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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 (Gijon, 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
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following topics: (i) Microstructural Aspects of Fatigue and Thermal and
Environmental Fatigue; (ii) Fatigue of Additive Manufacturing Metals; (iii) Fatigue
Crack Propagation; (iv) Probabilistic Methods; (v) Fatigue Modelling; (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 Abilio M.P. De Jesus
September 2018 José A.F.O. Correia
Rui Calcada

Antonio Augusto Fernandes



Contents

Part I Microstructural Aspects of Fatigue and Thermal
and Environmental Fatigue

1  Microscopic Strain Localization of Ti-6A1-4V Alloy Under
Uniaxial Tensile Loading . . . .. ........................ ...
Guang-Jian Yuan, Peng-Cheng Zhao, Xian-Cheng Zhang,

Shan-Tung Tu, Xiao-Gang Wang and Cheng-Cheng Zhang

2 Characterization of the Fatigue and Damage Behavior
of Extruded AW6060 Aluminum Chip Profiles . ... ........ ...
Alexander Koch, Philipp Wittke and Frank Walther

3  Micromagnetic-Based Fatigue Life Prediction of Single-Lip
Deep Drilled AISTI 4140 . ... ... ... ... ... .. .. .. .. ... ..
N. Baak, J. Nickel, D. Biermann and F. Walther

4  Relationship Between Microstructural Features and Fatigue
Behavior of Al-Based Alloy in Green Chemical Processing . . . . ..
Ildiko Peter, Raffaella Sesana and Roberto Maiorano

5 Influence of Heat Treatment Process to the Fatigue Properties
of High Strength Steel . . ... ... ... ... ... ... ............
V. Chmelko, I. Berta and M. Margetin

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

7  High Temperature Fatigue Behaviour of Secondary
AISI7Cu3Mg AllOyS . . . ...
Alessandro De Mori, Giulio Timelli and Filippo Berto

11

19

27

35

41

49

vii



viii

Contents

8 Mean Stress Effect on Fatigue Behavior of Austenitic Stainless

Steel in Air and LWR Conditions . .. ................
W. Chen, P. Spitig and H. P. Seifert

9  Characterization of the Fatigue Behavior of Mechanical
and Thermal Aged Austenitic Power Plant Steel AIST 347

F. Maci, M. Jamrozy, R. Acosta, P. Starke, C. Boller, K. Heckmann,

J. Sievers, T. Schopf and F. Walther

Part II Fatigue of Additive Manufacturing Metals

10 As-Built Sharp Notch Geometry and Fatigue Performance
of DMLS Ti6AMYV . .. ... ... ... ... . ...
Martin Frkan, Gianni Nicoletto and Radomila Kone¢na

11 TImpact of Various Surface Treatments on the S-N Curve
of Additive Manufactured AISi12. .. ... ... ... ... ... ...
Steffen Greuling, Wolfgang Weise, Dieter Fetzer,

Klaus Miiller-Lohmeier and Mattias-Manuel Speckle

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

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

14 Influence of Surface Orientation and Segmentation
on the Notch Fatigue Behavior of as-Built DMLS Ti6Al4V
Gianni Nicoletto and Radomila Kone¢na

15 Characterization of the Cyclic Material Behavior
of AISi10Mg and Inconel® 718 Produced by SLM . . . . . ..
M. Scurria, B. Mdller, R. Wagener and T. Bein

Part IIT Fatigue Crack Propagation

16 Review of Current Progress in 3D Linear Elastic Fracture
Mechanics .. ....... ... ...

Andrei Kotousov, Aditya Khanna, Ricardo Branco, Abilio M.P. De

Jesus and José A.F.O. Correia

65

75

83

91

99



Contents

17

18

19

20

21

22

23

24

25

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. Diaz

Short and Long Crack Growth of Aluminium Cast Alloys . . . . ..

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

Evaluation of Strain Controlled Fatigue and Crack Growth

Behaviour of AlI-3.4Mg Alloy. . . ............... ... ..... ...

Pankaj Kumar and Akhilendra Singh

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

Towards Quantitative Explanation of Effective Thresholds

of Mode III Fatigue Crack Propagation in Metals. . ... ..... ...

Tomas Vojtek, Stanislav 74k and Jaroslav Pokluda

Crack Propagation Under Cyclic Bending in Welded Specimens

After Heat Treatment ... ............... .. ... ... .........

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

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

A Stress Intensity Factor Study for a Pressure Vessel

CT Specimen Using Finite Element Method. . . . ..............

Patricia Raposo, Behzad V. Farahani, Jos¢ A.F.O. Correia,
Jorge Belinha, Abilio M.P. De Jesus, Renato N. Jorge
and Rui Calcada

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

Part IV Probabilistic Methods

26

The Interactive Method—Reliable and Reproducible

S-N-Curves for Materials . . . ... ........ ... ... ... .......

Klaus Block



27

28

29

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

Evaluation of Fatigue Properties of S355 J2 and S355 J0

by Using ProFatigue Software ... ........................

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

Part V Fatigue Modelling

30

31

32

33

34

Comparison of Several Optimized Methods for Mean Stress

Effect Evaluating the Stress-Life Prediction. ............. ...

Jan Papuga, Ivona Vizkova, Maxim Lutovinov and Martin Nesladek

Application of the Nonlinear Fatigue Damage Cumulative
on the Prediction for Rail Head Checks Initiation and Wear

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

Fatigue Life Prediction for Component with Local Structural

Discontinuity Based on Stress Field Intensity. . . ... ..........

Tianyang Lu, Peng Zhao and Fu-Zhen Xuan
Low Cycle Fatigue Life Estimation of P91 Steel by Strain

Energy Based Approach ... ...... .. ... ... ... ... .. ...

