IntechOpen

Aluminium Alloys,
Theory and Applications

Edited by Tibor Kvackaj

"

N’/







ALUMINIUM ALLOYS,
THEORY AND APPLICATIONS

Edited by Tibor Kvackaj and Rébert Bidulsky



Aluminium Alloys, Theory and Applications
http://dx.doi.org/10.5772/576
Edited by Tibor Kvackaj

Contributors

Alfredo Flores, Patiphan Juijerm, Igor Altenberger, Maria Salvador, Vicente Amigd, Mary J. Vergara, Carlos Bloem,
Ewald Macha, Dariusz Rozumek, Guozheng Kang, Jun Ding, Yujie Liu, Linda Wu, George Ferguson, Tibor Kvackaj,
Jana Bidulska, Robert Kocisko, Robert Bidulsky, Abilio de Jesus, Alfredo Ribeiro, Adinel Gavrus, Henri Francillette,
Pedro Vilaga, Telmo G. Santos, Marco Actis Grande, Andrea Gatto, Luca luliano, Elena Bassoli, Matteo Pavese, Claudio
Badini, Claudia Vega Bolivar, Andrea Antonini, Sara Biamino, Diego Manfredi, Elisa Ambrosio, Paolo Fino, Giuseppe
Campanile, Francesco Acerra, Victor Songmene, Riad Khettabi, Imed Zaghbani, Jules Kouam, Abdelhakim Djebara,
Jisen Qiao, Shahrum Abdullah, Gilbert Henaff, Grégory Odemer, Bertrand Journet, Kuppuswamy Ramaswamy

© The Editor(s) and the Author(s) 2011

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

D)o

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2011 by INTECH d.o.o.

eBook (PDF) Published by IN TECH d.o.o.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Aluminium Alloys, Theory and Applications
Edited by Tibor Kvackaj

p.cm.
ISBN 978-953-307-244-9
eBook (PDF) ISBN 978-953-51-5974-2



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4®®®+ 116,000+ 120M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Professor Tibor Kvackaj obtained the PhD degree in
field of study “Materials Science and Metal Forming” at
Faculty of Metallurgy, Technical University in KoSice in
1983. He is head of Department of Metals Forming from
1992, chairman of international conference “TherTech-
Form” since 1996 and chairman of editorial board of
journal “Acta Metallurgica Slovaca”. He published as
author and co-author more than 350 original scientific works. His scientific
fields are theory and technology of plastic deformations of metals, experi-
mental investigations and mathematical simulations of influence of plastic
deformation processes on structure formation and properties metal materi-
als, nanostructural formations by SPD, steel research for autobodies.

Dr. Rébert Bidulsky obtained PhD in field of study
“Material Engineering and Limiting States of Materials”
at the Institute of Materials Research of Slovak Academy
of Sciences in Kosice in 2003. He is a member of editorial
board of journal “Acta Metallurgica Slovaca”. He pub-
lished more than 100 papers and participated in various
EC and National projects. Lecturer on the laboratory
works on the Training Courses (2007, 2008) under Marie Curie program. He
was awarded fellowships for foreign senior researcher at Politecnico di Tori-
no. His scientific work focuses on the materials science (powder metallurgy,
SPD) HT processing (sinter hardening), as well physical and mathematical
simulation (compressibility, diffusion and material flow phenomena).






Contents

Part 1

Chapter 1

Chapter 2

Chapter 3

Part 2

Chapter 4

Chapter 5

Chapter 6

Preface Xll|
Severe Plastic Deformation and Modelling 1

Effect of Severe Plastic Deformation

on the Properties and Structural Developments

of High Purity Al and Al-Cu-Mg-Zr Aluminium Alloy 3
Tibor Kvackaj, Jana Bidulska, Robert Kocisko and Rébert Bidulsky

An Evaluation of Severe Plastic Deformation

on the Porosity Characteristics of Powder Metallurgy
Aluminium Alloys Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu 27
Robert Bidulsky, Marco Actis Grande

Jana Bidulska, Rébert Kocisko and Tibor Kvackaj

An Anisotropic Behaviour Analysis of AA2024 Aluminium
Alloy Undergoing Large Plastic Deformations 49
Adinel Gavrus and Henri Francillette

Welding Phenomena 69

A Simple Approach to the Study

of the Ageing Behaviour of Laser Beam and Friction
Stir Welds between Similar and Dissimilar Alloys 71
Claudio Badini, Claudia Milena Vega Bolivar, Andrea Antonini,
Sara Biamino, Paolo Fino, Diego Giovanni Manfredi,

Elisa Paola Ambrosio, Francesco Acerra,

Giuseppe Campanile and Matteo Pavese

Non-Destructive Testing Techniques

for Detecting Imperfections

in Friction Stir Welds of Aluminium Alloys 93
Pedro Vilaca and Telmo G. Santos

Aluminium 7020 Alloy
and Its Welding Fatigue Behaviour 115
Carlos Bloem, Maria Salvador, Vicente Amigd and Mary Vergara



