, the crack strikes the pore on the top-left side within the marked area,
and exits on the down-right side, which majorly affected the crack path. Another
example is given in Fig. 18.4 (right) showing that not only micro pores, but also the
microstructure can have an effect on the crack growth behaviour. Herein, the crack
enters on left side within the marked area and grows along a boundary between the
α-Al and the eutectic phase up to the right side of the marked area.

Summarized, the results of the in situ optical analysis show that the local material
condition, such as micro shrinkage pores or microstructure, influence not only the
crack growth rate, but additionally the crack path. Hence, it is essential to cover both
the short and long crack fatigue regime to properly assess the lifetime of AlSi-cast
alloys, as demonstrated in [12].
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Fig. 18.3 In situ optical detection of crack growth for an EN AC-45500-T6 Sr (ch) cast alloy

18.4 Conclusions

The results of the SENB-crack propagation tests with the investigated AlSi-cast
alloys reveal that a distinctive transition from the short to the long crack region
occurs. Furthermore, the in situ crack growth experiments validate this finding and
highlight that local microstructure can affect the crack propagation as well as the
crack path.
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Fig. 18.4 Influence of micro shrinkage pore (left) and microstructure (right) on crack propagation
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Chapter 19
Evaluation of Strain Controlled Fatigue
and Crack Growth Behaviour
of Al–3.4Mg Alloy

Pankaj Kumar and Akhilendra Singh

Abstract Present study focuses on fatigue performance of Al–3.4Mg (AA5754)
aluminium alloy. Fatigue crack growth (FCG) and strain controlled low cycle fatigue
(LCF) tests are performed for as received and precipitation strengthened AA5754
alloy. Precipitation strengthening heat treatment (PSHT) process significantly alters
the mechanical and fatigue strength of Al–3.4Mg alloy. Fatigue crack growth (FCG)
test is performed at load ratio (R-ratio=Pmax/Pmin) of 0.1 and 0.5 using compact ten-
sion (CT) specimens. Strain controlled low cycle fatigue (LCF) tests are performed
at 1.2 and 1.0% strain ranges. FCG test results depict that PSHT alloys offer higher
resistance against crack growth and improvement in fatigue life. LCF test reveals the
cyclic hardening behaviour for both as received and PSHTAA5754 alloys. Improve-
ment in fatigue life at both strain ranges is observed for PSHT alloys. Numerical
simulations for crack growth analysis are performed by using eXtended Finite Ele-
ment Method (XFEM). Chaboche kinematic hardening model coupled with finite
element method (FEM) is used to simulate the experimental hysteresis loops and
fatigue life obtained during strain controlled LCF tests. The present study concludes
that lower crack growth rate by FCG test and higher fatigue strength during LCF
test is obtained for precipitation strengthened AA5754 alloy as compared with as
received alloy. The crack growth simulations by XFEM have good convergence with
experimental results. The simulations performed by kinematic hardeningmodel have
good agreement with experimental results.

Keywords Fatigue crack growth · Low cycle fatigue · XFEM
19.1 Introduction

Aluminium-Magnesium (Al–Mg) alloys have majority of applications in compo-
nents of aircraft, ship buildings, automobiles, cryogenic fields etc. due to their better
welding characteristics, excellent corrosion resistance and good fatigue properties.
Therefore, a relatively new Al–Mg alloy 5754 (AA 5754) is selected to characterize
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their fatigue performance under dynamic loading conditions. The ageing heat treat-
ment allows the reorientation of grain structure due to different phase transforma-
tions. Various authors reported that ageing behaviour of Al–Mg alloys significantly
affects the mechanical properties of alloy [1, 2]. Starink and Zahra [3] had altered the
mechanical properties by performing solution heat treatment at 440 °C for 2 h and
post ageing at temperature range of 80–150 °C onAl–Mg alloy. The ease in alteration
of mechanical strength via heat treatment of Al–Mg alloys increases its demand in
various engineering applications especially in fatigue loading applications. There-
fore, design of these components requires knowledge of cyclic loading/unloading
responses. In past, researchers contributed their exhaustive work to characterize the
fatigue and fracture behaviour of aluminiumalloys. Pao et al. [4] observed lower crack
growth rate for coarse grained Al–7.5Mg alloy during fatigue crack growth (FCG)
test. Recently, higher fatigue life for solution treated AA5754 alloy was reported
by Kumar and Singh [5]. Literatures are also available on low cycle fatigue (LCF)
characteristics of different aluminium alloys. Nandy et al. [6] studied the influence
of heat treatment on LCF behavior on Al–Mg–Si alloy. Several authors have also
devoted their substantial work to characterize the fatigue behaviour through numeri-
cal methodologies. eXtended finite element method (XFEM) is widely used tomodel
the crack growth behaviour by various authors [5, 7]. Strain controlled LCF perfor-
mance is modelled by Chaboche kinematic hardening model. This model is widely
used by various researchers for predicting the low cycle fatigue behaviour of different
alloys [8, 9].

In present study, fatigue performance of Al–3.4Mg (AA5754) aluminium alloy is
investigated. FCG and strain controlled LCF tests are performed for as received and
precipitation strengthened AA5754 alloy. Numerical simulations for crack growth
analysis are performed by using XFEM. Chaboche kinematic hardening model is
used to simulate the experimental hysteresis loops obtained during LCF tests.

19.2 Precipitation Strengthening Heat Treatment

Various researchers [2, 3] have provided the following kinetics of phase transforma-
tions during precipitation strengthening of Al–Mg alloys

SSSα GP zones β′′                      β′  

In present study, the Al–Mg alloy 5754 is aged for 3 years at room temperature
(30 °C). The aged alloy is then heated at 530 °C for 2 h and then quenched in room
temperature water. Quenching results in formation of GP (Guinier-Preston) contains
disk shape structure of Mg. Initially, GP zones are modulated structure which is
further transformed into ordered GP zones (β′′). Thereafter, alloys are further aged at
250 °C for 6 h and cooling in furnace itself and thus, the formation of β′ phase occurs.
This phase transformation significantly affects the grain structure and mechanical
properties of the alloy.
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19.3 Experimental Procedure

19.3.1 Fatigue Crack Growth Test

The crack growth behaviour under cyclic loads is experimentally determined by the
fatigue crack growth (FCG) test. The schematic of compact tension (CT) specimen
is shown in Fig. 19.1. CT specimen is pre-cracked (fatigue crack) by cyclic loading
to generate a sharp crack near machined notch tip.

Cyclic loads are applied at two different stress ratios (R-ratio) at 5 Hz frequency.
A Sigmoidal or Paris curve is plotted by using logarithmic values of crack growth
rate (da/dN) with respect to change in stress intensity factor (ΔK) range [10]. The
slope (m) of stable crack growth regime determines the rate of crack growth.

19.3.2 Strain Controlled Low Cycle Fatigue Test

The specimen preparation and testing procedure is guided by ASTM E606/E606M
standard for strain controlled LCF test. The schematic of standard LCF specimen is
shown in Fig. 19.1c. A 12.5 mm strain gauge is used for measuring and controlling
the strain in the specimen. Fully reversed cyclic loads are applied on the specimen

Fig. 19.1 Schematic of a experimental b meshed compact tension specimen c LCF specimen
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with the strain ratio of RE = 2min/ 2max = −1. LCF tests are performed at 0.5% and
0.6% strain amplitudes.

19.4 Numerical Procedure

19.4.1 eXtended Finite Element Method (XFEM)

In XFEM, approximation of primary variable is enriched by additional functions
within partition of unity framework [5, 11]. Two types of enrichment functions i.e.
Heaviside function for crack surface and asymptotic crack tip functions for crack front
are used to model a crack. Mathematically, the enriched displacement approximation
at any point can be written as:

uh(x) =
n∑

j=1

N j (x)

⎡

⎢⎢⎢⎢⎣
u j + (H(x) − H(x j ))a j︸ ︷︷ ︸

j∈nr

+
4∑

α=1

(ϕα(x) − ϕα(x j ))b
α
j

︸ ︷︷ ︸
j∈nA

⎤

⎥⎥⎥⎥⎦
(19.1)

where, Nj(x) is the Lagrange interpolation function; uh(x) the nodal displacement
vector associated with continues part of the finite element solution. H(x), the Heavi-
side function across the crack surface; a j is the additional degree of freedom associ-
ated with the Heaviside function; ϕα(x) is the asymptotic enrichment function taken
from the Westergaard-William’s solution for displacement field at crack tip and bα

j
is enriched nodal degree of freedom associated with crack tip enrichment function.
Heaviside function across the crack surface, H(x), is given as

H(x) =
{
1 i f (x − x∗)n ≥ 0
−1 otherwise,

(19.2)

where x is the sample Gauss point; x* is the point on the crack closest to x and n is
the unit outward normal to the crack at x*.

19.4.2 Kinematic Hardening Chaboche Model

Finite Element Method (FEM) coupled with Chaboche kinematic hardening cyclic
plasticity model is used for simulating the hysteresis loop. During cyclic deforma-
tion, expansion and contraction of the yield surface is modelled through isotropic
hardening model whereas translation of yield surface is reflected through kinematic
hardening model [12, 13]. Chaboche kinematic hardening model is superposition of
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three Armstrong and Frederick model [13]. Chaboche postulates that the total back
stress is summation of three back stresses and written in the form

dx =
3∑

i=1

dxi (19.3)

dxi = 2

3
cidε p − γi xi dp (19.4)

Here, dx is back stress increment vector, which defines the instantaneous position
of the loading surface, γ i is the kinematic hardening exponent at any point and
d 2p is plastic strain increment vector. The material parameter c is initial kinematic
hardening coefficient.

19.5 Results and Discussion

19.5.1 Experimental Results

Tensile test results depict that tensile and yield strength is increased from 191MPa to
215MPa and 257MPa to 320MPa for PSHTalloy respectively. FCG test results show
the enhanced fatigue life for PSHT alloys at both R-ratios. The crack growth rate is
higher in as received alloy as compared with PSHT alloys. Decent sigmoidal curves
at all test parameters are presented in Fig. 19.2. The Paris constants are evaluated for
uniform crack growth regions as illustrated in Table 19.1.

Stabilized hysteresis loops obtained during LCF tests are presented in Fig. 19.3a,
b for as received and PSHT alloys. The results presented in Fig. 19.3c, d shows the
higher fatigue life for PSHT alloys at both strain ranges. From above results, it can

Fig. 19.2 Sigmoidal curve during fatigue crack growth test at stress ratio of a 0.1 and b 0.5
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Table 19.1 Paris parameters evaluated for as received and PSHT alloys

Alloy condition m c Fatigue life (N)

0.1 0.5 0.1 0.5 0.1 0.5

As received
AA5754

2.39 2.24 4.2 × 10−7 2.6 × 10−8 109294 41671

PSHT AA5754 2.19 2.25 3.7 × 10−7 1.8 × 10−8 212998 53414

Fig. 19.3 Stabilized hysteresis loops for a as received and b PSHT alloy and fatigue life for c as
received and d PSHT alloy during LCF tests

be concluded that the improvement in fatigue life during FCG and LCF tests reveals
that reorientation of grain structure and phase transformation significantly enhances
the fatigue strength of AA5754 alloy.

19.5.2 Numerical Results

Meshed model shown in Fig. 19.1b represents the exact solid model along with
boundary conditions duringXFEMsimulation. The vonMises stress distribution near
vicinity of crack tip (Fig. 19.4a, b) is higher for PSHT alloys which shows that PSHT
alloys offers higher resistance towards crack growth. The initial cyclic hysteresis loop
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Fig. 19.4 von-Mises stress distribution in a as received and b PSHT alloys during crack growth
simulations by XFEM. Experimental and simulated hysteresis loop at c 0.5% and d 0.6% strain
amplitudes for as received and e 0.5% and f 0.6% strain amplitudes for PSHT alloy

is simulated by evaluating the material’s parameters at highest strain range i.e. 1.2%
by using “Chaboche Model”. Figure 19.4c–f signifies that the simulated hysteresis
loops have good agreement with experimental loops for both strain ranges.
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19.6 Conclusions

PSHT is a suitable heat treatment process to enhance the mechanical and fatigue
strength of AA 5754 alloy. Almost double fatigue life is obtained at R-ratio of 0.1
for PSHT alloys. Lower crack growth rate by FCG test and higher fatigue strength
during LCF test is obtained for precipitation strengthened AA5754 alloy. XFEM
methodology successfully predicted the crack growth behavior for both conditions
of alloy. The numerical hysteresis loops predicted through Chaboche kinematic hard-
ening model have good convergence with experimental loops.
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Chapter 20
Numerical Analysis of the Influence
of Crack Growth Scheme on Plasticity
Induced Crack Closure Results

D. Camas, J. Garcia-Manrique, F. V. Antunes and A. Gonzalez-Herrera

Abstract Plasticity Induced Crack Closure (PICC) has been studied by means of
finite element method for a long time. Most of previous work was developed consid-
ering bi-dimensional models. During last years, the use of three-dimensional models
has been extended. Nevertheless, themethodology employed has been inherited from
bi-dimensional analyses. Many previous bi-dimensional analyses studied different
numerical parameters and optimized them. Present computational capabilities allow
a comprehensive study of the influence of different modelling parameter in a similar
way to those bi-dimensional analyses. Moreover, the influence of these parameters
on the obtained results along the thickness can be taken into consideration. In partic-
ular, one of the key issues is related to the crack growth scheme. A fatigue analysis
implies a crack growth. Each change in loading and boundary conditions implies
solving a nonlinear problem. It is not feasible to consider all the cycles involved in a
real fatigue problem when running a finite element analysis. The computational cost
is not acceptable. In the present work, a CT aluminium specimen has been modelled
three-dimensionally and several calculations have been made in order to evaluate
the influence of the number of load cycles between node releases. The results are
analysed in terms of crack closure and opening values.

Keywords Finite element analysis · Fatigue crack closure · Crack growth scheme

20.1 Introduction

Since the early 70s, finite element models have been used to analyse the Plasticity
Induced Crack Closure (PICC) phenomenon [1]. This mechanism is usually consid-
ered as the fundamental phenomenon that cause crack closure. The yielded material
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produced during crack growth and previous fatigue loading cycles is the main actor
that causes the untimely contact of the crack flanks.

First numerical analyses were made considering bi-dimensional models, whether
plane strain or plane stress conditions. Some numerical parameters affect the results
and it is important to understand and limit their effects. Issues as the mesh size,
the plastic wake developed or the number of load cycles between crack increments
must be carefully analysed to ensure reliable results. In the literature, a large number
of previous bi-dimensional analyses, that optimise these parameters, can be easily
found [2–5]. Some three-dimensional studies have been published recently [6, 7] as
computational power has grown. However, the methodology usually employed has
been inherited from the bi-dimensional optimisations.

Besides, one of the main issues that these numerical models face is the validation
with experimental data. Fatigue crack closuremeasurement have beenmade employ-
ing strain gages located at the back or the mouth of the specimen. In any case, these
measurements are taken remotely form the crack tip. Lately, digital image correlation
has been used to validate numerical models [8–11]. However, with this technique,
only information about what is happening at the surface is available.

The aim of this work is to analyse the influence of the crack growth scheme
on the accuracy of the crack closure or opening results when considering a three-
dimensionalmodel. The influence of the number of load cycles between node releases
on the crack closure results is analysed. This work is a continuation of a previous one
in which the influence of the mesh size on PICC results was analysed considering a
three-dimensional model [12].

20.2 Numerical Model

In this work, a CT specimen geometry (W = 50 mm, a = 20 mm and b = 3 mm) has
been three-dimensionallymodelled. The commercial finite element softwareANSYS
has been used to run the simulations. In Fig. 20.1, a scheme with main dimensions
is shown, where a is the crack length and b, the specimen thickness.

The most critical region is the area close to the crack front. In this area there
are deep stress and strain gradients. In order to capture properly these variations, the
elements close to crack front must be very small. A huge size transition from this area
to the most remote ones is mandatory to avoid an unreasonable computational cost.
The specimen has been meshed considering two different strategies. Firstly, around
the crack front, a homogeneous and structured mesh with hexahedral elements is
used, while the volume of the specimen that is working in the elastic region of the
material behaviour is meshed considering an unstructured mesh. The size of the first
area is determined by the Dugdale’s equation (Eq. 20.1).

rpD = π

8

(
KI

σy

)2

(20.1)
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Fig. 20.1 CT specimen
scheme

Because of the symmetry of the problem, just a quarter of the model has to be
modelled applying appropriates boundary conditions.

Previous fracturemechanic numerical analyses basedon the same specimengeom-
etry shown that a fine mesh along the thickness is an important issue to take into
account in order to capture properly the transitory behaviour close to the surface
[13–15].

Theminimumelement size along the propagation axis and through the thickness is
determined following the recommendations established in a previous study in which
the effect of this numerical parameter in PICC results is analysed considering a
three-dimensional model [12]. Figure 20.2 shows the mesh considered in this model.

The material considered is an aluminium alloy Al-2024-T351 that shows weak
hardening (E = 73.5 GPa, σ y= 425 MPa, K′ = 685 MPa, n′ = 0.073, where K′ and
n′ are the parameter and the exponent of the Ramberg-Osgood yielding model). The
cyclic stress-strain curve is considered in the numerical model which has evident
savings in computational cost. A three-linear stress-strain curve with an isotropic
hardening lawhas beenused tomodel thematerial behaviour. There are nodifferences
when the material shows a weak hardening rule as in this case where H/E = 0.003.

Fig. 20.2 3D finite element mesh
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Four different cases have been analysed. For all of them, constant amplitude
loading with crack growth is considered. The load applied is which corresponds to a
stress intensity factor K = 25 MPa m1/2 and the stress ratio considered is R = 0.3.

Besides, it is necessary to develop a minimum plastic wake to stabilise the results.
The plastic wake length considered in this study is 0.4 times de Dugdale’s plastic
size. The crack advance takes place numerically by releasing nodes. Finally, the
minimum element size is 90 times smaller than rpD. In these numerical analyses, it
is not possible to consider all the loading cycles involved in a real problem. Four
different load cycles between node releases are considered range from 1 to 8 cycles.

20.3 Results

In this section the results are obtained changing the number of load cycles between
node releases while the crack is growing, but after realising the last set of nodes, just
one last cycle is applied.

The displacements and the y-stresses along the thickness and the effect of the
number of load cycles between node releases are going to be analysed. Figure 20.3a
shows the uy displacements of the first node behind the crack front at three different
positions along the thickness during the last loading cycle. The values at 1.5 represent
the results obtained at the surface, while values at 0.0 refer to the mid-plane. The
horizontal line represented in the figure corresponds to the rigid surface which rep-
resents the other crack flank. These results are obtained considering just one loading
cycle between node releases.

In addition, Fig. 20.3b shows the y-stresses of the nodes at the crack front at the
same three positions along the thickness than in previous figure. It can be clearly seen
than the closure is prominent at the surface than at the interior of the specimen. The
displacements along the thickness evolve, being greater at the interior, in particular
at the mid-plane, and lower as the surface is approached. Same behaviour can be
seen when y-stresses are analysed. This behaviour along the thickness is influenced
by the evolution of the closure values along the crack front. The influence of the
number of load cycles between node releases on y-displacements depends on the
considered position along the thickness. The influence of the load cycles is greater
at the interior of the specimen than at the surface. At the exterior of the specimen the
vertical displacements are almost independent of the number of load cycles, while
at the mid-plane the displacements slightly decrease when the load cycles between
node releases increase. Turning our sight to stress behaviour, there is almost no
noticeable influence of the number of load cycles between node releases during the
crack growth.

Figure 20.4 shows the influence of the number of load cycles between node
releases on node contact closure values. It can be seen that the values are pretty
stable, more at the surface than in the interior. However, the relative difference in
any case is smaller than 4%. The opening values show even less dependency with
the number of load cycles between node releases.
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(b)

(a)

Fig. 20.3 uy displacements (a) and σ y stresses (b) for three nodes at different positions

Fig. 20.4 Influence of the number of load cycles between node releases on node contact closure
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20.4 Conclusions

This study has pointed out that for the material considered, which shows a weak
hardening behavior, the number of loading cycles between node releases during
the crack growth has not a significant influence. Neither stresses nor displacements
suffer a great dependency on this numerical parameter. Besides, crack opening and
closure results basedon stresses aremore stable than the ones basedondisplacements,
although differences can be neglected comparedwith the numerical errors introduced
by other parameters as the minimum element size.

Acknowledgements This work has been supported by the Ministerio de Economía y Competitivi-
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Chapter 21
Towards Quantitative Explanation
of Effective Thresholds of Mode III
Fatigue Crack Propagation in Metals

Tomáš Vojtek, Stanislav Žák and Jaroslav Pokluda

Abstract The article presents the state-of-the art of tools for prediction of mode
I, II and III effective thresholds for metallic materials. The effective threshold is
independent of the stress ratio aswell as the yield strength and is, therefore, a universal
parameter for a particular metal. It can also be also used to separate the effective and
crack closure components of resistance to fatigue crack growth. Results of recent
research provided relationships for quantification of mode II and mode III effective
thresholds for a wide range of metallic materials which are in a good agreement with
experiments. The local crackgrowthmodehas to be taken into accountwhichdepends
on crystal lattice type and secondary phase type. The mode III cracks propagate by
local crack front advances under mode I or mode II which was taken into account in
numerical calculation of local stress intensity factors. It allowed explanation of the
experimentally obtained values of the mode III effective thresholds.

Keywords Effective threshold · Modes II and III · Local growth mode · Metals

21.1 Introduction

In order to optimise thematerial microstructure and processing for damage-tolerance
design the mechanisms of resistance to fatigue crack propagation need to be known.
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These mechanisms can only be understood well when the applied loading is divided
into the effective component causing material damage (intrinsic resistance) and the
crack tip shielding component (extrinsic resistance) [1]. Kinetic data are usually
measured in terms of the applied stress intensity factor (SIF) range and fitted by
a Paris-type law. These data, however, represent a superposition of the intrinsic
and extrinsic resistance which have physically completely different mechanisms.
Therefore, there is a necessity for a separation of these two components. The applied
loading characterised by the SIF range �K = Kmax − Kmin and the stress ratio R =
Kmin/Kmax can be divided into the effective SIF range �Keff = Kmax − Kcl, which
corresponds to the effective crack driving force, where Kcl is the level of crack
closure, and the rest of the loading cycle where the crack is closed (between Kcl and
Kmin) and no material damage occurs at the crack tip. The closure-free stress ratio
corresponds to the case of Kmin > Kcl and �Keff = �K. The effective SIF range is
independent of the stress ratio R.

The crack growth threshold �K th is an essential parameter for estimation of the
residual fatigue lifetime. The effective threshold �Keff,th is then a material char-
acteristic important for both the separation and the study of intrinsic and extrinsic
components at any given R ratio. The crack closure level can be calculated using a
measured effective crack growth rate curve da/dN − �Keff in addition to a da/dN −
�K curve measured for standard stress ratios of 0.1 or −1. The material behaviour
can then be derived for any other stress ratios using the relation Kcl = Kmax − �Keff,
where Kmax = �K /(1 − R).

The crack closure component represents a large part of loading at the threshold,
sometimes even higher than the effective part. This typically leads to a large scatter
of the measured values under various testing conditions. For the mode I loading
of metallic materials, the effective threshold is a well predictable parameter. It is
independent of both the stress ratio and the yield stress [2–4]. The reason for this is
that the size of the crack-tip area embracing the cyclic movement of dislocations is
smaller than the distance between the characteristic microstructural features. Such
independence of the yield stress was first revealed experimentally and later supported
by discrete dislocation dynamics simulations [5]. For a particular metal matrix, the
strength of the atomic bonds is only slightly affected by the alloying elements. Note
that this independence only stands for the effective threshold value and not for the
crack propagation rate, which is already dependent on the cyclic yield stress. The
dependence of the applied threshold �K th on microstructure and yield stress is fully
given by the crack closure mechanisms.
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The aim of this research is to provide predictive tools for effective thresholds
in mode II and mode III. The article focuses on an overview and interpretations of
results based on the recent experimental research in this area. A further verification
of the theory by an investigation of more materials is the subject of an on-going
research.

21.2 Mode II Effective Threshold

Formode I cracks in single-phasemetals, the effective threshold can bewell predicted
using the relationship

�KIeff,th = 0.75E
√
b, (21.1)

while �K Ieff,th = E
√
b holds for alloys. Here, E is the Young modulus and b is the

magnitude of the Burgers vector. Under the shear-mode loading, the separation of
the effective and the shielding component is even more important, since the friction
between the fracture surfaces results in a very high extrinsic component [6]. There
are, however, two complications. First, the mode II effective threshold cannot be
experimentally measured using the high stress ratio method since the crack still
remains closed. Second, a simple theoretical relationship

�K ideal
IIeff,th = G

√
b (21.2)

analogical to Eq. (21.1) is valid only for ideally planar cracks. In the real materials,
however, the shear-mode cracks tend to deflect from the original crack plane to
possess a certain local mode I component (depending onmaterial). This effect should
be taken into account when formulating the relationship for the mode II effective
threshold.

Experimental values of the mode II effective thresholds were measured recently
using a special and complex experimental methodologywhere the shear-mode cracks
propagated from open precracks generated by cyclic compressive loading. Details of
this procedure can be found elsewhere [7]. To take the local SIFs at deflected crack
fronts into account, the following equations

�K local II
IIeff,th = G

√
b

1
2 cos

θ
2 (3 cos θ − 1)

for θ < 46◦ (21.3)

�K local I
IIeff,th = 0.75E

√
b

3
2 cos

θ
2 sin θ

for θ > 46◦ (21.4)

were formulated [8], where θ is the mean deflection angle (see also Fig. 21.1 in the
next section). It was found that these relationships are in a good agreement with the
experimentally obtained effective thresholds when the typical mean deflection angle
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Fig. 21.1 Typical crack deflection angles θ that should be used in Eqs. (21.3) and (21.4) to predict
the effectivemode II threshold for variousmetallicmaterials. The transition angle θ t = 46° separates
the two dominant local crack growth modes

θ is used as a parameter for a certain type of metallic material depending on crystal
structure and phase composition (see the next section). In general, Eq. (21.3) holds
for materials with the dominant local shear-mode growth mechanism, characterised
by the values of θ < 46° and Eq. (21.4) stands for materials with the dominant local
opening-mode growth mechanism and θ > 46° [9].

21.2.1 Influence of Crystal Lattice

Under the near-threshold loading, themode II loaded cracks can propagate coplanarly
(along the maximum shear stress plane) if there is a high number of possible slip
planes in the crystal lattice and the lowangles between these planes then allowanearly
coplanar cyclic single slip through a majority of grains along the crack front. This
is the case of bcc metals were the coplanar slip was indeed observed (pure ferritic
steel and niobium). On the other hand, the fcc metals have large angles between
the slip planes which results in a high crack deflection angle and a multiple slip
mechanism of a local mode I crack growth. The stainless steel with a planar slip (low
stacking-fault energy) exhibited the highest mean deflection angles corresponding
to a nearly pure local mode I growth. Nickel with a wavy slip (high stacking fault
energy) had somewhat smaller deflection angles but the crack growth was still under
the local mode I dominance. The hcpmetals (titanium, zirconium) exhibited medium
size angles and a transitional behaviour between the local mode I and the local mode
II dominance [10]. The conclusions about the dominant local crack growth mode
were supported by fractographical observations where the typical crystallographic
patterns indicating a single slip occurred only in materials with the dominant local
mode II mechanism [7].
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21.2.2 Influence of Secondary Phases

If the primary (matrix) phase allows the localmode II growth the secondary phase can
change this behaviour depending on its type.Achange towards the localmode Imech-
anism was observed in the pearlitic steel, where the cementite lamellae represented a
brittle phase with a non-coherent phase boundary. Consequently, the effective mode
II and mode III thresholds increased in comparison with the purely ferritic steel. On
the other hand, the β-Ti lamellae (bcc) in the α-titaniummatrix (hcp) of the Ti6Al4 V
alloy did not lead to any change of the dominant local mode II mechanism due to a
coherent phase boundary which allowed an easy dislocation crossing into the ductile
β-Ti phase. The effective mode II and mode III thresholds in this alloy remained
approximately equal to those measured for pure α-titanium grade [9]. Figure 21.1
summarizes the typical deflection angles and the local growth mode dominance for
various metallic materials.

The knowledge of the dominant growthmode is significant not only for prediction
of the effective threshold (Eqs. 21.3 and 21.4) but also for estimation of a further
crack propagation behaviour taking the crack tip shielding component into account.
In materials with coplanar local mode II crack growth the level of friction between
the fracture surfaces is approximately equal in bothmodes II and III and themeasured
applied thresholds and crack growth rates are also approximately equal. On the other
hand, there is a large difference between themode II and themode III crack behaviour
in materials with the dominant local mode I growth. The remote mode II cracks grow
easily in a mode-I manner after the whole crack front is deflected, while the remote
mode III cracks generate a complicated three-dimensional fracture surfaces (factory
roofs) with a high level of friction and clamping of asperities resulting in a significant
retardation of the crack growth.

Additional experiments are in progress to verify the results for copper alloys
(CuZn40Pb2 and CuSn8). Fracture surfaces from the shear-mode loaded specimens
made of CuZn40Pb2 should exhibit a local mode I crack growth mechanism, since
copper has the fcc crystal lattice and brass has a low stacking-fault energy. The
theoretically predicted effective mode II threshold for brass using Eq. (21.4) and the
angle θ = 65° is �K IIeff,th = 1.4 MPam1/2.

21.3 Mode III Effective Threshold

The growth mechanism of remote mode III cracks is a complicated procedure and
the corresponding effective mode III thresholds are always higher than those of mode
II. Behaviour of the mode III cracks is described based on behaviour of the mode
II cracks. Since there is no straightforward local mode III crack growth mechanism,
these cracks propagate under local mode I or local mode II mechanisms, starting at
local asperities of the crack front. The tendency to grow under the local opening or
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local shear mode dominance was found to be the same for both mode II and mode
III cracks in all tested materials.

The effective mode III threshold can be predicted using the value of�K IIeff, th and
the ratio between mode II and mode III effective thresholds�K IIeff, th/�K IIIeff,th. The
value of this ratio was found to be approximately 0.65 for all tested materials [11].

For materials with coplanar shear-mode crack growth (bcc metals) this value
could be identified with the ratio of local mode II SIFs at the in-plane crack front
asperities to the macroscopic mode III SIF for a straight crack front. This ratio
depends on the mean angle of these asperities and its measurement on fracture
surfaces of the ferritic steel and niobium resulted in average values of 25° and
26°, respectively [11]. The corresponding ratio of the local mode II SIF to the
global mode III SIF was 0.7 which is in a good agreement with the experimentally
obtained ratio �K IIeff, th/�K IIIeff, th ≈ 0.65.

For materials with the dominant local mode I growth mechanism the crack prop-
agation is a geometrically much more difficult process, since the factory-roof mor-
phology of the fracture surface is generated by the growth of locally twisted crack
front segments. However, for the threshold value it is decisive that the first stages of
such a growth must be realized in plane by a creation of local semi-elliptical crack
segments. Therefore, the explanation of the value of the ratio �K IIeff, th/�K IIIeff, th

formulated formaterials with the localmode II growth dominancemight also be valid
here. For the brass alloy for which the experiments are planned the theoretically pre-
dicted effective mode III threshold is �K IIIeff, th = 2.2 MPam1/2, taking the values of
�K IIeff, th predicted in the previous section and the ratio �K IIeff, th/�K IIIeff, th = 0.65
into account.

21.4 Summary

Effective threshold is a very useful parameter for studying of mechanisms of fatigue
crack propagation and crack closure. Under mode I loading the effective threshold is
well predictable for wide range of metallic materials. In this work it was presented
the state-of-the art of possibilities of prediction of mode II and mode III effective
thresholds for metallic materials. The results are in a good agreement for up-to-date
tested materials. Experimental data for more materials are needed to further verify
the relationships.
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Chapter 22
Crack Propagation Under Cyclic
Bending in Welded Specimens After Heat
Treatment

Dariusz Rozumek, Janusz Lewandowski, Grzegorz Lesiuk
and José A.F.O. Correia

Abstract The paper presents the tests results on the fatigue crack growth under
cyclic bending specimens at constant moment amplitude made of S355 steel with
fillet welds. Rectangular specimens with stress concentrators in form of the external
two-sided blunt notches and filletwelded jointswere tested. The testswere performed
under constant value of the stress ratio R=−1 without and after heat treatment. This
research also presents the test results of the microstructure of welded joints taking
into account changes in the material after heat treatment and the impact of these
changes on the fatigue life of specimens.

Keywords Crack propagation ·Welding · Bending · Heat treatment

22.1 Introduction

Welded joints as a method of joining inseparable technical constructions are com-
monly used in many areas of human activity. Although the topic has been addressed
in publications around the world for many years, due to the ever-increasing require-
ments for improving the safety of welded structures and to increase fatigue durability,
it is still popular [1, 2]. Currently, scientists are focusing on studies on the influence
of various factors on the durability of welded joints, i.e. type of load, type of heat
treatment, environmental conditions, the influence of weld geometry, etc [3, 4].

This paper presents the results of the fatigue crackpropagationobtained forwelded
specimens made of S355 steel subjected to bending without and after heat treatment.
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22.2 Experimental Procedure

22.2.1 Material and Specimen

The subject of the investigation is the structural S355 steel. Some mechanical prop-
erties (σy—yield tensile strength; σu—ultimate tensile strength; E—Young’s mod-
ulus; ν—Poisson’s ratio; A5—elongation at fracture) of the tested steel are given in
Table 22.1. Shapes and dimensions of the tested specimens with welds are presented
in Fig. 22.1. The initial material of test specimens was drawn bar with Ø30 mm
diameter, which was used for making two types of components of the specimens,
being fixed together by fillet welded joints on both sides (concave and convex welds).

Hand-made welded joints were made by employing the TIG method in an inert
shielding gas (argon) using a welding wire marked W-42-2-W2Sil according to EN
ISO 636. Visual pre-selection of specimens were carried out before the experimen-
tal tests. All the tested specimens were subjected to non-destructive tests by using
magnetic particle test method under UV light [5].

The tests allowed to eliminate welded specimens, on the surface of which
defects (mainly cracks) that could influence the final result of the experimen-
tal research were revealed. Experimental tests were performed on welded spec-
imens without heat treatment (raw—after welding) and on the specimens after
heat treatment. The heat treatment was carried out by subjecting the specimens
to relief annealing at 630 °C during 2 h.

Hardness distribution of the material was obtained using Vickers method. The
measurements were performed using a LECO MH 200 microhardness tester under
a load of 100 g, according to the EN ISO 9015-1 requirements. Metallographic tests
were performed with the use of an optical microscope OLYMPUS IX70 employing
polarized light and phase contrast.

Table 22.1 Mechanical
properties of the S355 steel

σy (MPa) σu (MPa) E (GPa) ν (−) A5 (%)

357 535 210 0.30 21

Fig. 22.1 Shapes and dimensions of the welded specimens with: a concave welds, b convex welds,
dimensions in mm
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22.2.2 Fatigue Tests

The tests were performed on the fatigue test stand MZGS − 100 [5, 6]. During the
tests the force was controlled (in the considered case, the moment amplitude was
controlled) works under loading frequency equal to 28.4 Hz. The theoretical stress
concentration factor, estimated with use of the model [7], in the solid specimen with
concave weld under bending was Kt = 1.38 while it was 1.56 for the convex weld
configuration. Unilaterally restrained specimens were subjected to cyclic bending
with the constant load ratio R = Mmin/Mmax = −1, and amplitude of moment, Ma,
equal to 9.2 N m, which corresponded to the nominal amplitude of normal stress
for the net section of σ a = 383 MPa (solid specimen). Fatigue crack growth on the
specimen surfacewas observedwith the opticalmethod. The fatigue crack increments
were measured with the optical method using micrometer mounted on the portable
microscope with magnification of 20 times and accuracy up to 0.01 mm. At the same
time, a number of loading cycles, N, was recorded and reference image was captured.

22.3 Test Results and Discussion

During laboratory tests, initiation and fatigue cracks growth from one side of the
specimen (from top or bottom) were observed, and after a certain period of propaga-
tion, the crack growth occurred also on the other side specimen. Figure 22.2 presents
the fatigue crack length versus number of cycles for the obtained results of experi-
mental tests on the specimens. In Fig. 22.2 can be observed that the longest fatigue
life indicate specimens made of solid material without heat treatment.

In specimens with concave welds (Fig. 22.2a) subjected to relief annealing, the
fatigue crack initiation took place at 15100 cycles, and the specimens were damaged

Fig. 22.2 Crack length versus number of cycles under bending for test specimens with: a concave
welds, b convex welds
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at 19000 cycles. Specimens without heat treatment showed the highest fatigue life,
in which the crack initiation occurred at 69000 cycles, and their damaged at 77500
cycles. Similar behaviour, shown in Fig. 22.2b, is also observed in specimens with
convex welds. In specimens subjected to relief annealing, the fatigue crack initiation
occurred at 10500 cycles, and the specimens were damaged at 18000 cycles. Speci-
mens without heat treatment also showed the highest fatigue life, in which the crack
initiation occurred at 67000 cycles, and their damaged at 74000 cycles.

In specimens with concave joints (Fig. 22.2a) under relief annealing, fatigue crack
initiation occurred at cycles number 15100, and specimens were damaged at 19000
cycles. In the case of specimenswith convex joints, the initiation of cracks occurred at
the cycles number of 10500, and the failed specimens occurred after 18000 cycles and
these were the lowest durability (Fig. 22.2b). For each case, two or three specimens
were tested. The results of the micro-hardness measurements without and after heat
treatment are presented in Fig. 22.3. From Fig. 22.3 it appears that micro-hardness
of the welded joints without heat treatment (HT) is not uniform. Micro-hardness
of the welds is higher than the base material. The highest values of micro-hardness
were measured for heat-affected zone (HAZ) and without HT. It can be seen in
Fig. 22.3 that for base material, micro-hardness stayed at the same level 188–189
HV0.1, while of HAZ high fluctuations of micro-hardness between 197–274 HV0.1

were observed. In the specimens after heat treatment the micro-hardness was lower
than the micro-hardness of the specimens without HT and smaller fluctuations were
noted. Slight higher micro-hardness is observed for a concave welds than a convex
one. The micro-hardness after heat treatment is between 125–154 HV0.1 and shows
lower fluctuations.

Base material S355 has fine-grained ferritic-pearlite structure with fine equiax-
ial ferrite grains and very fine pearlite grains of strip pattern. Figure 22.4 presents
microstructure of S355 steel in the heat affected zone (HAZ) with observed cracks.

Fig. 22.3 Microhardness
distribution with divided into
zones without and after heat
treatment
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Fig. 22.4 The microstructure of the material in HAZ for a without HT, b after heat treatment

Main crack initiate in the specimen without heat treatment (Fig. 22.4a—convex
weld) was at the bottom of the notch, at weld boundary, i.e. in penetrated zone of
Widmanstatten structure and HAZ within bainitic structure and occurred perpendic-
ularly in relation tomaximum normal stresses.Main crack had numerous side cracks.
Then main crack runs through normalised structure zone, where no side cracks were
observed.

Significant decrease in fatigue life of specimens after heat treatmentwas caused by
structural changes occurring in the tested material as a result of heat treatment. In the
specimens without heat treatment there was a martensite and bainite microstructure,
and after the heat treatment the microstructure of bainite and sorbitol (which occurs
in the HAZ—Fig. 22.4b) was observed. The main crack growth was outside the weld
and primary HAZ in the area of the specimenwith a sorbitol microstructure, enriched
with cementite.

22.4 Conclusions

The following conclusions have been made on the basis of the obtained results:

1. Thehighestmaterialmicro-hardnesswasmeasured inHAZon specimenswithout
heat treatment, and the smallest in specimens after heat treatment.

2. The fatigue life of welded specimens without heat treatment was higher than the
specimens for which heat treatment was applied.

3. Fatigue cracks growth in all test specimens started on one-side of the specimen,
at the place of highest concentration of stresses.
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Chapter 23
Crack Propagation in the Threshold
Stress Intensity Region a Short Review

Luiz Felipe F. Ricardo, Timothy H. Topper, Luiz Carlos H. Ricardo
and Carlos Alexandre J. Miranda

Abstract This work presents a short review of fatigue crack propagation with
emphasis on the parameters that influence the threshold stress intensity, �K th. This
threshold value is dependent on such variables as the material itself, the test condi-
tions, the R-ratio, the environment and crack closure. The crack geometry effects are
discussed as well as some crack closure models. A discussion of other parameters
that influence the threshold stress intensity regime including short crack thresholds
and their respective models and their application will be the subject of a near-future
review.