Bimal Das and Akhilendra Singh

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

Part VI Multiaxial Fatigue

35

36

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

Multiaxial Fatigue Analysis of Stainless Steel Used

in Marine Structures . . ... ......... .. .. ... ..

A. S. Cruces, P. Lopez-Crespo, B. Moreno, S. Bressan and T. Itoh

Contents



Contents

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

Part VII Very High Cycle Fatigue

38

39

40

Fatigue Testing at 1000 Hz Testing Frequency ...............

Markus Berchtold

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. Briickner-Foit, F. Biilbiil,
H.-J. Christ and M. Zimmermann

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

Part VIII Applications/Case Studies

41

42

43

44

45

46

Microinclusion and Fatigue Performance of Bearing Rolling

Elements . ... ... ... ... .. e

E. Ossola, S. Pagliassotto, S. Rizzo and R. Sesana

Strength Analysis of Tramway Bogie Frame ... ..............

Vaclav Kraus, Miloslav Kepka, Jr., Daniel Doubrava and Jan Chvojan

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

Investigation of Mechanical Properties and Fatigue

of Friction Stir Spot Welded Light Metals. . . ... .............

Ahmet Atak and Aydin Sik

Advanced Development of Hysteresis Measurement
Characteristics for Early Detection of Fatigue Damages

on Fasting Systems in Concrete . . . ... .....................

Marvin Hoepfner

Mechanics and Evaluation of Early Damage . ... ........... ..

Andrei Kotousov, James Vidler, James Hughes, Aditya Khanna,
Ching-Tai Ng and Munawwar Mohabuth

xi



xii Contents

Part IX Risk Analysis and Safety of Large Structures
and Structural Details

47 Fatigue Damage Factor Calibration for Long-Span Cable-Stayed
Bridge Decks . ... ... ...
A. Nussbaumer, J. Oliveira Pedro, C. A. Pereira Baptista
and M. Duval

48 Fatigue Analysis of a Concrete Chimney Under Wind Loads . . . .
Hermes Carvalho, Victor Roberto Verga Mendes,
Sebastiao Salvador Real Pereira and José A.F.O. Correia

49 On the Calculation of Offshore Wind Turbine Load
Spectra for Fatigue Design. . . . ...........................
Rui Teixeira, Maria Nogal and Alan O’Connor

Part X Numerical Methods

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

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

52 Fracture Analysis of Semi-circular Bend (SCB) Specimen:
A Numerical Stady .. ..... ... ... ... ... ...
Farid Mehri Sofiani, Behzad V. Farahani and J. Belinha

377



Part 1
Microstructural Aspects of Fatigue and
Thermal and Environmental Fatigue



Chapter 1 )
Microscopic Strain Localization e
of Ti-6A1-4V 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 a+p alloy which exhibits a higher strength compared with «
alloys, and a wider processing window as compared to both @ and g alloys. It has
been widely used in aerospace, automotive and medical sectors due to the low density
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Key Laboratory of Pressure Systems and Safety, Ministry of Education,
School of Mechanical and Power Engineering, East China University
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C.-C. Zhang
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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 « and 8 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 o and g phases with different volume fraction, as shown in Fig. 1.1b.

1.2.2 In-situ Tensile Testing with DIC Method

Plate specimens with gauge length of 8 mm, width of 2.5 mm and thickness of 0.5 mm
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 using Kroll’s reagent for approximately
10 s at room temperature. The Kroll’s reagent was in a solution of HF, HNO3 and H,O
with a volume ratio of 5:10:85. In such a case, necessary features of the microstructure
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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& SEM image

| FE model
« based on
M microstructure

Fig. 1.1 a As-received TC4 SEM image, b heat treated TC4 SEM image, ¢ as-received TC4 FE
model based on microstructure, d heat treated TC4 FE model based on microstructure, 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

6
specimen used in the | \{H}”

experiment, with gauge /
length of 8 mm, width of
2.5 mm and thickness of o b
0.5 mm
1 /] L s |\—
24
L ]
0.5 Unit: 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 each displacement increment for 30 s then images were captured for DIC.
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1.3 Micromechanical Modelling of Ti-6A1-4V Alloy

1.3.1 Microstructure-Based RVE Generation

2D representative volume elements were established for the microstructure of both
As-received and HT Ti-6Al1-4V 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 Ildentification

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

X=%% (1.1)

XZ%Q"?”P*V,’XW (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. Parameters C; and y; are
material parameters that influences the hardening rate during plastic deformation.
Here, ¢, denotes the plastic strain rate and p 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=X+ X, + X3 (1.3)

where the first back stress X| denotes that the high modulus saturates rapidly at the
yielding point. The second back stress X, 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=00+ X1+ X2+ X3 (1.4)

where oy 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.



1 Microscopic Strain Localization of Ti-6A1-4V Alloy ... 7

Table 1.1 yat;_rizlAl av Material | Cy Cy C3 Y1 V2 V3
Zﬁfj‘yme‘ers or T-6Al- (MPa) | (MPa) | (MPa)
As- 10,000 8000 8000 1500 | 100 | 1.3
recieved
Heat- 14,000 1000 2400 2100 | 300 |2.6
treated

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, o phase will
produce larger plastic strain compared with S phase. Hence, the inhomogeneity
of plastic strain will be formed at the boundaries between o and S 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 o and 8 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
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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
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Fig. 1.5 Plastic strain distribution of microstructure model and VT model 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-
6AIl-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
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Both actual microstructure model and VT model can predict the stress-strain
curves with sound accuracy. The VT model of HT material has small discrepancy
due to the Inhomogeneity of microstructure.

At the microscale, Inhomogeneity of plastic strain can be found in all models,
which will leads to the final failure at the o and S interface.