X Contents

Chapter 7 Fatigue Behaviour of Welded Joints Made
of 6061-T651 Aluminium Alloy 135
Alfredo S. Ribeiro and Abilio M.P. de Jesus

Chapter 8 Inhomogeneous Material Modelling
and Characterization for Aluminium
Alloys and Welded Joints 157
Jisen QIAO and Wenyan WANG

Part 3 Fatigue, Fracture and Cyclic Deformation Behaviour 181

Chapter 9  Cyclic Deformation Behaviour and Its
Optimization at Elevated Temperature 183
Patiphan Juijerm and Igor Altenberger

Chapter 10 Summary on Uniaxial Ratchetting
of 6061-T6 Aluminium Alloy 199
Guozheng Kang, Jun Ding and Yuijie Liu

Chapter 11 Crack Growth in AlCu4Mg1 Alloy
under Combined Cyclic Bending and Torsion 217
Dariusz Rozumek and Ewald Macha

Chapter 12 Fatigue Crack Growth Simulation
of Aluminium Alloy under Cyclic Sequence Effects 237
S. Abdullah, S. M. Beden and A. K. Ariffin

Chapter 13 Creep and Creep-Fatigue
Crack Growth in Aluminium Alloys 259
Gilbert Hénaff, Grégory Odemer and Bertrand Journet

Part4 Microstructure Phenomena 283

Chapter 14 New Approaches to Reaction Kinetics
during Molten Aluminium Refining
Using Electron Backscatter Diffraction (EBSD) 285
Alfredo Flores and Jesus Torres

Chapter 15 Modelling of Precipitation Hardening
in Casting Aluminium Alloys 307
Linda Wu and W. George Ferguson

Chapter 16 Metallographic Etching of Aluminium
and Its Alloys for Restoration of Obliterated Marks
in Forensic Science Practice and Investigations 331
R. Kuppuswamy



Part5

Chapter 17

Chapter 18

Contents

Machining and Machinability 353

Performance Optimization in Machining of Aluminium
Alloys for Moulds Production: HSM and EDM 355
Andrea Gatto, Elena Bassoli and Luca luliano

Machining and Machinability of Aluminum Alloys 377
V. Songmene, R. Khettabi, I. Zaghbani, J. Kouam, and A. Djebara

Xl






Preface

Aluminium alloy has taken over as the most popular material for structural com-
ponents in engineering industry included automotive, aerospace and construction
industries for several reasons. The most characteristic properties of aluminium are
low specific weight and low melting point. In addition, aluminium has excellent
corrosion resistance, high strength and stiffness to weight ratio, good formability,
weldability, high electrical and heat conductivity. Last but not least, aluminium al-
loy components are particularly required for environmental, ecological and eco-
nomical aspects.

The book provides a theoretical and a practical understanding of the metallurgical
principles in: severe plastic deformation processes with respect to high strength and
ductility achieved on bulk and PM aluminium and aluminium alloys; welding of
aluminium, mainly focused on a relatively new technique of friction stir welding
as well as welded fatigue behaviour; cyclic deformation behaviour of the alumini-
um alloys at room and elevated temperature forcefully on the load sequence effects
in fatigue crack propagation and crack growth under loading; creep-fatigue crack
growth; modelling of precipitation hardening in casting aluminium alloys; an aniso-
tropic behaviour analysis undergoing large plastic deformations; new approaches to
reaction kinetics during molten aluminium refining using electron backscatter dif-
fraction; theoretical explanation about number restoration and etching techniques
applied to recover the obliterated markings on aluminium and aluminium alloys
and information about machining and machinability of aluminium alloys.

Out of all, aluminium alloys offer opportunities in a wide range of applications.
The present book enhances in detail the scope and objective of various develop-
mental activities of the aluminium alloys. A lot of research on aluminium alloys
has been performed. Currently, the research efforts are connected to the relatively
new methodics and processes. We hope that people new to the aluminium alloys
investigation will find this book to be of assistance for the industry and university
fields enabling them to keep up-to-date with the latest developments in aluminium
alloys research.
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Effect of Severe Plastic Deformation on the
Properties and Structural Developments of High
Purity Al and Al-Cu-Mg-Zr Aluminium Alloy

Tibor Kvackaj!, Jana Bidulska!, Robert Koc¢isko! and Robert Bidulsky?
ITechnical University of Kosice, Faculty of Metallurgy, Department of Metals Forming
2Politecnico di Torino - Sede di Alessandria

ISlovakia
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1. Introduction

Demands of industry producers are to find new forms and facilities for appropriate
properties of structural parts suitable for different miscellaneous structural applications in
the civil, automotive and aircraft industries. With respect to these facts, aluminium alloys
find a wide variety of uses due to their remarkable combination of characteristics such as the
low density, the high corrosion resistance, high strength, easy workability and high
electrical and heat conductivity.