Keywords Fatigue · Design · Threshold stress intensity factor · Crack
propagation · Crack closure models
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23.1 Introduction

Modern defect—tolerance design approaches to fatigue are based on the premise that
engineering structures are inherently flawed; the useful fatigue life then is the time
or the number of cycles to propagate a dominant flaw from an assumed or measured
initial size to a critical dimension. In most metallic materials, catastrophic failure
is preceded by a substantial amount of stable crack propagation under cyclic load
conditions.

The rates at which these cracks propagate for different combinations of applied
stress, crack length and geometric conditions of the cracked structure, and the mech-
anisms which influence the crack propagation rates under different combinations of
mean stress, test frequency and environment, are practical interest [1]. Crack prop-
agation is usually described by the relationship/curve of log da/dN versus log �K
where a is the crack length, N is the number of cycles, and �K is the range of the
stress-intensity factor in a loading cycle. As depicted in Fig. 23.1, one can identify
three regions or crack growth regimes that this curve passes through, named Regions
A, B and C. The Paris power law relationship can be applied to the region B that
shows a linear variation of log da/dN versus log �K. The curve is bounded by two
limits, the upper limit (in Region C) being the fracture toughness of the material and
the lower limit (in the Region A) being the threshold. Below this threshold there
is no crack growth. Several parameters/variables can have influence in this curve.
The fatigue crack threshold is discussed by McEvily [2] as a function of a number
of variables, including the material, the test conditions, the R-ratio, and the envi-
ronment. ASTM E 647 defines the fatigue crack growth (FCG) threshold, �K th, as
that asymptotic value of �K at which da/dN approaches zero. For most materials an
operational, although arbitrary, definition of �K th is given as that �K value which
corresponds to a fatigue crack growth rate of 10–10 m/cycle.

Fig. 23.1 Fatigue crack
propagation regimes [2]

Log K aPM m,Δ
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23.2 The Threshold Region

The earliest studies of fatigue were concerned with failure of a workpiece after a
number of loading cycles. At that time, researchers, most significantly Woehler [3],
did not isolate crack growth as a separate phenomenon, before rupture. The approach
to evaluate crack growth is simple for long cracks and by passes the unknown details
of crack tip atomistic processes (Long cracks are those ones that start growing for a
given cyclic loading.). For these it is possible to draw a curve of crack propagation
rate (da/dN) versus the range of the alternating stress intensity (�K). The curve
itself (Fig. 23.1) is a function of R load ratio and it is usually drawn on a log-log
scale. Cracked materials are only superficially elastic. There is always plasticity in
a region very near the crack tip. Under LEFM this region is so small that it does
not affect the overall cracked components stress distribution. Larger scale plasticity
is explicitly described by elastic–plastic formulations such as the J-integral or the
crack tip opening displacement (CTOD).

The variables K and J are, however, closely related under small scale yielding
conditions; the additional work involved in using J has not appeared to yield a com-
mensurate improvement in predictive ability under near-threshold conditions except
in special cases. The relative success of LEFM is illustrated by Fig. 23.2 which shows
the correlation of da/dN×�K for experimental data for a 2024—T3 aluminum alloy
obtained by Paris et al. [4] and Paris and Erdogan [5] from various sources.

Nowadays, with the tools of FractureMechanics (specifically LEFM) it is possible
to analyze how cracks propagate under cyclic load. Several studies try to simulate
how cracks propagate under in a large scale plasticity regime, however this will not
be mentioned in this review work. To know more about this regime one can see [6],
for instance. Figure 23.1 suggests that the threshold for crack propagationmay not be
an intrinsic part of the growth (e.g. Paris) relation. For any given material, thresholds
are apt to vary more with changing test conditions than do the Paris constants. But,

Fig. 23.2 Data for 2024-T3
aluminum from various
sources used by Paris et al.
[4] and Paris and Erdogan [5]
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within the threshold region, extrinsic effects seem to modify the value of an intrinsic
threshold. These extrinsic effects have been embraced under the heading of ‘crack
closure’. As defined by Elber, when closure is present, the effective stress intensity
range is not the applied maximum stress intensity minus the applied minimum stress
intensity, but rather the applied maximum stress intensity minus a closure stress
intensity. The growth of small cracks is even more complicated. It is not unusual
in the case of small cracks for crack propagation within the threshold region to be
fitted, as with a spline of local small-crack Paris relations defining the mean value of
the growth rate for the given conditions [4, 5, 7].

23.3 Effect of Crack Geometry

Considering a small superficial crack the threshold region in metals is generally
associated with a reversed-shear mode of growth which at least implies a mode II
component. At the same time, plasticity is largely confined to select crystallographic
planes, e.g. {111} in Fe–Ni alloys [8].

This gives rise to a faceted fracture surface. Since growth takes place by a shear
mechanism on planes inclined to the mode I stress plane, a certain amount of mode
II displacement is expected. If this were unreversed, as might happen in a tensile
overload, registry of the peaks and troughs between the upper and lower crack faces
could be lost and the peaks would contact each other before the crack fully closed.

At stress intensity ranges near the threshold, a large oxide buildup is likely. Several
works on this subject are mentioned in [9, 10]. The presence of this oxide, believed
to be due to fretting, is thought to increase the crack opening stress [11–15]. At
very low fatigue loads, oxide, and at higher loads, misaligned facets act as wedges
reducing the effective stress intensity range by preventing the crack from closing.
These effects are called, respectively, oxide- and roughness-induced crack closure.
In the region close to the fatigue threshold, the stress ratio exerts a strong effect on
the crack closure level. Environmental effects similarly reach a maximum at stress
intensity ranges near threshold but then diminish [11, 12].

23.4 Crack Closure Models

Since it was proposed by Elber [16] in the early 1970s, the concept of crack closure
has been widely used to explain the influence of R load ratio on fatigue crack growth
(FCG) [17, 18]. It has been realized for a long time that the degree of crack closure
was higher at lower R [19] while it may be negligible at higher R values (i.e., R > 0.7)
[20–22]. As a result, instead of the conventional �K, the FCG rate was correlated
with the effective stress intensity factor range �Keff [20, 21], i.e., �Keff = Kmax –
Kcl. Here, Kmax is maximum stress intensity factor andKcl is the stress intensity when
crack is closed. Since then, several crack closure mechanisms have been defined that
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include the effect of R, environment, temperature and crack growth mode. Stewart
[23] reported that air humidity, corrosive and other gaseous environments provided
additive contributions to the effect of R on FCG.

23.5 Conclusions

This paper reviewed and discussed some topics regarding the parameters that influ-
ence the threshold stress intensity value in crack propagation under cyclic loading.
Among these parameters the effect of crack closure and R-ratio were the main focus
of this review. Other topics related to the threshold stress intensity regime including
short crack thresholds and the respective models and their applications will be the
subject of a future review.
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Chapter 24
A Stress Intensity Factor Study
for a Pressure Vessel CT Specimen Using
Finite Element Method

Patrícia Raposo , Behzad V. Farahani , José A.F.O. Correia ,
Jorge Belinha , Abílio M.P. De Jesus , Renato N. Jorge
and Rui Calçada

Abstract This study aims to determine the mode I Stress Intensity Factor, KI , for a
steel alloy specimen extracted from a pressure vessel, so-called P355NL. The geo-
metric and mechanical properties are derived from Compact Tension, CT, specimens
available in the relevant literature. The theoretical value ofKI is evaluated through the
formulation reported in ASTM E 647-15 ASTM International (Standard test method
for measurement of fatigue crack growth rates. West Conshohocken, PA, 2015, [1])
for the geometric properties used in the previous study. Numerically, to solve the
CT specimen problem, a Finite Element code software, ABAQUS© is used. There-
fore, obtained numerical results are then compared to the theoretical ones, leading to
assess the numerical analyses’ performance. In this study, distinct crack lengths are
considered as; a = {8, 9, …, 20 mm}. Overall, encouraging results were obtained
possessing a satisfactory agreement compared to theoretical solution.

Keywords Uniaxial fatigue · FEM · Pressure vessels

24.1 Introduction

The main goal of the Compact Tension (CT) specimen test, which is the use of
a notched specimen, is to create a fatigue crack under a uniaxial cyclic load with
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maximum and minimum values, being R = σmin/σmax . The initiation of the fatigue
crack starts in the notch and extends through the specimen. Close to notches and
cracks, the fatigue process is governed by highly concentrated strains and stresses in
those zones, thus fatigue crack growth can be considered as a process of successive
crack increments as a consequence of the damage of the material in this region [2].

The components and structures which are welded or experience processing tech-
niques can introduce inconsistencies in the structure that are well represented by
the fatigue crack [1]. The components and structures are commonly flawed or have
pronounced notches [3]. Structures can be subjected to dynamic loads which are
responsible for local fatigue damage [4].

The CT specimens are used in fracture mechanics and corrosion tests. In order to
obtain the material fracture toughness, determined through the stress intensity factor
(SIF or K). This property describes the capacity of a material to withstand fracture,
being this one of the most important features of structural materials, mechanical
components, etc. [1, 5].

Nowadays, structures require the ability to stand a substantial amount of damage,
therefore it is important to develop reliable methods to predict the failure of fatigue
damaged components/structures [6]. The analysis and estimation of the crack growth
and fracture behavior can be done by combining the fracture mechanics theory and
Paris law [5–9].

Due to the computers development, the numericalmethods have been increasingly
used to solve complex engineering problems [3, 10]. In the beginning of study on
fracture mechanics with numerical techniques, the Finite Element Method (FEM)
was used with remeshing and Boundary Element Methods (BEM) although these
approaches presented difficulties handling with cracked structures [11]. After some
years, Moës et al. [12] developed an approach to evaluate the crack growth using
Haar function where the representation of the whole crack is independent on the
mesh [9]. Other approaches such as meshless methods follow a local approximation
combined with a flexible domain discretization in comparison with FEM and BEM
[9]. In meshless methods, nodes do not build a mesh, since there is no previous
relation between them. In the process of solving demanding problems involving high
computational efforts, meshless methods possess some advantages, since remeshing
is not required and it contributes simplifying the crack propagation [9, 13].

This study tends to evaluate the KI in addition to the essential variational fields.
For this purpose, a steel alloy specimen extracted from a pressure vessel was studied,
identified as P355NL, it was previously studied in a Ph.D. Thesis [14], from which
were taken the geometric and mechanical properties obtained from CT specimens.
The theoretical value ofKI was obtained through the formulation presented inASTM
E 647-15 (Standard Test Method for Measurement of Fatigue Crack Growth Rates)
[1] for the geometric properties used in the previous study [14]. To solve the CT
model, a FEM code based software, ABAQUS© was used. The numerical results
were then compared with the theoretical solution leading to assess the numerical
approaches’ performance. In this study, several crack lengths were considered: a =
{8, 9, . . . , 20 mm}.
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24.2 Analysis and Results

In the fracturemechanics and fatigue fields, the crack propagation is a very significant
concept that requires a detailed study. This study needs experimental campaigns in
order to obtain the mechanical properties of the materials and extensive numerical
studies, calibrated and compared with the experimental/reference values. Hence, a
pre-cracked CT specimen made of a mild steel from a pressure vessel S355 was used
in this study.

Figure 24.1 presents the CT specimen with the recommended dimensions and in
Fig. 34.2, the load application scheme is demonstrated [1]. It was considered that
�P = Pmax − Pmin = 1634.1N and R = Pmin/Pmax = 0. Table 24.1 reports the
geometric dimensions of the CT specimen considered in this study.

The �K reference (theoretical) value was obtained using the equation presented
in ASTM E 647-15 standard [1], for different crack lengths of a ={8, 9, …, 20 mm}.
Equation (24.1) provides the theoretical K value:

�K = �P

B
√
W

(2 + α)

(1 − α)3/2

(
0.886 + 4.64α − 13.32α2 + 14.72α3 − 5.6α4

)
(24.1)

Being �P the load amplitude (Pmax − Pmin), B the specimen thickness, W the
dimension as presented inFig. 24.1 andα = a/W . TheFEMcode softwareABAQUS
can directly compute the stress intensity factor. The mechanical properties of the
studied material were extracted from a previous study carried out by Correia [14],
as represented on Table 24.2. Concerning the FEM analysis, it should be noted that

0.25W0.
27

5W
0.
32

5W

an
a

B

1.25W
W

Fig. 24.1 Recommended dimensions for CT specimens according to the test standard
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Fig. 24.2 Schematic view of the fatigue test condition

Table 24.1 CT specimen
dimensions are in mm, PV
P355NL

W L H/2 0.275 W B D he an

40 50 24 11 4.35 10 1.6 8

Table 24.2 Mechanical
properties of the steel [11]

Material E(MPa) v fy(MPa) fu(MPa)

PV P355NL 205200 0.275 418.06 568.11

the authors followed the procedure carried out in the former works as extensively
described in [6, 9].

The �K values were computed relying on the foregoing theoretical equation and
also they have been obtained by the FEM formulation analyzed in ABAQUS© as can
be seen on Table 24.3. Moreover, Fig. 24.3 demonstrates the von Mises stress and
the vertical displacement variation on the fractured CT specimen if a = 14 mm.

24.3 Conclusions

This work addresses the calculation of the mode I stress intensity factor, K , through
the theoretical expression proposed by ASTM E 647, and by numerical approaches
using the Finite Element Methods (FEM). The theoretical expression was used as a



24 A Stress Intensity Factor Study for a Pressure Vessel CT … 185

Table 24.3 CT specimen; KI
obtained for each method and
the respective error

a (mm) �KASTM
(MPa.m0.5)

�KFEM
(MPa.m0.5)

Error
(%)

8 255.429 241.456 5.470

9 274.430 289.687 5.560

10 294.117 305.519 3.877

11 314.473 322.558 2.571

12 335.699 340.256 1.357

13 358.031 359.996 0.549

14 381.746 379.195 0.668

15 407.176 402.532 1.140

16 434.711 426.434 1.904

17 464.820 470.597 1.243

18 498.069 502.037 0.797

19 535.141 539.793 0.869

20 576.873 584.069 1.247

von Mises stress von Mises stress at the crack tip vertical displacement, U2

Fig. 24.3 CT specimen with a crack of a = 14 mm, FEM ABAQUS

value for comparison and validation of the numerical method. The numerical model
was developed with geometry and mechanical properties of CT specimens from a
mild Steel from a pressure vessel. For the proposed CT specimen, several crack
lengths were simulated The FEM model was solved using the standard FEM based
code software ABAQUS© allowing to directly obtain K , assuming the strain energy
release rate criterion in the presence of integral contours.

Comparing the calculated theoretical value based on ASTM E647 standard with
numerical results, a good agreement between the values was reached.

Overall, the numerical methods are a reliable and robust source of results, leading
to accurate predictions of the behavior of materials/components/structures, which
with adequate calibration can lead to the reduction of experimental tests, that have
very high associated costs.
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Chapter 25
Micro-notch Size Effect on Small Fatigue
Crack Propagation of Nickel-Based
Superalloy GH4169

J. Wang, R. Wang, Y. Wang, Y. Ye, X. Zhang and S. Tu

Abstract Nickel based superalloys are used extensively in the hot sections of gas
turbines in the aerospace and power generation industries. Some of them are sub-
mitted to fatigue circumstances, which may restrict their service lives. Moreover,
almost all the structural components have defects. In the past years, the disasters
caused by fatigue have aroused consensus. And the safety life design methods have
been widely used in the service time design for structures under fatigue load. How-
ever, most of those design methods considered the structures were integrated with
no defects such as cavities and micro-cracks. While the cracks would initiate and
propagate from these defects, which might limit the fatigue life largely. Therefore, a
profound understanding of the notch effect on fatigue progress is necessary to build
models which can assess the failure period of components in these harsh operating
conditions. This paper will discuss notch size effect on fatigue progress in nickel-
based superalloys.

Keywords Micro-notch · Fatigue · Small crack

25.1 Introduction

Nickel based superalloy GH4169 is a kind of precipitation enhancement material,
owning similar properties to Inconel 718 [1]. It is a multi-component superalloy with
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complicated structure, containing face centered cubic (FCC) γ′-Ni3(Al, Ti), body-
centered tetragonal (BCT) γ′′-Ni3Nb [2], orthorhombic δ-Ni3Nb and so on. The
phases γ′ and γ′′ dispersed in the matrix dramatically enhance the tensile properties
of GH4169. While the phases δ precipitated at grain boundaries can block the sliding
of grain boundaries, which improves its creep properties. Moreover, the superalloy
also shows excellent corrosion and oxidation resistance at elevated temperature [3].
Thus, GH4169 is widely used in nuclear industries and aviation.

For instance, the turbine blades in aircraft engines are mainly manufactured by
this kind of material. During service process, these components are often subjected
to repetitive or fluctuating stresses, which may lead to fatigue failure.

Commonly, the fatigue progress can be divided into three parts: crack initiation,
crack propagation, and final fracture. While the crack propagation part could also
be distinguished as the small crack propagation and the long part. Due to Suresh’s
definition [4], small cracks could be generally regarded as microstructurally small
cracks, mechanically small cracks and physically small cracks.

Since the 20th century, many crack propagation models have been put forwards.
Insides, the most famous models are Paris law [5] and the its derivative models.
Considering the stress ratio effect, and the crack closure effect, Walker [6], Forman
[7] and Newman [8] modified the Pairs law. These laws are appropriate for long
cracks. But for short cracks, they apparently possess higher crack propagation rate
than long cracks at the same stress intensity factor. And this should be paid more
attention.

This study investigated the small crack propagation regulations with notched
specimens, following the work of Deng [9], Ye [10] and Qing [11]. And notch size
effect is discussed.

25.2 Experiment Procedure

The material used in this study is rolling Ni-based superalloy GH4169. Its chemical
compositions are summarized in Table 25.1. Before experiments, 17 mm diameter
round bars were first cut for heat treatment. The heat treatment adopted here was
commonly used in industry, where the process was as follow:

(1) Solution annealing at 960 °C for 1 h, air cooling to room temperature.
(2) Aging at 720 °C for 8 h, cooling at 50 °C/h–620 °C.
(3) Aging at 620 °C for a further 8 h, air cooling.

Table 25.1 Chemical composition (wt%) of GH4169 alloy

Fe Cr Mo Al Ti Nb + Ta Mn Si C Ni

19.46 19.05 3.00 0.50 0.93–0.92 5.17 0.03 0.10 0.033–0.031 Bal.
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The round bars after heat treatment were then machined into specimens with the
dimensions. To ensure the accuracy of the test, the dimensional tolerance and surface
roughness were strictly guaranteed. The parallel section of the sample is polished
to the mirror to reduce the surface quality effect. Then laser machining method was
taken to create the micro-notch at different sizes. Afterwards, the surface with micro-
notch would be polished again to remove processing burns. At last, specific corrosion
liquid was utilized to expose the metallography of the notched surface.

Fatigue crack propagation tests were conducted in air on anMTS landmark 370.10
hydraulic testing system at room temperature. The frequency of the tests was main-
tained 5 Hz. The maximum stress here was 800 MPa, while the stress ratio was
0.1.

Replica method was applied to record the original metallography and the crack
length of each specific cycles among tests. The detailed procedure of replicating
process can be found in Ref. [11].

After the tests, the crackmorphologies, whichwere recorded by the dried replicas,
could be observed by using optical microscopy (OM) with a resolution of 0.1 μm
when the crack lengths were smaller than 0.3 mm. And the crack propagation rate
could be calculated through the crack lengths by observing the replicas at different
time intervals. At last, the fractographies of each specimen were observed by using
scanning electron microscopy (SEM).

Incremental polynomial method [11] was used to calculate the crack propagation
rate. And the stress intensity factor was calculated using the equation proposed by
Newman and Raju [8].

25.3 Results and Discussion

25.3.1 Material Properties After Heat Treatment

The microstructures of superalloy GH4169 after heat treatment were displayed in
Fig. 25.1. With the SEM and the software Image-Pro Plus, the grain size and the
phase distribution were detected. The average grain size was 12 μm. The δ-phase
was observed through the software. As was showed in Fig. 25.1b, there was about
12% in area ratio after heat treatment.

Before fatigue tests, tensile test has been carried out. And the result of tensile test
was listed as follows: The yielding strength and ultimate strength are respectively
1203.82 MPa and 1437.08 MPa. And the elongation is 25.60%.
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Fig. 25.1 Microstructures of superalloy GH4169 after heat treatment. a OM result; b SEM result
with δ-phase highlight

Fig. 25.2 The result of
observation of micro-notch
by three-dimensional surface
profilometer

25.3.2 Effect of Micro-notch Size on Fatigue Life

Excluding the parallel specimens, 21 specimens with different micro-notch size were
tested. Figure 25.2 showed the 3D profile of the micro-notch, where a represented for
depth direction. b was the width of the notch which was parallel to stress direction.
c was the length of the notch, perpendicular to the load and the crack would initiate
and propagation in this direction.

For all fatigue specimens, the cracks initiated from the notch. And the previous
experimental results indicated that the effect of replica process on the fatigue crack
growth rate and fatigue life can be ignored [9–11]. A summary of fatigue lives is
displayed in Fig. 25.3. As is shown in this figure, the fatigue life is largely influenced
by the length of the defects. With the initial length of the notch increasing, the
fatigue life reduces. Moreover, when the length of the notch is small, it shows great
impact. However, this impact would decrease, when the length is larger than 200μm.
Comparing the fatigue life with the depth of the notch, it could be realized that the
life shortens with the increasing of depth. While the width shows little influence on
fatigue life.

FEM method was conducted to calculate the stress concentration factor.
Figure 25.4 showed the distribution of fatigue life with increasing stress concentra-
tion factor. In this figure, fatigue life and stress concentration factor are correlated.
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Fig. 25.3 The relationship
between dimensions of
defects and fatigue lives

Fig. 25.4 The relationship
of stress concentration factor
and fatigue life of Specimens

25.3.3 Effect of Micro-notch Size on Fatigue Crack Initiation
and Propagation

Figure 25.5 were three photos from replica observed by OM. As is shown in this
figure, cracks initiated from the micro-notches, and propagated mostly in a trans-
granular way. Influenced by micro-structure, at micro-structure short crack stage,
cracks propagated in a zigzag way.

Crack propagation rates and stress intensity factor were calculated according to
Newman’s method. And the result was exhibited in Fig. 25.6. At micro-structure
short crack stage, the propagation rate expressed great volatility. When the crack
length came to physical small crack and long crack stage, the crack propagation rate
conformed to the Paris law.

As is referred in Ref. [11], the crack propagation progress has two transition point.
In this study, it could be observed that both crack initiation life and the two points
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Fig. 25.5 Typical process of
crack propagation, a 43000
cycles, b 7600 cycles
c 97000 cycles

Fig. 25.6 The crack
propagation rate with
different micro-notch size
along with stress intensity
factor range

occurred earlier with the increase of length of the notch. And when the initial notch
length is long enough, the transition from micro-structure short crack to physical
short crack will disappear.

25.4 Conclusions

The multi-scale fatigue crack propagation behavior of GH4169 Nickel-based alloy
with different micro-notch sizes was investigated. The following conclusion can be
obtained.
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1. With the increase of the notch length anddepth, the fatigue life drops dramatically.
But when each size approaches to some extent, the notch size effect weakens.
And the stress concentration factor shows great impact on fatigue life.

2. The crack propagated most in a trans-granular way. Notch size affects crack
initiation life and the transition points of different crack stages.
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Chapter 26
The Interactive Method—Reliable
and Reproducible S-N-Curves
for Materials

Klaus Block

Abstract Based on a new developed research method—the Interactive Proce-
dure—the characteristic fatigue strength curve (e.g. 5%-quantile obtained at a level
of confidence of 90%) was determined directly by test results. As an example new
experimental investigations on reinforcing steel were conducted on pure single bars
as well as on bars embedded in concrete. The lower stress level was kept constant
according to the usual design situation. Another example with a shear loaded fastener
system—steel element in concrete—shows that the load bearing capacity increases,
if the concrete strength increases. A third example shows the differences between
prestressing steel tested without embedment and casted in concrete. For the devel-
opment of a complete whole S-N-curve for steel 3–5 static and 20–25 cyclic tests
are necessary.

Keywords S-N-Curve · Statistical evaluation · Fatigue loaded systems · Quality
control

26.1 The Interactive Procedure

The Interactive Procedure is used for determination of the fatigue resistance up to
the fatigue limit resistance of materials and systems. A relatively small number of
tests can define the fatigue limit resistance as a 5%-quantile each with a necessary
confidence level. After only a few tests with different load levels, a prognosis for the
final result can be determined. The following newmathematical function was chosen
to describe the complete S-N-Curve.
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�S = �SD + (�S1 − �SD) · a(lg N )b (1)

with

�S = f(N) amplitude of the fatigue load bearing capacity.
a, b positive non dimensional values, with a < 1, 0.
N number of cycles.
�SD amplitude of the fatigue limit bearing capacity.
S1 statically load bearing capacity.

The method of the least squares is used for determination of the function of the
mean values by varying the values a, b and ΔSD. The only condition to be fulfilled
is, that the S-N-Curve is an S-shaped. The fatigue limit bearing capacity ΔSD can
become any value which is realistic for the related system, even zero.

After only 4 tests with different load levels a first approximation of the S-N-
Curve as a mean value and an estimation of a x-quantile value is possible. During
the following process, tests and calculations are alternating (interaction between
calculation and tests). For achieving the final result at least 20 tests are necessary to
get reliable and reproducible values for the statistically evaluated meanvalue of the
S-N-Curve (Fig. 26.1).

Afterwards the quantile-function can be determined by calculation of single quan-
tiles based on 3 test results each. All these single values can be described by an own
function with own values for a, b and ΔSD. No parallel translation or estimation for
certain limits are necessary.

Fig. 26.1 Example of the final results of the S-N-Curve
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Fig. 26.2 Results of Monte-Carlo-Simulation

This method had been proofed by a Monte-Carlo-Simulation. The result of this
check is shown in Fig. 26.2. In detail the Interactive Procedure is described in [1–4].

26.2 Fatigue Resistances of Systems

26.2.1 General

Very often, the material fatigue resistance is transferred to the fatigue resistance of
fatigue-loaded systems. In most cases of real applications, systems consisting of
different material or different elements are fatigue loaded. A systemmight fail at dif-
ferent positions, e.g. depending on the kind of manufacturing. Alternatively, another
constructive member influences the failing member. In the following chapters, three
examples from the field of constructive civil engineering are shown.

26.2.2 Reinforcement Steel for Concrete Structures
with Fatigue Tension Actions

Usually steel reinforcement bars are tested uncasted and not embedded in concrete.
The positive effect of the force transmission for embedded reinforcement had been
taken into account for a comparison with uncasted members. Some test results are
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Fig. 26.3 Fatigue-test results of reinforcement steel ∅20 tested uncasted and embedded in concrete

shown in the following Fig. 26.3. Due to the support of the concrete, the fatigue
resistance of the steel member increases more than 10%.

The results of this research are described in detail in [5, 6].

26.2.3 Fatigue Shear-Loaded Fastener

Tests and calculations on chemically bonded fasteners were conducted to determine
the effect of concrete properties on the fatigue bearing capacity under shear loading
(Fig. 26.4). The influence of the concrete compression strength and a crack width of
0.3 mm compared with non-cracked concrete were researched. For each of the four
test-series an S-N-Curve was produced.

Some results of this research are shown in Fig. 26.5. The influence of the concrete
compression strength is shown depending on cracked and non-cracked concrete.
More results are described in [7].

26.2.4 Prestressing Steel Loaded by Fatigue Tension

Prestressing steel is used for concrete structures with a relatively large span, e.g.
bridges. Inmany applications, the prestressing steel is curved like shown in Fig. 26.6.
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(9) Injection mortar

(1) Concrete (2) Attachment (3) Outer bush (4) Inner bush
(5) Fastener rod (6) Nut (7) Washer (8) centering piece

(10) sliding film (plastic layer)

Fig. 26.4 Test structure and fastener properties

Fig. 26.5 Range of long-term fatigue bearing capacity of a fastenerM12 depending on the concrete
strength and a concrete crack with of 0.3 mm
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Fig. 26.6 Typically curved prestressing steel (here in a test setup) [8]

Fig. 26.7 Fatigue test results for single prestressing steel elements including the scatter range
(5%-quantile und 95%-quantile) [8]

Heeke [8] investigated the fatigue behaviour of single prestressing steel elements
and of prestressing steel in a concrete structure. Figure 26.7 shows fatigue test results
for single elements. It can be recognized that for more than 10.000.000 cycles no
failure occurred. The non-failed specimen were tested again at a higher stress range
and the results lie within the scatter range of test results without a preloading of some
million cycles.

Fatigue tests with the same curved prestressing steel in concrete bars show, that
failures occur up to 70.000.000 cycles and no horizontal shape of the S-N-Curve can
be recognized (Fig. 26.8). The main reason for these differences can be found in the
friction between the single steel elements and between steel and mortar.



26 The Interactive Method—Reliable and Reproducible … 203

Fig. 26.8 Fatigue tests Results for casted in curved prestressing steel [8]

26.3 Summary

S-N-Curves for materials as well as systems can be determined reliable and repro-
ducible by using the Interactive Procedure. Fatigue properties of materials cannot be
transferred readily to system fatigue behaviour.
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Chapter 27
Probability Distribution Type
for the Accumulated Damage
from Miner’s Rule in Fatigue Design

J. Hoole, P. Sartor, J. D. Booker, J. E. Cooper, X. V. Gogouvitis
and R. K. Schmidt

Abstract Variability is present within the stress-life (S-N) fatigue analysis process.
This variability propagates through the analysis process into the accumulated dam-
age computed using Miner’s Rule. This paper aims to characterise the probability
distribution type of the accumulated damage from Miner’s rule when accounting
for variability in fatigue design parameters using a case study. Whilst the distri-
bution type could not be conclusively selected, considerations regarding the future
application of probabilistic methods for fatigue design are presented.

Keywords Probabilistic fatigue · Miner’s rule · Skewed distribution

27.1 Introduction

Within the sector of fatigue design, many metallic components are designed to miti-
gate fatigue failure using ‘classical’ analysis approaches based upon stress-life (S-N)
curves andMiner’s Rule. This approach is known as the safe-life fatigue analysis pro-
cess and is currently used for aircraft landing gear [1], along with components from
many other industries. The component ‘safe-life’ represents the number of applied
cycles after which the component must be removed from service. However, the
safe-life fatigue analysis process contains many sources of variability within fatigue
design parameters, such as materials data, loading and component dimensions [2].
This variability propagates through the process, resulting in significant variation in
the accumulated fatigue damage from Miner’s Rule and hence the component safe-
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life. Current research work by the authors aims to develop a probabilistic approach
that will compute the probability of failure (Pf ) associated with a component safe-
life, to better represent the statistical nature of fatigue. A probabilistic approach
would model design parameters as probability distributions (e.g. Normal, Weibull,
etc.) and would use probabilistic methods to propagate the variability through to
the accumulated damage, enabling the computation of Pf [3]. As the accuracy of
the damage probability distribution is vital for producing an accurate value of Pf ,
this paper aims to characterise the probability distribution type of the accumulated
damage from Miner’s Rule using a case study.

27.1.1 Stress-Life Fatigue Analysis Process

Stress-Life (S-N) fatigue analysis is a classical approach to fatigue analysis [2]. The
loads applied to the component are “blocked” into ‘i’ blocks defined by themaximum
and minimum load-levels (Pmaxi , Pmini ) and the number of times a pair of load levels
is applied (ni ). The loads are converted into stress-levels and subsequently into cyclic
stress amplitudes (σai ) and their associated mean stresses (σmi ). To convert the stress
cycles into equivalent fully-reversed (i.e. σmi = 0) stress amplitudes (σsi ) a model,
such as the Goodman correction, is applied [2]. S-N curves represent how the number
of cycles to failure (N f ) varies with the applied cyclic stress of a material. S-N curves
are typically based on fully-reversed testing of material coupons. Miner’s Rule can
then be used to compute the fatigue damage accumulated (di ) for a cyclic load ‘i’ as
shown in Eq. 27.1 [2]. The total accumulated fatigue damage (DT ) is computed by
the summation of the individual damages [2] and failure is assumed to occur when
DT = 1 [2].

DT =
∑

di =
∑ ni

N fi

=
∑ Number of times cyclic stress ′i ′ applied

Number of cycles to f ailure f or cyclic stress ′i ′ f rom S−N curve
(27.1)

27.1.2 Probabilistic Methods: Monte Carlo Simulation

AMonte Carlo Simulation (MCS) is a probabilistic method that performs often thou-
sands of evaluations of a process or model, each time randomly sampling different
values for the input variables, which are modelled using probability distributions [3].
This results in many values being generated for each individual output of the process.
The values for each output can also be statistically characterised using a probability
distribution. In the context of this paper, the input variables are the fatigue design



27 Probability Distribution Type for the Accumulated … 207

parameters (see Sect. 27.2.1), the process/model is the S-N analysis process, and the
output value is the total accumulated damage from Miner’s Rule ‘DT ’.

27.1.3 Previous Literature on the Probability Distribution
Type for the Accumulated Fatigue Damage
from Miner’s Rule

Previous studies within the literature have proposed the Normal [4], Log-Normal
[5], 3 Parameter Weibull [6] and Fréchet [5] distribution types for the accumulated
fatigue damage fromMiner’s Rule. However, these studies have relied on an assumed
distribution type of ‘N f ’ from S-N data sets [4–6], along with an assumed S-N curve
shape [5]. However, the choice of distribution type for N f is often debated [2] and
cannot be assumed a priori for new S-N data sets. Previous studies have also not
accounted for variability in fatigue design parameters other than N f , such as loading
and dimensional variability. To extend the work presented in previous studies, this
paper aims to present a general method for generating and identifying the probability
distribution type of the accumulated damage from Miner’s rule, when accounting
for material (S-N data), loading and dimensional variability. This objective will be
achieved through the use of anMCS applied to an S-N case study. The use of anMCS
means that assumptions regarding the N f distribution type and S-N curve shape do
not need to be made a priori.

27.2 Case Study Definition

The case study geometry shown in Fig. 27.1 is the SAE Keyhole specimen [7],
manufactured from 4340 steel [8], a typical aircraft landing gear material [1]. The
hypothetical load case shown in Fig. 27.1was constructed to achieve a spread of stress
amplitudes across the S-N curve and to ensure that stresses due to loading variability

1 24.75 - 11.00 50

2 18.70 - 11.00 100

3 22.00 - 16.50 100

4 24.75 - 19.80 25

5 13.75 - 22.00 100000

6 22.00 -5.50 500

7 13.75 - 22.00 100000

8 23.1 - 11.00 150

9 24.75 - 16.50 50

10 24.75 - 22.00 10

P

P

W

L
(a) (b)

Fig. 27.1 a SAE Keyhole Geometry. b Applied loading
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would not exceed the material Ultimate Tensile Strength (σUT S). Stress analysis
equations were sourced from “eFatigue” [7], along with a notch stress concentration
factor from Ref. [9].

27.2.1 Statistical Characterisation of Fatigue Design
Parameters

In order to provide inputs to the MCS, typical fatigue design parameters were sta-
tistically characterised, as shown in Table 27.1. Unless stated, all distributions were
assumed to be Normal, based on the mean (μ) value and a Coefficient of Variation
(CoV ) defined in Eq. 27.2, where ‘s’ is the sample standard deviation (s values for
tolerances were computed assuming the tolerance represented ±3 s as described by
Haugen [3]).

CoV = s

μ
(27.2)

To capture variability in N f at a given stress-level on the S-N curve, 2 Parameter
(2P) Log-Normal distributions were fitted to the coupon results at each tested stress-
level in the ESDU 4340 S-N data (see Fig. 27.2) [8]. For stress-levels that presented
‘run-outs’ (i.e. tests where the coupon did not fail before a predetermined N f ) [2], a
constant CoV = 0.0323 was assumed as run-out data requires additional statistical
methods [12] beyond the scope of this paper. The fatigue limit (σFL ) wasmodelled as
aNormal distribution based upon the ‘Probit’ method [2], giving aμ = 457MPa and
s = 13. For each MCS iteration, a Probability S-N (P-S-N) curve [2] was generated
based upon sampling N f and σFL values as demonstrated in Fig. 27.2. P-S-N curves
assume a constant Probability of Survival (PoS) at all stress amplitudes and at the
σFL [2].

Table 27.1 Statistical characterisation of case study fatigue design parameters

Design parameter Statistical characterisation

Load levels (PMaxi , PMini ) Mean load level from Fig. 27.1 with CoV = 0.08 (typical
variability of aircraft landing gear loads during touchdown [10])

Number of cycles (ni ) A discrete uniform distribution from 0.8 ni to 1.2 ni

Nominal width (w) μw = 68.6 mm with ±0.508 mm tolerance for sawing [3]

Thickness (t) μt = 9.5 mm with ±0.254 mm tolerance for rolled steel [3]

Hole diameter (∅) μ∅ = 9.5 mm with ±0.254 mm tolerance for drilling [3]

Load offset (L) μL = 62.1 mm with ±0.381 mm tolerance for hole location [3]

UTS (σUT S) μUT S = 875 MPa [8] with CoV = 0.0112 [11]
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Fig. 27.2 Demonstration of P-S-N representation of S-N curves [2], based upon the ESDU 4340
S-N data [8]. The sampling process used to generate S-N curves for the MCS is also shown

27.3 Results: Statistical Characterisation of Accumulated
Damage

TheMCSof the case studywas repeated for 25,000 evaluations to ensure convergence
of the input and output distributions. The resulting histogram of the accumulated
fatigue damage from Miner’s rule (DT ) is shown in Fig. 27.3a. It can also be of
value to identify the distribution of the natural logarithms (Ln(DT )) of the values,
as shown in Fig. 27.3b.

As can be seen from Fig. 27.3a, the shape of the DT distribution is positively
skewed (i.e. right-tailed). Candidate distributions capable of demonstrating posi-
tively skewed and only zero or positive values (negative damage values are not phys-
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Fig. 27.3 Histograms of the output from the MCS. a shows the distribution shape of the accumu-
lated damage from Miner’s Rule (DT ) and b shows the distribution shape of Ln(DT ) along with a
Normal distribution to highlight the positive skew in Ln(DT )
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ically possible) were identified [12, 13]: 2P and 3P Weibull, Log-Logistic, Gamma,
Fréchet, Birnbaum-Saunders, Burr Type XII, Inverse Gaussian and Pearson Type
III. Log-Normal distributions were rejected due to the skew in Ln(DT ) shown in
Fig. 27.3b. Maximum Likelihood Estimates (MLE) were used to ‘fit’ the distribution
parameters (e.g. μ and s) [12]. The Cumulative Distribution Functions (CDFs) of
each candidate distribution were plotted against the Empirical CDF (ECDF), which
is based on the observed frequencies from the MCS [14], to visually assess the ‘fit’
of the candidate distributions. Only the 3P Weibull, Birnbaum-Saunders and Inverse
Gaussian provided acceptable visual fits. All other distributions showed a poor visual
fit at the upper tail.

The distribution selection and MLE fitting process was repeated for the Ln(DT )

values in Fig. 27.3b. Due to the requirement for positive skew and negative values,
the following candidate distributions were identified [12, 13]: 3P Log-Normal, 3P
Weibull, Gumbel Maximum, Pearson Type III and Skew-Normal [15]. The Gumbel
Maximum distribution failed to provide an acceptable visual fit to the Ln(DT )ECDF.

The distribution types found to provide acceptable visual fits were then assessed
for ‘Goodness-of-Fit’ (GoF) using the Chi-Squared (χ2) test, which compares the
frequency of observed values from the MCS results with those expected from the
fitted distribution type [14]. This measure is known as the χ2 statistic (χ2S). This
value is then compared to the critical value (χ2C) at the 5% significance level and
the candidate distribution was rejected if the computed χ2S exceeded the χ2C [14].
Table 27.2 shows theχ2S andχ2C for each candidate distribution. It can be seen from
Table 27.2 that the χ2 test rejects each of the proposed distribution types. Therefore,
despite a number of the candidate distributions presenting acceptable visual fits,
the distribution type for the accumulated damage from Miner’s Rule could not be
selected conclusively using the χ2 test.

27.3.1 Impact of Results on the Development
of a Probabilistic Approach

As Table 27.2 has shown, the wide range of candidate distributions failed to provide
an acceptable fit to the accumulated damage from Miner’s Rule when using the χ2

Table 27.2 χ2 test statistics and critical values for each of the candidate distributions

Result DT Ln(DT )

Distribution 3P
Weibull

Birnbaum-
Saunders

Inverse
Gaussian

3P
Weibull

3P Log-
Normal

Pearson
Type III

Skew
Normal

χ2S 3478.24 841.11 405.05 981.52 852.16 919.61 849.90

χ2C 137.70 138.81 138.81 137.70 137.70 137.70 137.70

Decision Reject Reject Reject Reject Reject Reject Reject
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test. Therefore, additional distribution shapes should be considered such as Beta and
other Pearson and Burr type distributions [13]. Regardless, the probability of failure
(Pf ) could still be computed from the MCS results, by identifying the number of
evaluations resulting in failure. As there were 12 ‘failure’ evaluations out of 25,000,
Pf = 4.8 × 10−4. The case study has also demonstrated that there is a pressing need
for the development of a systematic process to ‘down-select’ the most appropriate
distribution type from the wide range of candidate distributions. This is the focus of
the authors’ future work and could be applied to MCS results and the fatigue design
parameters in Sect. 27.2.1.