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 oo

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 by means 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 the mechanical 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
30.25 were investigated, see [6], using cast-based and chip-based material as the basis
for the extrusion process. Cast-based profiles were 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 d, =
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 d, =
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 wm grit size using colloidal SiO; polishing suspension. The
grain and chip structures were characterized in micrographs by means of Barker

Table 2.1 Chemical - -
S F M M Z T Al

composition of AW6060 in ! ¢ n £ 1 !

wt% 0.4 0.21 0.04 0.42 0.01 0.01 Balance




2 Characterization of the Fatigue and Damage ... 13

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 £ = 0.00025 s~ ! in the elastic region. Above a stress level of 50 MPa (elasto-plastic
region) the strain rate was increased to ¢ = 0.0067 s~!. The strain was measured 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

(a) (b) ()
; 210.5
Specimen S EE
o7 e 4
PR =) [e7 RO
Rs S
» 3
Ln |
{ I} Pl R
210.5

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. 2.2¢). 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

2 mm

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), ¢ defect structure of chip-based profile (cross-section)
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Table 2.2 Results of tensile Material Yield strength | Ultimate Elongation at
tests (MPa) tensile break (1072)

strength

(MPa)
Cast-based | 459+ 0.5 140.5 £ 1.7 26.6 £2.9
Chip-based |54.1+54 1333 +£5.8 182+ 0.6

240 - — mTOS% -0.05
{[Mat.: AW6060 - cast I | |{[Mat.: AW6060 - chip | [ I I -
e, |R=-1,T=10 Hz / R=-1,I=10Hz | | = =
MY o =20MPa | | | [][Cusen ~ 20 MPa "4 SrRErY =
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Fig. 2.3 Load increase tests of cast-based and chip-based specimens

of o, = 49 MPa for the cast-based specimen and o, = 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 o, = 115 MPa, whereas the increase is linear for the
cast-based specimen until it changes into a drastic increase above a stress amplitude
of 0, = 135 MPa.

The main differences can be seen in the change in AC potential (AUac). 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 o, = 93 MPa. Based on the material response, the fatigue strength can be estimated
at about o, . = 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 o, = 90 MPa.

For the chip-based specimen a decrease of AC potential AUac can be observed
until a stress amplitude of o, = 35 MPa is reached, presumably due to a compaction
of the seam welds. In the stress amplitude region between o, = 35 and 63 MPa, AU ¢
shows a plateau phase, followed by an exponential increase with a change of the slope
at a stress amplitude of o, = 115 MPa due to an initiation of a second main crack on
the opposite side of the first crack, which could be determined by means of computed
tomography investigations. Above a stress amplitude of o, = 140 MPa, AU ¢ shows
a drastic increase until failure of the specimen. The change in temperature is constant
until o, = 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 ¢ chip-based fatigue specimens (o, = 120 MPa)

based specimens, the fatigue strength of the chip-based specimens can be estimated
at about 0, = 63 MPa, where exponential increase of AU starts.

Figure 2.4 shows S-N curves (a) as well as fractured surfaces as SEM micrographs
of cast-based (b) and chip-based (c) specimens tested at 6, = 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. 2.4¢) 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 electron micrographs 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 oo
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 AIST 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, like AISI 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 common procedures 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, which move when an external magnetization occurs. The movement 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 100 pm 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 f.,c ~ 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%) S110 |0.41 |0.18 |0.85 |[0.011 |0.011 [1.01 |0.18 |bal.

$280 [0.39 |0.17 |0.83 |0.014 |0.028 |0.97 |0.17 |bal.

(a)

AC-
potential
probe

Extenso-

Fig. 3.1 a Instrumented fatigue specimen applied in Rumul Testronic 150 kN; b Deep drilled
fatigue specimen



22 N. Baak et al.

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
Gastart = 100 MPa with a load increase of Ao, = 10 MPa/10* 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, 10°
and 10° cycles.

3.3 Results

The varying feed rates lead to differences in the microstructure. Figure 3.2 shows
transverse micro-sections of the single-lip deep-drilled specimen. These micrographs
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 (g,p) is a good indicator for
first material response in LIT. Figure 3.3b compares the ¢,, development for the
three feed rates in S110. A linear increase in &, 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 o, = 400 MPa were per-
formed. The results of MBN measurements are displayed in Fig. 3.4. Figure 3.4a
displays the coercive field strength Phi.p, in a linear scale. The diagram has a signif-
icant change during first 10* cycles for the feed rates f = 0.05 and 0.10 mm, while
Phi.;, remains constant for f = 0.15 mm. Figure 3.4b presents Phi.p, in a logarith-
mic scale. This representation allows an evaluation of MBN until 107 cycles. All
three feed rates show different Phi,,, developments. For f = 0.15 mm Phi,, remains
constant until 107 cycles. The coercive field strength for f = 0.10 mm is constant
until 10° cycles and decreases afterwards. For f = 0.05 mm Phic,, is nearly constant
until 10° 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 AIST 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 10* 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 10* 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, B1 493/83).
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Chapter 4 ®)
Relationship Between Microstructural Gzt
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 by means 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 by means 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 aluminum mechanical 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 AI-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 processing wastes. 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 are measured 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 specimens was obtained by base material
specimens, turned, milled and underwent GE (Sample B). GE is a process consisting
in a localized chemical attack aiming at removing a thin surface metallic 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 oy, 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 = opin/omax = 0,1 and a load frequency about 158 Hz, run-out
condition 10° cycles. The fatigue limit has been estimated by Staircase method. 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 them were varied to keep R = 0.1 constant, then Staircase
data processing was extended to the amplitude data thus obtaining opy ; 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 mm mea-
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 x 106cycles, R = 0,1 and 50% probability of failure, (opg.1 50 %), 10% (6D0.1 10 %)
and 90% (opo.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 (oy
Yield stress, UTS Ultimate Tensile Resistance, E' Elastic modulus)