The traditional process is to obtain the improvement in the mechanical properties of
aluminium alloys through the precipitation of a finely dispersed second phase in the matrix.
This is accomplished by a solution treatment of the material at a high temperature, followed
by quenching. The second phase is then precipitated at room or elevated temperatures. For
aluminium alloys this procedure is usually referred to as age hardening and it is also known
as precipitation hardening (Michna et al., 2007); (Mondolfo, 1976). Conventional forming
methods are ineffective in the achieving of favourable properties area of produced parts,
adequate to structural properties; moreover through them only limited levels of structural
and strength-plastic characteristics can be obtained. The solution may be non-conventional
forming methods (Kvackaj et al., 2005), (Kvackaj et al., 2004), (Kvackaj et al., 2010 a) as well
as Severe Plastic Deformation (SPD), such as more preferable are equal channel angular
pressing - ECAP, (Valiev & Langdon, 2006), (Valiev et al., 2000) to obtain results structured
at the nm level. A combination of high strength and ductility of ultrafine polycrystalline
metals, prepared by SPD, is unique and it indeed represents interesting cases from the point
of view of mechanical properties (Chuvil’deev et al, 2008); (Zehetbauer et al., 2006); (Han et
al., 2005) ;(Ovid'ko, 2005); (Meyers et al., 2006); (Kopylov & Chuvil’deev, 2006); (Zehetbauer
& Estrin, 2009). In the past decade, the research focused on to strengthen Al alloys without
any ageing treatment, via SPD (Kvackaj et al., 2010 b).

The finite element method (FEM) is a proven and reliable technique for analyzing various
forming processes (Kvackaj et al., 2007); (Kocisko et al., 2009); (Li et al., 2004); (Leo et al.,
2007); (Cerri et al., 2009), (Figueiredo et al., 2006); (Mahallawy et al., 2010); (Yoon & Kim,
2008), in order to analyze the global and local deformation response of the workpiece with



4 Aluminium Alloys, Theory and Applications

nonlinear conditions of boundary, loading and material properties, to compare the effects of
various parameters, and to search for optimum process conditions for a given material
(Kim, 2001).

The unique mechanical properties of the ECAPed material are directly affected by plastic
deformation. Hence, the understanding the development of strain during processing has a
key role for a successful ECAP process. It is well known that the main factors affecting the
corner gap formation during ECAP are materials strain hardening and friction. Thus,
character of the strained condition and uniformity of plastic flow during ECAP is very
sensitive to friction coefficient (Balasundar & Raghu, 2010); (Zhernakov et al., 2001);
(Medeiros et al., 2008).

In order to understand various processes like as the workpiece (billet), die design, the
friction conditions, etc.; it is essential to combine experimental research with a theoretical
analysis of inhomogeneous deformation behaviour in the workpiece during the process.

In addition to the aforementioned properties, the most important factor affecting the
mathematical simulation of material is the stress-strain curve (stress-strain curve influences
the calculation precision). These data can be derived either from database program or from
experimental achieved stress-strain curve. Experimental stress-strain curve can easily be
determined by laboratory tests of formability. The most frequently used formability tests are
torsion and tension (Pernis et al., 2009); (Kovacova et al., 2010).

Structure investigations by TEM analysis will be useful key to identifications and
confirmations the various theories about the material behaviour during the ECAP
processing (Dutkiewicz et al.,, 2009); (Dobatkin et al., 2006); (Lityriska-Dobrzyriska et al.,
2010); (Maziarz et al., 2010); (Alexandrov et al., 2005).

The present chapter book focused on the effect of Severe Plastic Deformation on the
properties and structural developments of high purity aluminium and Al-Cu-Mg-Zr
aluminium alloy.

Former part deals with the high purity aluminium (99,999 % Al) processed by six ECAP
passes in room temperature. Influence of strain level, strength, microhardness, plasticity and
diameter of grain size in dependence on ECAP passes were investigated. FEM analysis with
respect to influence friction coefficient (f=0,01-0,3) and characteristic of deformed materials
as such materials with linear and nonlinear strengthening on homogeneity of effective
deformations during sample cross section were observed.

Latter part deals with the tensile properties as function of the processing conditions of the
Al-Cu-Mg-Zr aluminium alloy. Based on the results above, the tensile properties, hardness
and structure development of the Al-Cu-Mg-Zr aluminium alloy along with the numerical
simulation are discussed.

2. Experimental conditions

2.1 Experimental conditions for investigation of high purity Al (99,999%Al)
Experimental material was prepared by zonal refining. Structure after producing was
heterogeneous with average grain size dg ~ 650 pm. Mechanical properties before ECAP
processing are given in Table 1.