To identify the cause of the skew in the Ln(DT ) values, the variability in each
parameter was isolated one at a time. However, the skew in the distribution persisted.
This suggests that the skew is caused by a non-probabilistic element of process. This
is expected to be the S-N curve, as it is the single point where all design parameters
interact.

27.4 Conclusion

This paper has presented a Monte Carlo Simulation applied to a stress-life analysis
case study with the aim of selecting the probability distribution type that best charac-
terises the accumulated damage fromMiner’s rule.Whilst the distribution type could
not be conclusively selected, this work has demonstrated the need to consider a wider
range of distribution types than those commonly used in fatigue design, along with
the need for a systematic ‘down-selection process’ to assist engineers in selecting
distributions.
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Chapter 28
Evaluation of Fatigue Properties of S355
J2 and S355 J0 by Using ProFatigue
Software

Stanislav Seitl , Petr Miarka , Sergio Blasón and Alfonso F. Canteli

Abstract Theuse of S355high strength steel in civil engineering to design structures
of bridges, cranes or simple engineering parts allowsmaterial and economical savings
to be achieved meeting the strict construction requirements. The knowledge of the
fatigue resistance of material plays the key role during design and maintenance of
the bridge structures. In the paper the fatigue behavior of S355 J2 and S355 J0 steels
are analyzed using statistical models. The data consist of results from low cycle and
high cycle fatigue for a variety of specimens. In particular, the software ProFatigue is
used for derivation of the probabilistic S–N field from experimental fatigue data. The
program, based on a former regression Weibull model, allows the estimation of the
parameters involved in the S–N field, providing an advantageous application of the
stress based approaches in the fatigue design of mechanical components. The results
obtained are compared with the usual used Wöhler-curve, usually used, represented
as a straight line in a double-logarithmic scale.

Keywords S355 steel · Fatigue · S–N field · Castillo–Canteli model · ProFatigue
software

28.1 Introduction

A number of elements of civil engineering structures are often subjected of fatigue
loading. A typicalmaterial used for such constructions is S355 steel, which according
to the EN 10025-2:2004 [1] standard is manufactured in two grades S355 J0 and
S355 J2. Some specific information about its fatigue properties can be found in
the literature, see Seitl et al. [2]. The fatigue properties of the S355 steel under
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bending fatigue loading is analysed in [3]. The S355 steel specimens were subjected
to block bending loads, with varying mean load value. Some material hardening
was observed, which resulted in changes of material response to the mechanical
loading, see Pawlicek et al. [4], even if from a mechanical point of view no structural
changes were observed. The contribution by Rozumek et al. [5] showed crack growth
characteristics for S355 steel specimens under tension and bending with torsion
loading andmixedmodes I+ II and I+ III while a comparison on the basic properties
of S355 and S690 steels was done in De Jesus et al. [6] in which contribution was
found that the knowledge of the fatigue resistance of the material plays the key role
during design and maintenance of the bridge structures.

In the paper, the fatigue behavior of S355 J2 and S355 J0 steels are analyzed
using a statistical model. The data consist of results from low cycle and high cycle
fatigue for a variety of different specimens. The probabilistic S–N field is derived
from the experimental fatigue data using the software ProFatigue [7]. The latter,
based on a former regression Weibull model, see [8, 9], allows the estimation of
the parameters involved in the S–N field model to be determined, providing an
advantageous application of the stress based approaches to the fatigue design of
mechanical components. The obtained S–N field is compared with the customary
Wöhler curve, represented as a straight line in a double-logarithmic scale (Basquin’s
model [10]).

28.2 Studied Materials and Specimens

The chemical composition of both steel grades is specified in EN 10025-2:2004
standard and shown in Table 28.1. The fatigue properties of material can be analyzed
in terms of the estimated fatigue endurance limit or in terms of the fracturemechanics
based approach. The microstructure of the experimental material was created with
polyhedral grains of ferrite and pearlite, while the pearlitic colonies are elongated in
the rolling direction see in Fig. 28.1.

The fatigue endurance limit is determined from the S–N curve whereby the stress
range, corresponding to a lifetime of 107 cycles is usually considered to be a safe

Table 28.1 Parameters of the Wöhler curves using the Basquin equation and Weibull distribution
for S355 steel

Basquin Weibull

Steel
grade

Rolling
direction

A B R2 λ δ β B C

S355J0 A −70.83 1239.1 0.883 0.02 0.04 1.05 8.93 6.23

B −5.01 615.12 0.2183 0.04 0.06 1.02 8.46 6.28

S355J2 A −7.231 657.12 0.7244 0.18 0.05 1.04 6.31 6.30

B −2.264 610.7 0.0849 0.00 0.04 1.02 8.60 6.35
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(a) S355 J0A (b) S355 J0B

(c) S355 J2A (d) S355 J2B

Fig. 28.1 Structure of the S355 J0 and S355 J2 steel grades: the crack was propagating in the
horizontal direction; Light optical micrography, etched with 2% Nital

Fig. 28.2 Specimen geometry and rolling direction

reference that not being surpassed ensures non-failure during the whole service life-
time of the component. The testing procedure consists in applying cyclic loadingwith
predefined stress range to determine the number of cycles to failure as described,
e.g. in Eurocode 3 standard [11], part 1–9 for the stress ratio R = 0.1. The specimen
geometry used for the S355 steel tests is shown in Fig. 28.2.
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28.3 Applied Models for S–N Field Assessment

28.3.1 Wöhler Curve as Fitted Using Basquin’s Equation

Often, the Wöhler-curve is represented as a straight line in a double logarithmic
plot as the solution provided by Basquin’s equation [10]. Accordingly, the relation
between stress range and lifetime is given by following equation

�σ = AN B, (28.1)

where the parametersA andB represent, respectively, the independent term and slope
of the resulting straight line in double logarithmic scale.

It is to note that a certain scatter is observed among the results obtained for the
same defects induced during the extrusion process, randomness in the specimen
manufacturing, etc.

The limited number of S355 steel specimens tested, shown in Fig. 28.3, is typical
for this kind of fatigue programs.

Fig. 28.3 S–N field evaluated using Basquin equation and Weibull distribution for S355 steel:
a J0-A; b J0-B; c J2-A; d J2-B
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28.3.2 Probabilistic Model

In this work, the fatigue regression model proposed by Castillo and Canteli [6]
is used to perform the lifetime prediction. Using the normalized variable V =
(logN − B)(log�σ − C) the entire S–N field may be represented by a three param-
eter Weibull distribution for minima:

F(N ;�σ) = 1 − exp

[
−exp

(
(logN − B)(log�σ − C) − λ

δ

)]
(28.2)

with the following condition:

V = (logN − B)(log�σ − C) ≥ λ, (28.3)

whereB is a threshold lifetimevalue,C is the endurance, or fatigue limit for N → ∞,
and λ, δ and β are the location, scale and shape Weibull parameters, respectively.
The percentiles curves are hyperbolas sharing the asymptotes log N = B and log �σ

= C, whereas the zero percentile curve represents the minimum possible number of
cycles required to reach failure for the different values of log �σ . More information
about the model can be found in [8, 9].

In order to facilitate the practical assessment of the S–N field from the fatigue data
obtained in the experimental program, the free software ProFatigue [7] is applied. The
program can be downloaded from the link http://www.iemesgroup.com/download.

28.4 Results Discussion

Figure 28.3a–d. shows the results of the experimental program performed for the
S355 steel and the comparison between the fatigue results for Pf = 50% probability
of failure using both Basquin and Weibull models: (a) J2-A; (b) J2-B; (c) J0-A;
(d) J0-B. The values for Pf = 50% give an overview of the basic behavior of the
S355 steel. The results from ProFatigue are compared with those from Basquin
model Table 28.2 gives the parameters for the different approaches by applying the
maximum likelihood method.

Table 28.2 Comparison of the stress fatigue limits for different cases of S355 steel

Basquin Weibull

Steel grade Rolling direction Limit 1e7 Limit 1e7 Endurance limit

S355J0 A 97.5 511.2 507.8

B 543.4 539.5 533.8

S355J2 A 540.6 556.6 554.6

B 610.7 574.6 572.49

http://www.iemesgroup.com/download
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In all cases, a similar description of the experimental results is observed for both
models, bilinear Basquin and ProFatigue, in the investigated fatigue region but not
so in the high cycle fatigue region where the discrepancies are notorious, on the one
side for the S355J0A steel (Fig. 28.3a) due to the lack of failures in the lifetime range
between 105 and 107 N > 107 in the very high cycle region, and for the N > 107 in
the remaining cases (Fig. 28.3b–d).

According to the results obtained, the Weibull model, as proposed in [8, 9], pro-
vides more reliable results than the simple linear S–N approach but additionally,
probabilistic definition of the S–N field information and so that the former one, is
recommended for practical applications in civil engineering structural analysis under
fatigue, see [12–19].

28.5 Conclusions

The following conclusions are drawn from this paper:
Two different models representing two alternative methodologies for evaluating

the S–N field are applied to the assessment of fatigue data from two S355 steel grades
and the results, compared.

The ProFatigue program, based on the regression Weibull model proposed by
Castillo–Canteli, provides a probabilistic analytical way of assessing fatigue results
in fatigue. The extrapolation outside the lifetime ranges considered in the tests is
possible. In principle, a fatigue limit is implied in this model, although accordingly to
the results this limitmay prove to be zero or not. The experimental results, represented
as S–N fields, are relevant when used as input parameters for the sensitivity analysis
in the calculation of civil engineering steel structures under fatigue loads.

Acknowledgements The Czech Science Foundation under the contract No. 17-01589S supported
this research. The research was conducted in the frame of IPMinfra supported through project No.
LM2015069 of MEYS.
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Chapter 29
Updating the Failure Probability of Miter
Gates Based on Observation of Water
Levels

Thuong Van Dang, Quang Anh Mai, Pablo G. Morato and Philippe Rigo

Abstract Hydraulic steel structures, especially lock gates play a significant role
in keeping navigation traffic uninterrupted. After a few decades of operation, many
of the welded joints may suffer various degrees of deterioration, primarily due to
fatigue. To economically combining crack inspection with a scheduled maintenance
of the movable parts of the gate, it is valuable to predict inspection time of the welded
joints using the historical operations of the gate, i.e. the variation of water levels.
Updating failure probability of welded joint is mature in the offshore industry, but
it is rarely applied for inland navigation lock gates where the contribution to fatigue
failure comes from the variation of water pressures during operation of the lock
gates. The scope of this paper is to predict the inspection time of a welded joint using
the observed water levels from the operational history. The updating of the failure
probability is done for three inspection techniques, considering annual probability
and repair decisions. The results show the effects of critical annual probability and
the probability of detections (PODs) on the update failure probability for a welded
joint.

Keywords Fatigue · Miter gate · Probability of failure · Inspection

29.1 Introduction

There are presently a lot of locks in operation along the inlandwaterways of Europe as
well as all over the world.Many of themwere built a couple of decades ago. Themost
common lock gate type generally used is miter gates consisting of two rotating leaves
with vertical hinge axes located in the lock chamber walls. Due to their structural
features, miter gates have plenty of welded joints. Damages found with varying
degrees of degradation at aging navigation lock gates include cracks in welds, local
buckling of flanges and corrosion. Structural inspection and evaluation are required to
assure that adequate strength and serviceability are maintained at all sections as long
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Fig. 29.1 Updating procedure

as the structure is in service. Basically, miter gates are inspected at approximately
5–10 years intervals. This is normally assigned by designers to maintain and replace
the movable parts. Cracks inspection can be done and the results of the inspection or
the observed degradation provide data to update the failure probability. This paper
introduces another technique that inspections and updates the failure probability
based on critical annual probability, considering the PODs and repair decisions. The
procedure of the present methodology can be found in Fig. 29.1.

29.2 Equivalent Stress Range

For practical fatigue design with the use of nominal stress S-N curves, welded joints
are divided into several classes, each with a corresponding design S-N curve. In this
study, stresses are calculated from each observed water level by using analytical for-
mulas. Each lockage corresponds to a stress cycle. The relationship between stresses
range and the number of cycles over 50 years is built in Fig. 29.2 [1].

The stress in the girder at the connection is parallel and perpendicular to the
welds. For a welded joint on a miter gate, the cracks often occur at sharp corners and
round-off radii of the vertical and horizontal girders. The properties of welded joint
can be found in the detail category �σR = 40 N/mm2 at 5.106 cycles with a slope of
m = 3 in Eurocode NEN-EN 1993-1-9 C2, Table 8.3 [2]. Since water levels in front
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Fig. 29.2 Stress range
histogram [1]

and behind the gate are not always the same for every lockage due to seasonal flows
of the river, the different stress-ranges occurs during the year are represented by an
equivalent stress-range value �σ, as follows:

�σ = m

√
DtotC

nT
(29.1)

where Dtot is total accumulated damage, C is a material parameter, n = 7048 is the
number of levellings per year and T = 50 years is the time of observations.

29.3 Calibrating Fracture Mechanics Model

Failure probability of the welded joint is first calculated using a limit state function
based on Miner’s rule [3] (S-N model), Eq. (29.2)

g = � − n
Bm
S �σm

C
(29.2)

where � and Bs are the damage criteria and uncertainty load factor, respectively.
First order reliability method (FORM) and second order reliability method (SORM)
are used to calculate reliability index and the cumulative probability of failure for
S-N curve model. The uncertainties involved in the reliability of S-N curve model
are presented in Table 29.1.

To incorporate the crack inspection results in assessing failure probability, a frac-
ture mechanics (FM) model is used for crack propagation. The most widely used
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Table 29.1 Input data for S-N model

Parameters Description Distribution Mean Cov

n No. of cycle/year Deterministic 7048

� Uncertainty fatigue damage Lognormal 1.0 0.3

m Material parameter Deterministic 5

�σ (MPa) Stress range Deterministic 57

T (Years) Time service Deterministic 100

BS Uncertainty load Lognormal 1 0.25

C Material parameter Lognormal 3.5239e11 0.486

Fig. 29.3 Reliability index

model is the Paris-Erdogan law [4], Eq. (29.3). The results of the calculation relia-
bility index for S-N model are shown in Fig. 29.3.

da

dN
= C(Y�σ

√
πa)m (29.3)

where N is the number of cycles, da/dN is the rate of crack growth, C and m are
material parameters, Y is geometry function.

Monte Carlo Simulation (MCS) is known as a simple random sampling method or
statistical trialmethod thatmakes realizations based on randomly generated sampling
sets for uncertain variables. The probability of failure is given by Eq. (29.4):

P = 1

N

N∑
i=1

I [G(xi ) ≤ 0] (29.4)

where N is the number of samples, I [G(xi ) ≤ 0] is the indicator function.
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Table 29.2 Input data for FM model

Parameters Description Distribution Mean Cov

n No. of cycle/year Deterministic 7048

m Material parameter Deterministic 3

Y Geometry function Deterministic 1.12

By Uncertainty geometry Normal 1.0 0.649

�σ (MPa) Stress range Deterministic 57

T (Years) Service life Deterministic 100

a0 (mm) Initial crack size Exponential 0.16

ac (mm) Thickness Deterministic 25

BS Uncertainty load Lognormal 1 0.25

C Material parameter Lognormal 2.483e-12 0.664

This method is conducted to determine the probability of failure for FM model.
Input data are shown in Table 29.2. Figure 29.4 shows the samples of crack propa-
gation are simulated for the chosen joint by FM model.

The calibration algorithm is carried out by a least-squares fitting in cumulative
failure probability space (Pf ), as shown in Eq. (29.5).

min
T∑
t=1

(PfSN (t) − PfFM (t; x1 . . . xN ))2 (29.5)

where PfSN
(t) is the cumulative failure probability at time t, evaluated using the S-N

model; PfFM (t; x1 . . . xN ) is the cumulative failure probability at time t, evaluated

Fig. 29.4 Crack depth
propagation
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Fig. 29.5 Calibrated result

usingFMmodelwith a set of parameters (x1 . . . xN ) representing initial crack size,C,
the uncertainty of geometry function. T is the service life of the considered structures.

The FMmodel is calibrated to give failure probabilities as obtained from the S-N
model analysis. The calibrated result is shown in Fig. 29.5.

29.4 Probability of Detection

The probability of detection is used for quantifying the performance of non-
destructive testing. POD curves describe the probability that a certain crack size
is detected during inspection. In the present paper the POD curves are assumed to
be represented by the Log-Odds-Log scale model [5]:

POD(a) = αaγ

1 + αaγ
(29.6)

where a (mm) is the detectable crack and α, γ are regression parameters. To see the
effects of PODs on the predicted inspection time, three cases of inspection labelled
A (α = 0.3 mm−1, γ = 3.0), B (α = 0.085 mm−1, γ = 3.0) and C (α = 0.035 mm−1,
γ = 3.0) are used [6].

29.5 Updating Failure Probability

Normally, the lock gates are often inspected by divers or by de-watering. However,
the high costs and downtown associated with these inspection techniques lead to
infrequent inspections, typically once every 5–10 years [7]. As a result, the update
failure probability may be implemented based on these inspection intervals. This
paper provides another technique that updating failure probability based on critical
annual probability and inspection techniques. The simulation method is used to
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Fig. 29.6 The updating annual failure probability with 90% PODs

Fig. 29.7 The updating cumulative failure probability with 90% PODs

update the failure probability (Pf), considering POD and repair policies. It is assumed
that all detected cracks are repaired. For the case where crack detected and not
repaired, as suggested in [8], it should not be considered in the simulation method
as an unrealistically large number of samples is required for updating and another
method should be employed. The maximum allowable annual probability of failure
Pf = 1.4 × 10−3 (equivalent to a target reliability index after 50 years is 1.5 in
EN1990) and 90% probability of detection in three inspection techniques are used
(Fig. 29.6).

By controlling the annual probability of failure we can choose appropriate inspec-
tion time for each POD technique while cumulative failure probability still keeps
stable. In this case, after 40 years, the miter gate should be checked and repaired
(Fig. 29.7).
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29.6 Conclusion

The aging locks on thewaterway systemhave various degrees of deterioration. There-
fore, inspection and maintenance to maintain the design life are crucial. However,
inspection and repair may costly, so setting up a reasonable inspection plan can play
an important role in addressing the issue. This study presented efforts to update the
probability of failure for a miter gate based on critical annual probability and inspec-
tion techniques. Water level observations data is used to compute stress range and an
equivalent stress range. The results have shown that the approach presented in this
paper provides an effective method for updating failure probability in miter gates.
By considering the cost of welded joint repair and the cost of periodic inspections of
the gate, the updated failure probability will be useful for optimizing maintenance
plan of lock gates.

Acknowledgements The authors acknowledge the financial support by the Wallonie-Bruxelles
International (WBI) for this research.
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Chapter 30
Comparison of Several Optimized
Methods for Mean Stress Effect
Evaluating the Stress-Life Prediction

Jan Papuga, Ivona Vízková, Maxim Lutovinov and Martin Nesládek

Abstract Four methods for computing the equivalent stress amplitude as the
response to the mean stress effect are compared. They all include one additional
parameter, which was optimized for 19 different data sets. Trends of the optimized
parameters were analyzed, and their estimates were recommended. These recom-
mended values were then checked on the same test set. The final results favor use of
the Bergmann and the Walker methods, while the Linear method built as a general-
ization of the Goodman formula results in a weak output.

Keywords Mean stress effect · Walker method · Goodman method

30.1 Introduction

There are two basic concepts for mean stress effect evaluating in the stress-life
prediction. The concept of the reduced fatigue limit amplitude is a traditional solution,
which shifts the S–N curve of the fully reversed load case to a new position based on
the value for the reduced fatigue limit amplitude σ FL, red . This value is set from the
Haigh diagram relevant to the number of cycles at the fatigue limitNFL. Determining
the complete reduced S–N curve from the reduced fatigue limit can differ in various
applications.

The second approach is in fact much simpler in use. Instead of focusing the Haigh
diagram at some given lifetime, it uses the same core formula but with switched
meaning of its parameters to compute the equivalent stress amplitude at fully reversed
loading. This equivalent stress amplitude should cause the same damage as the cycle
described by the stress amplitude and mean stress. The curve in the Haigh diagram
goes directly through the loading point, because it is related to the final computed
lifetime Nx. The equivalent stress amplitude can be thus immediately used with the
S–N curve in fully reversed loading.
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Both approaches use the Haigh diagram as the basic part of the solution. Its
description by the Goodman formula:

σa,eq = σa

1 − σm
Su

(30.1)

is widely used in the industry for evaluating the mean stress effect (MSE). If conclu-
sions of the relatively recent papers (see e.g. [1–6]) are checked, it becomes apparent
that the Goodman method leads to unreliable and in most cases to very conservative
results. Often, a newMSEmodel is suggested and proved to be better than the Good-
man method, but the test set used for validating remains small, limited to less than
10 materials [2–5]). If a sufficient number of experimental validation data is used,
the data sets contain various issues as discussed e.g. in [7, 8].

The recent work by Dowling et al. [1] is very extensive in comparison with other
papers. Its authors compared results for four methods for the MSE inclusion (Good-
man, Morrow, SWT and Walker) via the equivalent stress amplitude concept. Good-
man, Morrow and SWT methods are strictly defined using the existing material
parameters, but the Walker method contains additional fitting exponent:

σa,eq = σmax

(
1 − R

2

)γ

(30.2)

By using the Basquin formulation of the S–N curve

σa,eq = ANb (30.3)

Dowling et al. transformed the mix of Eqs. (30.2) and (30.3) to the multiple linear
formulation

logN = 1

b

[
log σmax + γ · log

(
1 − R

2

)
− logA

]
(30.4)

After completing the regression on collected experimental data in this way, the
authors compared computed equivalent stress amplitudes with the stress amplitudes
for a fully reversed cycle at the same number of cycles for all experimental points.
Use of the linear regression leads to the best fit of the Walker parameter to all data
of the given data set. Thanks to it, this method achieved best results in [1].

Papuga et al. [8] recently objected that the comparison of the optimized Walker
method with other non-optimized methods could not lead to another conclusion.
They decided to give a chance also to the generalized Goodman formula marked as
the Linear method (see Table 30.1). M parameter was optimized in the same way,
though the formulation enforced a non-linear regression analysis. Results showed
that both optimized methods clearly exceeded the prediction quality of any other
tested method (9 non-optimized methods were scrutinized) and the results for the
Walker method exhibited a lower scatter compared with the Linear method. When
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Table 30.1 Formulas for
evaluated generalized
methods, and names of
methods, to which they can
degenerate with adequately
set material parameters

Method Can switch to methods Formula

Bergmann SWT (k = 1) σa,eq =√
(σa + k · σm) · σa

(30.5)

Kwofie σa,eq = σa · eα σm
Rm

(30.6)

Linear Goodman, Half-slope,
Morrow, Soderberg

σa,eq = σa
1− σm

M
(30.7)

Walker SWT (γ = 0.5) σa,eq =
(σa + σm)1−γ · σγ

a
(30.8)

the proposed estimate for γ was applied to the data, the prediction quality worsened,
but it got similar with the Linear method.

This paper goes farther with the evaluation, while placing the question: Could
some other trend result in a better approximation of the data than the Walker method
does?

30.2 Evaluation and Its Results

30.2.1 MSE Methods

Table 30.1 lists the methods evaluated within this study. The Walker and the
Bergmann methods are similar—they are generalized versions of the SWT parame-
ter. It should be noted that while the Bergmannmethod can also be transformed to the
reduced fatigue limit amplitude concept, theWalker method cannot. Twomoremeth-
ods working with an additional regression parameter are present in Table 30.1—the
Linear method that have been already analyzed in [8] and the Kwofie method [4].

It can be anticipated that the additional parameter included in the formulation
should bring better overall results compared with any non-optimized methods. This
statement was confirmed in [8]. On the other hand, the optimized methods are useful
only if their parameters can be easily set. If this is not true, they are of limited practical
applicability.

30.2.2 Used Experimental Data

The data set used here for the analysis conforms to the testing set described in [8].
It comprises 19 different data sets, which refer to 48 different S–N curves, see their
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Table 30.2 Numbers of data
sets establishing the test set
used here. See more details in
[8]

Load
case

Plane bending Push-pull

Material Al alloy Steel Al alloy Cast iron Steel

Number
of data
sets

3 1 4 2 9

Table 30.3 Mean
coefficients of determination
R2 for each group of loadings
and materials

Loading Materials Kwofie Linear Bergmann Walker

Plane
bending

Al alloys 0.829 0.821 0.835 0.832

Steels 0.833 0.833 0.835 0.832

Total 0.830 0.824 0.835 0.832

Push-
pull

Al alloys 0.844 0.815 0.875 0.876

Cast
irons

0.714 0.673 0.738 0.741

Steels 0.857 0.861 0.844 0.842

Total 0.834 0.823 0.838 0.837

Total 0.833 0.824 0.836 0.837

conditions in Table 30.2. The only difference is removing the only experimental case
from Ra1 data set with negative mean stresses. It does not have any sense to do any
conclusions on validity of any method in the compression region on one set only.

30.2.3 Analysis and the Results

All experimental items in each data set are first used to optimize the sought material
parameters. The minimized parameter is the sum of squares of the logarithms of
cycles. To compare the ability of eachmethod to conform to the inputted experimental
data, this stage is finished by the comparison presented in Table 30.3.

Numbers of S–N curves and data points in each set differ. Table 30.3 thus does not
describe the prediction capability, it refers only to the ability to follow some trend.

Dowling et al. [1] checked the prediction quality of different methods by com-
paring the computed equivalent stress amplitude for each experimental point with
the stress computed for the same fatigue life from the optimized Basquin curve
(Eq. 30.3). Papuga et al. [8] used a similar solution, and final verdicts stated there
correspond to it.

There is an issue anyhow. The optimization leading to final material parameters
was controlled by the minimum deviation in fatigue life, but not in fatigue strength.
If the relevant parameter had been based on differences in fatigue strength, material
parameters obtained would differ. The results obtained in [1] and [8] are thus worth a
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Table 30.4 Standard deviations of �FL if evaluated for individual data groups

Loading Materials Data points Kwofie
(%)

Linear
(%)

Bergmann
(%)

Walker
(%)

Plane
bending

Al-alloys 119 4.9 4.9 4.6 4.6

Steels 71 3.9 3.9 3.8 3.9

Total 190 4.5 4.6 4.3 4.4

Push-pull Al-alloys 222 5.8 6.3 4.7 4.6

Cast irons 130 7.8 8.3 8.5 8.2

Steels 221 6.7 6.6 9.9 9.8

Total 573 6.7 7.0 7.9 7.8

Total 763 6.3 6.3 7.2 7.2

further analysis. The parameter used for the comparison here is the fatigue life error
�FL:

�FL = log(Nexp) − log(Nopt)

log(Nexp)
(30.9)

Nexp corresponds to the fatigue life measured for the given combination σ a−σm.
The same stress combination using the formula of the MSE criterion (Table 30.1)
provides the σ a, eq. Lifetime Nopt is obtained from the Basquin formula with opti-
mized material parameters while using σ a, eq. �FL is defined in Eq. (30.9) in this
way to keep the rule that positive values mean conservative results (shorter lifetime),
negative values are non-conservative. All experimental data points in the set (763
items in total) are evaluated.

Table 30.4 presents the output for the comparison in the form of standard devia-
tions of�FL parameter. Because the analysis is donewith perfect optimizedmaterial
parameters, it does not have any sense to compare the mean values for �FL over the
groups, because they are similarly good.

30.3 Discussion

Results in Table 30.4 support the idea that the previous conclusions in [8] were
misleading at least partly. TheWalkermethod (and theBergmannmethod) are getting
close to the ideal trend compared with the Linear method only for aluminum alloys.
For steels, this is on contrary. The Kwofie method works well in both situations.

Such conclusions are anyhow applicable only then, if the derived material param-
eters are either constant, or if they exhibit some clear dependency onwidely available
parameters. This paper must keep a limited scope, so only tabular values for ranges
of optimized parameters could be shown in Table 30.5 (in parentheses), in addition
to the derived values for each material group. Any trends are not very well visible,
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Table 30.5 Proposals for estimating material parameters for individual methods. Ranges of opti-
mized values relevant to individual sets are in parentheses. For steels, the last value in parentheses
concerns the only test set loaded in plane bending, values for which differ substantially

Param. Al alloys (7 it.) Cast irons (2 it.) Steels (10 items)

γ [–] 0.47 (0.38 ÷ 0.62) 0.42 (0.41; 0.43) −0.0004 Su +1.008 (0.50 ÷
0.87; PB:0.90)

α [–] 1.12 (0.62 ÷ 1.63) 1.21 (1.00; 1.43) 0.0009 Su−0.116 (0.21 ÷ 1.04;
PB:0.11)

k [–] 1.10 (0.63 ÷ 1.46) 1.31 (1.21; 1.42) 0.001 Su−0.202 (0.16 ÷ 1.00;
PB:0.14)

M [MPa] 695 (389 ÷ 1013) 695 (603; 787) −0.702 Su + 2304.8 (1054 ÷
3092; PB:8316)

Table 30.6 Statistics of �FL in the case when the material parameters were estimated

Load Materials Kwofie Linear Bergmann Walker

Mean Std.
dev.

Mean Std.
dev.

Mean Std.
dev.

Mean Std.
dev.

PB Al 6.1 14.3 3.1 13.5 2.8 6.5 2.6 6.5

St 13.9 11.1 35.2 27.1 8.5 6.9 7.5 6.3

Total 9.0 13.7 15.1 25.1 4.9 7.2 4.4 6.9

Ten Al 0.7 6.9 −2.2 7.7 0.1 5.3 0.0 5.3

CI −4.5 9.9 −9.0 11.9 −1.1 8.9 −1.2 8.7

St −2.1 11.7 27.4 34.2 −0.8 11.1 −2.2 12.0

Total −1.6 9.8 7.7 27.5 −0.5 8.8 −1.1 9.2

Total 1.1 11.8 9.5 27.1 0.8 8.7 0.3 9.0

and thus the average values are proposed in most cases. There are more data items
among steels, so simple linear trends are proposed (note anyhow that R2 < 0.5 in all
cases).

If these estimates are used in the analysis together with the Basquin curves rele-
vant to S–N curves in fully reversed loading, the results start to differ substantially,
see Table 30.6. The results of the Linear method worsened—the method is too con-
servative and exhibits large scatter. A check was done whether it is not due to the
single case of plane bending in steels, but the results did not change much, if this
case was removed.

Kwofie’s method is better regarding the statistics, though it is still weaker than
the other two methods. Kwofie [4] expected α parameter to be close 1. Table 30.5
shows that this assumption is quite close for aluminum alloys and cast irons, but not
for most steels.

The Bergmann method and the Walker method exhibit very similar behaviour.
Similarly to [1] or [8], their performance is to be rated high above all in the case of
aluminum alloys.
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30.4 Conclusion

The paper focuses on evaluating the mean stress effect in the high-cycle fatigue
life prediction. Four criteria were selected for evaluation through optimizing their
material parameters on available experimental data of 19 data sets: the Walker and
the Bergmann methods, the Linear method and the Kwofie method. Each of them
contains one additional fitting parameter, which was retrieved from the optimization
procedure.

To enable practical applicability of the results, the optimized parameters were
analyzed and proposals for their estimates stated. Their analyses lead to these con-
clusions:

1. The Linear method achieves the worst results—too scattered and too conserva-
tive.

2. The Kwofie method is closer to the best performing methods, but it remains
worse.

3. The methods by Bergmann and by Walker result in a comparable output, and
they can be recommended for a general use.

4. More data sets would help in better understanding, whether the observed trends
are really universal.
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Chapter 31
Application of the Nonlinear Fatigue
Damage Cumulative on the Prediction
for Rail Head Checks Initiation
and Wear Growth

Y. Zhou, D. S. Mu, Y. B. Han, X. W. Huang and C. C. Zhang

Abstract The nonlinear fatigue damage cumulative model was presented by com-
bining the damage curve method considering the wheel-rail loading sequence and
the fatigue damage method considering the interaction of the loads. Based on above
model and the prediction method for coexistence of fatigue crack initiation and wear
of rail, the results for rail head checks (HC) prediction by the linear and nonlinear
fatigue cumulative models was analyzed. It was found that the cumulative fatigue
damage at the rail material point by the modified nonlinear fatigue damage cumula-
tive model was higher than that of the linear one. Therefore, the HC initiation life
was the short. Comparing with the field tests, the results by linear fatigue cumulative
model and modified nonlinear fatigue damage cumulative model were close to the
upper range value and median of the field test result respectively.

Keywords Rail · Nonlinear fatigue damage cumulative · Head check initiation ·
Wear · Critical plane

31.1 Introduction

Rolling contact fatigue (RCF) crack, such as head checks (HCs) at rail shoulder and
corner and squats at rail crown, and wear are the main defects in rails of the railway
andmetro systemswhich influence the rail life and train operation safety. It was found
by twin-disc test [1] and field tests [2] that these two rail defects coexisted with the
cumulative traffic. Moreover, with the application of the alloy or heat-treated rails,
the RCF crack initiated early and propagated rapidly because on one hand wheel-rail
contact stress always exceeded the yield limit of rail material, on the other hand the
rail had good wear resistance, and then was repressed by wear after large cumulative
traffic (more than 100 million gross tonnage, MGT) since the hardening layer was
worn away at that time. Therefore, it was considered that the RCF crack could be
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controlled by both natural and artificial wear (rail grinding) [3] if the crack initiation
and propagation life together with wear growth could be predicted accurately. At
present, the prediction of the coexistence of crack initiation and wear growth was
presented [4, 5] inwhich the cumulative fatigue damage in rail by trafficwas obtained
according to the Miner linear fatigue rule. Actually, the wheel-rail contact on the rail
by passing vehicles was the variable amplitude load with random loading sequence
and interacting by adjacent wheels which should be treated as nonlinear fatigue
damage process. Many nonlinear fatigue damage cumulative models were applied
in the fields of metal fatigue damage in engineering and so on [6–8].

In this paper, the nonlinear fatigue damage cumulative model was modified by
combining the damage curve method considering the wheel-rail loading sequence
and the fatigue damage method considering the interaction of the adjacent wheels.
Then, a prediction method for coexistence of HC initiation and wear growth in rail
was presented. The result was compared with that of by the linear fatigue cumulative
model.

31.2 Modification of the Nonlinear Fatigue Damage
Cumulative Model

Considering the multiple-level loading of different stress amplitudes, the linear
fatigue damage in random material occurs when:

∑
Di =

∑ ni
Ni

=1 (31.1)

where ni is the number of loading cycles at the ith stress level; Ni is the fatigue life
at the ith stress level; Di is the fatigue damage at the ith stress level.

If the loading sequence was considered, the double parameter fatigue criterion
model [6] which is based on the damage curve can be applied as follows:

Di =
(
ni
Ni

)qi

, qi = exp

[
α

(
ni
Ni

)β
]
− 1 (31.2)

where qi is the damage index;α is thematerial coefficient;β is stress level coefficient.
If the interaction between adjacent loadings was considered, the Corten-Dolan

model [7] can be applied as follows:

Di = mirin
a
i ,Ni = N1

(
σ1

σi

)m

(31.3)

where m is the number of damaged nucleation, which is related to stress levels and
number of stress interactions; r is the damage growth coefficient; a is a constant
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related to the stress level; N1 is the fatigue life under maximum alternating load; σ1

is the maximum stress amplitude in multi-stage alternating load.
Then, the load amplitude ratio σ1/σi in Eq. (31.3) is introduced into the exponent

qi of the cycle ratio ni/Ni of the damage curve model in Eq. (31.2).
Moreover, qi is defined as:

0 < qi = (
Ni

Ni+1
)
α(

σmaxi
σ−1

)
< 1 (31.4)

In Eq. (31.4), σmaxi is the maximum stress amplitude acting at the ith stress level;
σ−1 is the fatigue limit stress of the material. Other parameters are the same as above.

Therefore, the modified nonlinear fatigue damage cumulative model considering
both loading sequence and the interaction between adjacent loadings is expressed as
follows:

∑
D =

⎧
⎪⎨

⎪⎩

(
(
n1
Nf 1

)
(
Nf 1
Nf 2

)
α(

σmax1
σ−1

)

+ n2
Nf 2

)(
Nf 2
Nf 3

)
α(

σmax2
σ−1

)

+ · · · + ni−1

Nf (i−1)

⎫
⎪⎬

⎪⎭

(
Nf (i−1)

Nfi
)
α(

σmaxi−1
σ−1

)

+ ni
Nfi

(31.5)

From the multistage stress fatigue test of No. 45 steel with the load from low to
high (732–836 MPa) [9], the fatigue damage accumulation was measured as 0.425
after 45,000 cycles and the simulation result was 0.389 by abovemodel. It can be seen
that when the load was loaded from low to high, the predicted results by modified
nonlinear fatigue damage cumulative model agree with the experimental results.

31.3 Prediction Method for the Coexistence of Rail HC
Initiation and Wear

Themethod for prediction rail HC initiation together withwear growthwas presented
[5] in which the wheel/rail contact, rail wear, fatigue damage were calculated, the
worn rail profile was replaced according to a certain of wear, and finally the non-
linear fatigue damage cumulated in rail material. During the simulation, the fatigue
damage in the rail during the wear and profile evolution can be obtained by nonlinear
accumulation of Eq. (31.5) instead of the linear one. When the fatigue damage at
random point in the rail with DCR = ∑

D = 1, it can be considered that the HC
initiated at this point with the initiation life:

N =
J∑

i=1

ni (31.6)
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where N is the crack initiation life, ni is the cumulative wheel cycles at the ith
profile evolution phase (treated as multilevel loading because the rail wear changed
wheel/rail contact situation). J is the number of the profile evolution phases.

31.4 Comparison Linear and Nonlinear Cumulative
Fatigue Damage Models

With the above method, it was possible to predict the HC initiation life and position
togetherwith thewear growth andprofile evolution for theU75Vheat-treated 75kg/m
rail (with surface hardness of 340–400 HBW) as the high rail in China’s heavy-haul
railway. In the simulation, the rail parameters were referenced from Ref. [2]. The
vehicle axle load was 23 t and its operation speed was 50 km/h. The wheel profile
was standard freight vehicle profile which kept constant during simulation. The
coefficient of the friction (COF) between the wheel and rail was 0.3. The curve
radius was 800 m with a rail inclination of 1:40. No track geometry irregularity or
rail surface irregularity was considered in the simulation.

The cumulative fatigue damage in the rail by twomodels until theHCwas initiated
at the rail was shown in Fig. 31.1.

The fatigue damage with the wear growth and the HC initiation life were shown
in Table 31.1.

From Fig. 31.1 and Table 31.1, it can be seen that the cumulative fatigue damage
by the modified nonlinear fatigue damage cumulative model was fast and the fatigue
crack initiation life was short. Since the modified nonlinear considered both wheel-
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Fig. 31.1 The cumulative fatigue damage of the rail with the accumulation of wheel cycles. DCR
is the fatigue damage cumulative criterion which equals 1
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Table 31.1 Damage by single wheel cycle and cumulative fatigue damage with the rail profile
evolution

Rail profile
evolution

Miner linear fatigue damage
cumulative model

Modified nonlinear fatigue damage
cumulative model

Wheel
cycles

Damage by
single wheel
cycle (N−1

fi )

Cumulative
fatigue
damage
(
∑

DJ )

Wheel
cycles

Damage by
single
wheel cycle
(N−1

fi )

Cumulative
fatigue
damage
(
∑

DJ )

R1 44,547 9.68E−07 0.0431 44,547 8.54E−07 0.0380

R2 46,276 1.26E−06 0.1014 46,276 2.92E−06 0.1731

R3 46,427 1.50E−06 0.1711 46,427 4.17E−06 0.3667

R4 46,794 2.00E−06 0.2647 46,794 4.35E−06 0.5703

R5 48,312 3.25E−06 0.4217 48,312 4.40E−06 0.7829

R6 51,716 5.00E−06 0.6803 25,858 8.28E−06 0.9970

R7 57,339 6.06E−06 1.0277 – – –

Sum of
wheel
cycles

341,411 – – 258,214 – –

rail loading sequence and the interaction of the loads, both of them had a great
influence on the fatigue damage. In addition, the influence of the previous wheels
on the rails did not dissipate and the rear wheels had acted on the same location of
rails when the residual deformation of rails existed which lead the rail to be damaged
more than the linear model.

31.5 Validation

Prediction of the HC initiation life by the modified nonlinear fatigue damage
cumulative model for the U75V heat-treated 75 kg/m rail as the high rail of
800 m curve radius, together with the results of the field tests with the same track
condition [10], are shown in Table 31.2.