oy (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

0p0.1 50 % (MPa) 0po.1 10 % (MPa) 0D0.1 90 % (MPa)
Base material 42,6 39,2 46,0
Base material with 45,7 35,0 56,3
GE
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Table 4.3 Surface roughness Ra Rq Rt Rz

measurements (um) (um) (um) (um)
Sample | Average | 0,696 0,819 3,866 3,234
A std dev | 0,078 0,084 0,543 0,277
Sample Average | 2,882 3,797 31,368 15,261
B stddev | 1,710 2220 |12915 | 8070

e gy .,_r_u..(‘..,,,..\
B e | e ey | l -J .
X301 (mm)
Z 300:1 X 3:1

Z 300:1

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.
Surface measurements are reported in Table 4.3 while 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 the manufacturing 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 Al O3 (Fig. 4.2¢), while the specimen when exposed to GE do
not show any presence of Al,O3. because chemical milling removes such particles
(Fig. 4.24).

Following GE some holes/dips were developed (Fig. 4.3a, b) with different size
(130 wm -+ 190 wm). Additionally, the presence of some different 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),

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, ¢ base material, d Green Etched base
material

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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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 oo
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 \%
Material A 042 (0,70 | 1,85 0,82 |0,024 0,25 |0,26 |0,12 |0,02 |0,01
Material B 041 |0,72 |1,86 |0,83 |0,010 0,24 |026 |0,14 |0,01 |0,01
Table 5.2 Comparison of the Heat Preheating | Hardening Tempering
heat treatment procedure for @
; reatment
two materials
Material A 600/2:30 870/6:00, 530/8:40,
water water
Material B - 890/9:00, 540/11:00, air
polymer

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 1-8 Hz together with 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
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Fig. 5.2 Comparison of the Basquin curves of both analyzed materials

04 =0} (2N;)" (5.1

were compared in Fig. 5.2. The number of cycles until the crack initiation N; 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 - 10° cycles to initiate crack the corresponding
stress amplitude value calculate from regression curves is

A _2.10°

o, =520 MPa for the Material A
B5210° = 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].
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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 of Material 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
AISI4340 (34CrNiMo-6). Properties of steel were analyzed for two ways of their heat
treatment. The obtained results remark to the key task of microstructure 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 oo
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 3
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 GH41609 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 8 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 - 8 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
GH41609 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 y” precipitation and partially by
Ni3Al type y’ 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 phase with moderate volume fraction would 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 § phase on the on high-temperature LCF behavior of GH4169 alloy. The
volume fraction of 8§ 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 wm. 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 y' [L12, Ni3(Ti-Al)] and y” [DO22,
Ni3(Nb-Ti)] particles and Ni3Nb & phase. The 3 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 3 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 x 6 x 5 mm used for micro structural observation
and blank specimens with dimensions of @17 x 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.

LCEF 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,
40.45, 4+0.5, £0.6, 0.8, +1.0, £1.2% at a constant strain rate of 8§ x 1073 s,
Strain was measured during the LCF test by using an extensometer mounted in the
gauge section of specimen.

Table 6.2 The processing HT1 | 960 °C for 1 h, AC to 720 °C

parameters used for solution

annealing in different HTs 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

; = 15'+ e
o g =
. 28.925 | 40. 153 i
108. 003
Unit: mm

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 3 phase at the grain boundaries, as indicated by the arrows
in Fig. 6.3a—c. Some discretely short-rod like and granular 3 phase precipitates at
the grain boundaries within the alloy after HT1. After HT2, the continuous 8 phase
precipitates along grain boundaries and some needle-like § phase precipitates along
twin boundaries in the grains. After HT3, lots of coarse § phase precipitates at the
grain boundaries. The volume fraction of 3 phase in the alloy after three HTs are
measured by Image-pro plus software. The volume fractions of § 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 § phase in the alloy. As the volume fraction of
d 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 § 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 alloy GH4169 with different 3-phase content at 650 °C are summarized

Fig. 6.2 Microstructures of a as-received alloy, and alloys after, b HT1, ¢ HT2, and d HT3
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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 (Aee/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 (Aep/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
d 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 HT'1 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, the material’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. 6.5 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

ey

@

3

After heat treatment of 60 mm GH4169 alloy with HT1, HT2 and HT3, the
amount of 3 phase precipitated by HT1 was the least, the content increased after
HT?2 heat treatment, and reached the maximum after HT3 heat treatment.
When the strain amplitude is higher than 0.6%, the effect of volume fraction of
3 phase on the fatigue life of GH4169 alloy cannot be distinguished. However,
increasing the volume fraction of 3 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 §
phase.

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 e

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 a-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]. Itis 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 limited when using secondary Al 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 AISi7Cu3Mg 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 7f1. Chemical Si Fe Cu |Mn |Mg |Zn |Cr Ti Al
composition of the

investigated AlSi7Cu3Mg 6.713 | 0.416 | 3.56 | 0.287 | 0.320|0.05 |0.013|0.092 | bal.
alloy (wt%)
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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 pm.

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 then water 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~!. 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~!. Before fatigue testing, each specimen was maintained for 30 min at testing
temperature. If the sample survived up to a fatigue cycle of 2 x 10°, 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-pm 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 P2/4wt A, 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 AISi7Cu3Mg 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.
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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 a-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 treatment was 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 um 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 a-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 coarsening of the strengthening phases
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 investigated A1Si7Cu3Mg alloy is shown
in Fig. 7.4.