The ECAP process was carried out at room temperature by route C (sample rotation around
axis about 180° after each pass) in an ECAP die with channels angle ® = 90°. The rod-shaped
samples (do = 10 mm, lp = 80 mm) were extruded twelve ECAP passages at rate of 1 mm-s-1.
The deformation forces during ECAP sample processing was measured using tensometric
measurement with LabVIEW apparatus.
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0,2%YS [MPa]JUTS [MPa] EL [%] [HV10[-]
36 | 5 27 | 242

Table 1. Initial mechanical properties of high purity aluminium (99,999 %)

The static tensile test on the short specimens dg x lp = 5 x 10 mm was performed. Tensile test
was done after every second ECAP pass on ZWICK 1387 equipment by standard conditions
EN 10002-1. Subsequently, characteristics of the strength (yield strength: YS; ultimate tensile
strength: UTS) and elongation (El.) were determined.

The microhardness test was done on polished surface in longitudinal direction of sample
after every second ECAP pass on LECO LM 700 AT equipment.

Transmission electron microscopy (TEM) analysis with electron diffraction in longitudinal
direction of sample was done on thin foils on Philips CM 20 microscope. The thin foils were
prepared using a solution of 5 % HF at a temperature -25 °C and the time 20 - 30 s.

Material flow in ECAP die was investigated. The samples were longitudinal cutting by wire
cutter. Cutting surfaces were processing by metallographic grinding and polishing.
Polishing surfaces were mechanically marked by square net as is given in Fig. 1. The size of
one element was 1 x 1 mm. The samples after marking were again to join together and put in
to ECAP unit. Orientation of sample cutting plane was identical with the plane lying in
horizontal and vertical cannel axes. One pass in ECAP unit at rate 1 mm-s-! was performed.

i) ¥ b

- LY

-
11
T

Fig. 1. Sample preparation before ECAP a) scheme of square net implementation on
polishing surfaces, b) real Al sample with square net

Simulation of ECAP pass was carried out using the finite element method (FEM) in software
DEFORM 2D as considering plane strain conditions (Deform Manual, 2003). Die geometries
were directly designed in the software Deform 2D. The parameters were: circle canal of die
with diameter, do =10 mm, length, L=100 mm, die with channels angle, ® = 90°, outer
radius, R = 5 mm and inner radius, r = 0 mm. The workpiece dimensions were: diameter, do
=10 mm and length, Iy = 80 mm. The processing rate was constant, v =1 mm:-s-.. Friction was
superposed to follow Coulomb’s law with friction coefficient f = 0,12. The processing
temperature was 20 °C. The theory at the base of FEM implies that at first, the problem has
to be divided into little sub problems that are easily to be formulated. There over, they must
all be carefully combined and then solved. The manner in which a problem is divided
constituents the so called meshing process. Mesh density refers to the size of elements that
will be generated within an object boundary. The mesh density is primarily based on the
specified total number of elements. Mesh density according to (Kobayashi & Altan, 1989);
(Deform Manual, 2003) is defined by the number of nodes per unit length, generally along
the edge of the object. The mesh density values specify a mesh density ratio between two
regions in the object. Even though the material properties are same, meshing is the most
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important factor which will influence the finite element simulation results. The mesh size
specifically influences the corner gap formation.

A higher mesh density offers increased accuracy and resolution of geometry, on the other
the time required for the computer to solve the problem increases as number of nodes
increases. An optimal meshing density has to be chosen according to the geometry and size
of object according in (Kvackaj et al., 2007); (Kocisko et al., 2009); (Li et al., 2004) specimen
with diameter do = 10 mm has been decided using 20 elements along the width. Hence, the
specimen with diameter dyp =10 mm and length Iy = 80 mm was meshed with 3000 elements,
that’s to say 28 elements on the specimen diameter, as shown in Fig. 2.

Fig. 2. FEM simulation scheme of ECAP

The finer meshes were built close to the surface in order to better match the geometry of the
process, for example in channel areas. Authors (Semiatin et al., 2000) showed that the influence
of channel angles of ECAP equipment was influencing the development of effective strain.
Thus the highest effective strain is achieved if the angle between channels is 90°.

The tools of ECAP equipment (the die and plunger) were assumed to be elastic materials
and they were assigned of tool steel material characteristic, them being much higher than
those of deformed material. The specimen was assumed as elasto-plastic object with their
material characteristics characterized by stress-strain curve Fig. 3.

//"
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Fig. 3. Stress-strain curve of Al material
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2.2 Experimental conditions for investigation of Al-Cu-Mg-Zr aluminium alloy
The material used in this experiment was Al-Cu-Mg-Zr aluminium alloy. The chemical
composition is presented in Table 2.