Table 31.2 HC initiation life of the high rail in heavy-haul railway by prediction and field test

Method HC initiation life (wheel cycles)

Linear fatigue damage cumulative model 3.41 × 105

Modified nonlinear fatigue damage cumulative model 2.58 × 105

Field tests 1.53 × 105–3.54 × 105
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It can be seen from Table 31.2 that the results by linear fatigue cumulative model
and modified nonlinear fatigue damage cumulative model were close to the upper
range value and median of the field test result respectively.

31.6 Conclusions

The nonlinear fatigue damage cumulative model was modified by combining the
damage curve method and the fatigue damage method, which can consider both the
wheel-rail loading sequence and the interaction of the loads at the same time. Based
on above modified nonlinear fatigue damage cumulative model and the prediction
method for predicting the coexistence of HC initiation and wear growth in the rail.

The predicted HC initiation life of the U75V heat-treated rail in high rail was
2.58 × 105 by the modified nonlinear fatigue damage cumulative model. The
results of linear fatigue cumulative model were close to the upper range value of
the field tests and that of the modified nonlinear fatigue damage cumulative model
was close to the median of the field tests.
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Chapter 32
Fatigue Life Prediction for Component
with Local Structural Discontinuity
Based on Stress Field Intensity

Tianyang Lu, Peng Zhao and Fu-Zhen Xuan

Abstract The impact of notch is one of the major problems that remain to be solved
when predicting fatigue life. The zone of notch root has serious stress concentration
condition. Stress field intensity (SFI) approach is an advanced volumetric method for
fatigue life prediction. This papermakes further research and puts forward amodified
approach based on it. A numerical example and an engineering notched specimen
are analyzed by finite element approach to prove the validity of new approach. The
modified SFI approach shows good fatigue life prediction and is convenient for
practical use.

Keywords Notch · Fatigue life · Stress field intensity

32.1 Introduction

Fatigue failure of metal structural component is a common form of structure col-
lapse because it can occur due to cycle stress below the static yield strength. Notch
structure has a great reduction effect on fatigue life compared with smooth one. Most
engineering designs have to account for the effects of notches on the fatigue life of
the component. Notches will cause stress concentration with high local stress and
high stress gradients [1]. In a simple fatigue analysis, the maximum stress which can
be calculated at notch roots is considered as the critical point to predict fatigue life via
stress-life or strain-life curves [2]. This kind of method often gives a poor estimate
of the fatigue life [3], which cannot be used in practice. The stress distribution at the
notch is very complex which have to be taken into consideration in a realistic fatigue
failure criterion.

Stress field intensity (SFI) approach is one of fatigue prediction methods which
consider a zone near the fatigue root. It shows great life prediction effect and has
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great potential in research [4]. However, the mesh size in notch area is often required
to be very small. It makes the calculation time very long. This paper puts forward a
modified SFI approach which saves the calculation time and reduces the requirement
of high quality mesh.

32.2 Stress Field Intensity Approach

The stress field intensity approach (SFI) was first put forward by Zheng [5] and
developed by Yao [4, 6]. This theory assumes that if the stress field intensity at the
notch root is the same as that of the smooth one, they have the same fatigue life (see
Fig. 32.1).

SFI approach defines the stress field intensity σF I as:

σF I = 1

V

∫

Ω

f
(
σi j

)
ϕ(r)dv (32.1)

where � is fatigue zone, V is the volume of �, f
(
σi j

)
is the failure stress function

and ϕ(r) is the weight function.
SFI considers the local high stress zone near the fatigue root as the fatigue zone�.

From a macro point of view, it can be considered that the zone shape is spherical or
ellipsoid. The size can be determined by experimental data and numerical simulation.

Failure stress function f
(
σi j

)
reflects the effect of material and stress distribution

on notch root. The value of f
(
σi j

)
depends on the material properties and multiaxial

stress field. For ductile materials, such as carbon steel, aluminum alloy and titanium.

Fig. 32.1 Stress field intensity approach
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f
(
σi j

)
usually uses Von Mises equivalent stress as Eq. (32.2). For brittle materials,

such as cast iron and cast steel, f
(
σi j

)
usually uses maximum major stress.

f
(
σi j

) = 1√
2

√
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2 (32.2)

The weight function ϕ(r) represents the contribution of one point in the fatigue
zone to the notch root range from 0 to 1. In the notch root, ϕ(0) = 1. It means the
most influential point in fatigue zone. The form of weight function is varied and has
an impact on the zone � [7]. The most widely used expression of weight function is
Eq. (32.3).

ϕ(r) = 1 −
∣∣∣∣ 1

σmax

∂σ(r)

∂r

∣∣∣∣r(1 + sinθ) (32.3)

where θ is the degree between the bisector at the notch root.

32.3 Modified SFI Approach

Consider the arithmetic average method in the same fatigue zone, which ignores the
effect of weight function (Eq. 32.4).

σ̄ = 1

V

∫

�

f
(
σi j

)
dv (32.4)

Due to the range of weight function, it is evident that:

σF I < σ̄ (32.5)

Arithmetic average method doesn’t consider that great value has great weight.
According to the definition of weight function, the stress intensity should be close
to the maximum failure stress which is at the notch root. However, weight function
makes every failure stress smaller and the stress intensity is less than that of arithmetic
average method. As a result, the volume should be weighted and new equality is:

σF I =
∫
�
f
(
σi j

)
ϕ(r)dv∫

�
ϕ(r)dv

(32.6)

Modified σF I is greater than σ̄ and less than σmax . The value is influenced by the
weight function. The new weight function used in this study is:

ϕ(r) =
(

σ

σmax

)4

· 1

|sinθ | + 1
(32.7)
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The fatigue zone is defined by the value of equivalent stress. The elements whose
value exceed the characteristic stress are considered to play the major role to the
fatigue failure. The characteristic stress is considered as a property of the material
and can be determined by experiments. So the fatigue zone is a set of zone whose
failure stress function is greater than characteristic stress:

V� =
{∫

dv
∣∣ f (σi j

) ≥ σc

}
(32.8)

In order to predict the fatigue life of the notched parts, it is necessary to define
the stress-strain cyclic behavior, S-N curves and the characteristic stress σc by basic
experiments. Then, the numerical analysis is carried out to find the fatigue zone and
calculate the σF I . Finally, compare the σF I to the S-N curve to predict the fatigue
life.

32.4 Example of Application of Modified SFI Approach

32.4.1 Plate Specimen with a Circle Notch

The plate specimen with a circle notch in the center is made from aluminum alloy
LY12-CZwith thickness of 2mm. Its mechanical properties and fatigue performance
are from [8] (see Table 32.1). The left side is fixed and the right side is under a nominal
stress. One is tested under 80 MPa and another is under 150 MPa (see Fig. 32.2).

Table 32.1 Mechanical
properties of aluminum alloy
LY12-CZ

E (GPa) σs (MPa) σb (MPa) K ′ (Mpa) n′

71 332 476 646 0.067

Fig. 32.2 Plate specimen model with a circle notch (left). Von Mises equivalent stress distribution
under 80 MPa and 150 MPa loading (right)
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Fig. 32.3 Relationship between σF I and σc

Fig. 32.4 Fatigue zone �. 80 MPa (left). 150 MPa (right)

Table 32.2 Analysis result of the example

Loading
(MPa)

Conventional
σF I (MPa)

New σF I
(MPa)

Conventional
fatigue life
(cycles)

New fatigue
life (cycles)

Experiment
life (cycles)

80 272.4 266.5 96615 111718 135885

150 428.5 330.8 2082 22974 17352

ANSYS is used for elastoplastic analysis to obtain the stress distribution near the
circle notch. One-half model is established based on symmetry. Von Mises equiv-
alent stress is taken as the fatigue failure function f

(
σi j

)
and Fig. 32.2 shows its

distribution. The concentration area is on the upper (or lower) side of circle hole.
Calculate σF I with different characteristic stresses by Eq. (32.6). Figure 32.3

shows the relationship between σc and σF I under two load conditions.
It can be seen that there is a strong linear relationship between σc and σF I . And σF I

is always greater than σc. According to the results of experiment, the σc of LY12-CZ
is 248.3 MPa. The fatigue zone � of two loads is plotted in Fig. 32.4.

The S-N curve for LY12-CZ is used in form of N · eαS = C . Where α = 0.0246,
C = 7.822e+7. The result is shown in Table 32.2. The example shows that modified
SFI approach has good fatigue life prediction accuracy.
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32.4.2 Engineering Notched Specimen

Figure 32.5 is an engineering notched specimen in port pressure facilities. The mate-
rial under investigation is Q345. The experiment uses a 34kN axial load with load
ratio, R = 0.1. The section of stress concentration is located on both sides of the
middle hole (Fig. 32.6).

According to the results of experiment, the σc of Q345 is 312.2 MPa. The fatigue
zone � is shown in Fig. 32.6. To demonstrate the feasibility and applicability of
modified SFI approach, two traditionalmethods [9] of predicting notched fatigue life,
local stress-strain approach and nominal stress approach, are used for comparison
in Table 32.3. The engineering example also shows that modified SFI approach has
good fatigue life prediction accuracy compared to others.

Fig. 32.5 Schematic of the model component with local structural discontinuities

Fig. 32.6 Von Mises equivalent stress distribution (left). Fatigue zone � (right)
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Table 32.3 Fatigue life comparison between estimation and experiment (unit: cycles)

Methods Local
stress-strain
approach

Nominal stress
approach

Modified SFI
approach

Experimental
value

Fatigue life 38741 205213 92534 82043

Deviation −52.8% 150.1% 12.8% –

32.5 Conclusion

Modified SFI approach takes into account the stress distribution near the notch root.
It shows good fatigue life prediction accuracy. Meanwhile, the new fatigue zone� is
much bigger than conventional one, which means lower requirement of meshing and
can save much time for calculation. The definition of characteristic stress is based
on experiments. Application in high cycle fatigue remains to further study.
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Chapter 33
Low Cycle Fatigue Life Estimation of P91
Steel by Strain Energy Based Approach

Bimal Das and Akhilendra Singh

Abstract In the present study strain energy based analytical models are used to
predict the fatigue life of P91 steel subjected to strain controlled loading. P91 steel
being used in pressure vessel andmany other components for ultra-supercritical fossil
fired and nuclear power plants are subjected to repeated thermal stresses. In low
cycle fatigue regime plastic strain range significantly affects the energy dissipation
process during the course of loading.Thus,models basedon energydissipationduring
first cycle and averages of cycles are developed to assess the fatigue life. Uniaxial
strain controlled low cycle fatigue tests at ambient temperature are conducted on
P91 steel in the normalized and tempered condition. The material depicted near
masing type behaviour as evaluated in terms of variation in bauschinger strain with
plastic strain range. The analytically predicted results for fatigue life showed good
agreement with experimental fatigue life. The cumulative plastic strain energy or
fatigue toughness to failure is seen to increase with increasing number of cycles to
failure.

Keywords Low cycle fatigue · Masing · Bauschinger strain · Fatigue toughness

33.1 Introduction

P91 ferritic-martensitic steel is considered as a candidate material for generation IV
nuclear reactors and fusion reactors. It is being currently used for steam generators of
the Indian prototype fast breeder reactor (PFBR) [1]. Steam generator components
being operated at temperature around 623–823 K are subjected to repeated thermal
stresses [2]. Cyclic loadings arising due to thermal stresses produces severe strain
in the material thereby causing low cycle fatigue (LCF) failure of the engineering
components. Since the fatigue failure in the low cycle fatigue regime is mainly
caused by the cyclic plastic strain (εp), thus plastic strain energy can be considered as
a crucial parameter to describe the damage mechanism [3, 4]. Although conventional
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strain based approach are widely used to characterize the low cycle fatigue behavior
of materials subjected to large magnitude of strain. In recent years researchers have
shown great interest in utilizing strain energy as a parameter to characterize the
fatigue damage. Energy based approach analyses the low cycle fatigue damage well
by considering both stress and plastic strain. Plastic strain (εp) being the cause of
the energy dissipation may characterize the LCF behaviour well than conventional
strain based approach. Golos et al. [3] proposed a single damage criterion based
on strain energy density to characterize both low and high cycle fatigue regimes of
pressure vessel steel. Callaghan et al. [5] analyzed low cycle fatigue behavior of
2.25Cr–1Mo steel using energy based approach and predicted fatigue toughness to
crack propagation. Ontiveros et al. [6] assessed structural integrity of aluminium
alloy 7075-T651 by plastic strain energy and thermodynamic entropy generation
models. Li et al. [7] showed that it is difficult to determine stable state of cyclic
deformation for some materials according to half-life criterion when expressed in
terms of strain and stress based parameters. The point of saturation of plastic strain
energy was made as a criterion to find the cyclic properties of high strength spring
steel. Abdalla et al. [8] carried out low cycle fatigue tests at low and high strain
amplitude on BS 460B and BS B500B steel reinforcing bars at various strain ratios.
They proposed energy based models to predict the total energy dissipation up to
failure using the predicted fatigue life. Thus, in the present study strain controlled
low cycle fatigue tests at various strain amplitudes has been conducted and strain
energy based models have been employed to predict the fatigue life of P91 steel.

33.2 Material and Experimental Procedures

Thematerial used in this studywas received fromM/s. Nextgen Steel &Alloys, India
in the form of plate having thickness of 6.7 mm. Blocks of (135 mm × 125 mm ×
6.7mm) sizewere cut from the as received plate and austenized at 1050 °C for 90min,
air-cooled followed by tempering at 760 °C for 60 min. Tensile tests were conducted
at a constant displacement rate of 1.5 mm/min in a 100 KN servo-hydraulic test
machine (INSTRON 8802). A 25 mm gauge length extensometer was used for strain
measurements. The yield and ultimate tensile strength are found to be 546 MPa
and 711 MPa respectively. All fatigue tests were carried at constant strain rate of
0.001 s−1 until complete separation of the specimens or when the peak stresses got
reduced by 30%. Triangular waveform loading was applied with a strain ratio of −
1, i.e., fully reversed symmetric cycling. A 12.5 mm gauge length extensometer was
used to control strain during the low cycle fatigue tests.

33.3 Low Cycle Fatigue Behavior

The stress-strain response of P91 steel subjected to strain controlled loading at strain
amplitudes of 0.3–0.5% are shown in Fig. 33.1. The compressive tip of the stabilised
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Fig. 33.1 a Illustration of masing behaviour of P91 steel, b variation of bauschinger strain with
plastic strain range

hysteresis loops obtained is translated to a common origin to analyse the masing
behavior of the material. Figure 33.1a shows that P91 material shows small deviation
from ideal masing type behavior and can be referred as near masing behavior. The
masing behavior can be further examined by the variation in bauschinger strain
with plastic strain range. Bauschinger strain is defined as the magnitude of plastic
strain corresponding to the 75% of the peak tensile stress of the negative part of the
stabilised hysteresis loop [9]. The progressive increase in basuchinger strain infers
that the P91 steel follows near masing behavior.

33.4 Energy Based Fatigue Models: Background

For over numerous years variousmethodologies has been adopted to characterize low
cycle fatigue behavior based on either stress or strain approach [10]. In thesemethods
parameters such as stress amplitude or plastic strain are usually used to assess the
fatigue life. The coherency between stress and strain is not taken into account in
the above approaches. Since, elastic strain has negligible effect on fatigue life in the
low cycle fatigue regime. Thus, plastic work (area under σ-ε loop) is considered to
be a damage parameter to evaluate low cycle fatigue behavior [3–5]. For constant
amplitude loading total strain energy per cycle can be divided into elastic and plastic
parts of the strain energy per cycle as follows:

�Wt = �We + �W p (33.1)

where, �W is the total strain energy �We is the elastic strain energy and �W p is
plastic strain energy.
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33.4.1 Average Plastic Strain Energy

Plastic strain energy has been used to characterize the damage evolution incurred
in strain controlled tests for P91 steel [3, 11]. The average plastic strain energy for
particular strain amplitudewas calculated as the area of the hysteresis loop at half-life
(Nf/2). The relationship between average plastic strain energy and number of cycles
to failure has been presented as follows [4, 7]:

W p
av = Kp

(
N f

)α
(33.2)

where, Kp and α are measure of plastic strain energy coefficient and plastic strain
energy exponent respectively. The values of Kp and α are found to be 707.97MJm−3

and −0.77 respectively.

33.4.2 Prediction of Fatigue Life from Energy

Golos et al. [3] proposed a power law function relating hysteresis plastic energy and
number of reversals to failure as follows:

�W p = A
(
2N f

)b
(33.3)

where, A is plastic strain energy coefficient and b is plastic strain energy exponent.
Plastic strain energy was calculated at various cycles to evaluate the fatigue damage.
It will be conservative to predict the fatigue life based on maximum stress when a
material shows cyclic softening behavior. Thus, analytical energy models based on
energy dissipated in first cycle (W p

1 ) and average of the energy dissipated from first
to fifth cycle W p

avg . The relationship between energy and number of cycles to failure
can be expressed as presented in Eq. 33.3.

W p
1 = A1

(
2N f

)b1 (33.4)

W p
avg = A2

(
2N f

)b2 (33.5)

The energy dissipated in the first cycle and average of cycles are plotted against
the number of reversals to failure are shown in Fig. 33.2. The values of A1 and A2

are found to be 691.83 MJm−3 and 1023.9 respectively.
Figure 33.3a, b shows the accuracy of the predicted number of reversals to failure

based on energy dissipated in first cycle and average of cycles. The figure depicts
that the above models successfully correlates experimental and predicted fatigue
lives within small deviation. The prediction of fatigue life based on the average of
cycles is more accurate than energy dissipated in first cycle.
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Fig. 33.2 Variation of energy dissipated with number of reversals to failure. Based on a first cycle
and b average of first to fifth cycles

Fig. 33.3 Predicted number of reversals to failure. Based on a first cycle and b average of first to
fifth cycles

33.4.3 Prediction of Fatigue Toughness

The cumulative energy dissipated in the successive cycles till failure can be used to
measure the damage incurred due to low cycle fatigue of a material. The total plastic
strain energy can be obtained by summing up the area of the hysteresis loop area till
failure. This cumulative strain energy till failure can be termed as fatigue toughness,
which quantifies the materials ability to resist fatigue failure. The fatigue toughness
can be estimated based on the average plastic strain energy obtained at the point of
stabilization i.e. half-life as follows:

Wf = �W p
avN f (33.6)
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Fig. 33.4 Linear variation
of fatigue toughness with
number of cycles to failure

where, �W p
av is the average plastic strain energy and N f is number of cycles to

failure. A power relation can be defined between fatigue toughness and number of
cycles to failure as [5]:

W f = W
′
f

(
2N f

)t
(33.7)

where, W is the fatigue toughness exponent. The values of the coefficients obtained
through least square technique are: W

′
f as 691.83 MJm−3 and t as 0.22. The plot of

fatigue toughness versus number of cycles to failure is shown in Fig. 33.4. It can be
depicted from the figure that fatigue toughness increased with cycles to failure. This
can be attributed to the fact that greater amount of energy is required to initiate the
fatigue damage.

33.5 Conclusion

In this investigation fully reversed strain controlled low cycle fatigue behaviour of
P91 steel has been examined based on energy approach. Analytical models based on
energy dissipated in first cycle and averages of cycles (first to fifth) are employed to
predict the fatigue lives at various strain amplitudes. Based on the results presented,
following conclusions are drawn:

• P91 steel exhibited very small deviation from ideal masing behaviour and can be
said to follow near masing characteristics.

• Prediction of fatigue lives based on the energy criterion showed good agreement
with the measured fatigue lives.

• The cumulative plastic strain energy or fatigue toughness was found to increase
with increasing number of cycles to failure.
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• The energy based parameters derived can provide a reliable alternative to strain
based approach in quantifying the low cycle fatigue damage of P91 steel.
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Chapter 34
Evaluation of Regression Tree-Based
Durability Models for Spring Fatigue
Life Assessment

Y. S. Kong , S. Abdullah, D. Schramm, M. Z. Omar and S. M. Haris

Abstract This paper presents an evaluation of pruned regression decision tree for
spring fatigue life predictions. The inputs for this regression decision tree models are
vehicle ISO 2631 vertical vibrations and suspension frequencies. The design process
of a coil spring involved many steps which consume many time and efforts. Hence,
there is a need to generate a prediction model to assist spring design. Loading time
histories were obtained from a quarter car model simulation for spring fatigue life
assessment and ISO 2631 vertical vibrations calculations. The obtained force time
histories were used to predict fatigue life of spring using strain-life approaches while
acceleration time histories were used to obtain ISO 2631 vertical vibration. Together
with spring stiffness sensitivities, the spring fatigue life was modelled using regres-
sion decision tree and mean squared error of the generated regression decision tree
residuals were analysed. Five sets of independent experimental measurement strain
time histories were used to validate the fatigue life predictions using a conservative
approach. Most of the validation data points have lied beyond the acceptable region.
Therefore, these proposed regression tree models are providing a good prediction on
spring fatigue life which could shorten the spring design process.

Keywords Regression tree · Automobile spring · Fatigue life · Vertical vibration

34.1 Introduction

Automobile suspension components tend to fail after experiencing repeated cyclic
loadings. This type of failure is known as fatigue failure. Fatigue life of the compo-
nents are significantly reduced when compared to the desired design life which could
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cause losses due to warranty claims. Hence, automotive engineers put lots of efforts
to evaluate fatigue design of their products. To ensure a realistic fatigue design of
an automobile suspension system, Chindamo et al. [1] attempted to bring real road
profile to indoor testing. However, the process to collect real data required tedious
instrumentation setup and needed to be repeated on different road conditions to reflect
customer usage. After tremendous efforts on suspension system analysis have been
invested, the data were wasted when a new vehicle variant was released [2].

Towards the fourth industrial revolution, design of automotive suspension com-
ponent designs was widely assisted by machine learning methods. For example, full
factorial design and regression analysis were performed to optimise an automobile
suspension system for vehicle ride enhancement [3]. Neural network was utilised
to design a controller for automobile suspension system where the performance
was compared with proportional-integral-derivative (PID) with genetic algorithm
approach [4]. Neural network controller has shown significant improvement of sus-
pension performance. In terms of fatigue optimisation, genetic algorithm was also
used to improve fatigue life of an automobile jounce bumper. Overall, most of the
machine learning approaches are highly nonlinear and complex to apply [5].

For modelling, decision tree based predictive modelling was preferred due to its
simple logical rules. Regression tree is one of the machine learning methods which
presented in a tree-like graph used to make decisions. For engineering applications,
regression tree was used to predict the required carbon content using temperature,
energy and steel composition as input in steel refining [6]. In terms of fatigue applica-
tion, fatigue strength of steel was predicted using chemical compositions and manu-
facturing conditions using pruned regression tree [7]. Nowadays, current automotive
suspension design considers both vehicle ride and durability of components during
design stage. However, the process was lengthy and tedious where the need to have
a solution to assist the design process is demanded.

This study aims to generate regression-tree based durability model for automotive
coil spring fatigue life predictions with suspension frequency and ISO 2631 vertical
vibration as independent variables. If there is a linear relationship between spring
stiffness and vehicle ISO 2631 vertical vibration to fatigue life, then the regression-
tree based durability models will have high correlation value. Based on the authors’
literature study, there is no such regression-tree based durability model has been
proposed. The generated model should provide spring fatigue life prediction close
to experimental fatigue life to show accuracy of predictions.

34.2 Methodology

The process flow to perform the regression tree-based spring fatigue life prediction is
shown in Fig. 34.1. Firstly, the road profile acceleration time histories were collected
from different road conditions using a data acquisition system. A sampling rate of
1000 Hz was determined for the data collection process because this frequency range
was suitable for steel vibration fatigue analysis [8]. To enhance the analysis, artificial
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Determine the road profile

Input to quarter car model

Extract loading signals

Spring force time histories Sprung mass acceleration time histories

Adjust spring parameter

Apply ISO 2631 weighting indexApply strain life models

Obtain fatigue life Obtain ISO 2631 vertical vibration

Conduct regression decision tree

Validate the prediction results

Evaluate the prediction results

Fig. 34.1 Process flow for spring durability model generation

road profiles class A to D were generated according to ISO 8608 (2016) [9]. Both
the measured and artificial generated road profile were used as input to a quarter
car simulation model. Through adjusting the spring stiffness, various force signals
exerted on the springs and relative sprung mass acceleration were obtained.

The spring force time histories were used as the input to Smith-Watson-Topper
(SWT) strain life model for fatigue life predictions. The SWT strain life model could
be defined as follows [10]:

σmaxε =
(
σ f

′)2

E

(
2N f

)2b + σ f
′
ε f

′(
2N f

)b+c
(1)

where ε is the plastic strain, ε f
′
is the fatigue ductility coefficient, σ f

′
is the fatigue

strength coefficient, b is the fatigue strength exponent, c is the fatigue ductility
exponent, σmean is the mean stress, and σmax is the maximum stress. On the other
hand, the sprung mass accelerations were weighted according ISO 2631 vibration
standard to obtain indicator for vehicle ride assessment.



264 Y. S. Kong et al.

Root 
node

Internal 
node

Internal 
node

Leaf node Leaf node Leaf node Leaf node

Fig. 34.2 Schematic diagram of a regression tree

After the spring fatigue life and ISO 2631 vertical vibrations were obtained, a
regression decision tree method was conducted to analyse the data. The regression
tree method performed data analysis through splitting criteria and had a form of tree
as shown in Fig. 34.2. The splitting criteria for regression tree is mean square error
(MSE) which was defined as follows [11]:

MSE =
∑n

i=1

(
Ŷi − Yi

)2

n
(2)

where Ŷi is a vector of n predictions and Yi is the vector of observed values of the
variable being predicted. The splitting algorithm choose an initial value and then
divided the data into two subsets. The algorithm determined the lowest MSE value
to split the tree and Ŷi for each subset is the mean value. After the regression tree
was generated, a set of five independent measurement data from actual vehicle was
used to validate the regression tree predictions.

34.3 Results and Discussions

In this analysis, a total of 90 datasets were used to train the regression tree with
suspension frequency and vehicle ISO 2631 vibration as independent variables. Dur-
ing the regression tree analysis, the datasets were discretised into smaller sections
where variable interactions are clearer. As for the outcome, the trained regression tree
model consisted of 15 nodes and 7 splits which is shown in Fig. 34.3. In Fig. 34.3,
the root node has split the critical independent variable which was ISO 2631 vertical
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Fig. 34.3 Generated regression-tree based durability model

Fig. 34.4 Response plot for independent variables: a vertical vibration, b suspension frequency

vibration into two groups. Subsequently, the nodes were further split into two groups
until a leaf node (fatigue life) was obtained. The process between the root node and
leaf node was known as internal node.

The regression tree tended to divide the datasets into subset and then analysed
according toMSE. Each of the independent variables was analysed during the regres-
sion tree training process. For response plot, the spring fatigue life versus the ISO
2631 vertical vibration is shown in Fig. 34.4a while the fatigue life against the sus-
pension frequency is shown in Fig. 34.4b. The independent variable datasets were
scattered around the space and regression tree model attempted to capture the trend
and pattern of the distributions. After the regression tree model was obtained, the
goodness of fitting was examined to ensure the best fit of the data.

For a good fitted regression model, the model predictions were required to be
as close as possible to the true response value. Hence, a regression-tree predicted
versus actual response were plotted into Fig. 34.5. As observed, the model consisted
of coefficient of determination value (R2) of 0.85 which shown a strong correlation
betweenmodel predictions and actual response.As proposed in [13], aR2 value above
0.80 was considered as a good correlation. Hence, this established regression-tree
was considered as having a good relationship. The obtainedmean square error (MSE)
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R2 = 0.85

Fig. 34.5 Predicted versus actual response plot

for the response was 0.4347 and the root mean squared error (RMSE) was 0.6593.
The datum of dependent variable was ranging from 0 to 8 which was relatively small
for this RMSE value. Hence, this regression tree yielded a good fatigue life prediction
with low error range.

For any regression analysis, there were no absolute correct prediction outcome. In
this case, the difference between the predicted and target value was always existing
and known as the residuals. The most useful way to analyse the residuals was using
a residual plot where the predicted response is shown in Fig. 34.6. The residual
plots were also used to determine the homoscedasticity of datasets [14]. When the
residuals were homoscedasticity, the fatigue life predictions were consistent in all the
prediction range. To ensure the homoscedasticity of the datasets, linear regression
of the residual plots was performed where the regression was linear at zero. This
indicating that the residuals were consistent within the range of −3 to 3 throughout
the whole predictions. It was suggested that the fatigue life predictions using this
regression-tree based model was always within this proposed range.

For the accuracy aspect, the predicted fatigue life using regression tree was anal-
ysed using 1:2 or 2:1 scatter plot as shown in Fig. 34.7. This method was widely
used in determining the correlation between predicted and experimental fatigue lives
because the acceptable tolerance of fatigue life is large [14]. As observed in Fig. 34.7,
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Fig. 34.6 Residual plots for target values: a true value, b predicted value
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Fig. 34.7 Scatter band for predicted fatigue life

there were five sets of independent datasets were used to validate the established
regression tree. There were three datasets were fitted nicely within the 1:2 or 2:1
boundary while two datasets were beyond the datasets. This was because the exper-
imental datasets were collected from a road harsh road condition where the accel-
eration and strain signals were non-stationary. This shown that the regression tree
durability model was less efficient in predicting the stochastic fatigue behaviour.
Nevertheless, this method was able to estimate spring fatigue life under stationary
signals.

34.4 Conclusion

A regression-tree based durability model has been successfully established for auto-
mobile spring fatigue life predictions with a R2 value as high as 0.85. The residuals
of the regression-tree based durability was analysed using a residual plot which pro-
posed that the predictions of fatigue life were consistent. For validation, the predicted
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fatigue life was validated using a set of independent experimental measurements and
three out of five datasets were fall within acceptable range. This suggested that the
proposed regression-tree based durability model could be applied for spring fatigue
life prediction using ISO 2631 vertical acceleration and suspension frequencies.
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Chapter 35
Prediction of Fatigue Crack Initiation
Life in Notched Cylindrical Bars Under
Multiaxial Cycling Loading

R. Branco, J. D. Costa, F. Berto, A. Kotousov and F. V. Antunes

Abstract This paper addresses the determination of fatigue crack initiation lifetime
in notched round bars under multiaxial loading on the basis of a total strain energy
density approach. Themodus operandi consists of developing a fatigue master curve
relating the total strain energy density and the number of cycles to failure from the
outcomes of a set of standard strain-controlled fatigue tests. In a second stage, the total
strain energy density of the notched sample is computed from representative hystere-
sis loops obtained via linear-elastic finite-element models. The proposed methodol-
ogy is tested in cylindrical bars with lateral U-shaped notches and cylindrical bars
with blind transverse holes subjected to different constant-amplitude proportional
bending-torsion loading. After fatigue testing, specimen surfaces are examined by
scanning electron microscopy to identify the main failure micro-mechanisms.

Keywords Crack initiation · Multiaxial fatigue life · Bending-torsion

35.1 Introduction

High-strength steels are ideal for critical components, such as shafts, axles, torsion
bars, bolts, crankshafts, connecting rods, etc., due to their excellent strength-to-
weight ratio and superior corrosion resistance. The engineering design of such com-
ponents inevitably contains severe geometric discontinuities, responsible for high
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stress concentration phenomena [1]. Therefore, special attention must be given to
the fatigue design; otherwise, crack initiation can occur, which is likely to culminate
in fatigue failure.

In general, such components undergo complex loading, namely different normal
stress to shear stress ratios, and contain various notch configurations, ranging from
lateral notches to transverse holes, which cause complex local stress fields, strongly
dependent on the geometric discontinuity, and characterised by different stress gra-
dients, and different zones of influence.

Fatigue life prediction models based on local approaches require a detailed eval-
uation of the stress-strain fields at the critical areas [1–3]. These critical areas vary
with the nature of the load, namely with its magnitude, direction, or type. The knowl-
edge a priori of the crack initiation sites is also fundamental to simplify preventive
maintenance tasks, reducing the areas to be inspected, and leading to cost savings.

This paper aims at predicting the fatigue crack initiation, based on a total strain
energy density approach, in notched cylindrical bars subjected to multiaxial loading.
The methodology consists of determining, in a first stage, a fatigue master curve,
which relates the total strain energy density and the number of cycles to failure, on
the basis of a set of standard strain-controlled fatigue tests. In a second stage, the total
strain energy density of the notched samples is computed from representative hys-
teresis loops obtained via linear-elastic finite-elementmodels. The proposedmethod-
ology is tested in notched round bars with lateral notches and blind transverse holes
undergoing different proportional bending-torsion loading scenarios. After fatigue
testing, specimen surfaces are examined by scanning electron microscopy to identify
the main failure micro-mechanisms.

35.2 Experimental and Numerical Procedures

The material employed in this study was the DIN 34CrNiMo6 high-strength steel
supplied in the form of 20 mm-diameter bars. Its main mechanical properties are
[2]: Yield strength, σYS = 967 MPa; Tensile strength, σUTS = 1035 MPa; Young’s
modulus, E= 209.8 GPa; Poisson’s ratio, ν = 0.296; Cyclic hardening coefficient, K′
= 1361.6 MPa; Cyclic hardening exponent, n′ = 0.1041; Fatigue limit stress range,
�σ0 = 353 MPa; and Stress intensity factor range threshold, �Kth0 = 7.12 MPa
m0.5.

Low-cycle fatigue tests were performed in a servo-hydraulic machine under: (i)
fully-reversed strain-controlled conditions (Rε = −1), for total strain amplitudes
(�ε/2) of 0.4, 0.5, 0.6, 0.8, 1.0, 1.25, 1.5 and 2.0%, at room temperature, using a
constant strain rate (dε/dt = 8 × 10−3 s−1); and (ii) fully-reversed stress-controlled
tests (Rσ = −1), with stress amplitudes (�σ/2) of 540, 560, 580, 600 and 635 MPa.
Specimens were fabricated in accordance with the specifications outlined in ASTM
E606, with a gage section measuring 15 mm in length and 8 mm in diameter. Stress-
strain response was acquired from a 12.5 mm strain-gage extensometer mounted
on the gage section. Tests were conducted using the single step method and were
interrupted after complete failure of the specimen.
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(a) (b) (c)

Fig. 35.1 Specimen geometries: a round bar with U-shaped notch; b cross-section of the round
bar with U-shaped notch; c cross-section of the round bar with blind transverse hole (dimensions
in millimetres)

Multiaxial bending-torsion tests were conducted in a servo-hydraulic testing
machine connected to an own-made gripping system, under constant-amplitude pul-
sating loading (Rσ = 0), using 16-mm and 14-mm diameter notched specimens with:
(i) lateral U-shaped notches of 3-mm diameter and 3-mm depth (see Fig. 35.1a,
b); and (ii) 1.25 mm diameter transverse blind holes with depths (h) in the interval
0.3–1.3 mm (see Fig. 35.1c). Two bending moment to torsion moment ratios (B/T)
were studied, namely B/T = 2 and B/T = 1, which correspond, respectively, to nor-
mal stress to shear stress ratios (σ/τ) of σ/τ = 4 and σ/τ = 2. For each loading case
(i.e. four different geometries and two B/T ratios), three stress levels were tested.
The nominal normal stress amplitudes (σa) were in the range 90–298 MPa. Notch
surfaces were observed in situ throughout the tests using a high-resolution digital
camera.

Multiaxial fatigue tests were modelled using a linear-elastic finite-element model
(seeFig. 35.2). Themeshwasdeveloped in a parametric framework, ultra-refinednear
the notch and coarser at remote positions, to reduce the computational overhead. The
assembledmodels of the U-shaped notch and the blind transverse hole configurations
had, respectively, 99,823 nodes and 76,608 elements, and 97,704 nodes and 89,584
elements. Thematerial was assumed to be homogeneous, linear-elastic and isotropic.
Bendingmomentswere applied by two forces (FB) parallel to the axis of the specimen
with the same magnitude and opposite directions. Torsion moments were created by
a couple of forces (FT) with the same magnitude and opposite directions acting on a
plane normal to the longitudinal axis of the specimen. Forces were applied at one end
of the specimen, while the other was fixed. The B/T ratios were defined by changing
the value of λ (see Fig. 35.2), which was equal to 1/2 and 1 for the cases B = 2T and
B = T, respectively.

FB

F FT B=

F FT B=

FB

Fig. 35.2 Finite-element model of the 16-mm diameter round bars with U-shaped notches used to
replicate the bending-torsion tests
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35.3 Results

35.3.1 Crack Initiation Sites and Crack Paths

Figure 35.3 presents examples of the crack paths observed in the experiments for
both notch types and the two B/T loading cases. The increase of the B/T ratio, i.e.
the increase of the normal stress level, results in straighter crack paths, irrespective
of the notch configuration. The dashed lines represent the crack paths predicted
numerically on the basis of the first principal stress field [2]. Both the experimental
and the numerical crack paths are in good agreement. Crack initiation in the U-
notches occurred in the centre of the notch for B/T = 2 (i.e. lower shear stress
levels) and close to the border of the notch for B/T = 1 (i.e. higher shear stress
levels). In the case of the transverse holes, two cracks tend to initiate, at the hole
border, in symmetric locations (see Fig. 35.3c, d); the increase of the B/T ratio (i.e.
the increase of the normal stress level) reduces the angle of a virtual line defined
by both initiation sites with respect to the horizontal. Experimental crack initiation
sites are represented by the small circles and the numerical predictions, i.e. nodes of
maximum first principal stress [3], are represented by the squares. The comparison
of results shows a very good correlation between both the numerical predictions and
the experimental observations.

Figure 35.4a shows the crack initiation site in a geometry with transverse hole. It
is possible to distinguish the typical fatigue markings caused by cyclic loading with
radial convergence to the vertex (see the arrow). In a subsequent stage, not visible
in Fig. 35.4a, this crack joined with another one initiated in a symmetrical position
of the hole (see Fig. 35.3c, d). The fatigue crack initiation process, in the case of the

B/T=2 B/T=1

Fig. 35.3 Experimental crack paths: a U-shape and B/T = 2; b U-shape and B/T = 1; c transverse
hole and B/T = 2; d transverse hole and B/T = 1. Dashed lines and squares represent the numerical
predictions of crack paths and initiation sites. Small circles represent the experimental initiation
sites; the other circles represent the hole
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(a) (b)

Fig. 35.4 SEMmicrographs obtained in the bending-torsion tests: a specimenwith blind transverse
hole; b specimen with U-shaped notch

U-shaped notches, is relatively different. As documented in Fig. 35.4b, which shows
a macrograph of the fracture surface, it is possible to observe several fracture steps
caused by multi-crack initiation (see the arrows) and not only by two cracks.

In order to define the number of cycles to crack initiation, curves relating the
crack length versus number of cycles were derived from the high-resolution images
collected during the tests. The crack initiation length (a0) was defined via the El Had-
dad parameter [4]. For this material, and pulsating loading (R = 0), a0 = 129 μm
[2]. Fatigue life predictions were performed through the model described in [2]. The
modus operandi consists of two main stages: (1) it is developed a fatigue master
curve that relates the total strain energy density—accounted for in terms of plastic
and elastic positive strain components—with the number of cycles to failure, which
is obtained from the outcomes of a set of uniaxial strain-controlled fatigue tests per-
formed using smooth specimens; (2) the total strain energy density of the notched
sample is estimated assuming a multiaxial loading scenario. The latter stage can be
divided into three steps: (i) reduction of the multiaxial stress state into an equivalent
uniaxial stress state by computing the von Mises stress at the theoretical initiation
site from the FE models described in the previous section; (ii) definition of an effec-
tive stress range based on the Line Method of the TCD; and (iii) generation of a
representative hysteresis loop via the ESED concept [5]. After that, the total strain
energy of the notched specimen is inserted into the fatigue master curve to estimate
the fatigue crack initiation life.