In general, it is observed how higher stress amplitudes correspond to lower number
of cycles before failure. The experimental data show similar trends except the material
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.

e The alloy reaches the maximum hardness after 4-hours ageing treatment at 180 °C.
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Fig. 7.4 Fatigue life of heat-treated AlSi7Cu3Mg alloy at different testing temperatures
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e The solution heat treatment at 485 °C for 24 h does not complete the spheroidization
of the eutectic Si particles, but leads to a complete dissolution of Cu-bearing phases.
On the contrary, the Fe-rich particles are stable and do not dissolve in the a-Al
matrix during heat treatment.

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

e 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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of Austenitic Stainless Steel in Air
and LWR Conditions
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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, —20 MPa) mean stresses were 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 —20 MPa
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. Dead weight, water
pressure and weld residual stress in nuclear power plant (NPP) may create mean 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 ASME Codes 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 constant mean 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 Spitig et al.
show that 450 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 um
(5.23 in ASTM grain size number). Its 0.2% yield stress is equal to 258 MPa 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



8 Mean Stress Effect on Fatigue Behavior of Austenitic ... 59

loading axis parallel to the tube longitudinal direction. The surface roughness was
measured 0.41 wm (Ra)/3.57 pm (RzD) at inner surface and 0.15 pm (Ra)/1 pm
(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 wS/cm. This HTW is also called BWR/HWC.
The specimen was 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 < 10°.
Afterwards, the frequency was adjusted to 1 Hz until life end or running up to 10°
cycles, considered as fatigue strength (o). 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 tests were conducted both in HTW (BWR/HWC) and in HTA
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 (o, vs. Ny) 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 N¢ > 10°.

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
Spitig 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 (N < 10%). In HTA, —20 MPa and +
50 MPa mean stresses increase the fatigue life by 5.7-6.5 x 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 HTW environment detrimental influence in positive (+50 MPa)
mean stress tests than in negative (—20 MPa) mean stress tests. In HTW the fatigue
strength (of) 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 (g,)
over the whole life was calculated. The slopes of 0 and +50 MPa mean stress data are
approximately similar in both environments. In HTW, +10 MPa mean stress slightly
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Fig. 8.2 Average strain amplitude versus stress amplitude of fatigue tests (a) in 288 °C BWR/HWC
(b) in 288 °C air under load-controlled condition
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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 450 MPa has stronger hardening effect. An approximate —7 MPa mean 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 ¢, = 210 MPa and
om = 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 410, 450 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.

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

f11 u..UJ

Fig. 8.4 OM images of tested specimens wall cross-sections cut along loading axis. Specimens
were tested with 0, = 210 MPa, a oy, = 0 MPa, b +10 MPa, ¢ +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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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 g,y = 3 x 1073, constant strain rate ¢ = 0.4 x 103 s~! 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 | 260
; . 10
fatigue specimen E{ 9
A = =/
% = s [
2 : : ]_f.; S
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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 strainratio R, = — 1. A servo-hydraulic testing system (Instron 8802, F =
4250 kN) was used. In preliminary calibration tests, the extensometer measured over
a gauge length of 89 mm was correlated to a gauge length of 8 mm, positioned within
the gauge length of the extensometer and representing the specimen’s minimum cross
section. For the SIT, the total strain amplitude was increased stepwise starting from
Earcorstart = 0.5 X 1073 by Agycor = 0.5 x 1073 each At = 1,800 s under a constant
total strain rate of & cor = 4 X 1073 s~ ! 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 Ipc = 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 e, cor = 0.95%
when compared to the aged condition (g, cor = 0.70%). Consequently, the stress
amplitude at failure o,y = 734 MPa for the initial state is higher when compared to
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Fig. 9.3 Total strain-controlled increase test for initial state with direct current
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Fig. 9.4 Total strain-controlled increase test for aged condition with direct current
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the aged condition (o, s = 561 MPa). Both material 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% < eatcor < 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% < €, 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 g, 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 to microstructural 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 €, 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 e, cor = 0.4%. From
€atcor = 0.4-0.7%, the slope of each step becomes positive. This behavior is linked
to the formation of deformation-induced o-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 ¢, .., = 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, the magnetic 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 e, ¢ cor = 0.25%
and shows a positive slope until €, ; .o, = 0.55%. For the electrical resistance, it starts
already at €,  cor =0.45%. From €, cor = 0.55%, the magnetic 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 (Eqcp) is used to detect
surface-related changes i.e. passivation effects and cracks of passive layers, which
result in a change in the Eqcp signal [S]. The Eqcp 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 €, 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 €, cor = 0.4%
followed by an increase in Egcp. This is assumed to be the passivation of a new active
surface material as a consequence of crack initiation [6]. For both material conditions
the strain related stress amplitudes are similar until fracture, whereas the Egcp signal
indicates the crack initiation much 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 Eqcp 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 Eqcp 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.



9 Characterization of the Fatigue Behavior of Mechanical ... 71

Acknowledgements The work presented here has been funded by the German Federal Ministry of
Economic Affairs and Energy (BMWi, MibaLeb joint project no. 1501528A, 1501528B, 1501528C,
and RS1545) on basis of a decision by the German Bundestag. The support is gratefully acknowl-
edged.