Al |Cu|Mg|Mn| Si | Fe | Zr | Ti
balance| 4,32 |0,49|0,77 (0,68 |0,23|0,12| 0,03

Table 2. Chemical compositions (wt. %) of investigated aluminium alloys

Hot rolling was carried out by rolling-mill DUO 210 at temperature of 460 °C (as-rolled
state). Solution annealing after rolling was performed at temperature of 520 °C (holding
time 9 000 s) and cooled to the room temperature by water quenching (quenched state). The
quenched specimens (do = 10 mm, lp = 70 mm) were subjected to deformation in an ECAP
die with channels angle ® = 90° at rate of 1 mm-s! (ECAPed state). The ECAP was realized
by hydraulic equipment at room temperature. After one ECAP pass, the specimens were
processed to artificial ageing at 100 °C for 720 000 s (ECAPed + aged state).

Tensile specimens were taken after each processing treatments. The tensile testing was done
on a FP 100/1 machine with 0,15 mm-min-! cross-head speed (strain rate of 2,5-104 s-1). Static
tensile test on the short specimens do x ly = 5 x 10 mm was performed. Subsequently,
characteristics of the strength (YS; UTS), El. and Re. were determined.

For optical microscopy, samples were individually mounted, mechanically polished and
finally etched at room temperature using a mixture of 2 % HF, 3 % HCl, 5 % HNO3 and 90 %
H>O (Keller's Reagent).

TEM analysis was performed on thin foils. The foils for TEM were prepared using a solution
of 25 % HNOs; and 75 % CH3;OH at a temperature -30 °C. TEM was conducted at an
accelerating voltage of 200 kV.

Additionally, a fractographic study of the fracture surface of the materials after a
conventional tensile strength test was carried out using SEM JEOL 7000F.

The numerical simulation of ECAP process was similar as is described in capture 2.1. Only
sample length lp = 60 mm was changed. The specimen was assumed as elasto-plastic object
with their material characteristics characterized by stress-strain curve (Table 3), Young's
modulus and thermal properties. Certainly, the simulation conditions of investigated
materials were considered so that the bounds of the deformation strain, strain rate and
deformation temperature can’t lead to loss of accuracy.

Strain [-] 0 0,1 0,2 0,3 1
Database data / stress [MPa] 0 200 233 250 312
Experimental data / stress [MPa] 0 68 144 174 324

Table 3. Stress-strain data of Al-Cu-Mg-Zr aluminium alloy for both conditions

Materials characteristics for both conditions are presented in Table 4.

Hence, mathematical simulations of ECAP process of Al-Cu-Mg-Zr aluminium alloy were
realized on the basis of two approaches for stress-strain curve selection: from DEFORM
material database and from experimental results. The DEFORM material database contains
flow stress data for Al-Cu-Mg-Zr aluminium alloy (Table 3). The flow stress data provided by
the material database has a limited range in terms of temperature range and effective strain.
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Workpiece Database | Experimental
Plastic Flow stress (Table 2)
Young’s modulus [MPa] 68900 70000
Elastic Poisson’s ratio [-] 0,33 0,33
thermal expansion [K-] 2,2.105 2,2.105
thermal conductivity [kW/mK] 180,2 180,2
Thermal heat capacity [k] kg1 K-1] 2,433 2,433
Damage model (Fracture data) Cockcroft-Latham

Table 4. Materials characteristics for both investigated specimens

3. Results and discussion
3.1 Experimental results and discussion for high purity Al (99,999%Al)

3.1.1 FEM investigation

The deformed net after 1st ECAP pass is shown in Fig. 4a. Deformed net on sample surfaces
was scanning and computer cover by new net for better visualisation as is given on Fig. 4b.
Numerical simulations of net deformation in software DEFORM 2D are shown in Fig. 4c.
The intensity of plastic deformation is depended on angle of shearing strain y. With
increased of shearing strain angle is increasing also intensity of plastic deformation. The net
deformation of sample is pointing out localization of biggest plastic deformation to top
sample part which correspond with inner radius (r) of ECAP channel. The value of this
shearing strain angle is y = 60°. This value is observing up to 2/3 of sample cross section.
Started from 2/3 of top to bottom sample part shearing strain angle is rapid decreasing up
to level y = 8°. Reported by authors (Beyerlein et al., 2004); (Stoica et al., 2005) this low level
is characterizing by straining way in deformation zone which is more bending as plastic
flowing. Mutual comparison of shearing strain angles y obtained from experiment and
numerical simulation reference to high conformity of results. Some difference was observed
only in 1/5 bottom sample part where preferable deformation is bending,.

The ECAP channel filling by processing material has influence on distribution of effective
plastic deformation, which depends on: contact friction, stress - strain (o-¢) curves
characterizing deformed material and geometrical definition of ECAP die (Li et al., 2004).
For numerical simulation of 1st ECAP pass geometrical definition of channels was as follow:
® =90° R =0 mm and r = 0 mm. The influence of friction coefficient in interval f = 0,01 -
0,25 on channels filling was simulated as is shown in Fig.5.