Figure 35.5a shows the fatiguemaster curve determined from the half-life hystere-
sis loops obtained in the strain-controlled tests performed using smooth specimens.
The fitted function (dashed line) is very well correlated with the experimental obser-
vations. Fatigue life predictions obtained via the selected model for the different
notch geometries, B/T ratios, and loading levels are exhibited in Fig. 35.5b. Numeri-
cal predictions and experimental observations are in good agreement, with all points
within a factor of 2 (dashed lines). This fact indicates that the proposed methodol-
ogy can efficiently predict the fatigue lifetime for different notch configurations and
bending-torsion ratios.
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Fig. 35.5 Fatigue master curve defined in terms of total strain energy density and number of
reversals to failure; b fatigue life predictions using the proposed methodology

35.4 Conclusions

In this paper, fatigue crack initiation in notched samples, with U-notched and trans-
verse holes, subjected to proportional bending-torsion (B/T) loading is studied. The
main conclusions can be drawn: (i) fatigue crack paths are strongly affected by the
B/T ratio and can be successfully predicted on the basis of the first principal stress
field; (ii) crack initiation sites are controlled by the B/T ratio and the notch geom-
etry; (iii) in the U-shaped configuration, a multi-crack initiation phenomenon tends
to occur throughout the notch surface while, in the other, there is the nucleation of
two cracks, in symmetric positions of the hole, which join each other; (iv) the fatigue
initiation life can be successfully predicted using the model based on the total strain
energy density evaluated at the notch root.
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Chapter 36
Multiaxial Fatigue Analysis of Stainless
Steel Used in Marine Structures

A. S. Cruces, P. Lopez-Crespo, B. Moreno, S. Bressan and T. Itoh

Abstract This work investigates the fatigue behaviour under multiaxial loading
conditions of 316 stainless steel commonly used in offshore and marine structures.
Cylindrical hollow specimens were tested under uniaxial tensile stress, hoop stress
and different combinations of tensile and hoop stresses. Both proportional and non-
proportional loading were studied in the experiments. Prediction of the fatigue life
was performed with Wang-Brown, Fatemi-Socie and Liu critical plane models. A
detailed analysis and discussion of the performance of the different models is pre-
sented with an emphasis on the versatility for different situations.

Keywords Multiaxial fatigue · Stainless steel for marine structures · Critical
plane models
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36.1 Introduction

Even though the loading conditions of real structures often involves loads in differ-
ent directions and complex spectra [1], most research works focus on the uniaxial
fatigue case. Improving the quality of failure predictions in marine and offshore
structures subjected to multiaxial cyclic loading can be achieved based on high qual-
ity experiments that reproduce as accurately as possible the real service conditions.
This requires applying both proportional [2] and non-proportional loads [3] to the
cracked structures. These loading scenarios often produce interaction effects that are
difficult to account for by classic theories [2, 4]. Critical plane methods are able to
incorporate the stress state and other interaction effects that appear during the load-
ing cycle [5, 6]. Critical plane methods can be used to predict the fatigue life and
also the cracking orientation and can be classified into stress based, strain based and
energy based methods. The efficacy of the predictions depends on the material under
study, the experimental information fed into the model and the type of loading condi-
tions [6]. Unlike damage tolerance approach [7, 8] critical plane methods are based
on global data and not locally measured variables [9]. A number of different dam-
age parameters (DP) based on critical plane model have been previously presented
[10, 11] and are able to include various loading effects. Using reliable experimen-
tal information regarding the multiaxial behaviour of the materials is essential for
improving the predictions of the models.

This work shows a thorough analysis of the multiaxial fatigue behaviour of a 316
stainless steel often used in marine, piping and offshore structures due to its good
corrosion resistance [12]. By applying different load paths on the specimens, the
capabilities of the different critical plane models are evaluated, with an emphasis on
hardening and mean stress effects.

36.2 Material and method

The experiments were conducted on 316 stainless steel. This material is commonly
employed in marine, piping and offshore industries due to its good resistance against
corrosion. Hollow cylindrical specimens with the dimensions described in Fig. 36.1
were used. The longitudinal gauge length was polished with 1 μm alumina particles.
The inner surface of the specimen was polished with sand papers up to #2000. The
experimental work was conducted with a three actuator fatigue loading rig. Such
rig allows (i) the introduction of a fluid inside a hollow specimen, (ii) traction and
compression forces to be applied and (iii) torsional force to be applied. In the centre
of the testing machine, a pressure gauge and a load cell are equipped to measure the
inner pressure, axial load and torque. Further details about the experimental have
been described previously [13].

Table 36.1 and Fig. 36.2 show the five different load paths applied. These have a
combination of axial longitudinal loads and inner pressure.A frequency of 0.2Hzwas
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Fig. 36.1 The geometry of
the cylindrical specimen. All
dimensions are in mm

Table 36.1 Schematic of the six loading paths studied

Path Id σZa (MPa) σθa (MPa) σRa (MPa) Nf (cycles)

Pull 1 256.35 3.25 −0.5 122,000

Inner-pressure 2A 0 236.35 −36.15 29,300

2B 0 236.35 −36.15 26,700

Square-shape 4 200.2 236.35 −36.15 3596

Lt-shape 5 173.1 204.35 31.25 14,486

Lc-shape 6A −200.2 236.35 −36.15 25,770

6B −221.55 261.55 −40 13,542

Push-pull 7A 512.7 3.25 −0.5 104

7B 443.2 3.25 −0.5 393

used in the square shape loads and a frequency of 0.4 Hz was used in the other tests.
The inner pressures produce a radial stress σr and a hoop stress σθ which maximum
values are reached inside the tube, the axial load produce an evenly axial tension σz

in all the area.
The Ramberg-Osgood equation was used in this work to obtain the strain from

the stresses applied. The hardening effect is taken into account modifying the cyclic
strength coefficient K′ with Eq. 36.1. Non-proportional hardening coefficient α is set
to 1 for 316 stainless steel and a non-proportional factor F is set to 1 [14] for the case
of π/2 load offset.

k
′
np = k

′
(1 + αF) (36.1)
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1.Pull 2.Inner-Pressure 4.Square-shape

5.Lt-shape 6.Lc-shape 7.Push-pull 

Fig. 36.2 Schematic of the six different loading paths studied

36.3 Introducing Critical Plane Models

36.3.1 Wang-Brown Model (WB)

Wang-Brown model (Eq. 36.2), is a strain type model [15]. The DP is defined on
the plane ϕ∗ with the maximum shear strain range �γ. Both shear strain and normal
strain in ϕ∗ are considered to build the DP. According to the authors, the physical
explanation of such criterion is that cyclic shear strain promotes crack nucleation. At
the same time, crack growth is a consequence of normal strain. S parameter defines
the material sensibility to the normal strain in the crack growth.

�γmax

2
+ S�εn = [(1 + νe) + S(1 − νe)]

σ
′
f

E

(
2N f

)b+
+ [(

1 + νp
) + S

(
1 − νp

)]
ε

′
f (2N f )

c (36.2)

36.3.2 Fatemi-Socie Model

Fatemi-Socie model (Eq. 36.3) is a strain type model [16], based upon the model
proposed by Brown and Miller [5]. They suggested substituting the normal strain
component for a normal stress component. TheDP is defined on the planeϕ∗ with the
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larger shear strain range�γ. The normal tension on ϕ∗ is modified by the coefficient
K/σy which defined the material sensibility respect from the normal tension on the
slip plane.

�γmax
2

(
1 + k

σn,max
σy

)
= τ

′
f

G
(2Nf)

bγ + γ
′
f(2Nf)

cγ (36.3)

36.3.3 Liu I and Liu II Model

Liu I (Eq. 36.4) and Liu II (Eq. 36.5) are energy type models [17]. Depending on the
failure mode, Liu presents two parameters, one for a normal tension failure�WI and
another one for shear tension failure �WII. This way distinguishes between brittle
and ductile materials. For normal tension failure, plane ϕ∗ will be the one which
maximize axial work �σ�ε, and for shear tension failure the one which maximize
shear work �τ�γ. Once ϕ∗ is determined, the DP is obtained as the sum of both
works, the axial and shear work.

(�σn�εn)max + (�τ�γ ) = 4σ
′
f ε

′
f

(
2N f

)b+c + 4σ
′2
f

E

(
2N f

)2b
(36.4)

(�σn�εn) + (�τ�γ )max = 4τ
′
f γ

′
f

(
2N f

)bγ+cγ + 4τ
′2
f

G

(
2N f

)2bγ
(36.5)

36.4 Fatigue Life Results

Figure 36.3 shows the life estimation for each model for different load paths. The
solid line presents those points with a coincidence between the experimental life Nexp

and the calculated Ncalc. Dashed lines limit the zone with a twice (100%) and half
(−50%) deviation of the calculated life respect to the experimental. FS results are
represented with blue squares, WB with green triangles, Liu I with black circles and
Liu II with purple crosses.

Conservative predictions are observed at low fatigue life, this is for #6 push-pull
path tests. This is in agreement with previous analyses conducted on structural low
carbon steel [3]. As the test strain value is reduced a better correlation between
prediction and experimental life is obtained. In general, FS presents the best results
among the models with the exception of the non-proportional load path #3. There
is not a clear difference between Liu I and Liu II estimations, although as it was
describe previously, they are developed for different failures modes.
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Fig. 36.3 Critical plane
model 316 stainless steel
fatigue life predictions for
different load paths
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36.5 Conclusions

Four different critical plane models have been assessed on 316 stainless steel used in
marine structures. Different types of proportional loads and non-proportional loads
were studied by combining uniaxial loads and inner pressure loads on cylindrical
hollow specimens. It was shown that the critical plane models under study produce
conservative predictions in the low cycle fatigue regime. While FS model overall
generates the best predictions for all cases, Liu models appear to generate improved
predictions for non-proportional cases.
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Chapter 37
On the Application of SK Critical Plane
Method for Multiaxial Fatigue Analysis
of Low Carbon Steel

A. S. Cruces, P. Lopez-Crespo, S. Sandip and B. Moreno

Abstract In this work Suman-Kallmeyer critical plane model is assessed and com-
pared to few other critical plane models. The analysis is based on both in-phase
proportional loading and out-of-phase non-proportional loading applied to a low
carbon steel. A wide range of loading scenarios were studied by combining axial
and torsional loads, producing fatigue lives in the range of 103 to 106 cycles. The
study allowed low and high cycle fatigue regimes to be assessed. In addition, the
hardening effect was also investigated. Finally, a comparison with well established
critical plane models is also performed.

Keywords Critical plane approach ·Multiaxial fatigue · Biaxial fatigue · St52-3N

37.1 Introduction

Fatigue failures are critical in industries where dynamic or cyclic loads are present.
Multiaxial loading conditions are often encountered in real structures [1]. As a con-
sequence, general design codes should incroporate either directly or indirectly multi-
axial aspects. Taking into accountmultiple loads into designmodels requires not only
the stress state to be accounted for, but also the material behaviour, the load inter-
action effects [2] and their impact on the nucleation and the propagation of fatigue
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cracks [3–5]. A number of multiaxial fatigue theories attempt to integrate this infor-
mation in so called damage parameters, while other are based on experimental char-
acterisation of some property measured at the crack tip [6]. The damage parameter
approach is employed to estimate the damage caused by the load cycles. Develop-
ing a single theory to cover all materials, loads configurations and external factors
is extremely complicated [7]. Different theories have been proposed for specific
loading scenarios. Critical plane methods present the damage in each cycle with a
parameter, normally as combination of several stress-strain values, in a plane where
is estimated the crack nucleate and growth [8]. They are very useful in predicting
the fatigue life and the failure plane [9]. Critical plane methods have shown positive
results for different materials and application in the industry [10, 11] and are already
implemented in most of the recognized CAE tools. As in uniaxial fatigue, methods
with damage parameter based on tension are more suitable to high cycle fatigue and
those methods based on strain present better results for low high cycle fatigue as
they account for plastic strain and other low cycle life effects [12]. The critical plane
model developed by Suman and Kallmeyer [13] is analysed here and then compared
to other models such as Fatemi and Socie [14], Wang and Brown [15], and Liu 1 and
Liu 2 [16] under different loading conditions. Finally the predictive capabilities of
the different methods are tested in terms of fatigue life.

37.2 Description of the Experiments

The experimental work is based on tubular hollow specimens resembling a dog
bone shape. Multiaxial fatigue tests were conducted under strain control. This was
possible thanks to the use of a biaxial extensometer. The material studied was a
low carbon steel type St52-3N. This material has applications in offshore, piping,
marine and structural domains. The experimental setup with the fatigue machine, the
biaxial extensometer and the cylindrical specimen is shown in Fig. 37.1. Figure 37.1
also shows the sign for the different types of loads applied during the experiments.
Twenty one multiaxial tests were conducted with sinusoidal normal-shear strain with

Fig. 37.1 Photo of the key
elements employed in the
experiments. The system of
coordinates is also shown
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total inversion in-phase and with 90° out-of-phase. Strain amplitudes εa and γa were
chosen (based on previous results) to obtain a number of cycles to failure between
104 and 106, hence models will be evaluated for low and high cycle fatigue. Tests
were also carried out with the purpose of fitting the parameters of the new critical
plane model (SK, see following section).

37.3 Multiaxial Fatigue Analysis with Critical Plane
Methods

37.3.1 Suman-Kallmeyer (SK) Critical Plane Method

The recently developed by Suman and Kallmeyer critical plane method is used in
this work [17] (see Eq. 37.1). The method is based on the damage parameter where
the shear strain range is multiplied by maximum shear stress value at critical plane
ϕ* in their model. The third term in this model is the maximum value of the product
of normal stress and shear stress on ϕ*.

(G�γ )wτ (1−w)
max

(
1 + k

(σ · τ)max

σ 2
0

)
= ANb + CNd (37.1)

When a material is loaded close to its yield strength, small changes in stress
cause a significant amount of strain under low cycle fatigue. Conversely, for high
cycle fatigue, for stress levels well below the yield strength, considerable changes
in stress cause small changes in strain. SK model can capture both phenomena by
considering the shear strain range and the maximum shear stress term. Hence, SK
model appears to be very versatile and can predict the fatigue life of specimen loaded
by both high cycle fatigue and low cycle fatigue. It is based on observations that crack
initiation phenomenon is dominated by shear stress and strain among microscopic
metal grains; however, propagation of micro-crack does not happen only due to
cyclic tensile stress, and is the combined effect of both normal and shear stress at
the critical plane. Hence, SK model describes this interaction by introducing the
product of normal and shear stress at the critical plane in his damage parameter
Eq. 37.1. The constants (w and k) are material parameters, and can be influenced
by material specification and processing. An optimization process based on a less
square errorminimization is employed to fit the parameters. Optimizationwas carried
out to minimise the relative error between experimental (left side of Eq. 37.1) and
computed fatigue damage (right side of Eq. 37.1). An iterative process was followed
with the initial values for k and w parameters ranging between the damage parameter
value and the shear tension applied on ϕ*. When the number of data use to fit the
parameters are excessively low, delimiting the values to obtain a correct solution is
more relevant.



290 A. S. Cruces et al.

37.3.2 Wang-Brown (WB) Critical Plane Method

Wang-Brown method Eq. 37.2 is a strain type model [15]. The DP is defined on the
plane ϕ* with the maximum shear strain range �γ. Both shear strain and normal
strain in ϕ* are considered to build the DP. According to the authors, the physical
explanation of such criterion is that cyclic shear strain promotes crack nucleation. At
the same time, crack growth is a consequence of normal strain. S parameter defines
the material sensibility to the normal strain in the crack growth.

�γmax

2
+ S�εn = [(1 + νe) + S(1 − νe)]

σ
′
f

E

(
2N f

)b+
+ [(
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)]
ε′
f (2N f )
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37.3.3 Fatemi-Socie (FS) Critical Plane Method

Fatemi-Socie model (Eq. 37.3) is a strain type model [14], based upon the model
proposed by Brown and Miller [4]. They suggested substituting the normal strain
component for a normal stress component. TheDP is defined on the planeϕ*with the
larger shear strain range�γ. The normal tension on ϕ* is modified by the coefficient
K/σy which defined the material sensibility respect from the normal tension on the
slip plane.
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37.3.4 Liu 1 and Liu 2 Critical Plane Method

Liu 1 Eq. 37.4 and Liu 2 Eq. 37.5 are energy type models. Depending on the failure
mode, Liu presents two parameters, one for a normal tension failure�WI and another
one for shear tension failure�WII. Thisway distinguishes between brittle and ductile
materials. For normal tension failure, plane ϕ* will be the one which maximize axial
work�σ�ε, and for shear tension failure the onewhichmaximize shear work�τ�γ.
Once ϕ* is determined, the DP is obtained as the sum of both works, the axial and
shear work.
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37.4 Fatigue Life Results and Discussion

Figure 37.2 shows life estimation for each model in-phase and Fig. 37.3 for out-of-
phase. The solid line presents those points with a coincidence between the exper-
imental life Nexp and the calculated Nth. Dashed lines limit the zone with a twice
(100%) and half (−50%) deviation of the calculated life respect to the experimental.
SK estimation are represented with red diamonds, FS with blue squares, WB with
green triangles, Liu 1 with black circles and Liu 2 with purple crosses.

For in-phase loading, SK gives good estimation, with values near the conservative
side, as it can be seen for almost all models with the exception of Liu 2. At low cycle
fatigue the response is not as good as for high cycle fatigue, as consequence of

Fig. 37.2 St52-3N fatigue
life predicted for in-phase
loading
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Fig. 37.3 St52-3N fatigue
life predicted for
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a low weight of the shear strains in the DP for the fit obtained. FS returns better
predictions at low cycle fatigue than SK, with a conservative tendency as it moves
to high cycle fatigue. As we can see, between Liu 1 and Liu 2, the second one gives
a better result, showing this way the ductile character of the material. WB based on
the same model as FS, shows similar results but more conservative, as previously
noted maybe considering the normal stress on ϕ* instead of the normal strain reflect
better the hardening effect. For out-of-phase, models predictions move up to the
non-conservative side respect to the values returns in-phase. Although SK model
estimations are not bad, it presents a considerable dispersion, consequence of the
sensitive response of the DP with τmax instead of the low weight of�γ at low cycles.
It is observed that the WB and the Liu 1 models provide very similar results and
overestimate the fatigue life in general.

37.5 Conclusions

This work tests the SK critical plane model and compares it agains other well estab-
lished critical plane methods. Good predictions were observed for SK method both
under in-phase and out-of-phase loading conditions. A large sensitivity to the fitting
parameters described in the model was observed.
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Part VII
Very High Cycle Fatigue



Chapter 38
Fatigue Testing at 1000 Hz Testing
Frequency

Markus Berchtold

Abstract In 2014 RUMUL could present a new resonant fatigue testing machine,
with a testing frequency of 1000 Hz. The dynamic load of maximum 50 kN peak-
peak is produced with an electromagnetic system. Similar to established resonant
systems which run on testing frequencies from about 40 up to 250 H. The static
portion of the load is provided by a mechanical spindle, the maximum load of the
system is±50 kN. Any load ratio can be selected. Flat and round specimen types that
are normally used in fatigue testing can be used. The new testing machine offers new
possibilities for investigations of material properties in the very high cycle fatigue
(VHCF) regime. Compared to other systems used in the field of VHCF testing the
RUMUL GIGAFORTE provides several advantages. The size of the machine is
smaller and energy consumption less compared to a servo hydraulic system. The
actually tested material volume is larger than the material volume that is tested on
ultrasonic systems. The testing frequency of 1000 Hz allows normally continuous
testing, without stopping for cooling down the specimen. In the past three years the
new testing machine was intensively used for example at the laboratory of the Fraun-
hofer institute IWSDresden in Germany. Effects of the 1000 Hz testing frequency on
the fatigue behaviour of the material were observed. This talk shows some example
of heating up of the specimen related to the 1000 Hz testing frequency and highlights
some of the found frequency related effects on fatigue strength.

Keywords New resonant fatigue testing machine · Giga cycle (VHCF) ·
Frequency effects

38.1 Introduction

“There is no infinite fatigue life in metallic materials” [1]. Studies on damage mech-
anism on higher number of load cycles, in the range of up to 1010 cycles and more
could well proof the finding published by Claude Bathias and others. Thanks to the

M. Berchtold (B)
RUMUL Russenberger Prüfmaschinen AG, Neuhausen am Rheinfall, Switzerland
e-mail: mberchtold@rumul.ch

© Springer Nature Switzerland AG 2019
J.A.F.O. Correia et al. (eds.), Mechanical Fatigue of Metals, Structural Integrity 7,
https://doi.org/10.1007/978-3-030-13980-3_38

297

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13980-3_38&domain=pdf
mailto:mberchtold@rumul.ch
https://doi.org/10.1007/978-3-030-13980-3_38


298 M. Berchtold

development of faster testing technics and the shortening of testing time a large num-
ber of basic research activities took place in the recent decades. Ultrasonic fatigue
testing systems work on the resonant frequency at about 20 kHz, and require rela-
tively small specimens with a specific geometry. Ultrasonic fatigue studies showed
that a fatigue limit in the traditional sense does not exist in the Gigacycle regime.
Cracks may occur subsurface or on the surface, and may start for example from
inclusions in the material [1].

Subsequent with higher testing frequency, an old question of fatigue testing is
highlighted and cannot be neglected: “What is the effect of the testing frequency on
fatigue life?” Testing on very high testing frequency may lead to different damage
mechanism than under real loading condition for example of an engine component.

Since inclusions and imperfection play an important role in VHCF the manu-
facturing process has a significant effect on fatigue life in the Gigacycle regime.
Particularly for relatively inhomogeneous materials the testing of material volumes
that represents the scatter of the manufacturing process is a concern.

In 2014 RUMUL could present a new resonant fatigue testing machine, with a
testing frequency of 1000 Hz. The dynamic load of maximum 50 kN peak-peak is
producedwith an electromagnetic system, similar to established resonant fatigue test-
ing systems which typically run on testing frequencies from about 40 up to 250 Hz.
The static portion of the load is provided by two mechanical spindles, the maximum
load of the system is ±50 kN. Any load ratio can be selected. Flat and round spec-
imen types that are normally used in fatigue testing can be used. The new testing
machine offers new possibilities for investigations of material properties in the very
high cycle fatigue (VHCF) regime. Compared to other systems used in the field of
VHCF testing the RUMUL GIGAFORTE provides several advantages. The size of
the machine is smaller and energy consumption less compared to a servo hydraulic
system. The actually tested material volume is larger than the material volume that
is tested on ultrasonic systems. The testing frequency of 1000 Hz allows normally
continuous testing, without intermittently stopping the test for let the specimen cool
down (Fig. 38.1).

In the past four years the new testing machine was intensively used for example
at the laboratory of the Fraunhofer-Institut für Werkstoff- und Strahltechnik IWS in
Dresden in Germany. It is used for testing material samples and small components
as well. Some effects of the 1000 Hz testing frequency on the fatigue behaviour of
the material were observed [2]. Recently the IWS laboratory developed a small salt
spray chamber and mounted it on the GIGAFORTE to preform fatigue testing under
corrosive atmosphere.

38.2 Effects of the Loading Frequency on Fatigue Life

What is the effect of the frequency of an alternating load on fatigue life and fatigue
testing? This question is probably present since beginning of fatigue testing. And it is
clear there are frequency effects. For lower frequencies the effects can be neglected
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Fig. 38.1 1000 Hz fatigue testing machine RUMUL GIGAFORTE with small sound enclosure

very often, however the sometimes unknown magnitude of some effects led to a
quite conservative approach of limiting the testing frequency in some areas of fatigue
testing. The frequency effects can be divided in three areas: Temperature and envi-
ronment as extrinsic factors and strain rate as intrinsic factor [2, 3]. The effects may
superimpose, and affecting fatigue life in the same or opposite direction.

38.2.1 Temperature

A higher material temperature lowers usually the fatigue life as the ultimate strength
of amaterial is related to the temperature. Somematerials showa temperature depend-
ing crystallographic transformation that affects the material properties and fatigue
life.

Maintaining the specified temperature range is therefore a basic requirement for
fatigue testing.

A material specific basic damping is always present when deforming a solid
material. Microscopic plastic deformation during cyclic loading leads to additional
damping and it is almost completely transferred to heat. The damping energy and
corresponding heat that is produced per load cycle and volume is constant for an even
axially loaded specimen. The produced heat per time is proportional to the frequency.
The resulting material temperature depends as well on the present heat loss, for
example the heat flow to the fixture and to the ambient atmosphere. Convectional
cooling can be used to control the temperature during testing.

Some material do not show the above described linear relation between tempera-
ture and testing frequency, with higher frequency the temperature does not increase
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as expected [4]. This finding may point to hardening (resp. softening) mechanism
that belongs to the category “strain rate” in this context.

38.2.2 Environment

There are time related mechanisms such as oxidation, corrosion or creep that may a
play role for the formation of a new surface during crack initiation and propagation.
Depending on the relevance of such mechanisms a significant frequency effect can
be expected. For example, it is reported that some investigations show a significant
frequency dependency of aluminiumalloys on fatigue life. TheAluminiumalloyAW-
5083 shows almost now frequency effect at 20 kHz on fatigue life in inert atmosphere
but in air [3].

38.2.3 Strain Rate

The strain rate is proportional to the testing frequency. During loading in resonant
condition the strain rate is not constant. It follows a sinus function. It is thought that
the strain rate of irreversible deformation could affect fatigue life significantly.

An influence of the testing frequency at 20 kHz on fatigue life could be found on
quenched and tempered steel 50CrMo4 depending on the strength of the material.
It was concluded that the found correlation of fatigue life and testing frequency is
related to the strain rate and is typical for cubic body centred metals. The frequency
effect is mainly seen on the left side, of finite life of the S–N curve [3].

For metastable austenitic steel (1.4301, AISI 304) a frequency effect related to the
transformation of crystallographic structures was found during testing at 1000 Hz
with the GIGAFORTE. The analyses showed that higher amounts of strain-induced
Martensite and lower plastic strain amplitudes are observed when the cyclic exper-
iments are carried out at lower frequency, promoting higher fatigue strengths [2,
5].

38.3 Temperature Records

RUMULcould look into heating upbehaviour ofmaterial samples in the last year. The
specimens have been provided by interested laboratories. For Temperature recording
a type K thermocouple was attached on the specimen. Compressed air was used to
mitigate heating up if required. Load ratio was selected −1 for all tests.
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Fig. 38.2 RUMUL
GIGAFORTE, round
specimen without thread,
thermocouple attached with
tape

Material Specimen Gauge

diam.

(mm)

Testing condition Freq.

(Hz)

Load

ampli-

tude

Temp.

(°C)

Nodular

Iron

Round, cyl. and

hour glass, w. thread

7 Load increasing 0.2 * 106

cycles/step compr. air cooling

1011 8.5 kN

(220MPa)

38

9%

Cr-steel

Round, hour glass,

w. thread

8 Load increasing, 2 * 106

cycles/step compr. air cooling

1024 18.6 kN

(373MPa)

26

54a

Ti alloy Round, hour glass,

w. thread

5 Const. load 106 cycles/step no

cooling

996 5.52 kN

(280MPa)

35

Ferritic

steel

HV30 ~

220

Round, cyl. w/o

thread

8 Load increasing, 106

cycles/step no cooling,

(Fig. 38.2)

1023 17 kN

(337MPa)

62b

aCooling temporarily off
bTemperature is not stabilizing, probably softening effect

38.4 Summary and Outlook

The RUMUL GIGAFORTE is an efficient tool for testing very high number of
load cycles in a reasonable time. Common specimen types and sizes can be used.
Depending onmaterial and load the specimenmay heat up. The heating is usually low



302 M. Berchtold

or moderate and can be mitigated with compressed air cooling, continuous testing is
possible.

The possibility to test on 1000 Hz testing frequency may help to further evaluate
frequency effects and further enhance the confidence on fatigue data in the high and
very high cycle regime.
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Chapter 39
Influence of Microstructural
Inhomogeneities on the Fatigue Crack
Growth Behavior Under Very Low
Amplitudes for Two Different Aluminum
Alloys

T. Kirsten, M. Kuczyk, M. Wicke, A. Brückner-Foit, F. Bülbül, H.-J. Christ
and M. Zimmermann

Abstract In the present paper the aluminum alloys EN AW-6082 (peak-aged and
overaged) and EN AW-5083 (solution annealed) were investigated regarding the
long fatigue crack growth behavior in the range of very low amplitudes and there-
fore very high number of load cycles. The cracks were initiated at micro notches,
prepared by means of focused ion beam technology and examined in situ by a long
distance microscope. In first experiments the threshold for each material condition
was defined. Subsequently the tests were carried out at constant �K values. Further
analysis such as electron backscatter diffraction (EBSD) and confocal microscopy
were executed to analyze the fatigue crack growth behavior. Amicrostructural barrier
function of the primary precipitates could be detected for each material condition.
Grain boundaries seem to influence the crack growth only in case of the work hard-
ening alloy (EN AW-5083), which is the material with smaller average grain size
compared to EN AW-6082.

Keywords Ultrasonic fatigue testing · Very high cycle fatigue · Long crack
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39.1 Introduction

In the course of previous studies on the topic of very high cycle fatigue (VHCF)
the behavior of metallic materials at load cycles above 107 cycles was thoroughly
investigated [1–6]. It has been shown that fatigue cracks can grow even at amplitudes
below the classical fatigue limit [7]. A great amount of studies focuses on the crack
initiation phase, because of their life determining characteristic. The crack growth
phase at low stress amplitudes is therefore not as intensively investigated as of yet.

The aim of the present work is to analyze the fatigue crack growth behavior of
two commercially available aluminum alloys (EN AW-6082 and EN AW-5083) at
VHCF relevant low stress amplitudes in the near threshold regime at quasi constant
stress intensity factors �K in order to gain insight into the possible barrier function
of microstructural inhomogeneities, such as precipitates and grain boundaries. The
test system used in this research is an ultrasonic fatigue testing system, operating
at high frequencies, which is therefore predestined for experiments in the VHCF
regime. The thresholds for each material were experimentally determined in orien-
tation to ASTM E 647 [8] by means of load shedding method. Here the threshold
is determined by continuously decreasing the applied stress amplitude. Applying
the load-shedding method to define the long crack threshold can result in threshold
values that are slightly overestimated since likely crack closure effects may become
effective. However, because of the sample geometry restrictions due to the ultrasonic
fatigue testing other methods, such as the method proposed by Tabernig and Pippan
[9], were not applicable. Previous studies could show that crack initiation site for
aluminum alloys in the VHCF regime may occur in the subsurface region [10]. In
order to analyze early crack growth behavior by means of direct optical observation,
it is necessary to add an artificial crack starter to the sample surface. Hence a micro
notch was inserted by means of focused ion beam technology (FIB).

39.2 Material and Testing

In this study the precipitation hardening alloy EN AW-6082 (Al Si1MgMn) and
the work hardening alloy EN AW-5083 (Al Mg4.5Mn0.7) were investigated. Their
specific chemical composition can be found in [11].

The microstructure of alloy EN AW-6082 is defined by elongated grains due to
the rolling process. The grains are 500–1000 μm long and have a width of about
50–100 μm. The material contains two types of primary precipitates: Mg2Si and
Al(Si,Mn,Fe). In order to investigate the microstructural influence on the crack
growth behavior two different aging conditions (peak-aged and overaged) were
defined. The heat treatment is given in Table 39.1.

EN AW-5083 was analyzed in the soft-annealed condition with a more globular
grain morphology and a size around 25–50 μm. The microstructure is defined by
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Table 39.1 Precipitation
hardening heat treatment of
aluminum alloy EN AW-6082

Peak-aged Overaged

Homogenization 540 °C, 1 h 540 °C, 1 h

Quenching Water Water

Annealing 200 °C, 4 h 200 °C, 24 h

primary precipitates of type Mg2Si, Al6(Mn,Fe). Micrographs of both alloys can be
seen in Fig. 39.1.

The fatigue crack growth tests were carried out using an ultrasonic fatigue test-
ing system (BOKU Vienna), which operates at a resonance frequency of about
20 kHz. The electro-chemically polished samples were cyclically loaded in tension-
compression mode at a stress ratio of R= −1. In order to prevent unintended heating
of the samples, the tests were executed in pulse-pause mode without external cool-
ing. In front of the ultrasonic fatigue testing system, a long-distance microscope is
installed to monitor the crack growth in situ. The test area is shown in Fig. 39.2a.

The samples have a cylindrical, hourglass shape with a shallow notch in the center
area.Amicro notch is inserted on the groundof the shallownotch bymeans of focused
ion beam technology to act as a defined crack initiation site (Fig. 39.2b). Due to the

Fig. 39.1 Microstructure with primary precipitates of the investigated material. a EN AW-6082,
b EN AW-5083

Fig. 39.2 a Ultrasonic fatigue testing system with long distance microscope in front. b Hourglass
shaped sample geometry with micro notch (length: 125 μm)
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micro notch the crack propagates in both directions starting from the edges of the
FIB notch. For the crack growth curves the overall crack propagation is considered.

In first experiments the threshold for long fatigue crack growth was determined.
The threshold was assumed when the crack propagation rate dropped below 10−11

m/cycle. Subsequent tests were carried out at quasi-constant stress intensity factors
�K in the range of the determined thresholds. This was achieved by repeatedly
adapting the load amplitude �σ/2 according to the optical measurements of the
crack growth throughout the entire test.

The cracks were afterwards analyzed using scanning electron microscope and
electron backscatter diffraction (EBSD) together with an orientation imagingmethod
(OIM) software to gain further insight into the correlation between fatigue crack
growth behavior and grain morphology. By determining the slip systems with the
highest Schmid factor for grains along the crack path, the crack propagation mode
can be defined. Afterwards the samples were cracked under tensile loading to analyze
the fracture surface by means of confocal microscopy.

39.3 Experimental Results and Discussion

39.3.1 Fatigue Crack Growth Thresholds

During first experiments the threshold for long fatigue crack growth was determined
on the basis of three fatigue crack growth experiments for each material condition.
The results are given in Table 39.2.

The results show, that the peak-aged condition has a slightly superior resistance
against fatigue crack growth compared to the overaged state regarding the higher
threshold value. This is in accordance to the literature [12]. The highest threshold
was measured for the work hardening alloy.

Table 39.2 Measured threshold values �Kth for the materials and heat treatments investigated

EN AW-6082 peak-aged EN AW-6082 overaged EN AW-5083

�Kth,1 (MPa
√
m) 1.39 1.31 1.45

�Kth,2 (MPa
√
m) 1.44 1.35 1.56

�Kth,3 (MPa
√
m) 1.56 1.38 1.69

Ø�Kth (MPa
√
m) 1.46 1.35 1.57
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39.3.2 Fatigue Crack Growth at Constant Stress Intensity
Factors

For analyzing the microstructural influence on the fatigue crack growth behavior
the tests were carried out at constant �K values. A possible barrier function can be
detected by analyzing the crack propagation rate over the crack length as shown in
Fig. 39.3. The constant �K values for the three materials investigated are all in a
similar range compared to each particular threshold. It can be seen that the crack
growth rates for alloy EN AW-6082 are showing some slight changes, which can be
correlated to microstructural features. Retardations in crack propagation are mainly
caused by primary precipitates, especially the Fe-based ones (details can be found
in [13]). A pronounced influence of grain boundaries could not be observed for the
material. Only in one sample of the overaged condition tested at 1.9 MPa

√
m the

crack growth rate decelerates from 4.7 * 10−10 to 2.1 * 10−10 m/cycle near a grain
boundary. Since otherwise grain boundaries are not causing any obvious change in
crack propagation, it can be assumed, that the effect in the one case is caused not only
by the character of the grain boundary itself but more so by its orientation alongside
the crack path (details can be found in [13]). Regarding the likely influence of the
heat treatment condition, there is no significant difference detectable between the
overaged and the peak-aged condition.

In comparison to the aforementioned results, the curve of alloy EN AW-5083
shows a higher variability and in addition demonstrates a smaller average crack
growth rate. Reasons for that might be the smaller average grain size of the alloy.
Analyzing the crack path by means of EBSD it can be seen that the crack is deflected
several times after passing grain boundaries (see Fig. 39.4), which causes a crack
growth retardation, especially when the grain size is small and there are many grain
boundaries ahead of the crack tip.

It can be seen, that the fatigue crack path depicted in Fig. 39.4 propagates at some
points in a shear-controlled manner even though the crack is in long crack growth
range (white arrows indicate the direction of highest Schmid factor in Fig. 39.4).

Fig. 39.3 Crack growth rate versus crack length for the three materials investigated at constant�K
values
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Fig. 39.4 EBSD analysis for EN AW-5083 at �K = 2.1 MPa
√
m (white lines indicate orientation

of slip system with highest Schmid factor) and corresponding crack growth curve

For example the crack propagates through the narrow grain in the middle region (*)
under an angle of about 15°. The corresponding slip system with the highest Schmid
factor (of about 0.42) has the same orientation at this point of the sample surface.
Similar phenomena could not be observed for the alloy EN AW-6082, which can
most likely be attributed to the larger grain size. As can be seen in Fig. 39.4 the
regions of shear-controlled crack growth are however very limited and occur either
only in very small grains or in just a part of a larger grain.

For a further understanding of the crack growth behavior—which is overall a 3D
process—the fracture surfaces were analyzed also by confocal microscopy, which
can depict the altitude differences for a given fracture surface. For EN AW-5083 at
2.1 MPa

√
m the fracture surface is very smooth with altitude differences of only

about ±50 μm (see Fig. 39.5). Not only because of that, but also because of the
pronounced length to depth ratio of 0.9 it can be assumed that the crack was able to
propagate quite steadily and easily into the material. However, because of the post
mortem character of this analysis, final conclusions as to the correlation between
the microstructural topology and the observed fatigue crack growth behavior on
the sample surface cannot be made. A computer tomography (CT) analysis during
the experiments would be necessary to reproduce the fatigue crack growth into the
material to gain further insight into the role of microstructural barriers.
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Fig. 39.5 Confocal
microscopy analysis of EN
AW-5083 at 2.1 MPa

√
m

39.4 Conclusion

The fatigue crack growth behavior for long fatigue cracks in the range of the thres-
hold was investigated. In the present study it could be seen, that there is an influence
of themicrostructure for all three investigatedmaterial conditions. Between the peak-
aged and the overaged condition of alloy EN AW-6082 no significant difference was
observable. TheFe-based primary precipitates aremainly the cause for a crack growth
deceleration. For alloy ENAW-5083 a similar effect of the primary precipitates could
be detected, but in addition a minor influence of grain boundaries becomes effective,
most likely caused by the smaller grain size and the larger density of grain boundaries.
One of the current drawbacks of the results presented is the 2D character of crack
path observation. For a further understanding of the fatigue crack growth behavior
a CT analysis during the test would give precious new insights into the interaction
between primary precipitates and grain morphology.
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Chapter 40
Effect of Ultrasonic Deep Rolling
on High-Frequency and Ultrasonic
Fatigue Behavior of TC4

Yi-Xin Liu, Yun-Fei Jia, Xian-Cheng Zhang, H. Li, Run-Zi Wang
and Shan-Tung Tu

Abstract A gradient nanostructured (GNS) surface layer was produced on TC4
samples by means of ultrasonic deep rolling (UDR). Grain size refined to nano-
scale and increased to macro-scale with the increasing depth. The microstructure of
the UDRed sample was observed and the mechanical properties of UDRed samples
were measured. The Roughness of samples after rolling is reduced by 60% with the
comparison of un-treated sample. The micro-hardness increased with the increasing
rolling passes. After the measurement of mechanical properties, the fatigue tests
were carried out and the fatigue life of UDRed samples shows were lower than that
of un-UDRed samples on high-frequency and ultrasonic fatigue. The fatigue fracture
and the initiation of cracks have been investigated to clarify the fatiguemechanism of
the UDRed samples. The results showed that the decrement of fatigue life of UDRed
samples compared with coarse-grain samples was attributed to the fever in cyclic
loading induced by the heterogeneity of the material.

Keywords Ultrasonic deep rolling · Ultrasonic fatigue · High-frequency fatigue

40.1 Introduction

Nano-crystalline materials have higher strength than coarse-grain materials, while
the lower tensile plasticity restricted its application. The results of high-cycle fatigue
tests and fatigue crack propagation experiments of nano-crystalline Ni [1, 2] showed
that the abilities of anti-crack propagation of ultra-fine grained material and nano-
crystalline material greatly reduced compared to coarse grain.

As the fatigue cracks usually initiate at material surface and propagate to inte-
rior, one may expect to effectively enhance the global fatigue life by introducing
compressive residual stress and strain hardening in near the surface layer. Based on
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this consideration, a novel approach developed to synthesize the gradient surface
nanostructure on metallic materials by means of ultrasonic shot peening (USSP)
or ultrasonic deep rolling (UDP). Compared to conventional shot peening or deep
rolling process, ultrasonic shot peening or ultrasonic deep rolling could produce
a surface nanostructure with higher surface hardness, higher residual compressive
stress and deeper compressive stress layer. Significantly enhanced fatigue properties
have been observed in gradient nanostructure metallic materials in low-cycle fatigue
or high-cycle fatigue life [3–5]. Yet, previous workmainly concentrated on low-cycle
fatigue or high-cycle fatigue, the fatigue behavior of gradient nanostructure materials
in ultrasonic fatigue and high-frequency fatigue need to be further investigated.

Ti alloy is a widely used material in aerospace, military industry, bio-engineering
and medical devices, navigation or offshore industry and other fields because of
its high corrosion resistance, light weight and high specific strength. The fatigue
behavior of the gradient nanostructure Ti alloy in high-cycle and low cycle fatigue
have been tested, but there is still a lack of research of the fatigue properties of the
gradient nanostructured Ti alloy in high-frequency fatigue and ultrasonic fatigue. In
this work, the roughness, hardness, the depth of refinement layer and the residual
stress of the gradient nanostructured Ti alloy samples applied to different rolling
parameters are investigated. The fatigue properties of GNS Ti alloy and coarse-
grained Ti alloy in high-frequency fatigue and ultrasonic fatiguewere also compared.