References

1. Soppa EA et al (2014) Fatigue mechanisms in an austenitic steel under cyclic loading: experi-
ments and atomistic simulations. Mater Sci Eng A 597:128-138

2. Schuler X et al (2013) Derivation of design fatigue curves for austenitic stainless steel grades
1.4541 and 1.4550 within the German Nuclear Safety Standard KTA 3201.2. In: ASME pressure
vessels and piping conference

3. Smaga M et al (2017) Influence of surface morphology on fatigue behavior of metastable
austenitic stainless steel AISI 347 at ambient temperature and 300 °C. Procedia Struct Integr
5:989-996

4. Klein M et al (2016) Separation of surface, subsurface and volume fatigue damage effects in
AISI 348 steel for power plant applications. Mater Test 58(7-8):601-607

5. Walther F (2014) Microstructure-oriented fatigue assessment of construction materials and joints
using short-time load increase procedure. Mater Test 56(7-8):519-527

6. Sun Y et al (2011) Tribocorrosion behaviour of AISI 304 stainless steel in 0.5 M NaCl solution.
Mater Chem Phys 129(1):138-147

7. Nebel T et al (2003) Cyclic deformation behavior of austenitic steels at ambient and elevated
temperatures. Sadhana 28:1-2, 187-208



Part 11
Fatigue of Additive Manufacturing Metals



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

Ti6Al4V

Martin Frkan, Gianni Nicoletto and Radomila Kone¢na

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 K; = 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. K; = 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 pm 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 wm 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 specimens were 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
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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 x 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 bending moment. The stress concentration factor for this semielliptical notch
(i.e.b/a=0.25, where a =2 mm and b = 0.5 mm are the major and minor semi-axes)
is K¢ =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 /N

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 Ry, = 1176 MPa, yield
stress Rpp2 = 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 o + B 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 f columnar grains
that are filled with fine needles of o phase in f matrix, which are arranged in the
Widmanstitten form. This primary f 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 § columnar grains in cross-section, so they
appear as polyhedral grains.

A Widmanstitten microstructure following a B 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 a +  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 K; (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 K,
= 5 is associated to Kfay = 3 and Ky = 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.
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Fig. 10.4 Magnified view of semielliptical notches in mini specimens

10.4 Conclusions

The aim of this study was the determination of the influence of notched mini 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:

e The microstructure of Ti6Al4V specimens prepared by DMLS and then heat
treated is characterized by primary  columnar grains that are filled with fine
needles of a phase in § matrix arranged in the Widmanstétten form.

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

e Considering the reference un-notched fatigue strength, the directionality of notch
fatigue factor was quantified in K¢ o = 3 and K¢c = 2.4 for K¢ = 5.
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Chapter 11 ®)
Impact of Various Surface Treatments e

on the S-N Curve of Additive
Manufactured AlSi12

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

Abstract Objective of this work is to investigate the behavior of AlSil2 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 + AlSil2

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
AlSil2, 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 AlSil2. 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 AISil2 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 AlSil2 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 pwm, approx. 4 min)

* Shot Peening and und Slide Finishing (Rosler 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
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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 polished with 3 pm-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 Gl1.

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 AlSil2 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% and maximum pore size of 112 pm is deter-
mined. However, measuring the density of AlSil12 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 AISi10Mg
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 Al,O3 + H,,
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 AlSil2 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. Athigher magnification (Fig. 11.3, right) it can be seen that we do not observe
100% eutectic phase, which will be expected for AlSil2 material for equilibrium
conditions. Primary crystallized AlSi solid solution phases are detected. Due to very
high cooling rates, the eutectic composition can be 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 AlSil2-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.

25
20
15

10

(%]

roughness depth [um]

AM Shot Peening Grinding Turning Polishing Deep Rolling

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)
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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.
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Fig. 11.6 Results of fatigue tests carried out on AlSil2-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 e
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 10° 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(AlTi) vy’ and NizNb y”
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 focused on 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 pm. The layers were built using a stripe hatch pattern with a 70 pm
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 Vltomelx M 300 kV at a gun
voltage of 230 kV and a current of 150 A. The voxel size was approximately 25 pm.

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 6.7 mm 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.

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; ¢ 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
100 cycles. Furthermore, the endurance limit at 100 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 10° cycles for the tested specimens. Table 12.1 shows superior endurance
limits at 10° 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 400
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Table 12.1 Endurans?e limits Ref. Process Endurance limit (MPa) | Stress
of selected sources, displayed ratio R
as stress amplitudes of IN718
at 106 Cyc]es 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 10% 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 360 MPa
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 270 MPa 200 MPa 135 MPa

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:

e The endurance limits at 10° of the vertical and horizontal specimens are lower
compared to findings of AM and wrought IN718 reported in literature.

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

e 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 e
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 ANFIS model. 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 a myriad of physical and mechanical 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 I: 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 be defined imprecisely by fuzzy bound-
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 o, and the max-
imum cyclic stress o ,x, 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 pis Ay, oy is By and o ,a« is C, then

fi=qp+rioy+siomax + 1 (13.1)

Rule 2: If p is A, oy is By and 0 4 1S C3, then

f2 = q2p + 1205 + s20max + b2 (13.2)

where A;, Bj, and Cy are the linguistic labels of the variables p, oy, and o . Tespec-
tively, f is the linear consequent function and g, r, s and ¢ 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. By multiplying
the corresponding membership values, i.e. the outputs of the nodes in Layerl, the
firing strength wj, 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 Ny.