If geometrical definition of channels (Fig. 6) was describe by formula (1) (Oh et al., 2003) that
linear graphical dependence shown in Fig. 7 was obtained.

zzdh.[nz—hj 1)

v

where: A [-] - index for the outer corner
dn [mm] - distance between die corner and horizontal contact point of die
and workpiece
dy [mm] - distance between die corner and vertical contact point of die and
workpiece
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Fig. 4. Deformed net after 1st ECAP pass a) Deformed net on real sample, b) Visualisation
deformed net after scanning and computer redrawing with marking of angle of shearing
strain y, ¢) Deformed net after numerical simulation in DEFORM 2D
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Fig. 5. ECAP channels filling in dependence on friction coefficient: a) f = 0,01; b) f = 0,12;
c)f=0,18;d)f=0,25d)f=03ae) f=0,35

From graph is resulting that better channels filling by material were obtained when friction
coefficient was increased. The numerical simulations confirm biggest localization of effective
strain heterogeneity to bottom side of sample as is shown in Fig. 8.

The influence of o-e curves characterizing deformed material on channels filling was
numerical simulated for o-e curves with linear (Fig. 9) and nonlinear (Fig. 10) strengthening.

The measurement of lengths d and d. for both type of o-¢ curves are given in Fig. 11, Fig. 12
and dependence of shape index of outer corner on angle of curves inclination is given in Fig.
13. From graphical dependences is resulting negligible influence of o-¢ strengthening type
curves (linear and nonlinear strengthening) on channels filling for curve types 1-5. If
strengthening curves are approaching to ideal rigid - plastic form with minimal
strengthening (types 6-7) so differences in channel filling are observing.
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3.1.2 Mechanical and structural properties after ECAP

The change of mechanical properties in dependence on number of ECAP passes is shown in
Fig. 14. Ultimate tensile strength (UTS) is slightly sensitive on ECAP passes and
substructure formation. Yield strength (0,2% YS) is decreasing up to 6th pass where achieved
local minimum. From 6th up to 12th pass is growing. Elongation to failure (EL) is inversing
to 0,2% YS. Microhardness dependence is given in Fig. 15 from which resulting
microhardness growth with an increase of ECAP passes.

TEM analysis was performed on samples after 4th, 6th, 8th and 12th ECAP passes and shown
in Fig. 16 - 20.

Initial structure is creating with large polyedric grains (dg ~ 650 ym) and low dislocation
density. Cell substructure with subgrain diameter ds; ~ 2,6 pm was searched after 4th and 6th
ECAP passes and are given in Fig. 17, 18. Dislocations are generated with plastic deformation
and arranged to dislocation walls, which later transform to subgrains with low or high angles,
as it is seeing in Fig. 19. Subgrains are equiaxial with average size dsg ~ 2,2 pm.

Substructure after 12th ECAP pass is equiaxial with low misorientation and average subgrain
size dsg ~ 1 pm (Fig. 20). Average subgrain size in dependence to number ECAP passes is
given in Fig. 21. The significant substructure refinement was observed after 6th ECAP pass.
Yield strength starts to grow also after 6th pass, what coincide with strengthening from grain
size refinement after the Hall-Petch equation. Random coarse grains in fine structure matrix
were observed after 4th and 12th ECAP pass as shown in Fig. 22.
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Fig. 16. TEM micrograph before ECAP (dg~ 650 pm)
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Fig. 19. TEM micrograph after 8th ECAP pass (dsg ~ 2,6 pm)
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Fig. 20. TEM micrograph after 12th ECAP pass (dsg ~ 0,98 pm)

This anomaly is nucleus of recrystallized subgrain with high angle grain boundary (HAGB).
In literature does not exist clear opinion on high purity aluminium recrystallization at room
temperature. Dynamic recovery (DR), dynamic recrystallization (DRX), metadynamic
recrystallization (MDRX) and static recrystallization (SRX) are possible mechanisms to
formation of fine grain structure with SPD at room temperature. Recrystallization of high
purity aluminium (99,999%) deformed at room temperature was described (Choi et al., 1994)
as DRX and as SRX. Less pure aluminium very slowly recrystallized with comparison of
99,999% pure aluminium (Kim et al., 2003); (Kim et al., 2007). From the literature analysis is
resulting intensive sensitivity of aluminium softening (dynamic or static mechanism) in
dependence on aluminium purity.
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Fig. 21. Grain size change on ECAP passes

The measurement of deformation forces for two material grades (high purity aluminium
and oxygen free high conductivity Cu) during ECAP processing were performed by
tensometric sensors. The deformation forces were recalculated on deformation stresses and
insert to Fig. 23. From graphical dependences are resulting two curve developments. One
with decreasing and the other with increasing of deformation stresses. Deformation stress
decreasing was observed for aluminium material and increasing for copper material.
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Fig. 22. Recrystallized grains after ECAP processing: a) 4th ECAP pass; b) 12th ECAP pass
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Fig. 23. Dependence of deformation stresses on ECAP passes for different materials

The deformation stress changes with connection of stacking fault energy (SFE) are observed.
The high purity aluminium is material with high SFE on level 166 m.].m2 while OFHC
copper is distinguishing with low SFE on level 40 m.J.m2 (Humphreys & Hartherly, 1996);
(Neishi et al., 2002).