40.2 Experimental Procedure

40.2.1 Sample Preparation and Fatigue Tests

The test specimen in this study was the TC4 alloy with the following chemical
compositions (in wt%) of 4.23V, 6.05Al, 0.15O, 0.002N, 0.03Fe and balance Ti.
The initial material was heat-treated at 960 °C for 160 min and air cool for α + β

phase. The ultrasonic deep rolling was used for the surface treatment. A polished
cermet ball of 10 mm in diameter was pressed on the surface (with the static force
and dynamic ultrasonic force) of a cylindrical sample, which rotated at the velocity
of 100 r/mins. Meanwhile, the cermet ball slid along the rod axis from left to right at
a constant velocity of 100 mm/min. The cermet ball of the given force to compel a
strong plastic deformation on the surface of the material, resulting in a nanostructure
formed on the material surface.

The high-frequency fatigue tests were performed on PLG-100C microcomputer
control high frequency tensile fatigue testingmachine. This kind of universal electro-
magnetic excitation resonance fatigue tester that can perform tensile fatigue tests for
metallic materials at 80–250 Hz. The Shimadzus USF-2000 ultrasonic fatigue tester
was used for the ultrasonic fatigue tests. The 20 kHz vibration waveform generated
by piezoelectric element is amplified and then loaded into the samples of ultra-high
frequency loading, suitable for long time fatigue test.



40 Effect of Ultrasonic Deep Rolling on High-Frequency … 313

40.2.2 Microstructure Observations and Mechanical
Measurements

Cross-sectional observations of the treated samples were performed with the Zeiss
optical microscope. To clearly observe the microstructure of the TC4, the polished
specimens would be etched at room temperature in a solution of 15% nital. The
micro-hardness of the nanostructure surface layer of the TC4 samples of different
ultrasonic rolling parameters was measured using HVS 1000 micro-hardness tester.
The residual stress values along the depth direction from surface to matrix of UDRed
sampleswere determined byX-ray diffraction using theProto-iXRDMG40P residual
stress tester. Electrolytic polishing was used to remove surface materials layer by
layer to measure the residual stress at different depths. The electrolytic polishing
solution was 5% perchloric acid and 95% acetic acid solution and the voltage was
30 V.

40.3 Results and Discussions

40.3.1 Observations of Microstructure

40.3.1.1 Surface Roughness Analysis

Figure 40.1a shows the original morphology and roughness and Fig. 40.1b shows the
morphology of the sample after ultrasonic rolling (static pressure 450 N, amplitude
15 μm, rolling 50 passes). As shown in Fig. 40.1 taken by the 3D profiler, compared
with UDRed sample surface with the roughness Ra = 0.282 μm, there are a lot of
scratches on the surface of the original sample and the roughness of the samples is
Ra= 0.707 μm. The ultrasonic rolling process reduces the surface roughness of the
specimen by 60%. The decrement of roughness might because of the plastic flow
on the surface of the specimen. The plastic flow significantly fills in micro-defects,
flattens the scratches and greatly reduces the surface roughness.

Fig. 40.1 Surface appearance of a untreated and b ultrasonic deep rolled samples
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Fig. 40.2 Surface appearance of a untreated and b ultrasonic deep rolled samples. The cross-
sectional microstructure of UDRed TC4 samples with different rolling passs a 10, b 30, c 40, d 50
passes

40.3.1.2 Surface Metallographic Observation

As shown in Fig. 40.2, the depth of plastic deformation layers increased with the
increasing the number of rolling passes. The surface grains of 30 passes rolled are
significantly squeezed and elongated, no longer similar to the matrix grain, as shown
in Fig. 40.2b.

As the number of ultrasonic rolling passes is increased to 50 passes, the sheet-like
grain structure that has been squeezed and stretched before was further crushed under
the repeated impact of the ultrasonic process head, the surface grains were refined to
nano-grains by the repeated incision of twin boundaries and dislocations.Meanwhile,
the continuous application of the impact on the sample increased the depth of plastic
deformation layer, and eventually formed a gradient nanostructure layer from the
surface to inside with the gradually reduced plastic deformation (Fig. 40.2d).

40.3.1.3 Micro-Vickers Hardness Distribution

Figure 40.4 shows the hardness distribution along the depth direction of TC4 spec-
imens with different rolling passes. The hardness of TC4 specimen increases with
the number of passes. And the subsurface but topmost surface (is about 20 μm from
surface) is the site of the maximum hardness value of the UDRed specimen. The
maximum hardness values of 40 passes and 50 passes reached 412 HV and 439 HV
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Fig. 40.3 Hardness along
depth direction of UDRed
TC4 with different rolling
passes

Fig. 40.4 S-N fatigue
curves for UDRed and
un-treated TC4 under
high-frequency fatigue

(Fig. 40.3). Compared to the original sample, the surface hardness increased by 31%
and 37%, respectively.

40.3.2 Fatigue Properties of High-Frequency Fatigue

The S-N curves of the UDRed samples are compared with the S-N curves of the
untreated samples of high-frequency fatigue (axial tension loading, stress ratio R
= −1, loading frequency f = 100 Hz) as shown in Fig. 40.4. Even high-frequency
fatigue life has large distribution, the fatigue life of UDRed samples is still generally
lower than that of un-treated samples. It is noteworthy that during the fatigue test,
even at the sample stress amplitude and frequency, the UDRed sample have severe
fever while the un-treated samples did not overheat. That might due to, the surface
layer is severe deformed after ultrasonic rolling process, and the severe deformation
surface layer needs more energy to further deform.
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Therefore, the surface of the sample will elastic re-covery after fatigue tests, and
the binding force and density between the surface The fatigue fractures morpholo-
gies of the UDRed samples and the un-treated samples were observed as shown in
Fig. 40.5. The fatigue crack initiates at the surface and propagates to matrix of the
un-treated samples shown in Fig. 40.5a. The clear river patterns of Fig. 40.5b is one
of characteristics of cleavage fracture. Different from the fracture morphology of the
un-treated sample, the fatigue crack initiates at the sub-surface, and radiate around
(see Fig. 40.5c). The cleavage step can be clearly seen in Fig. 40.5d.

40.3.3 Fatigue Properties of Ultrasonic Fatigue

The S-N curves of the UDRed samples with different rolling passes are compared
with the S-N curve of the untreated samples of high-frequency fatigue (axial tension
loading, stress ratio R = −1, loading frequency f = 20 kHz) shown in Fig. 40.6.
The surface refinement layer and residual stress layer of 50 passes rolled samples
are deeper than that of 30 passes rolled samples, but the fatigue life of both is still
lower than fatigue life of un-treated samples.

Different from the fatigue fracture in high-frequency fatigue shown in Fig. 40.5,
the fatigue crack of URDed samples and un-treated sample in ultrasonic fatigue both

Fig. 40.5 SEM images of the fracture surface of TC4 samples under high-frequency fatigue a,
b un-treated c, d ultrasonic rolled sample
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Fig. 40.6 S-N fatigue curves for UDRed and un-treated TC4 under axial loading with 20 kHz

Fig. 40.7 SEM images of the fracture surface of TC4 samples under ultrasonic fatigue a, b un-
treated c, d ultrasonic rolled sample

initiate at the subsurface as shown in Fig. 40.7. The fish-eye patterns can be clearly
seen in the fracturemorphology of un-treated sample, and a lot of micro holes formed
near the cracks initiation site. And compared to fracture morphology of un-treated
samples, many cleavage facets exist near the crack initiation site of UDRed sample.
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Chapter 41
Microinclusion and Fatigue Performance
of Bearing Rolling Elements

E. Ossola, S. Pagliassotto, S. Rizzo and R. Sesana

Abstract Many phenomena are involved in damage of rolling elements of bear-
ings. Rolling contact fatigue is the main cause of failure, along with contact pressure
related fatigue and dimensional instabilities effect. Most of those are well known,
and are described by wide experimental, analytical and numerical literature. Damage
phenomena are related to material properties and manufacturing processes, respec-
tively. Particularly, the damage evolution might be affected by some microinclusions
present in the material. This influence is related to mechanical properties, dimension,
composition, shape and location of inclusions. This research activity is focused on
the 100Cr6 steel alloys. Relation between microinclusions and fatigue life is here
investigated. Results of experimental testing run on some test bench are compared to
some analytical models for given set of operation conditions. Failures are then anal-
ysed to relate life of rolling elements to the microinclusion parameters. The research
activity is aimed to investigate whether a microinclusion threshold parameter could
be defined, to be related to the life bearing requirements. This analysis is performed
by comparing analytical and experimental results of several models and different
alloys.

Keywords Fatigue · Bearing ·Microinclusion · Structural damage

41.1 Introduction

Bearing fatigue life is influenced by a number of different damage phenomena,
including tribological conditions, surface and sub-surface defects and environmen-
tal aspects (temperature, corrosion and humidity) [1]. In optimum working condi-
tions, the main cause of damage is Rolling Contact Fatigue (RCF) [2]. Two different
phenomena are observed, surface pitting and sub-surface spalling.
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In well-lubricated bearing rolling elements, the predominant factor of RCF dam-
age is related to non-metallic inclusions located in the subsurface, where the shear
stress due to the Hertzian contact is maximum. Inclusions act as stress risers, causing
crack initiation and propagation in the material [3]. Even if steelmaking processes
have been improved increasing steel cleanliness [4, 5], oxides and non-metallic inclu-
sions cannot be completely removed.

Several experimental, analytical and numerical studies explored the detrimental
role of inclusions on fatigue life, considering the effect of size, shape, location and
composition [6] of inclusions. It resulted that RCF is influenced by the size of the
largest inclusion present in the material or predicted by statistic methods [4]. In this
context, in [7] experimental activities conducted on bearing ball steel subjected to
different deoxidation post-processes are described. Chemical composition and size
of inclusions using X-ray spectroscopy and destructive testing, and the specimens
in RCF conditions are tested. It turns out that specimens with larger defects have a
lower fatigue life and the chemical composition of the inclusions affects the damage
as well. In particular, steel containing Al2O3 or Al2O3 CaO inclusions exhibited a
worse fatigue behavior if compared to specimen containing SiO2 Al2O3 inclusions.

The different performance could be related to the presence of cavities in the former
steels (and not in the latter), which act as stress risers around the inclusions. In order
to investigate the effect of inclusion size on fatigue life, other researchers [5] are
investigating the possibility to simulate controlled defects by drilling small holes in
the material. Recently, experimental and numerical activities were described in [8],
investigating the stress state in the material near the inclusion, where microstructural
changes are observed, referred as “butterfly wings”. FEM and Voronoi tessellation
were used to develop amodel to predict stress distribution near the defect and simulate
crack initiation. Varying size, location and composition of the inclusion, it was found
that RCF life is strongly affected by defect stiffness and depth. The maximum Von
Mises stress is foundwhenhigh elasticmodulus inclusions are present and located at a
depth equal to 0.5 times the contact halfwidth.Different inclusion sizes (ranging from
8 to 16 µm) were studied, but no strong influence on stress concentration was found.
The experimental evidence of the harmful effect of larger inclusions on fatigue life is
mainly due to the fact that statistically they aremore likable to lie at the critical depth.
In [9] the effect of size, depth and elastic modulus of aluminum oxide inclusions in
a steel matrix are explored on stress distribution and crack propagation. Similarly to
[8], it was observed that high elastic modulus inclusions cause higher stress peaks.
In addition, a critical value of defect depth (0.75 times the contact half width) exists,
where the VonMises stress is maximum. A larger range of inclusion size (5–20µm),
was investigated observing variation in stress areas, but not inmaximumstress values.
The interaction between multiple inclusions (pairs, clusters and stringers) have been
investigated in [10], basing on the Eshelby method.

The current work investigates the effect of micro-inclusions on fatigue life of
a steel alloys (100Cr6) for bearing rolling elements. Fatigue damage and failure
mechanisms are studied by experimental testing on test bench and analytical models
are considered, to relate life of rolling elements to the micro-inclusion parameters.
A dedicated 3d model implementing Eshelby model was developed to estimate the
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stress distribution surrounding microinclusion. The simulated load corresponds to
experimental load applied to a set of ball bearing undergoing fatigue testing. The
calculated stresses will be used as input for a life estimation model to estimate
the life of the ball bearing. Then experimental and calculated cycle to failure are
compared and failuremicroscopic analysis, alongwith residual stresses evolutionwill
be performed. It has to be observed thatmicroinclusion position, shape and dimension
are introduced in the numerical model after experimental failure observation. This
procedure aims at validating numerical model and life estimation model on bearing
balls. The complete project is developing an industrial NDT procedure to detect
subsuperficial microinclusions, presence, position and shape. Aim of the research is
investigate whether a micro-inclusion threshold parameter could be defined.

41.2 Materials and Method

A3D numericalMatlab solver was developed, implementing Eshelbymodel [11–13]
to estimate the stress distribution around the microinclusion. The main script handles
the input data and calls the Eshelby solver and presents the results. The model
inputs material and microinclusion mechanical properties, microinclusion geometry
and distance from matrix free surface, loading history. The a microinclusion-matrix
model was build corresponding to a case study of an experimental failure, as follows.

Forwhat concerns experimental testing, a set of 8ACBBaxially loaded underwent
fatigue testing on a test rig. The ball and bearing races are made of 100Cr6 (Young
Modulus 210 GPa, Poisson ratio 0.35, Elastic limit up to 2500 MPa).

Axial loading (30,000 N) blocks were applied to the bearings. At the end of each
loading blocks, the bearings were disassembled, the balls were inspected to detect
superficial microcracks, dimensional variations, superficial defects. Then inner and
outer races were substituted with new ones and the new loading block was applied
until failure.

Each bearing included a set of regular balls and one including microinclusions.
After failure the microinclusions were analyzed.

The case study presented in this paper is a Alumina Al2O3 (Young Modulus
375 GPa, Poisson ratio 0.22) spherical microinclusion, 25 µm diameter, 192 µm
subsurface, from which the crack nucleated (Fig. 41.1). The failure occurred after 3
milions of cycles.

For what concerns analytical stress estimation, according to Hertz theory, the
stresses were calculated in case that no microinclusion was present in the matrix.
The resulting estimated stresses are reported in Fig. 41.2. In case of the presence
of a microinclusion, which characteristics match with the investigated case study,
the calculated equivalent von Mises and Tresca stresses are reported in Fig. 41.3a, b
respectively and in Table 41.1. According to Zaretskymodel [14], in these conditions,
expected life is 1.88 milions cycles.
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Fig. 41.1 Case study failure surfaces

Fig. 41.2 Stress distribution in case of no microinclusions
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Fig. 41.3 Equivalent calculated stresses in presence of microinclusion: a Tresca and b Von Mises

Table 41.1 Equivalent
stresses

Heading
level

No microin-
clusions
(MPa)

With
microinclu-
sions
(MPa)

% increment

Tresca 2495 3398 36.2

Von Mises 4478 6100 36.2

41.3 Discussion and Conclusions

Numerical stress simulation shows a steep stress gradient in the matrix volume sur-
rounding the microinclusion, and an equivalent stress intensity factor (ratio between
equivalent maximum stress and equivalent nominal stress) of 1.36 for both Tresca
and Von Mises equivalent stresses. In this condition, the stress reaches the plas-
tic range and, in the matrix, crack can nucleate. Failure surface observation shows
that the inclusion appears not affected by failure process. This means that the plastic
phenomena could have affected the interface betweenmatrix and inclusion. The con-
sequent stress release can have restored nominal stresses in the matrix and then crack
can have propagated in the matrix, slowly, until failure. This experimental observa-
tion along with comparison with numerical and analytical results, give important
information for a damage and failure model of the ball in presence of microinclu-
sions. In the present research project, more alloys are investigated and further results
will be presented in further papers.
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Chapter 42
Strength Analysis of Tramway Bogie
Frame

Vaclav Kraus, Miloslav Kepka, Jr., Daniel Doubrava and Jan Chvojan

Abstract The aim of this contribution is to present the development of bogie frames
for rail vehicles from the viewpoint of their strength and fatigue life. The manufac-
turer of the frames described here pays major attention to these aspects during the
design, testing and test runs of vehicles. The manufacturer also collaborates with
other specialised research facilities. In practice, the development process consists of
three stages. The first stage involves stress calculations, the second stage comprises
static and fatigue tests and the third one is focused on validating fatigue life data by
stress monitoring during test runs on an actual track.

Keywords Tram bogie frame · Strength analysis · Laboratory tests · Stress
measurement · Fatigue life prediction

42.1 Introduction

The method of evaluating strength and fatigue life is demonstrated on an example of
development of a tramway powered bogie.

42.2 Stress Calculation

The tramway bogie frame of interest is shown in Fig. 42.1. The manufacturer per-
forms computational stress analyses while designing the bogie frame. The company
SKODA TRANSPORTATION prefers the ANSYS software.
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Fig. 42.1 Tramway bogie frame and types of its materials

The bogie frame is modelled using solid elements. The computational model of
the frame is presented in Fig. 42.2.

In some locations, typically aroundweld joints, themesh is finer to enable stresses
in the required distances from the weld joint to be determined; depending on the
approach chosen (the nominal approach is themostwidely usedone). Stress and strain
calculations must not be distorted by inadequately defined boundary conditions. An
entire sequence of calculations is carried out. Effects of exceptional loads on the

Fig. 42.2 Computational model of bogie frame
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bogie frame are analysed and the frame’s response to cyclic service loads, which
threaten fatigue failure, are examined.

This frame was analysed under 34 separate loading states. Eighteen of those were
models of exceptional loads for evaluating static strength. Sixteen loading stateswere
used for evaluating fatigue strength [1]. Forces for these loading states are determined
in line with applicable rules. In this case, the standard [2] was used.

Strength and fatigue life are evaluated by combining the results of calculations for
individual loading states. The stress state induced by exceptional loads is compared
against the allowed values derived from yield stress and ultimate strength of the
material of the frame. The resistance of the frame to cyclic loading is evaluated
based on its stress response to service loads. Design computations of bogie frames of
rail vehicles aim at meeting the endurance limit. In this case, the procedure outlined
in [3] was used.

The main limitation to the fatigue life of a bogie is the presence of welds. Before
the computation, all weld joints in the bogie frame are classified into notch categories,
taking into account the stress and safety categories according to [3].

The upper stress σMAX, the lower stress σMIN and the stress ratio Rσ are calculated
for all service load combinations. The results are compared with permitted fatigue
stress levels. Figure 42.3 is a graphic rendering of this comparison.

Weld joints are assessed usingMKJ (Moore-Kommers-Jasper) diagrams, inwhich
the absolute values of the highest principal stress are plotted. These diagrams show the
dependence of the limits of the highest principal stress on the stress ratio for individual
categories of welds. The curves are plotted for specified levels of probability of
survival and safety, as shown in Fig. 42.4.

Calculated results, which are below 75% of the limit value for the relevant MKJ
diagram, are considered acceptable.

Fig. 42.3 Graphic representation of imported data in the FEmodel (left: upper normal stress, right:
stress ratio and exceedance of endurable upper stress)



330 V. Kraus et al.

Fig. 42.4 Verification of weld joints according to Haigh diagrams

Where the calculated values exceed this 75% threshold, the stress in the weld
joint must be examinedmore thoroughly, in terms of stresses in individual directions,
Fig. 42.5. Using stress calculations, critical regions of the bogie frame are identified.
These regions are then fitted with strain gauges for measuring stress levels during
laboratory static and fatigue tests and for final measurement during test runs in actual
service.

42.3 Static and Fatigue Tests

Before the bogie frame is put into operation, it is tested in a laboratory in static and
fatigue tests. The test loads correspond to the loading states employed for compu-
tational stress analysis. The laboratory testing methodology was presented in [4].
Static testing involves stress measurement in selected locations of the bogie frame
and checking the readings against the values calculated in the previous stage. If these
values are in agreement, fatigue testing of the bogie frame proceeds in line with the
requirements [2]. The fatigue test setup for this bogie frame is shown in Fig. 42.6.
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Fig. 42.5 Evaluation for stresses in individual directions

Fig. 42.6 Fatigue test setup



332 V. Kraus et al.

42.4 Fatigue Service Life

Fatigue service life data are validated exclusively on customer’s tracks. Before the
actual test, a typical load spectrum is determined, which accounts for riding on
straight tracks, negotiating curves, short runs in a depot, drive-aways and braking.
On-track tests also account for passenger occupation [5]. In these tests, stresses are
measured in bogie frame locations identified by the stress analysis and monitored by

Fig. 42.7 Measured stress-time histories

Fig. 42.8 Schematic representation of fatigue life calculation (nCode software)
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Fig. 42.9 Predicted fatigue life shown on the computational model

strain gauges in fatigue tests. Examples of measured stress-time histories are plotted
in Fig. 42.7.

Using the rain-flowmethod, stress-time histories are converted into stress spectra.
The stress spectra andS-Ncurves for structural details of interest are input into fatigue
life calculations based on cumulative fatigue damage according to the Palmgren-
Miner rule [6]. A typical fatigue life specification by a customer is between 30 and
40 years (using this value and an estimate of the utilisation in service, the required
mileage is derived). The calculation of fatigue life of the bogie frame frommeasured
data is schematically illustrated in Fig. 42.8.

The predicted fatigue life data are reported in the form of tables and, for the sake
of clarity, visualized on the model, seen Fig. 42.9.
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Chapter 43
A Study of the Shot Peening Effect
on the Fatigue Life Improvement of Al
7475-T7351 3PB Specimens

N. Ferreira, J. A. M. Ferreira, J. Jesus, C. Capela and J. D. Costa

Abstract Shot peening is a widely used mechanical surface treatment in the auto-
motive and aerospace industries to improve the fatigue life of metallic components.
This work aims to further improvement of the fatigue life on AA7475-T7351 alloy
specimens by applying shot peening process using different beads size and bead
materials. A systematic study was carried out on the roughness, surface hardening,
residual stress profiles and fatigue life. Three point bending (3PB) fatigue tests were
conducted. Residual stresses were evaluated by X-Ray diffraction, and the fracture
surfacewas observed and analyzedwith a ScanningElectronMicroscope. The fatigue
test results were plotted in terms of the stress amplitude versus the number of cycles
to failure. Since, for this type of loading the initiation of the fatigue process is much
localized, the roughness is as or more important than the residual stresses resulting
from the shot peening. It was concluded that shot peening does not introduce sig-
nificant improvement on fatigue life and that the use of glass beads is potentially
beneficial.

Keywords Aluminium alloys · Shot peening · Fatigue

43.1 Introduction

Aluminium alloy, AA7475-T7351, is a new aerospace material with improved
mechanical properties compared to others, such as 7050 and 7075 alloys [1, 2]. The
strengthened aluminium alloys, despite their high tensile strength, have a relatively
low fatigue resistance. Shot peening is a widely usedmechanical surface treatment to
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improve the fatigue life of metallic components. Each impact produces local plastic
deformation whose expansion is constrained by the adjacent material, resulting in a
field of surface compressive stresses, with positive effect on fatigue strength [3].

The main shot peening process parameters are the beads material and diameter,
process intensity, exposure time, coverage, air pressure, impact angle and nozzle
characteristics [4, 5]. Like in steels, fatigue life improvement on shot peening alu-
minum parts can be, mainly attributed to the compressive residual stresses in the
surface region, which very often overcompensates the worsening of surface mor-
phology [6–9]. The shot peening in aluminium alloys causes the work hardening
that will be responsible for enhanced resistance to crack initiation, but contrary it
causes lower crack growth resistance due to material embrittlement. Then, peening
of aluminium alloys, with steel shot can be quite detrimental to fatigue performance.
Luo et al. [10], using steel beads, obtained only an increase of 7% in fatigue life for
7075-T6 aluminium specimens, while, on the contrary, Sharp et al. [6], peening with
lighter materials, such as glass or ceramic beads, decreased surface roughness and
improved the fatigue strength significantly.

The understanding of the improvement in fatigue strength due to surface peening
needs still to be better studied in order to enable the development of less conservative
designs based on more accurate fatigue life and prediction models. The objective of
this paper is to evaluate the shot peening effect, using two different bead diameters
and bead materials on the fatigue strength of aluminium 7475-T7351 alloy subjected
to pulsating bending.

43.2 Materials and Experimental Procedures

The material used in current work was conducted the 7475 aluminum alloy with a
T7351 heat treatment. Table 43.1 indicates the chemical composition of the alloy,
according the manufacturer.

Fatigue tests were carried out, using round bone dog specimens 8 mm diameter in
center region and tested in three points bending (3PB) as shows Fig. 43.1. All tests
were conducted in load control mode, in air and room temperature, at a frequency of
10 Hz and with the stress ratio R= 0.1, using a Instron EletroPuls E10000 machine.
Figure 43.1 shows the main dimensions of the specimens and a schematic view of
the testing apparatus.

Five batches of samples were prepared: A reference batch of ground and polished
specimens and others four with shot peened surfaces. Table 43.2 indicates the bead
diameters and bead materials used in different batches. Bead size are according to

Table 43.1 Chemical composition of the 7475-T7351 aluminum alloy (wt%)

Si Fe Cu Mn Mg Cr Zn Ti Al

0.1 0.12 1.2–1.9 0.06 1.9–2.6 0.18–0.25 5.2–6.2 0.06 Remaining
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Fig. 43.1 Fatigue testing
apparatus

Table 43.2 Parameters for the different shot peening batches

Code Bead material Bead size (mm) Average Rz (µm)

Polished – – 4.6

Iron bead—S170 Iron 0.71 24.2

Iron bead—S110 Iron 0.50 20.9

Glass bead—AGB35 Glass 0.50 22.6

Glass bead—AGB8 Glass 0.106 9.3

the specifications and recommendations on ASM 2430 standard for the shot peening
of aluminium alloys. Shot peening was done in OGMA, Indústria Aeronáutica de
Portugal S.A., using a SURFATEC machine, and with an Almen strip type A. The
samples were manually rotated in order to promote the impact angle of the beads
on surfaces next to 90° in all zones. The coverage is achieved at 100% when this
analysis shows a surface completely attained by the particles. Almen intensity was
0.007 mmA, according ASM 2430 standard.

The microstructure around the surface was observed in microscopy in order to
study the effect of the shot peening on. Figure 43.2a–c show exemplary photos.

Figure 43.2a shows the microstructure of the aluminum alloy, presenting the
elongated grains, typical of rolled metals. Figure 43.2b, c highlight the surface area
where the shot peening occurred in the cases of beadsAGB9 andS170, respectively. It
was noticed, that S170 beads, withmuch higher grain size promotes a larger damaged
area than the AGB9 beads.
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Fig. 43.2 Microstructures: a aluminum alloy; b peened with S170; c peened with AGB9

43.3 Results and Discussion

Figure 43.3 shows the average roughness parameters for the different batches. The
results indicated in Fig. 43.3 together with shown in Fig. 43.2 indicate that even the
much higher roughness caused by S170 beads the surface profile is smoother, with
fewer localized notches than AGB9 beads.

Shot peening promotes usually important changes in hardness and introduce com-
pressive residual stresses. The hardness distribution obtained for the different samples
batches, around the surface is presented in Fig. 43.4. The results show some varia-
tion from point to point, but they are not influenced by the type of bead used. Unlike
normal in most metals is not found hardening caused by the plastic deformation of
the grains.

The fatigue test results are plotted in terms of the stress amplitude versus the
number of cycles to failure, and are summarized in Fig. 43.5. As usually occurs, and
particularly for the type of loading studied in current work, the initiation of the fatigue
process is much localized, causing a significant scatter of the results in result of the
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Fig. 43.3 Average
roughness parameters for the
different batches

Fig. 43.4 Hardness
distribution for the different
beads

local residual stresses, hardness and roughness. It was observed that the roughness
is as or more important than the residual stresses resulting from the shot peening.
It was concluded that shot peening does not introduce significant improvement on
fatigue life and that the use of glass beads is potentially beneficial.

43.4 Conclusions

A systematic study was carried out about the roughness, surface hardening, residual
stress and fatigue life on three point bending of round specimens of AA7475-T7351
aluminum alloy. The main conclusions were drawn:

• No significant hardening around surface caused by shot peening was observed;
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Fig. 43.5 S-N curves for the batches with different shot peening beads and the reference polished
samples

• Surface roughness lays an as or more important role than the residual stresses
resulting from the shot peening;

• Shot peening does not introduce significant improvement on fatigue life, but the
use of glass beads is potentially beneficial.
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Chapter 44
Investigation of Mechanical Properties
and Fatigue of Friction Stir Spot Welded
Light Metals

Ahmet Atak and Aydin Şik

Abstract The Light metals such as aluminum and magnesium alloys find extensive
use in land and air transport vehicles, electronics, computer and sporting goods
industries. In order to reduce weight and thus save fuel, many studies are carried
out on the development of new engineering materials, which have lightweight and
high fatigue strength, especially for the automotive and aviation industry. One of
the first metals remembered in this field is magnesium, which has lower density. In
contrary to these advantages, joining of light metal alloys with fusion based welding
methods have some problems. Since the fusion welding of light metal sheets is
difficult, friction stir welding (FSW) method frequently used for joining of these.
Studies has shown that shoulder profile of welding tool, which apply pressure on
material, affects the welding quality in FSW method. In order to understand these
effects various shoulder profile has been studied and understood. FSW method has
been investigated and used for joining of materials since about 50 years. In this
paper, the pinless shoulder profile designs of stir tool and the mechanical properties
and fatigue strength of magnesium and aluminum alloy sheets, which are joined with
these stir tools, are aimed to investigate. In order to realize this, shoulder profileswere
designed and manufactured accordingly. Subsequently, magnesium and aluminum
alloy sheets for automotive and aviation applications were joined with friction stir
spot welding (FSSW). Finally, mechanical properties of joined materials such as
tensile, tensile shear, bending and fatigue strength were tested. As a result, it has
been verified that light metal alloys such as magnesium alloy AZ31B with good
ductile and fatigue strength can easily be joined with FSSW. Moreover, joining of
light metals with FSSW method has been demonstrated with comparative test and
analysis in engineering applications.
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Keywords Friction stir spot welding · Joining of magnesium · Joining of
aluminum · Fatigue of light metals · Welding of light metals

44.1 Introduction

Light metals such as aluminum andmagnesium alloys generally find extensive use in
the field of aerospace industries [1]. Main reason of extensive use of these materials
is weight saving and subsequently fuel saving [1–3]. However, significant fatigue
strength reduction caused by fusion welded joining (increase of material brittleness
and burning) limits the use of these light metals [4, 5]. Other types of joiningmethods
such as rivets, screw connections still have very low fatigue strength caused by notch
factor of holes. Use of light metal joining in aerospace, and land vehicles which
expose cyclic dynamic loads is quite limited as a consequence of low fatigue strength.
In recent years, friction stir welding of light metals are investigated extensively to
solve the joining problems of lightmetals and started to use inmanyfields [1–5]. FSW
joining technique is principally transformation of mechanical energy to heat energy.
Main principles of friction spot welding is joining of materials without melting even
well below the melting point. This is realized through the heat generated by rotating
welding tool on the work piece which softens and plastically deforms the work piece.
Since FSW materials are joined at very low temperature, their fatigue strength are
generally very high compare to fusion welded materials [6–9].

In this study, FSSW were performed with tool tips having new screw less and
different type shoulder profiles, since the tool tip shoulder profile design influences
the joining quality. It is aimed to have better fatigue strength with friction stir spot
welding (FSSW) compare to fusion spot welding. This study targets to investigate
mechanical and fatigue tests of both raw material and joined material. As a result of
successful preliminary welding tests, regular and standardized tests were carried out
under normal ambient conditions for AZ31B magnesium alloy and the effects were
investigated by the following tests:

1. Raw material and FSSW joined material tension test
2. Raw material and FSSW joined material tension test fatigue test.

Magnesium alloyAZ31Bwhich is used in aerospace and automotive to investigate
was selected to investigate the mechanical properties of FSSW joining and its effect
on fatigue strength. The chemical and mechanical properties of this material are
given below according to the standards. The mechanical properties of the material
have been verified by the raw material tension tests.
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Table 44.1 Chemical properties of magnesium alloy AZ31B [10]

Alloy Al Ca Cu Fe Mn Ni Si Zi Mg

% 2.5–3.5 0.04 0.05 0005 0.2–1.0 0.005 0.1 0.6–1.4 Kalan

Table 44.2 Mechanical
properties of magnesium
alloy AZ31B [10]

Temper Tension stress
(MPa)

Yield stress
(MPa)

Expansion
ratio (%)

T4 240 145 ≥7

44.2 Material Properties (AZ31B)

Tables 44.1 and44.2 show the standard chemical composition andmechanical proper-
ties of AZ31B sheet material [10].

44.3 Static Tension Tests

Table 44.3 and Fig. 44.1 show the static test results of raw material.
Additionally Table 44.4 shows the static tension/shear test results of FSSW joined

sheets.

Table 44.3 Static tension test results of raw material

Thickness
(mm)

Width
(mm)

Yield stress
(MPa)

Load @
yield stress
(MPa)

Tensile
stress
(MPa)

Load @
tensile
stress (N)

Static 1.75 9.92 212 3684.7 290 5032

Fig. 44.1 Static tension test results of raw AZ31B magnesium alloyed sheets
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Table 44.4 Static tension
test results of lab joined
FSSW material

Weld diameter (mm) Max. load (N)

Static 8 1697.9

1300.4

1651.8

1550.0

1805.4

Average 1601.1

Stress distribution calculation in the joining area of fillet welded materials is
complicated. Besides, notch factor on this area even makes the calculation more
complicated-ted. Therefore only the force dependent fatigue test strength is shown
for fillet welded materials. Fatigue strength was measured based on average ten-
sion—shear forces of 1601.1 N as shown in Table 44.4.

44.4 Fatigue Tests

Table 44.5 and Fig. 44.2 shows the fatigue test results of raw sample materials.
Table 44.6 and Fig. 44.4 show the fatigue test results of FSSW joined AZ31B

samples.
Figure 44.3 shows also the fatigue test results of raw material. Figure 44.4 shows

also the fatigue test results of lab joined material.

Table 44.5 The fatigue test results of raw sample materials

Thickness
(mm)

Width
(mm)

Max. load
(N)

Percent of
yield load
(%)

Stress
(MPa)

Life
(Cycles to
failure)

Fatigue 1.75 10.2 3280 89.0 184 6.424

1.75 10.05 2735 74.2 156 30.107

1.75 10.14 2190 59.4 123 46.927

1.75 9.99 1917 52.0 110 206.049

1.75 9.81 1643 44.6 96 1.026.252a

1.75 10.11 1095 29.7 62 1.284.233a

aRun-out
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Fig. 44.2 Fatigue test results of raw AZ31B magnesium alloyed sheets

Table 44.6 Fatigue test results of FSSW joined materials

Weld
diame-
ter
(mm)

Max.
load (N)

Percent of static failure load average (%) Stress
(MPa)

Life
(Cycles
to failure)

Fatigue 8.0 1209 75.5 * 11.217

1040 65.0 * 36.814

871 54.4 * 75.516

702 43.8 * 121.023

533 33.3 * 322.831

364 22.7 * 671.567

*Stress value has to be calculated specific for welding

44.5 Results

• Mechanical properties of AZ31B Magnesium alloy were verified with standard
tension test

• Fatigue life of AZ31B magnesium alloy was measured
• Fillet welding of AZ31B magnesium alloy sheets were realized by using FSSW
method. Both static strength and fatigue strength of these welded samples were
also measured

• Notch effect, which occur with lab joined and spot welding, reduces both the static
strength and fatigue life of material. However, this does not mean that the joining
is inadequate.
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Fig. 44.3 Fatigue test results of raw AZ31B magnesium alloyed sheets

Fig. 44.4 Fatigue test result of FSSW lab joined AZ31B magnesium alloyed sheets
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Chapter 45
Advanced Development of Hysteresis
Measurement Characteristics for Early
Detection of Fatigue Damages on Fasting
Systems in Concrete

Marvin Hoepfner

Abstract This paper presents an advanced hysteresis measurement model for the
characterization of fatigue failures and corresponding, time-dependent damage pro-
cesses until final failure of fastening systems in concrete. The developed hysteresis
model is based on analytical-physical principals with viscoelastic material proper-
ties, four adjustment parameters in combination to secondary additive function com-
ponents (determined through regression analysis) and uses the measurement data,
respective hysteresis loops, in accordance with defined conformation criteria for the
first step of approximation. Thus conventional characteristic values of the hysteresis
measurement procedure, displacement, cyclic stiffness’s and energies could also be
defined, even for certain incorrectly and local limited faulty courses, e.g. measure-
ment errors. In a first step, the suitable predictive hysteresis model was applied to
experimental fatigue tests of anchor channels in concrete. Further investigations of
the four variable parameters led to the potential to identify an indicator for exper-
imental predictions, in relation to specific changes and processes in the shape and
area of hysteresis loops at an early stage during the test.

Keywords Fatigue damage · Hysteresis measurement method · Fastening systems

45.1 Introduction

The continuous development of the construction sector with new techniques and
structures, as well as its pronounced durability, increases with the requirements by
owners and stakeholders, respective societal changes with sustainable use of limited
material and financial resources. As a result, the principle of optimal utilization of
economical and filigree systems and elements, taking their lifetime into account, is
thus observed. To that end, new engineering methods and technologies have been
a vehicle for the delivery of advanced systems with optimized performance, par-
ticularly against long-term loads, such as repetitive cyclic and dynamic actions.
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Structures are dimensioned more efficiently, leading to an increasingly important
and critical property of the fatigue resistance, which depends on complex mecha-
nisms. Beyond the fatigue resistance as a single material property, the fatigue failure
phenomenon rises in complexity for multi-element systems with combinations of
different material, geometries and interactions (as the case is in fastening systems).
In order to quantify the characteristics and mechanisms of the damage procedure and
to estimate the degradation processes, an advanced hysteresis measurement model is
required. In particular, anchor channels, which are under focus in the present study
are of great interest since they develop various different failure modes, as well as
multiple element failures due to load redistributions.

45.2 Basic Principals

45.2.1 Fatigue and the S/N Curve

Fatigue in general can be described as the physical reaction under varying and peri-
odic mechanical load with properties and phenomenon of structure, composition and
materials. The importance and high risk thereby, the load can lead to initial local fail-
ure and subsequent global and brittle failure. In structural engineering, mechanical
fatigue results from e.g. traffic, wind, periodic machine sequences or other periodic
or harmonic load types. The fatigue mechanisms are very specific to the individ-
ual material groups. In case of structural steel, the fatigue limit capacity typical
is approximately 20% of its short-term strength [1]. Concrete, can exhibit fatigue
strength of approx. 40%, thus a significantly longer damage process in relation to
steel. Accordingly, when both materials are combined in a constructive system, con-
crete acts as a confining influence to the system, while the primary influence to the
system’s fatigue is associated to steel processes [4]. The individual material’s fatigue,
can solely describe an idealized material property, so it can only be used to a limited
extent in characterizing the performance of constructive systems.

In order to describe the fatigue resistance of systems as well as materials, it is
commonplace to evaluate the relationship between the number of cycles and the
amplitude of load using the S/N curves. In this context, the Interactive Procedure by
Block and Dreier was developed in order to evaluate the fatigue resistance after a
small number of experimental tests using a statistically robust and accurate regression
analysis [1, 7].

45.2.2 Viscoelastic Material Model

In the ideal case of a purely linear, elasticmaterial behaviour, the condition after load-
ing and unloading is fully reversed, and the achieved and stored energy is completely
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Fig. 45.1 Voigt-type model
for viscoelastic materials [6]

returned. In case of multiple cyclic loading even at low loads, inelastic processes
in the material occur and the achieved and stored energy will not completely return
[2]. If the force-displacement relation is measured for the load cycles, the so-called
hysteresis loops result. These illustrate an irreversible energy dissipation through
a non-congruent loading and unloading curve in a special loop form. The shape of
these hysteresis loops can vary greatly and it depends on thematerial, respectively the
system and a general mechanical description of the mechanisms is highly non-linear
and complex. Simplified approaches are based on the typical viscoelastic material
model (see Fig. 45.1), which contains properties of viscosity (right side by a damping
coefficient k ′′

1 ) and elasticity (left side with the spring constant k ′
1).

Assuming the harmonic sine function is used to describe the external displacement
X(t), the force F(t) can be transformed into an elastic component, represented by
the spring constant c f , and the dissipative component, represented by the damping
coefficient d according to Lazan [6], using the complex exponential form and the
assumption of linear material response. The viscoelastic material model representing
the special hysteresis ellipse centered in the origin.