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, oy, and o n,x 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

Layer 1 Layer 2 Layer 3 Layer 4
Fuzzy rules
A
1
AZ
p _
A Wlfl
3
A4
w.f.
272
Bl
N,
o, 8, f
B
3 W3f3
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CZ W4f4
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C4

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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to defect-driven failure. The ‘Medium high’ and ‘High’ levels correspond to defect-
driven failure, where cracks initiate from isolated defects and multiple 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.
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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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Influence of Surface Orientation Geda

and Segmentation on the Notch Fatigue
Behavior of as-Built DMLS Ti6Al4V

Gianni Nicoletto® and Radomila Konec¢na

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 in most applications. Here fatigue experiments using notched
specimens produced according to different orientations with respect to build direction
are presented and used to discuss the notch fatigue behavior of DMLS Ti6Al4V. 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 and medical
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 Direct Metal 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. R, 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, 8 and v, are defined in Fig. 14.1 and can be used to character the surface
orientation as either up-skin (i.e. 0 < v < 90) or as down-skin (angle 0 < § < 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.
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v =45° klein /
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Fig. 14.1 Qualitative dependence of roughness on surface inclination [3]
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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-aided Design (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 M/R where X\ is the layer thickness and R is the radius, see Fig. 14.2,
and (ii) the local orientation 6 with respect to the build direction: when 6 approaches
0° the local geometry is markedly stair stepped, while for 6 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.

The miniature 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 x 5 x 7 mm?) 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 K; = 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 A
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+ :
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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 x 10°
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 fabrication was performed with the DMLS system EOSINT M290
(EOS GmbH, Germany) working with a layer thickness of 60 pum, 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 wm. 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 o, 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 K definition (i.e.
smooth fatigue strength/notched fatigue strength), the notch geometry with a stress
concentration factor K; = 1.63 is associated to two notch fatigue factors K¢,o+ = 2.0
and K¢, p_ = 2.6.

Itis stressed that differently from conventional metal 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 DMLS Ti-6Al-4V - HT - R=0
. 700
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Fig. 14.6 a Up-skin round (a)
notch; b down-skin round
notch (R =2 mm)

IME. )

(b)

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
fabrication was 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:

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

e 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.

e 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.

e Both notch fatigue factors are larger than the theoretical stress concentration factor.
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Chapter 15 ®)
Characterization of the Cyclic Material oo

Behavior of AlSi10Mg and Inconel® 718
Produced by SLM

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

Abstract The flexibility in design offered by advanced additive manufacturing tech-
nologies makes this process more and more attractive for the automotive as well 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 - AlSilOMg - Inconel - Cyclic material behavior - IST - Additive
manufacturing

15.1 Introduction

Although the term “Additive Manufacturing” 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, A1Si10Mg, 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. AISi10Mg is a hypoeutectic
alloy close to the eutectic composition (weightg, sj = 9—11) and therefore is already
widely used for casting. The properties of additive manufactured AlSilOMg 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].

Additively manufactured 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 AlSil0Mg.

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 orientation with 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 and Y 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 R, = 19 for Z specimens to R, = 25 for X and Y
specimens, while, after the removal of support structures, these values could reach
peak levels of R, = 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 R; < 0 is applied. The test rig and the set up are shown in Fig. 15.3.

Fig. 15.2 Surfaces of an AlSil0Mg specimen built in the X direction: as-built state (left) and after
the removal of support structures (right)
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Fig. 15.3 E-Cylinder testrig (left), specimen (right) mounted between the clamping systems includ-
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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 R,
= —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 €, = 0.4 and 0.8% applied
to the two materials after tempering, and on AlSi10Mg also on the as-built state.
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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 o
Elastic Fracture Mechanics

Andrei Kotousov, Aditya Khanna, Ricardo Branco, Abilio 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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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, 4, 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:

Kyu(n) e e
o=y ff Fi(@) + KESRT £S5 (0, 9) + KEART 1 fA(9, ),
M=I,11,111 r

(16.1)

where K () are the stress intensity factors in mode I, Il and II; K €S and K €4 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, A¢, depends on angle
B, Poisson’s ratio, v, as well as the mode of loading, symmetric or antisymmetric.
The values of A¢ for different geometries and loading conditions were exhaustively
investigated using various semi-analytical as well as numerical approaches [5, 6,
8-10].

Corner point

Free surface

Crack front
Crack 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 3D corner 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
various materials. Energy considerations suggest that during fatigue crack growth the
shape of the entire crack front should preserve a » ~'/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, §.. Particular values and various approximations
for B, 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 latter work the traditional LEFM requirement
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, K;, in this can be described as

Ki(s) ~serts, (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, /4, 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, K7° and K7} from one side and the distribution of the local stress intensity
factors, K;(n), K;;(n) and Ko (n) from the other side:

2

2h

1
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(K)' + (K53)" =
(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,
u,, 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]:

u. ~ —1.34 - vK°vVh/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]:

K ~ Kh'/*7 es and K€ ~ K90R!/274ea, (16.5)

The difference 1/2 — Acs < 0 and 1/2 — Aca > 0, which implies that the
intensity of the corner singularity, K €S, 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, K 4, 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 e
Range of Stress Intensity Factor

in Fatigue Crack Growth

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

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, compared with 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 CJP model 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
K r, which drives crack growth in an analogous fashion to K; 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
factor K 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, K,
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 K and K that have been shown to be applicable to Mode I fatigue crack
growth. The model also defines a value for the 7-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 7-stress (this reflects the
fact that higher positive values of 7-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 7-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 Ky +
K parameter predicts, a priori, very similar values of AK,y 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 AK into the K and Kg
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 v = 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 10x 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 x 1202 pixels
(approximately 13.68 x 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 pwm). Full experimental and analysis details are given in Ref. [7].
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Fig. 17.1 The three specimen geometries used in this work: a CT; b DENT; ¢ CCT
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Table 17.1 Fatigue test Specimen| Ppax R DIC spatial resolution
parameters used in this work .
N) (nm/pixel)
CT1 700 0.1 8.33
CT2 700 0.3 8.33
CT3 700 0.6 8.22
DENTI |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
(a) (b)
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Fig. 17.2 Fatigue crack growth rate data characterised by a the standard definition of AK; b AK ¢jp

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

AKcyp = (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 AK to 0.9861 using AK ¢yp. 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 AK ¢jp and AK
using calibration curves that relate the values of the parameters in the CJP model to
the standard AK 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 oo
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,