The materials with high SFE are characterized with dynamic recovery while materials with
low SFE by deformation strengthening follow by some kind of recrystallization mechanisms
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what have good correlation with observed graphical experimental dependences. Therefore
investigated high purity aluminium material is characterized up to 6th ECAP pass with
decreasing of deformation stress caused by dynamic recovery and from 6th ECAP pass
deformation stress is slightly growing. Similar development of yield strength dependence
and inverse dependence of elongation were observed up to 6th and from 6th ECAP passes
(Fig. 14). These characteristics dependences from 6th ECAP pass are related on the
mechanical strengthening mechanism resulting from refinement of grain size (Fig. 21). On
the other side dependence of deformation stress for OFHC copper is growing with the
increasing of ECAP passes because of Cu is material with low SFE and mechanical
strengthening can be subsequently accompany by some kind of recrystallization process.
From Fig. 23 is resulting that ratio between deformation stresses in the 5th ECAP pass
(OmaxsCu/ Omin,al) for high purity aluminium and OFHC copper has value 0,33. That means
softening mechanisms realized by dynamic recovery was needed only 33% from maximal
level of deformation stress occasioning mechanical strengthening which can be
subsequently accompanying with possibility of recrystallization process.

3.2 Experimental results and discussion for Al-Cu-Mg-Zr aluminium alloy
3.2.1 Mechanical properties
The stress-strain curves under various processing conditions are plotted in Fig. 24.
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Fig. 24. Stress-strain curves of Al-Cu-Mg-Zr aluminium alloy prepared by different
processing conditions

The implementation of SPD via ECAP method caused an increase in materials strength if
compared to both systems without application of SPD (as-rolling and quenching). Markedly
strengthening of materials after first pass was observed by authors (Vedani et al., 2003);
(Cabbibo & Evangelista, 2006); (Kvackaj et al., 2010). Strengthening of material is caused by
grains refinement and strain hardening of solid solution.

The tensile results under various processing conditions are summarized in Table 5.
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Processing Mechanical properties

YS [MPa] UTS [MPa] EL [%] Re. [%]
As-rolled 235 381 22,3 27,8
Quenched 157 394 32,8 34,4
ECAPed 511 593 17,1 18,0
ECAPed + aged 515 541 14,4 14,0

Table 5. Mechanical properties of investigated aluminium alloys Al-Cu-Mg-Zr

The difference in the strength values is basically due to the various materials modification.
The reason for the increasing of strength and ductility in case of the as-rolled state in
comparison to the quenched state was the reduction of strain hardening. The reason for the
strength increasing in ECAP was SPD of analyzed alloy, which caused also a sensible
decrease of ductility. ECAP increased the strength value approximately 35 % if compared to
the as-rolled and quenched alloy. Values of yield strength of approximately 55 % and 70 %
separately, of the as-rolled and quenched material were obtained. Overall very good
complex mechanical and plastic properties were obtained after ECAP: yield strength of 511
MPa, ultimate tensile strength of 593 MPa, tensile elongation of 17,1 % and reduction in area
of 20 %. It is clear that the result of such grains refinement is first of all related to the
improvement of mechanical properties; it also increases markedly the density of lattice
defects in the solid solution of Al-based alloys and thus accelerates the precipitation process
of strengthening particles during the subsequent ageing (Valiev & Langdon, 2006), (Lowe &
Valiev, 2000). Finally, present results show that grain refinement by ECAP can lead to a
unique combination of strength and ductility. The achieved mechanical properties by ECAP
and subsequent treatment can be useful for producing high strength and good ductility in
precipitation-hardened alloys.

3.2.2 Fracture and structure investigation

The fracture surfaces analyses of investigated materials showed dominant of transcrystalline
ductile fracture. The effect of plastic deformation was revealed in particles cracking for the
relevant materials that are typical for aluminium alloys (Novy et al., 2005), (Ovid'ko, 2007);
(Novy et al., 2009). During plastic deformation, particles were cracked and/or particles were
divided from interphase surface by means of cavity failure systems, which after that
exhibited in the formerly dimples, Fig. 25 and Fig. 26.