As seen in Lazan’s derivation of the viscoelastic hysteresis loop, the force compo-
nents of spring stiffness and damping have a certain sine function phase offset by 90°
to each other. This effect emerges due to the assumption of a purely linear material
response, but complex nonlinearities are inherent to the materials steel and concrete,
significantly influencing the shape of the hysteresis loops. However, portions of the
stiffness and the dissipative processes, i.e. damping procedures with heat conversion
or irreversible deformations, can be allocated [6].

45.3 Hysteresis Model

Fatigue and the associated damage processes can be identified and analyzed through
laboratory measured mechanisms of the displacement and force functions, as well as
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the hysteresis loops. Herein such an analytical and mechanical model is proposed.
This model ensures that conformance criteria are satisfied against test measurement
data (appropriate flexibility on loop shapes and correction of measurement errors).
Based on the viscoelastic hysteresis model described in the previous chapter, the
time function of the elementary imposed displacement X(t) is determined.

In the actual phenomenon, as measurement data show, deviations occur succes-
sively at every load step between the extreme values. The realistic simulation of
the hysteresis loop requires, that a modification function is used to readjust the sine
function with respect to the alternating path amplitude, yet without affecting the
extreme values of the sine curve at x = sin(π/2) and x = sin(3π/2). In addition,
the equivalence of the function’s periods must also be observed. Based on Lapshin
[5], the modelling of the hysteresis loops can be supplemented by a secondary com-
ponent in addition to the regular sinusoidal function, i.e. a cosinusoidal function.
The unknown adjustment parameters for the sinusoids shape a, b, d and e are deter-
mined by least squares regression analysis [3] and are included in the modification
functions. Finally, Eqs. 45.1 and 45.2 can provide an optimized approximations of
the measured cyclic behavior.

s(t) = sm + s0 · [sin(�t + δ) + a · (cos(�t + δ))n/ 2 + b · (− cos(�t + δ))n/ 2]
(45.1)

F(t) = Czyk

bm
· sm + Czyk · s0 · [sin(�t + δ1) + (a − d) · (cos(�t + δ1))

n/ 2

+ (b − e) · (− cos(�t + δ1))
n/ 2] (45.2)

where sm mean displacement; s0 displacement amplitude; � = excitation
angular frequency; a, b, d, e = weighting factors; n = power exponent;
and bm = sm/

[(
Fmax/Ccyc

) − s0
] = factor for the mean displacement increase.

45.4 Characteristics of the Adjustment Parameters

The adjustment parameters related to the hysteresis loop curves, exhibit trivial sensi-
tivity on the shape properties and the structuralmechanisms on the loading/unloading
phase without influence on one another. The influences and characterization of the
hysteresis loops through these parameters are presented in Table 45.1.

Asmentioned in Sect. 45.2.2 the hysteresis loop can be segregated to an elastic and
a viscous component. In the same sense, the advanced hysteresis model discussed
herein, and themodification functions can be proportionally elaborated on the basis of
energy exchanges. For the parameter combination a= b= d = e= 0, and particularly
for a = b and d = e, the loop consists of a single curve without a circumscribed area,
and respectively no damping effect.

In respect to test results, the parameters a and b represent a primarily symmetric
development, mirrored over a specific, imaginary axis. A basically opposite behavior
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Table 45.1 Parameters and
hysteresis loop behaviour

Parameter Hysteresis loop behavior

a < 0, (a > 0) Greater curvature of the loading phase at
the lower (upper) half

b < 0, (b > 0) Greater curvature of the unloading phase at
the lower (upper) half

d < 0, (d > 0) Loading curve with a right (left) curvature

e < 0, (e > 0) Unloading curve with a right (left)
curvature

is shown with a probability of approx. 70% for the entire test group of 15 tests. The
geometric properties of the hysteresis loop are affected by the mean value function
Wsp = 1/2 · (a + b). If a positive value Wsp occurs during force-regulated tests, the
curvature of the displacement function in the upper half is smaller than in the lower
half. If a negative value is obtained, the curvature is opposite.

45.5 Results

Overall, the developed hysteresis model could be applied to the experimental tests of
anchor channels and analyzed. With exception of defect measured hysteresis loops
an average coefficient of determination of R̄2 = 0.9925 could be realized for a
number of 1493 periods. The analysis of the mean value function Wsp indicates a
significant relationship between the hysteresis shape and the test result. In case of
tests, which are loaded on level of fatigue limit bearing capacity without failure, a
permanently negative valueWsp developed. On the other hand, tests with final failure
showed positive values (see Fig. 45.2). This criterion was already confirmed in the
entire test group after a low number of cycles and could be used as an early indicator
(Table 45.2).

Fig. 45.2 Value Wsp for a
test on load level of fatigue
limit capacity (No. 2) and a
test with final fatigue failure
(No. 5)

-0,1

-0,06

-0,02

0,02

0,06

0,1

0 0,2 0,4 0,6 0,8 1W
sp

[-
]

Relativ number of cycles N/Nu [-]

Test No. 2 Test No. 5



356 M. Hoepfner

Table 45.2 Hysteresis
centroid and value Wsp in
accordance with the test
results

Final result Number
of tests

Wsp

No failure, load on level of fatigue
limit capacity

4 –

Steel failure 11 +
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Fig. 45.3 Mean function-value of the adjustment parameters

In the next step, the stabilization of the adjustment parameters is analyzed in order
to generate a robust and reliable criterion for the indicator. If themean function-values
of the parameters are determined in relation to the relative number of cycles N/Nu ,
all tests begin with an initial scatter. In 14 of 15 tests, the values stabilize in the further
course and showahorizontal plateau (seeFig. 45.3). The testswith afinal failure reach
this stage after approx. 50% of Nu , tests on level of fatigue limit capacity (DT) after
approx. 30%, respective 2.5 × 106 cycles. In addition, the hysteresis model must be
analyzed and further developed with regard to the determination hysteresis function
and associated model uncertainties in order to obtain more precise approximations
and results, as well as stable and continuous curves of the parameters with a lower
scatter.

45.6 Conclusion

A hysteresis model for energetic and detailed investigation of properties and mecha-
nisms of hysteresis loops could be developed and successfully appliedwith fulfilment
of conformance criteria. Additional investigations of the four adjustment parameters
can be carried out with regard to the characteristics of the hysteresis centroid and
special geometric curvature of the loading and unloading phase and provide indi-
cators for test predictions in relation to the test result, failure or stabilization at an
early stage. A basically opposite course of two parameters could be determined in
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all tests with a probability of about 70%. The distribution for the early indicator of
test results reach a final value for the determined mean function-value at a minimum
level of approx. 30%, respective 2.5 × 106 cycles. This generated criterion could
be used in the fatigue tests examined. For this purpose, the parameters and associ-
ated physical mechanisms are to be verified and stabilized in a next step by using
stochastic models.

References

1. Block K, Dreier F (2003) Das Ermüdungsverhalten von Dübelbefestigungen. Beuth Verlag,
Berlin

2. Dratschmidt F, Ehrenstein GW (1997) Polymer engineering and science_threaded joints in glass
fiber reinforced polyamide. Universität Erlangen-Nürnberg

3. Grossmann W (1969) Grundzüge der Ausgleichsrechnung nach der Methode der kleinsten
Quadrate nebst Anwendung in der Geodäsie. Springer Verlag, Berlin, Heidelberg

4. Klausen D, Weigler H (1979) Betonfestigkeit bei konstanterund veränderlicher Dauerschwell-
beanspruchung. Beton + Fertigteiltechnik 45, Heft 3

5. Lapshin RV (1995) Analytical model for the approximation of hysteresis loop and its application
to the scanning tunneling microscope. Rev Sci Instrum, Am Inst Phys 66(9) (1995)

6. Lazan BJ (1968) Damping of materials and members in structural mechanics. Pergamon Press,
New York

7. Maurer R, Block K, Dreier F, Machoczek D, Heeke G (2011) Interactive determination of
the fatigue behaviour of reinforcing steel. In: fib Symposium Prag, concrete engineering for
excellence and efficiency



Chapter 46
Mechanics and Evaluation of Early
Damage

Andrei Kotousov, James Vidler, James Hughes, Aditya Khanna,
Ching-Tai Ng and Munawwar Mohabuth

Abstract This chapter describes themicrostructural mechanisms leading to damage
and the formation of fatigue cracks as well as the methods available to monitor these
processes. The evaluation of early damage is especially important for structures with
long service life spans, where the crack nucleation stage can dominate the total
fatigue life.

Keywords Early damage · Crack nucleation · Fatigue

46.1 Introduction

The decomposition of the total fatigue life, NT , is commonly represented by two
main stages:

NT = Nn + Np, (46.1)

where Nn is the number of cycles required to nucleate a crack and Np is the num-
ber of cycles required to propagate the crack to failure. Np can be further divided
into microstructurally small crack, physically small crack and long crack propaga-
tion stages. This chapter is concerned with the crack nucleation stage only. From a
microscopic point of view, crack nucleation is a complex process characterised by a
transition from an uncracked to a cracked lattice, which can result into crack forma-
tions from 1 to 100 µm long in the high cycle fatigue (HCF) regime and from 0.1 to
1µm in the low cycle fatigue (LCF) range. Crack incubation and crack formation are
also often used interchangeably to describe this process [1]. The distinction between
crack nucleation and the early stages of crack propagation is difficult to make. Nn

can also incorporate the number of cycles required to propagate the crack beyond
the first few strong microstructural barriers that can restrict further crack advance.
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The latter might have a significant impact on the fatigue limit and the total fatigue
life [2].

The dominant view on fatigue life in the past was that, in all materials, defects
are present from the start; so the cracks will propagate right from the first load cycle
and therefore, the crack nucleation stage is insignificant in the total fatigue life, or
Nn � NT . This view is often the case at relatively short life spans, or at high levels of
applied cyclic stress [3]. However, if the life span is long, the fatigue crack nucleation
stage then occupies an appreciable portion of the total fatigue life. For instance, Nn

can range from 5 to 50% of the total fatigue life, in the HCF regime and can fully
dominate the fatigue life in the ultra high cycle fatigue (UHCF) regime. It is well
known that crack nucleation is also strongly affected by the loading spectra. However,
there have been few attempts to assess the effect of variable stress amplitudes on the
crack initiation process [4, 5].

The crack nucleation mechanisms can be very different in different materials and
these can be advanced or delayed depending on the applied loading. In single crystals
as well as in polycrystalline materials, the accumulation of irreversible plastic defor-
mations is considered as one of the most common crack nucleation mechanisms.
It involves the localisation of plastic micro-strains within slip bands that normally
form intrusions/extrusions at surface grains or impinge on grain boundaries for non-
surface grains. The crack nucleation is considered to be the result of progressive
microstructural and topological changes due to the accumulation of irreversible plas-
tic micro-strains during repeated load cycles. These progressive microstructural and
topological changes in the material during cyclic loading will be termed here as early
damage.

The practical significance of the evaluation of early damage, which precedes the
crack propagation stage, is obvious, specifically for long life spans or in the HCF
and UHCF regimes. This evaluation is critical in situations when subsurface crack
nucleation and growth dominates the fatigue life, asmany traditionalNDT techniques
are rendered inappropriate or ineffective for internal defects. In these situations, a
damage tolerance approach seems to be difficult or impossible to apply in order
to predict the fatigue life and address the structural failure risks with appropriate
maintenance and inspection strategies.

46.2 Phenomena Associated with Progression of Early
Damage

Cyclic strain localisation and strain accumulation has been proven to be a substantial
feature of early damage accumulation. Several phenomena accompanying the latter
process can be utilised for the detection and characterisation of its severity as well
as the evaluation of structural integrity.
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46.2.1 Surface Roughness

In ductile metals, cyclic strain localisation in the form of persistent slip bands (PSB)
at the free surface frequently occurs and leads to crack nucleation. The PSB normally
consist of a central extrusion and two parallel intrusions, as illustrated in Fig. 46.1,
producing a distinct surface morphology. Therefore, the fatigue-induced roughness,
in principle, can be distinguished from the initial roughness or machined surfaces
[2, 3].

The kinetics of extrusions and intrusions has been studied extensively over the
past decade. It was reported in a number of studies that during cyclic loading, the
w/h ratio increases with increasing fatigue cycles at a diminishing rate and the
ratio normally saturates at about 0.5–1 for fatigue cycles greater than 104. Thus,
the evolution of surface roughness during fatigue can potentially be utilised as an
early damage parameter [5]. Both experimental and numerical studies indicate that
an area with high surface roughness may be a precursor of surface crack formation
or the transition to the crack propagation stage. However, this approach seems to
be inappropriate and ineffective for the evaluation of subsurface crack nucleation,
specifically in the UHCF regime which is dominated by interior crack initiation.

46.2.2 Temperature Evolution

Asmentioned above, fatigue damage of ductilematerials is intimately related to some
kind of irreversibility which can be the result of a number of microscopic mecha-
nisms, e.g. cross slip of screw dislocations or mutual annihilation of dislocations.
A certain fraction of the work associated with irreversible plastic deformations and
other damage mechanisms results in heat generation and this process is often called
intrinsic heat dissipation. After the initial shakedown stage of the first load cycles, the

(a) (b) (c)

Fig. 46.1 Schematic illustration of surface roughness development [2, 5]: a—initial stage;b—early
stage of surface roughening; c—PSB formation. �δ is the cycle slip displacement, h and w are the
slipband width and spacing respectively
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Fig. 46.2 Temperature
evolution in different fatigue
regimes (constant amplitude
of loading)
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temperature rise, �T, or intrinsic heat dissipation is considered to be representative
of the thermal equilibrium state and can therefore be used for damage evaluation.

Extensive studies have demonstrated that there are normally three stages of tem-
perature evolution during fatigue loading if the applied stress range is above the
fatigue limit, see Fig. 46.2 [6]. In the initial stage I, the temperature of the spec-
imen’s surface increases very quickly until an equilibrium is reached between the
heat generation and heat loss. It leads to a stage II which is largely characterised by
a stable temperature in the HCF regime or a slight increase of the temperature in
the LCF regime. In the final stage III before failure, there is normally a rapid tem-
perature growth associated with the propagation of a macro-crack. The temperature
rise depends strongly on the applied stress range and the frequency of loading. In
laboratory tests conducted at 1–100 Hz, the temperature rise is typically in the range
of 1–50 °C; so these changes can be easily detected by a standard infrared camera.

Experimental observations in the UHCF regime or in the HCF regime at stress
ranges below the fatigue limit demonstrate amuch smaller magnitude of the tempera-
ture rise, largely due to a cessation of cyclic micro-plasticity. Therefore, temperature
measurement techniques can be quite effective in the establishment of fatigue limits
for different materials working in the HCF regime. But at the same time, it is dif-
ficult to apply �T (N) diagrams for the evaluation of progressive damage because
in stage II, which dominates the fatigue life, there might be no detectable change in
the temperature or heat dissipation. An alternative approach for damage evaluation
would be to utilise the initial fatigue stage with rapid temperature changes, i.e. stage
I. However, this approach requires a relatively high frequency of the applied loading,
which might not be possible in practical situations [6].

46.2.3 Change of Material Constants with Damage
Accumulation

It is well known that the total strain tensor, ε̄i j , in a homogeneous solid material of
volume, V, containing an arbitrary shear slip system can be written as

ε̄i j = εi j + 1

2V

∑

r

∫

sr

(ui n j + u j ni )ds, (46.2)
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where εi j is the microscopic strain tensor, V is the volume of the solid, Sr is the
surface of the r-slip band, and ui and n j are the displacement and normal vector
components at the slip surface, Sr .

Different procedures and methods can be applied to evaluate the effective elastic
properties of the solid in the presence of shear slip bands. For uniaxial loading, these
averaging procedures normally result in the following equation:

E = E0
/

(1 + κρ), (46.3)

where E is the effective elastic modulus of the solid, E0 is the elastic modulus of the
solid without the presence of defects (e.g. slip bands), κ is a constant related to the
shape and intensity of the slip bands and ρ is the density of the slip bands. Parameter
κ has to be a function of the applied strain, which initiates shear deformations at
the slip bands and ρ has to be a function of the accumulated damage, i.e. ρ = 0
for undamaged materials. In the case of weak changes in the elastic constants, the
effective elastic modulus can be written using the expansion of Eq. (46.3) as

E = E0(1 + κ0ρ) − E0κ1ερ + O(ε2), (46.4)

where κ0 and κ1 are constants.
The link between the uniaxial stress and strain can now be written as

σ = E0(1 + κ0ρ)ε − βε2 + O(ε3). (46.5)

Experimental observations demonstrate that the change in the elastic moduli
(second-order elastic constants) in HCF and UHCF is negligible, i.e. κ0ρ � 1.
The parameter β is the non-linearity constant, which is related to the third-order
elastic constants, and is much more sensitive to damage. It can be decomposed as a
sum: β = β0 + βd , where β0 is the virgin non-linearity (mainly due to the anhar-
monic response of the lattice) and βd is the non-linearity due to damage. Therefore,
by monitoring the evolution of the non-linearity constant (or, more generally, the
third order elastic constants) during fatigue loading, it may be possible to link these
changes to damage [7–9].

The non-linearity constant (or, the third-order elastic constants) cannot be deter-
mined fromordinary stress-strain diagrams due to the very small changes in the linear
response for most structural materials. However, there are two methods based on the
generation and sensing of high-frequency ultrasonic waves, which can be utilised
for the evaluation of β and subsequently, for monitoring the progression of fatigue
damage [9].

The first method exploits the change in the wave speed with the applied strain
(i.e. acoustoelastic effect). Bulk, Rayleigh or Lamb waves can be used for accurate
evaluation of the non-linearity constant under incrementally applied strains. How-
ever, incremental or well-controlled loading is not always possible in real-world
applications.
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Fig. 46.3 Distortion of the harmonic wavefront in a weakly-non-linear elastic solid

The second method makes use of nonlinear phenomena generated by a strong
ultrasonic pulse, e.g. higher harmonic generation. The incident wavefront becomes
distorted by the non-linear response, so that higher harmonics are generated as illus-
trated in Fig. 46.3. The theory predicts that the non-linearity constant β ∼ x A2

/
A2
1,

where x is the distance between the transducer and sensor, and A1 and A2 are the
amplitudes of the fundamental and the second harmonic respectively. The outcomes
of the measurements are normally presented in terms of the ratio of β

/
β0 as a func-

tion of the fatigue life. There is substantial evidence that this ratio can be used to
monitor the microstructural evolution leading to macroscopic damage [7, 8].

The experimental evaluation of β
/

β0 is very challenging since the amplitude of
the second harmonic is several orders of magnitude smaller than the amplitude of
the fundamental frequency. This ratio is also affected by the surface roughness and
the diffraction and attenuation of the ultrasonic wave in the propagating medium.
Recent studies have reported that the application of non-contact excitation and sens-
ing systems, based on air-coupled ultrasonic transducers and lasers, has considerably
improved the signal to noise ratio of the measurements and has reduced the scatter
in the experimentally evaluated dependence of β

/
β0 upon fatigue damage accumu-

lation. However, it seems that models for predicting the remaining fatigue life or
damage based on non-linear ultrasonic measurements are yet to be developed [8].

46.3 Conclusion

This chapter provided a brief overview of the methods available to detect and mon-
itor early damage, i.e. damage which precedes the crack propagation stage. These
methods are essential for the safe and efficient operation of machines and struc-
tures working in the HCF and UHCF regimes. Various physical phenomena can be
utilised to monitor early damage. It can be stated that all these methods are currently
in the initial stages of their development. The most promising methods rely on the
evaluation of higher-order elastic constants, which are quite sensitive to mechani-
cal damage, as well as measurements of surface roughness, which is directly linked
to the accumulation of irreversible plastic deformation at the surface. However, the
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latter method might not be efficient in the UHCF regime, where fatigue cracks are
formed below the surface.
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Chapter 47
Fatigue Damage Factor Calibration
for Long-Span Cable-Stayed Bridge
Decks

A. Nussbaumer, J. Oliveira Pedro, C. A. Pereira Baptista and M. Duval

Abstract Part 2 of the Eurocode 3 (EN 1993-2) proposes a straight forward fatigue
verification method using a single heavy vehicle model (FLM3) and a damage equiv-
alent factor, λ, to represent the fatigue damaging effects of the real traffic on road
bridges. The method is very appealing for bridge design. However, the λ-factor has
limitations and is not defined in the EN1993-2 for some load cases or “span lengths”
above 80 m, renamed here as “critical lengths”. This is the case of cable-stayed
bridge decks, where a combination of two internal forces—bending and compres-
sion (induced by the stays)—is a characteristic of this bridge system, and stay-cables,
with specific shapes of influence lines. To address the above issues a variant solution
of the Vasco da Gama Bridge is taken as the case study. In this paper, the results
of the λ-factor computed for different critical lengths are compared with previous
studies and the original work that led to the current EN formulas for λ. Based on
these results, a constant λ value for critical lengths above 80 m is proposed to update
the EN for the “mid-span case”. For the fatigue design of stays and steel girders, rec-
ommendations are given for determining the critical length based on the influence
line of the bending moments.

Keywords Fatigue of road bridges · Damage equivalent factor · Long-span · Stays
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47.1 Introduction

Fatigue safety verification is an important part in the steel highway and railway
bridge design. Part 2 of the Eurocode 3 (EN 1993-2) proposes a simple and fast
fatigue verification procedure. It consists in determining the value of the maximum
stress range at the location of a specific detail, based on the passage of a unique
fatigue load model (FLM3). This stress range is then multiplied by a λ-factor, called
damage equivalent factor, to represent the fatigue damaging effects of the real traffic
on that bridge detail. This resulting action effect is used in the fatigue verification
against the resistance, expressed in terms of stress range of the fatigue detail. It is
therefore a straight forward and appealing verification method for bridge design.

One shall mention that a difficulty arises when using the FLM3 Heavy Vehicle
(4 axles of 120 kN each) for influence lines of moments over intermediate supports of
continuous beams for spans lengths over 40 m, since one passage generates two large
consecutive cycles [1]. To keep the number of cycles constant, the additional fatigue
damagewas expressed instead in terms of stress range, which led to amodified FLM3
in EN 1991-2, by adding a second similar vehicle with a reduced axle load of 36 kN.

In the Eurocode road traffic backgrounds [1, 2], the λ-factors are shown to
be related to the bridge static system and influence line shape, represented in the
EN 1993-2 by the so-called “span length L” and other characteristics of the relevant
influence line (such as internal force type, bridge type, span or support region).

The determination of the “span length L” is function of a number of rules, which
are both incomplete and subject to debate. First, to avoid misunderstanding, as the
span length is often not to be used as is, the terminology “critical length, Lcr” is
preferred. Second, the rules are still subject to debate as one main background docu-
ment is a study for Eurocode 1, railway loads [3]; it contains simulations of railway
traffic on bridges, with loading cases and thus effects on influence lines different
from road bridges. Third, the rules have no general applicability, their use outside
the cases given is thus a matter of interpretation which may lead to errors, and it
only considers critical lengths in the range 10–80 m. Fourth and last, no advice is
given for the case of cable-stayed bridge decks, with two internal forces combined:
bending and compression (induced by the stays). Indeed, it is not clear which one
best determines the maximum and minimum stresses to consider.

To address the above problems in the domain ofmedium to long spans, i.e. exclud-
ing the infinite life issue (λmax -factor) typically governing for short influence lines,
exploratory studies were carried out using the case study of a variant steel-concrete
composite deck solution for the Vasco da Gama Bridge, as well as different typical
influence lines of continuous beam type bridges.
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47.2 Modeling Traffic Simulations

47.2.1 Modeling of the Cable-Stay Bridge

The Vasco da Gama main bridge has two lateral spans of 204.5 m and a main span of
420 m for an overall length of 829 m between expansion joints, two towers and six
piers (three in each side span), which prevent excessive tower’s bending and controls
the main span deformability, as shown in Fig. 47.1.

For the longitudinal analysis a 2D model is used, with the deck supported by two
sets of 32 stays in a semi-harp arrangement. The towers and the piers are in reinforced
concrete. For the variant deck, a steel-concrete composite solution is used, with two
main steel girders 2.5 m deep for a 30.9 m wide deck (Fig. 47.1) [4, 5]. The stays
are directly linked to the main steel girders and are spaced by 13.125 m at the deck
level.

The 2D model adopts one half of the deck with a steel concrete composite beam
with a concrete deck of 0.25m thickness and 7.5meffectivewidth. Since the structure
is symmetrical, reference ismadeonly to the left tower and stays,with stays numbered
from L1 to L16 for lateral span and from C1 to C16 for central span, starting with
the closest one to the tower.

47.2.2 Modeling of the Traffic

To evaluate new λ-factor values for different influence line cases, the method con-
sisted of calculating a stress rangewith a fatigue loadmodel (FLM3). Then, a realistic
continuous design traffic, with vehicles and spacings as shown in Fig. 47.2, was ran-

Fig. 47.1 Vasco da Gama Bridge—Variant solution with a steel-concrete composite deck [4, 5]
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Fig. 47.2 Traffic generation using FLM4

domly generated as a combination of the five Heavy Vehicles (HV) from FLM4 also
defined in EN 1991-2, and light vehicles, as described in [6], or using more vehicle
types [7].

For the HV’s, the traffic composition was defined to represent a worst case sce-
nario, i.e. fatigue design life of 100 years, in accordance to [1]. To do so, the FLM4
long distance HV percentages were used to generate the traffic, with 2/3 of the HV
taken as fully loaded and 1/3 as empty, and the HV were assumed to represent 25%
of the total traffic in the slow lane. The above assumptions come from a traffic anal-
ysis made to develop a probabilistic highway traffic model for fatigue analysis by
Baptista [6]. Comparisons with more complex traffic generation showed that a con-
tinuous traffic based on FLM4 Heavy Vehicles with the above assumptions was a
good approximation of real traffic fatigue effects. In different studies, several sim-
ulations of either free-flowing or partially jammed (with stop and go waves) with
random distances between vehicles, were used. For long influence lines, i.e. above
40 m, a mix traffic may lead to higher damage, but this was considered not possible
in the present studies, were free-flowing traffic was used.

47.2.3 Computation of Damage Equivalent Factor λ

Using an S-N curvewith two slopes as in EN1993-1-9, the damage due to the passage
of one typical week of load history was evaluated with the continuous traffic, and
then the total damage for 100 years was obtained. One typical week was found to
be both sufficiently accurate and efficient, based on the comparison of results with
simulations with 1 day, 1 and 10 years. By adapting the S-N curve, a total damage
equal to unity can be obtained. When computing stresses, no dynamic amplification
factor was considered. The corresponding value of the stress range at 2× 106 cycles,
or say “detail category”, is called �σE,2. Then the damage equivalent factor λ was
evaluated as the ratio between two stress ranges as follows:

λ = �σE,2

�σ(QFLM3)
(47.1)

where �σ(QFLM3) = σmax − σmin is the max. stress range resulting from FLM3.
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47.3 Results for the Case Study

47.3.1 Critical Length and Stress Range in the Main Deck
Girders

Stress influence lines were determined as a combination of both bending and com-
pression influence lines. One can define the stress history in one element, at a specific
location, under a 1 kNmoving vertical load, and compare their shapes, see Fig. 47.3.

It was found that the axial stress history due to the compression force has little
impact on the total stress history and stress range. As it can be seen in Fig. 47.3, the
influence line of the total stress in the bottom flange of the deck main girder has a
peak very similar to the bending moment influence line. Investigating all positions
along the deck, it was found that bending stress accounted for 70–90% of the total
stress range. Thus, the bending influence line can be used to define the critical length
value; in the presented case, it is similar to a midspan moment of a continuous girder
with unequal spans, with the main span equal to Lcr = 27.5 m. The stress range at
each detail can be conservatively obtained by adding the bending stress range with
the associated normal stress range (even if the peak stresses are not synchronized).

47.3.2 Critical Length and λ-Factor for the Stay-Cables

The evaluation of the stay’s influence lines of Fig. 47.4 show that the lateral stays
and the central ones have different shapes, with lateral stays having several humps,
whereas central ones have essentially only one hump. The corresponding critical
lengths are indicated in the Fig. 47.4 legend. They are similar to an end-span or
midspan moment of a continuous girder for the lateral stays, and that of a single
span for the central stays. The results of the λ-factor computed for different critical
lengths are shown in Fig. 47.5.

Fig. 47.3 Example of comparison of main deck girder influence lines (at the tower section)
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Fig. 47.4 Typical stays influence lines (L = lateral, C = central)

Fig. 47.5 Comparison of λ-factor for the EN 1993-2 “mid-span case”, for different stays, previous
studies [2, 7] and the new proposition (Legend: 1SS-MM = single span, mid-moment, 2CS = 2
continuous spans, SR = support reaction, 2MM = 2nd span mid-moment, etc.)
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All results were adapted to obtain λ-factors for 500’000 HV/year in the slow
lane as the standard, and an average HV weight of 480 kN. In order to do so, the
EN 1993-2 formula for partial factor λ2 was used as a first approximation to scale
the results from the different studies; thus the absolute values obtained are estimates
but the trends shown are deemed correct. Also shown in the figure are the original
computations made for establishing the current EN lambda formula, from Heft 711,
1995 [2], as well as simulations made by Maddah [7]. The new proposition for the
“mid-span case” is to use a constant value for critical lengths above 80 m. For stay-
cables, both steel and cable constructional details are present, thus computations
using two different S-N curves where carried out: (1) m1 = 3; m2 = 5; and cut-off
limit, and (2) m1 = 4; m2 = 6; no cut-off limit, respectively. They indicate that a
new partial factor λ5 to be multiplied by the existent λ1–λ4 could account for a 2nd
slope different then 5 [8]:

λ5 = 0.02
(

1
5− 1

m2

)
m2 >5 (47.2)

47.4 Conclusions

• For the stay-cables and steel girders, the influence line of the bending moments
can be used for evaluating the critical length (with the sum of the peak stresses
from the moment and normal force to determine the stress range);

• The damage equivalence factor shows a constant trend for lengths above 80 m for
“mid-span case”;

• The different shapes (slopes) of the S-N curves could be accounted for with new
a partial factor λ5, to multiply the existent λ1–λ4 factors.

The comments and support of Martin Garcia and Pierre Lorne during this work
were appreciated and are acknowledged.
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Chapter 48
Fatigue Analysis of a Concrete Chimney
Under Wind Loads

Hermes Carvalho, Victor Roberto Verga Mendes,
Sebastião Salvador Real Pereira and José A.F.O. Correia

Abstract In most cases, tall structures are slender, demonstrating flexible behavior
and, consequently, weather-related loads such as wind become a major component.
Since these structures are flexible, they may become susceptible to wind induced
fatigue. The effect of wind presents itself as dynamic load and can affect structures
randomly in an infinite number of cycles, producing significant stress variations.
The aim of this work is to present an evaluation of fatigue of a reinforced 180-meter-
concrete chimney, at its most critical section, through a non-linear dynamic analysis.
The method provides a full dynamic analysis which takes into account the geometric
nonlinearities, the aerodynamic and structural damping. The numerical results were
evaluated according to the fatigue limit specified by ABNT NBR 6118:2014.

Keywords Concrete chimney · Fatigue · Aerodynamic damping · Nonlinear
dynamic analysis

48.1 Introduction

Usually, the analysis of structures under wind loading is performed using an equiva-
lent static analysis, where the influence of floating response is taken into account by
the gust factor. This methodology can be used in case of rigid structures for not pre-
senting a considerable dynamic response [1]. More flexible structures, in particular
those lightly damped, may show an important resonant response and their dynamic
properties must be considered in the analysis [2]. For the analysis of fatigue life it is
necessary to know the history of the load as well as the total response of the structure
to these loads.

The response of the structures subjected to thewind loads can be divided by amean
and a floating component. The mean component, generally in the wind direction, is
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related to the averagewind speed and dependsmainly on the velocity intensity, and its
main effect is the production of a large structural deflection. The floating component
of the response is caused by the joint action of wind turbulence and vortex formation.
The floating component can be further subdivided into non-resonant floating, caused
mainly by large low frequency gusts and resonant fluctuation, caused by elements
present in the turbulence, which excite the structure at one of its natural frequencies.
The latter is responsible for the occurrence of buffeting forces and may be aggra-
vated by phenomena such as vortex shedding and galloping. Since high-magnitude
vibrations can occur at both frequent and moderate velocities, structures are subject
to a large number of stress cycles, which can lead overtime to accumulated damage
and result in structural failure, even without exceeding any ultimate limit state.

Several studies have correlated fatigue damage to dynamic wind action. Daven-
port and Freathy [3] introduced a simple relationship between gust response and
wind-induced fatigue damage using conventional static design parameters. Patel and
Freathy [4] proposed a simplified procedure for estimating structural wind-induced
fatigue damage. Repetto and Solari [5] proposed a mathematical model aiming to
obtain a stress cycle histogram, accumulated damage and fatigue life of slender ver-
tical structures exposed simultaneously to vibrations due to frontal and cross winds.

The aim of this paper is to present fatigue life evaluation through dynamic analysis
of concrete chimney under wind loading, considering the geometric nonlinearity, the
vibration caused by the kinetic energy of wind gusts and the aerodynamic damping
due to the relative movement between this structure and the wind. The formulation
proposed is applied on a 180-meter-high concrete chimney.

A numerical procedure in ANSYS [6] was developed for dynamic analysis with
variable wind forces in time and space. Superimposed on the structural damping,
aerodynamic damping was considered directly in determining the dynamic wind
pressures, through the use of relative velocities between the structure and the wind.

48.2 Dynamic Analysis Procedure

The dynamic analysis involves the next stages [7]:

1. Gravitational forces are gradually implemented. The final configuration of the
cable is obtained from a non-linear static analysis (dynamic effects are disabled
at this structural loading stage).

2. The aerodynamic forces, which correspond to the average portion of the wind
speed, are implemented in the cable as nodal forces. At this stage, the analysis
is already dynamic which implies some additional observations. The loads must
be slowly introduced, in small increments, in a way that the cable speed, at this
stage, is not expressive, and, therefore, does not interfere in the results of the next
stage.

3. Wind forces, composed by average and random component, are included, as
an arbitrary function of time, for every cable node. The dynamic analysis is
processed in a transient regime.
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The formulation for aerodynamic damping as proposed in the study is directly con-
sidered in the wind pressure calculation, with the use of relative speed between wind
and structure, both in the same direction. The basic formulation for wind pressure
[8] and relative speed calculus is presented in the next equations.

qvento = 1

2
ρ V 2

R = 0.613 V 2
R (48.1)

VR = V (t) − Vestr (48.2)

where: qvento is the dynamic pressure; ρ is the specific mass of the air under normal
conditions of pressure (101,320 Pa) and temperature (15 °C); VR is relative speed
between wind and structure, in the node considered; V (t) is wind speed; Vestr is
structure speed, in wind direction, in the considered node.

For the accomplishment of a nondeterministic dynamic analysis in time domain,
the creation of time functions for the floating portion of the longitudinal wind speed
is necessary. To create an aleatory sign with a null average, from a given energy
spectrum, a Fourier series is used. The function v(t) can be generated from the
following equation [9]:

v(t) = √
2

N∑

i=1

√
SV ( fi )� f cos(2π fi t + θi ) (48.3)

where: SV ( fi ) is spectral density function; N is the number of frequency intervals
� f considered in the specter; fi is frequency i, in Hertz; t is time, in seconds; � f
is frequency increment, in Hertz; θi is aleatory lag angle, between 0 and 2π.

For the determination of the spectral density function SV (z, f ) (PSDF—“Power
spectral density functions”), a formulation proposed by Kaimal is used, shown in the
following equation [10]:

f SV (z, f )

u2∗
= 200 x

(1 + 50x)5/3
; x(z, f ) = z f

V̄z
(48.4)

where: f is frequency, in Hertz; u∗ is friction speed, in m/s; z is height above ground,
in meters.

48.3 Description of the Chimney Structure and Numerical
Model

An industrial chimneymade of reinforced concretewas evaluated in the presentwork.
The structure model is schematized as a cantilever beam, coaxial in the direction
z, with height of 180 m and circular hollow cross-section. The external diameter
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is 4.8 m throughout the height, while the inferior internal diameter varies linearly
from 4.3 m, at the basement, to 4.5 meters, at the top. The reinforcement area is
480 cm2, distributed in two layers of 49 reinforcement bars with 25 mm of diameter.
An elasticity modulus equal to 26.22 GPa and Poisson’s Ratio coefficient equal
to 0.2 were adopted for the concrete. The specific mass of reinforced concrete is
2.500 kg/m3, resulting in a total weight of 1.247.464.0 kg. The critical damping ratio
adopted was ζ = 0.01. The forces due to wind action were obtained in accordance
to the standard ABNT NBR 6123:1988. The chimney was classified as a structure
with a dimension larger than 80 m and basic wind speed velocity V0 was considered
equal to 32.0 m/s.

As the application of the proposed procedure to the chimney structure, a finite
element model was developed using beam elements (BEAM3). The masses were
considered concentrated in numerical model nodes, throughMASS21 elements. The
boundary conditions were translation and rotation prevented and the wind forces
were applied in axis X positive direction.

The average velocity adopted in the analysis, from the weighted average, was
equal to 33.45 m/s. The timestep used in the solution was equal to 0.1 s. The critical
damping ratio of ζ = 0.01 resulted in multiplicative coefficients of mass and stiffness
matrices, α and β, equal to 0.032 and 0.00021, respectively.

48.4 Results

The natural frequencies of the chimney structurewere determined through the numer-
ical model. The values obtained are 0.37 Hz, 0.93 Hz and 1.75 Hz, respectively, for
the 1st Mode, 2nd Mode, 3rd Mode. Figure 48.1 shows the temporal evolution of the
displacements, velocities and accelerations of the top node of the chimney, and the
support reactions of the base node of the 180 m-high structure with a wind velocity
equal to 32 m/s. Table 48.1 shows the maximum values for each temporal evolution.
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Table 48.1 Maximum values
of displacement, velocity,
acceleration, support reaction
and bending moment

Variable Max. value

Displacement (m) 2.29

Velocity (m/s) 0.42

Acceleration (m/s2) 0.17

Horizontal reaction Fx (kN) 347.52

Bending moment Mz (kN m) 57850.58

48.5 Fatigue Analysis on the Basis of ABNT NBR 6118:2014

The standard NBR 6118 [11] specifies that the limit state of interest for security
requirements in case of dynamic loads is the one associated with reinforcement
fatigue. The standard allows that fatigue verification can be done considering a fre-
quent combination of actions, Eq. 48.5.

Fd,ser =
m∑

i=1

Fgik + ψ1Fq1k +
n∑

j=2

ψ2 j Fq jk (48.5)

where: Fd,ser is the combined service load; Fgik is ith permanent action, in kN; Fq1k
is the principal variable action, in kN; ψ1 is the reduction factor associated with the
principal variable action for frequent combination in SLS; Fq1k is jth variable action;
ψ2 is the reduction factor for quasi-permanent combination in SLS.

Factor ψ1 equal to 0.3 was adopted, resulting in a bending moment equal to
17.355 kNm at the basement. It was observed that, for such level of stress, the cross-
section partially cracked. The reduced moment of inertia of 3.5 m4 for the cracked
condition of the cross-section was obtained after 10.000 days, according to ABNT
NBR 6118. Figure 48.2 shows the cross-section and the neutral axis at the cracked
condition. Once the loads andmoment of inertia in the cracked condition are defined,
the stresses in the reinforcement were determined, as shown in Table 48.2.

Fig. 48.2 Cross-section in
cracked condition
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Table 48.2 Normal stress at
the basement of the chimney

Limit stress imposed by ABNT
NBR 6118:2014 [11] (MPa)

Range stress calculated
(MPa)

105 94

48.6 Conclusion

Asaconsequenceof the elevatedheight of the concrete chimney, the structure presents
high flexure stresses due to wind action at the basement, causing cracking in the sag
region. The concrete starts to work in stage II, increasing the amplitude of stress
in the steel reinforcement. Aiming to study the security of the structure, a fatigue
analysis was performed in the most critical cross-section of the chimney. The eval-
uation consists of a numerical nonlinear dynamic analysis, which resulted in time
series showing the behavior of the bending moments and horizontal force the sup-
port. Considering that the limit of stress variation �σ of 105 MPa for reinforcement
bars, specified by ABNT NBR 6118:2014, it was possible to verify the fatigue at the
basement through the maximum time history values. In case of tall structures, such
as concrete chimneys, the dynamic response due to wind force cannot be neglected
for fatigue analysis, evidencing that the reinforcement design is determined by ser-
viceability limit state associated with fatigue.
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Chapter 49
On the Calculation of Offshore Wind
Turbine Load Spectra for Fatigue Design

Rui Teixeira, Maria Nogal and Alan O’Connor

Abstract The present work researches on the definition of the load spectra used
for offshore wind turbine low SN slope materials’ fatigue design. Uncertainty in the
sample sized used to scale fatigue life is analyzed for the tower component. Damage
density is investigated for different environmental conditions in order to understand
the importance of the different regimes of operation. Damage density is identified
to be a heterogeneous function of the loading environmental conditions. In some
cases, even for low SN slope materials, most of the damage occurs due to high load
ranges. To study on the influence of this heterogeneity, different statistical tail fits are
used to compare the influence of accurately defining the tail region on a reference
design time (T ). Results show that OWT fatigue is highly dependent on the t shorter
that T time used to approximate T. This is mainly related to the fact that fatigue
design depends not only on scaling stress ranges, but also cycle counts. Effort on the
design phase should be applied in the definition of the uncertainty of the load spectra
due to the limitation imposed by using low sample sizes to cover the extensive joint
distribution of environmental parameters.