M. Leitner (<) - R. Aigner - S. Pomberger - M. Stoschka - S. Pusterhofer

CD Laboratory for Manufacturing Process Based Component Design, Montanuniversitit Leoben,
Franz-Josef Strafle 18, 8700 Leoben, Austria

e-mail: martin.leitner @unileoben.ac.at

C. Garb
Montanuniversitdt Leoben, Franz-Josef Stralle 18, 8700 Leoben, Austria

© Springer Nature Switzerland AG 2019 139
J.A'E.O. Correia et al. (eds.), Mechanical Fatigue of Metals, Structural Integrity 7,
https://doi.org/10.1007/978-3-030-13980-3_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13980-3_18&domain=pdf
mailto:martin.leitner@unileoben.ac.at
https://doi.org/10.1007/978-3-030-13980-3_18

140

Table 18.1 Overview of investigated aluminium cast materials

M. Leitner et al.

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 TS5 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 AK, .z [S] 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 threshold AK, starting from the effective value AK, .y at a crack extension of
Aa = 0 mm up to the long crack growth threshold AK ;.. This short- to long crack
growth based change can be described utilizing an exponential approach including
the characteristic length Iz [10], see Eq. (18.1).

AKiy = AKupepr + (AKiie — AKupepy) - (1 — 72410 (18.1)

Further on, if the crack extends and the long crack growth threshold AK . 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 crack growth detection 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 range AK, the geom-
etry function recommended in [16] is applied, which is valid for round bars under
rotating bending load, see Egs. (18.2) and (18.3).

AK = Ao -Y(a,r) - /mswitha =25/ (18.2)

Y(a,r) = 0.63423 — 0.29743(a/r) + 0.07408(a/r)> + 0.48717(a/r)>
(18.3)

Herein, Ao 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 AK 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
Ng ~ 0.1 - Ny load-cycles. This observation is in agreement to a study given in [17].
After initiation, the crack propagates within the small-crack growth region (N; and
N>) up to a surface crack length of s ~ 0.2 mm, which equals a stress intensity factor
range AK 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
Ny.
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Load scheme:

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
a-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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(a) - (b)

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 oo

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 = P ,4x/P i) 0f 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 PSHT AA5754 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 hardening model 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 AlI-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 on AlI-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 aluminium alloys. 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 to model
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

SSS¢ —————> GPzones —> B’ ——> P

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 (B”). Thereafter, alloys are further aged at
250 °C for 6 h and cooling in furnace itself and thus, the formation of B’ 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 (AK) 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

(b) r
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=
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| N 15
[ 0 { 55

All dimensions are in mm

Fig. 19.1 Schematic of a experimental b meshed compact tension specimen ¢ LCF specimen
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with the strain ratio of Rg = €,,/€nax = — 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:

n 4
W) =Y N;®|uj+ HE = HE))aj+ Y (9ua(X) — g ()55 | (19.1)

=1 =1
Y jen, N

JEN,

where, N;(x) is the Lagrange interpolation function; u"(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 ; is the additional degree of freedom associ-
ated with the Heaviside function; ¢, (x) is the asymptotic enrichment function taken
from the Westergaard-William’s solution for displacement field at crack tip and b}
is enriched nodal degree of freedom associated with crack tip enrichment function.
Heaviside function across the crack surface, H(X), is given as

1 if x—x")n=>0

19.2
—1 otherwise, ( )

H(x) = {

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

3
dx = dei (19.3)
i=1
2
dx; = gcidsp — y;x;idp (19.9)

Here, dx is back stress increment vector, which defines the instantaneous position
of the loading surface, y; is the kinematic hardening exponent at any point and
de? 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 191 MPa to
215 MPaand 257 MPato 320 MPa for PSHT alloy 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

Log(da/dN)
Log(da/dN)

o

® As received AASTS4

# PSHT AASTS4 L) 5 ® As received AASTS4
+

# PSHT AASTS4

-5.5
08 09 1 11 12 13 14 o8 09 . ) 12 13

Log(AK) Log(AK)

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 ¢ Fatigue life (N)
0.1 0.5 0.1 0.5 0.1 0.5
As received 2.39 2.24 42 x 1077 |2.6 x 1078 109294 | 41671
AA5754
PSHT AA5754 2.19 2.25 37x 1077 |1.8x 1078 |212998 |53414
(a) (b)
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b 100
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Fig. 19.3 Stabilized hysteresis loops for a as received and b PSHT alloy and fatigue life for ¢ 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 AAS5754 alloy.

19.5.2 Numerical Results

Meshed model shown in Fig. 19.1b represents the exact solid model along with
boundary conditions during XFEM simulation. The von Mises 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 ¢ 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 oo
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, the methodology 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 closure measurement have been made 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-
dimensional model. 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-dimensionally modelled. The commercial finite element software ANSYS
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).

T K] 2
rpp = —<—) (20.1)
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Fig. 20.1 CT specimen
scheme
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Because of the symmetry of the problem, just a quarter of the model has to be
modelled applying appropriates boundary conditions.

Previous fracture mechanic numerical analyses based on the same specimen geom-
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].

The minimum element 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, 0 ,= 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 law has been used to model the material behaviour. There are no differences
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 m"? 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 r,p. 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 u, 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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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 based on stresses are more stable than the ones based on displacements,
although differences can be neglected compared with the numerical errors introduced
by other parameters as the minimum element size.
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Chapter 21 ®)
Towards Quantitative Explanation oo

of Effective Thresholds of Mode II1
Fatigue Crack Propagation in Metals

Tomas Vojtek, Stanislav Zak 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 as well 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
exp