Keywords Offshore wind · Fatigue design ·Miner’s rule · 5 MW baseline OWT

49.1 Introduction

Structural fatigue on OWTs is mainly divided in two major problems. For materials
with high SN slopes (here considered as materials with SN slopem > 10) the problem
of fatigue approaches a problem of extrapolation, where the high loads contribute for
almost all the fatigue damage density (% of Miner’s fatigue contribution). Whereas
for low slope materials (here considered as materials with SN slope m < 6), fatigue
damage density is spread over different loading ranges.

Wide research on fatigue analysis of OWT has focused on the definition of the
extrapolation techniques for composite materials [1–3]. For low SN slope materials,
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such as steels, knowledge on fatigue design techniques were transferred from the one
already existing on offshore engineering. In particular, [3] reported that no additional
accuracy was attained by spending effort on definition of the load spectra tail for low
m materials. To note that the authors use a sample size per environmental loading
condition larger than the recommended by the current design standards.

The current paper proposes to research on how the sample size influences fatigue
calculations. Additionally, as the tail region is identified to be influent in some oper-
ational points, the trade-off of spending time on defining it is studied. To fulfill this
goal, Sect. 49.2 presents the fatigue design calculation process, Sect. 49.3 presents
the results on its uncertainty for 25 points of operation, and Sect. 49.4 presents the
main conclusions.

49.2 Fatigue Design Methodology

Design of offshore wind turbine (OWT) towers to structural fatigue is an effort
demanding procedure. The current design practices recommend the definition of
load distributions, extrapolation of loads and cycles when required, to be used with
the widely known linear damage summation rule, Eq. 49.1 [4, 5].

DT =
Sk∑

i=1

nE (Si )

nSN (Si )
(49.1)

nE (Si ) is the number of cycles at a certain stress range Si , which is compared
with the admissible number of cycles nSN (Si ) at that same stress range. nSN (Si ) is
calculated based on the a material specified SN curve and k is the total number of
stress ranges.

The calculation of nE (Si ) frequently involves using a cycle counting technique,
being the most common the rainflow cycle counting technique. Cycle counting tech-
niques allow for the definition of a stress or load range spectra. Furthermore, as it
is not feasible to perform the calculations replicating all the operational states an
OWT may experience during its T lifetime, calculations are performed for a limited
number of environmental conditions and then scaled up for T.

The definition of the load spectra enables the assessment of DT using an integra-
tion technique, Eq. 49.2.

DT =
∫

�

∫

S

f (�) f (S|�)

nSN (S)
dS d� (49.2)

being f (�) the distribution function of operational conditions that load the OWT.
This distribution is integrated along with the distribution of stress ranges f (S|�).
f (S|�) is estimated from the stresses and cycles obtained at�, being conditional on
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it. As multiple � load the OWT, the calculation procedure is expensive even when
f (S|�) is defined with small sample sizes.

49.2.1 OWT Model

The analysis presented uses theNREL5MWbaseline turbine installed on amonopile
[6]. As a non-linear coupled code, it replicates the randomness of the OWT tower
operational loading. Its non-linear behavior is of relevance to replicate non-linear
loading behavior that may be of relevance for structural fatigue design. This is par-
ticularly important for high SN slope materials. However, it may be also of relevance
for low SN slope materials.

References [4, 5] recommend the usage of at least six distinct seeds in order to
define the design loads of OWTs to operational fatigue. Lower frequency loading
effects have negligible influence on fatigue life [7]. Damage that occurs within this
reference time t of 600 s much shorter than T is identified as Dt .

49.3 Analysis of Fatigue Load Spectra Uncertainty

Short term fatigue follows a lognormal distribution. Asmany repetitions occurwithin
the T period, cumulated fatigue converges to a single value that is related to the
mean of f (S|�). Most of the times defining the mean value of f (S|�) maintaining
practicable computational effort results in uncertainty in the estimation.

The approximation of the fatigue design calculations to a problem of mean value
was considered before for wind turbines in [2]. Figure 49.1 presents the uncertainty
in the calculation of the mean using 8 repetitions (nr = 8) of six different seeds for
the cumulative damage calculation. The mean wind speed (U) and the turbulence
intensity (I) were selected to compute the results as these are expected to be the most
influential variables in terms of fatigue of the tower [8].

It can be seen in Fig. 49.1 that the variability of themeanwithin the nr calculations
can be relatively high when using 6 seeds. In particular for high values of I this
variability is more prominent. To note that offshore I is correlated negatively withU,
therefore, themost turbulent operational states are expected to occur at less damaging
winds. Nevertheless, even for the � where the variability of Dt is relatively smaller
(near the cut-out speed of 25 m/s) deviations of±10% are frequently identified. The
calculations at Dt are used to scale up DT depending on the occurrences of f (�).
Thus, eventual errors in the estimation of the Dt will be propagated to DT . These
errors are expected to average over 0, however, if an inefficient description of f (�)

occurs, or important fatigue damaging states are underestimated, relevant errors may
be propagated to the design value DT .

As the value of m increases, the uncertainty in the cumulated damage increases
for the same initial sample. This is connected to the influence of the higher quantiles
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Fig. 49.1 Uncertainty in the cumulated damage (Dt ) resulting of 6 seeded simulations of 600 s for
nr = 8. a—Simulated Points. (I–III)—SN m = 3, 4, 5 respectively

Fig. 49.2 Density of Dt for the lower 95% stress ranges and respective variation within nr repeti-
tions. (I–III)—SN m = 3, 4, 5 respectively

of stress range. Figure 49.2 presents the damage density of the lower 95% quantile
of the stress ranges (Dt :Q95) compared with the respective cumulative Dt using 6
seeds, and its variability for nr .
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As m increases, influence of larger stress ranges increase. The variation of this
percentage within the different simulated points is relatively low, which indicates
that it is characteristic of each �. Damage density in the tail can be as high as 95%.
It is then of interest to infer if design effort on the tail region should be spent for all
the operational states, or even some, in order to have more accurate predictions of
the DT .

Characterization of the load spectra tail can be performed through extreme value
theory or data truncation, being the second well accepted for wind engineering [3].
The challenge of extrapolation with truncation of data has been widely discussed
before [3, 9, 10]. It is commonly assumed that low SN materials do not require the
usage of extrapolation techniques to fit the tail distribution. Results from scaling the
load spectra, considering and not considering extrapolation, from t with 6 seeded
simulations to T equal to 50 simulations are discussed for low SN materials in the
following section. The question to answer is if there is a significant advantage in terms
of accuracy from adding the extra effort on an accurate load spectra tail estimation.

49.3.1 Scaled Results of D from t = 3600 s to T = 60,000 s

Comparative results from approximating the 100 points DT using t of 6 seeded sim-
ulations at the same � state are presented in Table 49.1. The Peak-Over-Threshold
(POT) methodology is applied and loading quantiles of 95 and 99% as threshold
(u) value. Extensive considerations about the POT procedure are given in [10]. The
choice of these quantiles, previously identified as inappropriate [9], is due the sys-
tematic character required for the procedure.

The u value of 95% can significantly overestimate the approximation to the tail,
� = 5, 8. The challenge of extrapolation for OWT is that of accurately predicting,
not only the tail loading, but also the number of cycles. As a result, the confidence
in the extrapolation is bounded to the number of initial samples applied. In the case
of dealing with the tail region, six was proven to not be adequate by [3]. Up to
30 simulations the mean number of loading occurrences above the 99% quantile is
highly variable. In most cases, no significant improvements occur in accuracy of the
extra effort of studying the tail spectra region for the tower component. In the cases
9–12, where the simple scale up of the load spectra for T

t is non-conservative, the
usage of the POT with 95% quantile u improves the estimation at T. Nonetheless,
due to the complexity of analyzing with the POT, and variability in the accuracy, it
may be more interesting to direct the design effort to quantify the uncertainty in the
initial t used. Further works, also for highm values, should discuss the approximation
of the extrapolated stress ranges and cycles simultaneously. It may be of interest to
study the definition of u based not only on quantiles of loading but also, or jointly,
on a minimum number of expected cycles in order to implement extrapolation.
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49.4 Conclusions

The current paper investigated uncertainty in the definition of loading spectra for off-
shore wind turbine tower component fatigue calculations. Variability due to sample
statistical significance, with reference to the design standards, was studied. Dam-
age density for different environmental conditions was also analyzed jointly with
the improvement in accuracy resulting from the application of different statistical
approximations. This was justified due to the heterogeneity of the damage density
for different environmental conditions.

Results showed that, if practicality limits the design effort, resources should be
focused on assessing uncertainty in the load spectra due to the sample size used to
define it. Usage of complex statistical techniques, such as extrapolation, in certain
circumstances improves the design accuracy, however, on its own, does not contribute
for a robust design procedure and the resulting accuracy is highly case-specific.
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Chapter 50
The Natural Neighbour Radial Point
Interpolation Method to Predict
the Compression and Traction Behavior
of Thermoplastics

D. E. S. Rodrigues , J. Belinha , R. M. Natal Jorge
and L. M. J. S. Dinis

Abstract Nowadays, the Finite Element Method is the most used discretiza-
tion technique in structural computational mechanics. However, recently, new
discretization techniques—such as meshless methods (Belinha in methods in
biomechanics: bone tissue remodelling analysis. Springer International Publish-
ing, Porto, Portugal, 2014 [1])—have been proposed. These numerical techniques
are able to efficiently handle some of the FEM’s drawbacks, such as the re-
meshing requirement in crack propagation or large deformations problems. Mesh-
less methods only require an unstructured nodal mesh to discretize the prob-
lem domain, and the numerical integration of the discrete system of equations
obtained from the Galerkin weak form is performed using a background integra-
tion mesh. Additionally, the nodal connectivity is imposed using the influence-
domain concept, which allows to construct the interpolation functions. The Nat-
ural Neighbor Radial Point Interpolation Method (NNRPIM) is a recently devel-
oped truly meshless method, which in this work is used to analyze a thermoplastic
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assuming an elasto-plastic behavior. Benchmark numerical examples are solved in
both traction and compression, and in the end, the NNRPIM results obtained are
compared with FEM solutions.

Keywords Polymers · Elasto-plasticity · Meshless methods

50.1 Introduction

The finite element method (FEM) is the most used numerical tool in computational
mechanics. TheFEMdiscretizes the problemdomain in smaller parts called elements.
In opposition to the FEM, in the meshless methods, the nodes are distributed and
the field functions are approximated within an ‘influence-domain’ rather than an
element [1]. ‘Influence-domains’ are areas or volumes concentric with interesting
points and whose overlap ensure the nodal connectivity. Since meshless methods
are not mesh reliant, they present some advantages over FEM, particularly when the
problem involves transitory geometry (for instance, large deformations or fracture
mechanics).

In this work, the Natural Neighbor Radial Point InterpolationMethod (NNRPIM)
[1] and the FEM are used to perform elasto-plastic analyses on a polypropylene (PP)
[2], which is a polymeric material that behaves differently under compression and
tension. [2]. The PP is used in many engineering applications in which tensile and
compressive loads may be relevant. The strength of the PP under compression can be
up to 30% higher thanwhen a tensile load is applied to thematerial [3]. Thus, this fact
highlights the importance of characterizing polymeric materials in different stress
states and the use of adequate constrains [2]. Thus, a non-linear algorithm (Newton-
Raphson Method) is used within the formulations of the FEM and the NNRPIM, to
study the behavior of the PP under tension and compression loads. Assuming a linear
elastic-linear plastic material behavior with an isotropic hardening, the von Mises
criterion as yield criterion and the Prandtl-Reuss flow rule, the numerical simulation
of standard tensile and compression tests are performed. The numerical solutions
are compared with experimental data [2]. In the end, is proved the accuracy of the
NNRPIM.

50.1.1 The Natural Neighbor Radial Point Interpolation
Method (NNRPIM)

In the NNRPIM, the concept of ‘influence-domain’ used in the Radial Point Inter-
polation Method (RPIM)—in which the NNRPIM is based—is replaced by the
‘influence-cell’ concept [1]. In order to obtain the ‘influence-cells’ the NNRPIM
uses geometrical and mathematical constructions, such as the Voronoï diagrams
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and the Delaunay tessellation [1]. Thus, because of the way the nodal connectivity
is enforced, the displacement and the stress fields obtained using the NNRPIM are
generally smoother and more accurate when compared to the solutions obtained with
other methods [1]. For shape functions, the NNRPIMmakes use of a combination of
the multiquadric (MQ) radial basis functions (RBF) with polynomial basis functions.
The obtained shape functions possess the delta Kronecker property, which simplifies
the enforcement of boundary conditions. To integrate the integro-differential equa-
tion from theGalerkinweak form, theNNRPIMuses an integrationmesh constructed
from the Voronoï diagram. Themeshless discrete system of equations, obtained from
the Galerkin weak form, has the same standard form as in the FEM, for a static prob-
lem: K 0 u = f , being K 0 = ∫

�
BT DB d� the initial stiffness matrix (where D is

the elastic constitutive matrix and B is the deformation matrix), u the displacement
vector and f the load vector.

50.1.2 Elasto-Plastic Formulation

An elasto-plastic problem is solved within numerical methods considering incre-
ments of load. For a load increment that produces an elastic response of the material,
the discrete system of equations is solved. Once the material reaches the elastic limit,
the stiffness matrix needs to be updated to consider the effects of plastic deformation.
In this work, the non-linear elasto-plastic problem is solved using a variation of the
incremental-iterativeNewton-Raphsonmethod: the initial stiffness in each increment
(KT1) algorithm. In the beginning of each load increment after the material pass the
elastic limit, this algorithm computes an updated stiffness matrix considering the
effects of plastic deformation. The KT1 algorithm is described below:

(i) Verify if any integration point of the domain reached the yield point in the
previous increment. If not, it is assumed an elastic behavior of the material and
the displacement field is obtained for the load increment i,

K 0 ui = f i ⇒ ui = K−1
0 f i (50.1)

If there are points of the material that reached the yield stress in the previous
increment, the flux vector, a, of the previous increment is read aT = (∂F/∂σ )T :

aT =
(

∂F

∂σ

)T

=
{

∂F

∂σxx
,

∂F

∂σyy
,

∂F

∂σzz
,

∂F

∂τxy
,

∂F

∂τxz
,

∂F

∂τyz

}

(50.2)

being F the mathematical expression of the yield surface. In this case, a new stiffness
matrix, K 1

i , is constructed using: (1) the elasto-plastic constitutive matrix, Dep = D
−(dDd

T
D)/(A + dT

Da)—with A = ET /(1 − ET /E), where E and ET represent the
elastic and tangent modulus, respectively—for the plasticized integration points, and
(2) the elastic constitutive matrix, D, for the remaining points:
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K 1
i ui = f i ⇒ ui = [

K 1
i

]−1
f i (50.3)

(ii) The stress field is obtained for the points that not reached the yield point using:
σi = DB ui ; and for the points beyond the plastic limit using: σi = DepB ui .

(iii) For each integration point, a yield criterion is applied. Thus, if the yield criterion
is verified, the material remains in the elastic regime and the stress increment is
updated (�σ = σi ). If not, thematerial reached the plastic regime and the stress
must be returned to the yield surface using the “backward-Euler” procedure
[4] (�σ = σ

(r)
i , being σ

(r)
i the new stress field after the stress return algorithm

is run).
(iv) The new stress vector, �σ, is added to the stress of the previous increment

(which is null if the present increment is the first one):

σi = σi−1 + �σ (50.4)

(v) Using the new stress field, residual forces are obtained, f resi ,

f resi = f i −
∫

�

B�σ d� (50.5)

if the material rests in the elastic regime, f resi = 0 and the algorithm moves to the
next load increment. On the other hand, if at least one of the integration points reached
the yield point, f resi �= 0. A tolerance must be defined to compare the residual forces
with the incremental forces within the domain, formed by n nodes:

TOL =

√
∑n

m=1

(
f resi

∣
∣
m

)2
/

√
∑n

m=1

(
f i

∣
∣
m

)2
(50.6)

If TOL is still higher than a predefined value, the algorithm enters in the iterative
phase. If not, the algorithm passes to the next load increment.

(vi) Iterative process:

(1) Newfield variables are calculated using the residual forces of the increment
i, f resi , and the stiffness matrixes K 1

i or K 0 , depending if there are or
there are not points beyond the elastic limit of the material in the previous
increment, respectively.

ui = K−1
0 f resi or ui = [

K 1
i

]−1
f resi (50.7)

(2) Repeat step (ii). On the first iteration of each increment, the flux vector,
a, to be used in the following increment, is calculated. The flux vector is
needed to obtain the elasto-plastic constitutive of the next increment.

(3) New residual forces are calculated, f resi , based on the residual force
applied in step (1), f res , and a new tolerance is determined:
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f resi = f res −
∫

�

B�σ d� (50.8)

TOL =

√
∑n

m=1

(
f resi

∣
∣
m

)2
/

√
∑n

m=1

(
f res

∣
∣
m

)2
(50.9)

If TOL is still higher than a predefined value, the algorithm begins a new iteration.
If not, it passes to the new load increment.

50.2 Numerical Results

As previously mentioned, using the NNRPIM and the FEM, uniaxial tensile and
compression tests were simulated (using the FEMAS software [5] and MATLAB®

code) and numerical stress-strain curves were obtained. The linear elastic-linear
plastic material model was adjusted knowing the experimental stress-strain curves
from the literature [2]. Thus, themechanical propertieswere estimated for the uniaxial
tensile test (E = 1332.645 MPa, σY0 = 19.730 MPa and ET = 194.693 MPa)
and for the compression test (E = 886.539 MPa, σY0 = 50.079 MPa and ET =
40.877MPa). The specimen used in the uniaxial tensile test has a geometry according
to the norm ISO 3167—Type B, while the specimen of the compression test has a
cylindrical shape with diameter 8 and 12 mm of length, according to Jerabek et al.
[6]. The specimen of the uniaxial tensile test is discretized in a nodal mesh (in the
NNRPIM analysis) and a finite element mesh, each one having a total number of
2397 nodes. For the compression test, the specimen is discretized using 2145 nodes.
In the incremental-iterative process, ten load increments are considered, as well as
a tolerance of 0.01. Figure 50.1 contains stress-strain experimental and numerical
curves, as well as the elasto-plastic model adopted in both mechanical tests:

Fig. 50.1 Stress-strain curves of tensile and compression tests performed on specimens, using
different numerical methods and non-linear solution algorithms
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From Fig. 50.1 it is visible that the NNNRPIM curves are closer to the experi-
mental ones than the FEM curves, especially in the yield point and in the post-yield
regime. Thus, using the same discretization level, the NNRPIM can obtain more
accurate solutions than the FEM. Regarding the linear elastic-linear plastic model,
the results show that it captures satisfactorily the non-linear paths of the experimental
stress-strain curves.

50.3 Conclusions

Using elasto-plastic models adjusted to the experimental data found in the litera-
ture, several stress-strain curves were obtained using the FEM and the NNRPIM, for
the uniaxial tensile and compression tests performed on specimens of polypropy-
lene. The developed elasto-plastic algorithms were successfully validated, since the
numerical curves follow the paths of the experimental stress-strain curves. Addition-
ally, from the comparison established between the FEM and NNRPIM curves, it can
be concluded that the NNRPIM revealed to be more accurate than the FEM, using
the exact same number of nodes. Thus, the meshless method under study proved
to be a robust and accurate numerical tool, and can be used as an alternative to the
FEM. Additionally, the NNRPIM possesses considerable advantages, especially in
problems involving transitory geometry, since NNRPIM does not need re-meshing.
Furthermore, as stated in Sect. 50.1.1, the stress fields obtained with NNRPIM are
smoother than the ones obtained using the FEM, as can be seen in Fig. 50.2, in which
it is represented the distribution of the von Mises stress through the specimen used
for the tensile test.

Fig. 50.2 Distribution of the von Mises stress on the specimen, computed with the (a) FEM and
the (b) NNRPIM at the end of the fourth load increment in the incremental-iterative process
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Chapter 51
The Elasto-plastic Analysis of Polymers
Subject to Traction and Compression
Using Advanced Discretization
Techniques

D. E. S. Rodrigues , J. Belinha , R. M. Natal Jorge
and L. M. J. S. Dinis

Abstract Materials such as thermoplastics often have different behaviors when
subjected to traction and compression. In those cases, yield criterions for nonlin-
ear behavior need to be appropriately selected. In this work, a thermoplastic for a
particular additive manufacturing process—the fused filament fabrication (FFF)—is
investigated. Traction and compression tests are performed using two numerical tools
and two variations of theNewton-Raphsonmethod for the elasto-plastic incremental-
iterative process. The stress-strain curves are compared with experimental data pro-
vided in the literature. The numerical tools used are the FiniteElementMethod (FEM)
and the Radial Point Interpolation Method (RPIM), which is a meshless method [1].
In order to discretize the problem domain, meshlessmethods only require an unstruc-
tured nodal distribution. The numerical integration of the Galerkin weak form is per-
formed using a background integration mesh and the nodal connectivity is enforced
by the overlap of influence-domains defined in each integration point. In the end,
a comparison study is performed between the results obtained using the meshless
method and the finite element method.
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Keywords Thermoplastic · Elasto-plasticity · Radial point interpolation method
(RPIM)

51.1 Introduction

Thermoplastics, such as the ones used in additive manufacturing (AM) processes
like the fused filament fabrication [2, 3] (for example, the polypropylene), present
a highly non-linear behavior. Generally, their mechanical properties are different
when compressed or stretched, since the long molecular chains tend to orient in
different ways depending on the load conditions. For instance, when the material
is compressed, their chains have a tendency to orient in a normal plane to the load
direction, causing a higher strength (which can be up to 30% higher than when a
tensile load is applied to the material) [4]. In the mentioned AM process, the material
is loaded in different ways during the construction of the final product (including
tension and compression loads). Thus, it is important to characterize the material and
find proper yield criterions and elasto-plastic models to simulate their behavior. The
elasto-plastic behavior of a material is characterized by an initial elastic response
and, after the yield stress is obtained, a plastic behavior. The plastic behavior can be
modelled using different types of models. In this work, a linear elastic-linear plas-
tic model is implemented combined with two numerical tools: the Finite Element
method (FEM) and the Radial Point Interpolation Method (RPIM), which is a mesh-
less method. By opposition to the traditional FEM, in meshless methods the concept
of mesh or element is inexistent. In these methods, the nodes can be arbitrary dis-
tributed and the field functions are approximated within an ‘influence-domain’ rather
than an element [5]. The ‘influence-domain’ is an area or volume concentric with an
integration point. Also in opposition to the FEM, in the meshless methods the nodal
connectivity is imposed by the overlap of the ‘influence-domains’ [5]. Since they
are not mesh reliant and because of their higher nodal connectivity, meshless meth-
ods represent solid alternatives to the FEM, especially in problems involving large
deformations or fracture mechanics—which frequently are associated, in the FEM,
with re-meshing procedures. Thus, the potentialities of the RPIM are explored in
the isotropic elasto-plastic study performed in this work. The polypropylene, whose
experimental stress-strain curves for the uniaxial tension and compression tests can
be found in the literature [6], is the material analysed. Using the FEM and the RPIM
combined with the Newton-Raphson non-linear algorithm, the objective of this work
is to obtain numerical stress-strain curves using different numerical methodologies,
establish a comparison between the experimental and numerical data, and ultimately
compare the FEM and the RPIM accuracies.
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51.1.1 The RPIM Formulation

Most of the meshless methods, such as the RPIM, follow a standard procedure. First,
the problem domain is discretized with a nodal mesh. In the particular case of the
RPIM, after the nodal discretization, a background integration mesh is constructed
using the Gauss-Legendre scheme, in order to integrate the differential equations of
the Galerkin weak form. In the RPIM, the nodal connectivity between each node is
achieved with the overlap of the ‘influence-domains’, created following the nodal
discretization and the definition of the background integrationmesh. In 2D problems,
for instance, the ‘influence-domains’ can be concentric areas with the points of
interest. In this work fixed-size ‘influence-domains’ are used, containing a total
of sixteen nodes per interest point. Then, within each ‘influence-domain’, shape
functions are constructed—in its formulation, the RPIM uses a combination of a
multiquadric (MQ) radial basis functions (RBF) with polynomial basis functions.
From the Galerkin weak form, a meshless discrete system of equations is obtained,
which can be written as: K 0 u = f for a standard static problem, being K 0 the initial
stiffness matrix, u the displacement vector and f the load vector.

51.1.2 Elasto-plastic Constitutive Model

The elastic behavior of amaterial can be described using theHooke’s law. To describe
the stress-strain relation after plastic deformation, a plastic constitutive tensor needs
to be established. Thus, three fundamental topics need to be considered: the yield
criterion, a hardening rule and a plastic flow rule. Consider a yield criterion defined
in which the yield surface, F(σ, α), depends on the magnitude of the load applied
and of a hardening parameter α:

F(σ, α) = f (σ,α) − σY (α) = 0 (51.1)

In order to occur plastic flow, the following relation must be valid:

dF =
(

∂ f

∂σ

)T

d σ− ∂σY.

∂α
dα ⇔ aT d σ− Adλ = 0 (51.2)

where A = 1
dλ

∂σY
∂α

dα defines an hardening parameter, dλ is the plastic strain multi-
plier (according to the associated Prandtl-Reuss flow rule) and a is the flux vector,
normal to the considered yield surface, defined for a three-dimensional stress state
as:

aT =
(

∂ f

∂σ

)T
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}
(51.3)
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Decomposing the strain increment into the sum of an infinitesimal elastic and
plastic strain increments, dεe and dεp, respectively: dε = dεe + dεp, Eq. (51.4) is
established:

dε = D−1 : dσ + dλ
∂ f (σ )

∂σ
⇔ dσ = Depdε , wi th Dep = D −(dDdTD)/(A + dTDa)

(51.4)

being D the elastic constitutive matrix, which linearly relates the six components
of the stress with the six components of strain and Dep is the elasto-plastic con-
stitutive matrix and dT

D = aT D. This work uses a “linear elastic-linear plastic”
hardening model, and the von Mises yield criterion (F(σ, α) = √

3J2 − σY (α) = 0,
being J2 the second invariant of that deviator stress tensor). In those conditions,
A = ET /(1 − ET /E), where E and ET represent the elastic and tangent modulus,
respectively.

In this work, the formulation previously presented is implemented through an
incremental-iterative form, using the Newton-Raphson method, in order to solve
the non-linear equation system. Two variations of the mentioned non-linear solution
method are used: the initial stiffness (KT0) and initial stiffness in each increment
(KT1). The first one calculates the stiffness matrix only once: in the first iteration of
the first load increment. The second one calculates a new stiffness matrix each time
the algorithm enters the next load increment, using the elasto-plastic constitutive
matrix—Eq. (51.4). For both Newton-Raphson method variants (KT1 and KT0),
stress is forced to return to the yield surface using the “backward-Euler” procedure
[5].

51.2 Numerical Results

In this work, the material under study is a development grade polypropylene (PP)
homopolymer, manufactured and delivered by Borealis Polyolefine GmbH (Linz, A)
[6]. In this section, simulations of a specimen of this material (injection moulded,
with geometry according to the norm ISO 3167, Type B) being subjected to a uni-
axial tension test are performed. The same material is also analyzed using a uniaxial
compression test configuration, which consists in compressing a cylindrical speci-
men between two plates. The considered diameter of the specimen was 8 mm and the
length was 12 mm, according to Jerabek et al. [7]. In the literature [6], experimental
stress-strain curveswere found. Based on those experimental stress-strain curves, lin-
ear elastic-linear plastic models are constructed for the two standard tests—Fig. 51.1.
For that to be possible, the Young modulus, the tangent modulus and the initial yield
stress have to be estimated for the uniaxial tensile test (E = 1332.645 MPa, σY0 =
19.730MPaand ET =194.693MPa) and for the compression test (E =886.539MPa,
σY0 = 50.079 MPa and ET = 40.877 MPa).

The experimental stress-strain curves of Fig. 51.1 highlight the importance of
characterizing polymeric materials in different stress states since the stress-strain
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curve of the uniaxial compression test surpasses that of tension and significantly
larger stress levels are observed [6].

The specimen of the uniaxial tensile test is modelled as a 2D solid using a plane
stress state and discretized in a nodal mesh (for the RPIM analysis) and a finite
element mesh, each one having a total number of 2397 nodes. For the compression
test, the specimen is modelled as a 3D solid and discretized using 2145 nodes. The
estimated mechanical properties of the PP are introduced in the FEMAS software
[8], the computational tool used to perform the analysis, which runs in MATLAB®

environment. For the incremental-iterative process, ten load increments are consid-
ered. Figure 51.2 contains stress-strain curves obtained numerically when the RPIM
and the FEM are combined with the KT0 and KT1 algorithms.

As can be observed in the mentioned Fig. 51.2, almost all the numerical curves
follow the same paths of the correspondent experimental one. The only exception
seems to be theKT0 solutions for the uniaxial tensile test, in which the curves diverge
from the experimental one. Despite the similarly of the FEM and RPIM solutions, it
can be visualized that the RPIM curves are always slightly closer to the experimental

Fig. 51.1 Experimental stress-strain curves for the uniaxial tension and compression tests, and the
adjusted elasto-plastic models

Fig. 51.2 Stress-strain curves of tensile and compression tests performed on specimens, using
different numerical methods and non-linear solution algorithms
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curves than the FEM curves. This fact proves the accuracy of the RPIM, since it can
obtain more accurate solutions than the FEM, using the same total number of nodes
discretizing the problem domain in both methodologies.

51.3 Conclusions

The algorithms developed for the elasto-plastic analysis using two numerical meth-
ods and two non-linear solution methods were successfully validated, based on the
experimental data. Thus, the Radial Point Interpolation Method (RPIM) revealed to
be a robust and accurate numerical tool, constituting as a strong alternative to the
traditional FEM, since it can obtain solutions slightly more accurate than the FEM,
using the same number of nodes discretizing the problem domain, as it was shown
in Sect. 51.2. For the uniaxial tension and compression tests, the linear elastic-linear
plastic model seems to be sufficient to capture the behavior of the material, since
the solutions obtained are closer to the experimental stress-strain curves. Regarding
the mechanical behavior of the material in study, it can be concluded that it has a
wide range, depending on the material loading conditions, which emphasizes the
importance of using adequate constraints on the specimen [6].
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Chapter 52
Fracture Analysis of Semi-circular Bend
(SCB) Specimen: A Numerical Study

Farid Mehri Sofiani, Behzad V. Farahani and J. Belinha

Abstract A variety of numerical analysis has been carried out by Finite Element
Method (FEM), and Extended FEM (XFEM) on Semi-circular Bend (SCB) speci-
mens to evaluate its material behavior, in particular fracture characterization. This
work concentrates on calculating stress intensity factor (SIF) assuming an elastic
brittle behavior. In order to obtain the required variable fields, FEM formulation was
extended to the linear elastic fracture mechanics (LEFM) for the plane stress status.
The problem is solved using standard FEM formulation in ABAQUS© to obtain the
numerical solution of SIFs, the results are compared to the previous work available
in the literature. An acceptable agreement was accomplished leading to verify the
proposed computational methodology.

Keywords Fracture characterization · FEM · SIF

52.1 Introduction

The ability to tolerate a substantial amount of damage is a demand for contemporary
structures, hence it has become increasingly important to enhance methodologies to
anticipate failure in fatigue damaged components. Damage tolerance analyses can
be carried out within linear elastic fracture mechanics (LEFM) concepts where the
stress intensity factor (SIF) plays a substantial role. The fracture mechanics theorem
in conjunction with crack growth laws, i.e. Paris’ law, is normally employed to
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analyze and predict crack growth and fracture behavior of structural components. To
study crack growth and evaluate the remaining life of a certain structural component,
rigorous numerical analyses have to be performed to evaluate SIFs [1, 2].

52.1.1 SIF Determination Using Numerical Approach

Crack propagation is a significant concept in fracture, fatigue and damage mechan-
ics. Hence, numerical simulations are required to anticipate the failure phenomenon.
The computational approaches are applicable to perform the numerical simulation
so, the fracture response and the reliability of cracked constructions are determined
[3–6]. In the early age of the fracture mechanics, two numerical techniques have
been applied to the solution of cracked problems consisting of FEM with remeshing
and Boundary Element Methods (BEM). However, these methods have some sub-
stantial disadvantages dealing with the cracked structures. For instance, in FEM, it
is cumbersome to automatically remesh finite elements. In the same way, remeshing
on a large part associated with the finite elements are restricted in BEM analyses [7].

The FEM formulation is mostly applicable for elastic plate problems with the
restriction that it is not suitable to handle stress singularities in its conventional
formulation. However, meanwhile, special elements were deployed to tackle the sin-
gularities caused by cracks [8]. The SIF calculation for intricate crack configurations
in finite plates generally presents significant difficulties. Thus, Byskov [8] proposed
an comprehensive numerical FEM to resolve such mentioned problems by focusing
on specific cracked elements, in which the stiffness matrix is associated with the
crack elements. In 1976, Hillerborg et al. [9] focused on the crack formation analysis
in concrete by fracture mechanics theory combined with FEM. Moreover, an new
resolving method has been proposed by Belytschko and Black [10] to analyse the
2D cracked problems within FEM, in which a minimal remeshing was required.

Furthermore, Moës and Belytschko [11] simulated arbitrary cohesive crack prop-
agations for three-point-bending concrete beams relying on the extended finite ele-
ment method (XFEM). They found out that the XFEM associated with the J-integral
domain produced more accurate results compared to the classical FEM. Moreover,
since the crack might be located arbitrary respecting the mesh in XFEM, no remesh-
ing is required as the crack propagates. Dolbow et al. [12] employed the XFEM
equations to numerically model the cracked problem domains for those which are
not dependent on the finite element mesh. They proposed an iterative procedure to
compute the crack growth stages in the presence of the frictional contact on the
interface formed by crack faces.

In the literature, there are several proper work focused on the fracture characteri-
zation of the fractured structural components. As an illustration, a coupled numerical
method on fracture mechanics was presented by Farahani et al. [1, 2, 13, 14]. They
employed the FEM and meshless formulations to study the material behavior in the
vicinity of the crack and in areas far away from the crack. Therefore, the SIF was
evaluated for the mode I loading states for the 2D cracked models.
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52.2 Solid Mechanics, Basis and Formulation

The 2D plane stress deformation theory is assumed here. Considering FEM theory
and in accordance with Hooke’s law with regard to C as the fourth order material
constitutive tensor in plane stress state, it is conceivable to formulate the strain and
stress fields as presented in Eqs. (52.1) and (52.2), respectively [15]. The Poisson’s
ratio andYoung’smodulus are defined as E andν, respectively.Therefore, the relation
of the stress vector could be written as: σ = Cε.

ε = Lu =
⎡
⎢⎣

∂
∂x 0
0 ∂

∂y
∂
∂y

∂
∂x

⎤
⎥⎦

{
ux (x, y)
uy(x, y)

}
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∂ux
∂x
∂uy
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∂ux
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=
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γxy

⎫⎬
⎭ (52.1)

C = E

(1+ ν)(1− ν)

⎡
⎣
1 ν 0
ν 1 0
0 0 1−ν

2

⎤
⎦ (52.2)

52.3 Analysis and Results

A semi-circular bend (SCB) specimen was considered here as seen in Fig. 52.1.
It aimed at SIF evaluation for different crack sizes. The material properties and
the geometrical characteristics followed the values reported on Table 52.1. Some

Fig. 52.1 Experimental
set-up for a semi-circular
specimen under three-point
bending
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Table 52.1 Geometrical characteristics and material properties

Young’s modulus, E 75,500 (MPa)

Poisson’s ratio, ν 0.3

Radius of the disk, r 25 (mm)

Thickness of the disk, B 1 (mm)

Crack length, a 7.5, 10, 12.5, 15, 17.5, 20 (mm)

Span, s 0.5, 0.6, 0.7 (mm)

Concentrated load on disk, F 1 (kN)

advantages of the SCB specimens are convenient sample preparation (directly from
rock cores), simple geometry and loading configuration, the straight forward testing
procedure and application of compressive load, which is more suitable for rocks,
rather than tensile load. Furthermore, SCB is a suitable specimen to measure the
rock fracture toughness at elevated temperatures, high strain rates, and high confining
pressure.

52.3.1 The First FEM Study

As the first numerical analysis, the model was considered with different mesh types
where CPS3 triangular elements were considered on the cracked region and the rest
of the model was meshed considering CPS4R quad elements. It was intended to
evaluate result for s/R = 0.5, 0.6, and 0.7, focused on a/R = 0.3 to a/R = 0.6. Due
to the symmetry, half of the disk was analyzed under 3-point bending condition
assuming crack lengths of 7.5, 10, 12.5, 15, 17.5 and 20 for 3 s/R sizes (0.5, 0.6, 0.7).
The FEM analysis has been simulated in a commercial software ABAQUS©. The
obtained results of mode I SIF related to the first analysis are reported in Table 52.2.

52.3.2 The Second FEM Study

As the second study on this topic, the previously defined mesh of the model has been
refined to improve the results. The new mesh type was considered as CPS4R quad
element for any region including the cracked area. As a matter of fact, a/R= 0.7 and
0.8, are not practical, so in this study, they have been neglected. On the other hand,
s/R = 0.7 is not so much used by scientists, so it has been removed from the study.
The obtained solutions of SIF are shown in Table 52.2.

Itmust be noted that all obtained results of SIF have been compared to the previous
related studies available in the literature as Table 52.2 demonstrates.



52 Fracture Analysis of Semi-circular Bend (SCB) … 411

Table 52.2 Mode I SIF calculated from the FEM formulation compared to the literature

a/R s/R Presented results
(study 1)

Presented results
(study 2)

Ayatollahi et al.
[16]

Lim et al. [17]

0.3 0.5 2.105 2.579 2.644 2.725

0.3 0.6 3.083 3.298 3.010 3.264

0.3 0.7 3.909 3.991 4.020 4.102

0.4 0.5 3.216 2.925 2.912 2.842

0.4 0.6 3.768 3.735 3.812 3.814

0.4 0.7 4.379 4.415 4.731 4.314

0.5 0.5 4.143 3.612 3.539 3.913

0.5 0.6 4.799 4.566 4.493 4.696

0.5 0.7 5.121 5.166 5.142 5.098

0.6 0.5 5.393 4.835 4.185 4.398

0.6 0.6 5.836 6.031 5.214 5.078

0.6 0.7 6.435 6.654 6.960 7.002

0.7 0.5 6.228 – 5.089 6.102

0.7 0.6 6.762 – 7.128 7.010

0.7 0.7 7.272 – 8.010 8.200

0.8 0.5 12.004 – 12.901 13.464

0.8 0.6 12.579 – 13.201 12.426

0.8 0.7 14.433 – 16.020 17.010

Fig. 52.2 Final Contour for
a/R= 0.6, s/R= 0.5, showing
the distribution of von Mises
stress

Moreover, a closer view to the obtained results, it is possible to visual the profile
of von Mises stress variation on the fractured specimen when a/R = 0.6, s/R = 0.5,
as Fig. 52.2 depicts. In addition to that, Fig. 52.3 demonstrates the distribution of the
first principal stress distribution at the crack tip region if a/R = 0.6, s/R = 0.6. The
obtained profile is smooth and stable.
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Fig. 52.3 Principal stress
distribution in xx axis at the
crack tip region, a/R= 0.6,
s/R= 0.6

52.4 Conclusion

The present study has focused on calculating stress intensity factor determination
for a SCB specimen in mode I condition. A 2D model was analysed relying on a
numerical method, FEM, to validate the results in literature. Lim et al. [17] and
Ayatollahi et al. [16] presented some results for different crack lengths and spans.
The boundary conditions applied to the geometry, were similar to those used by the
previously mentioned authors; a concentrated force (1 kN) on top of the disk, and
fixed points on bearings of the disk in Y direction, only.

The numerical analyses were implemented for crack length of 7.5, 10, 12.5, 15,
17.5 and 20 mm in a FEM code software, ABAQUS©. The simulation was accom-
plished for two different meshes properties. Indeed, the maximum energy release
rate was the criteria to calculate the stress intensity factor.

As a final remark, in first study, the crack tip region was meshed by 3-node
elements and in the 2nd one, the crack tip region was meshed by 4-node elements. By
increasing the density of mesh, the results were improved and finally good agreement
with the results, presented by others, was obtained.
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