Detailed fractographical examinations revealed that there were two categories of dimples of
transcrystalline ductile fracture: large dimples with average diameter in the range from 5 to
25 pm (arrow in Fig. 27 a), formed by the intermetallic particles on the bases of Fe and Si,
which can be to visible by metallography examination (arrow in Fig. 28 b) and small
dimples with average diameter in the range from 0,5 to 2,5 um, formed by submicroscopic
and dispersive particles, which were observed by TEM investigation, Fig. 26.

Different average diameters of dimples were obtained for the investigated materials,
according to the treatment: as-rolled approximately 10 pm, quenched approximately 9,5 pm,
ECAPed approximately 8,5 pm and ECAPed + aged approximately 7,8 pm. The difference
between dimples was affected by various processing conditions. For the as-rolled state, the
initiator can be identified in the CuAl, particles, while for the quenched; the role of initiators
takes intermetallic particles based of Fe and Si. The SPD via ECAP method caused grains
refinement, strain hardening of solid solution and intermetallic deformed particles.
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Fig. 26. Transcrystalline ductile fracture ECAPed state, and ECAPed + aged state

Fig. 27. a, b Intermetallic particles on the base of Fe and Si as a initiators of large dimples
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Fig. 28. TEM analyses revealed submicroscopic and dispersive particles as an initiators of
small dimples

3.2.3 FEM investigation
Distributions of equivalent plastic deformation after one ECAP pass for both conditions are
presented in the Fig. 29.
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Fig. 29. Distribution of equivalent strain after one ECAP pass at the same forming condition:
a) database material, and b) experimental material

Fig. 29 shows, that plastic deformation is non-uniformly distributed along the cross-section

and also the length of specimen.

Along the workpiece length is possible to divide the plastic deformation into three

deformation areas:

head - non-uniformity of plastic deformation is caused by non-uniformly material flow
during junction from vertical to horizontal canal,

body - steady state of plastic deformation,

tail - non-uniformity of plastic deformation is related to the uncompleted pressing of
specimen during the exit channel.

Non-uniformity of plastic deformation most be concentrated to the bottom part of the

workpiece, in accordance with authors (Kvackaj et al., 2007); (Ko¢isko et al., 2009); (Li et al.,

2004); (Leo et al., 2007). Due to this fact, the material properties after ECAP are carried out

only from body of specimen.
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The Fig. 30 illustrates the distribution of equivalent plastic deformation in cross-section part
of specimen for the 550th computational step (steady state area of plastic deformation) of
both conditions.

Local changes were observed in maximum of curve, where the simulation analysis with
database characteristic achieved effective strain value of 1,12 while in simulation analysis
with experimental characteristic attained 1,2. The difference represented 7 %. That means
the entry data from stress-strain curves did not affect the distribution of plastic deformation
intensity in cross-section area of workpiece.

104 ﬂ.} 115 h}
r T T YT [T Ty IR T
L  Fi I B LI . i
= 0694 ' 2 it ]
— [ ] — i 3
E I ] 5 .
] -"-5-’:"_ 3 Bo Y i
- . i I 9
= L [= I :
TR l 3 o 0ToE m
',—= !_' ha ] "',E M
: 2
g_-'_lq."_.“ l B g E_'”!-Irq ' -
[-F] L g o L o
C—-_._(i | TR r IC__‘:} B s ]
0304 i B 1, - 04190 | | PEPEIEPE] LIRS
goon 200 400 E00 BOO W0 Qoo0 200 400 600 &00 1000
distance [mm] distance [mm]

Fig. 30. Distribution of equivalent strain in cross-section part of workpiece in 550th
computational step: a) database material, and b) experimental material

Fig. 31 illustrates the distribution of strain rate intensity for both conditions. Strain rate
determined the plastic deformation area and/or the plastic deformation zone (PDZ). It can
be seen that strain rate is concentrated in the narrow zone - PDZ. In all cases, the plastic
deformation zone varies both along the workpiece axis and along the transverse direction
from top to bottom as it is confirmed in (Kvackaj et al., 2007). It is needed to keep in mind
that ECAP deformation is generally non-homogeneous, especially when the die is rounded
or if conditions lead to a free surface corner gap (Li et al., 2004). However, a disadvantage of
the FE studies is that various different combinations like the workpiece, die design, the
friction conditions, etc. are applied. All mentioned factors can deeply influence the
simulation results and therefore make it difficult to compare results from different studies.
Hence, studies for understanding PDZ during the forming process and interpreting the real
forming conditions in ECAP process are still lacking.

It can be found from the distribution of strain rate intensity (the 550th computational step in
the Fig. 31) that the strain rates are clearly different in case of the database and experimental
material; in the inner side of the channel achieved an increase in strain rate about 29 % for
experimental material characteristics.

Fig. 32 enables to interpret a temperature development during ECAP process.

Results from Fig. 32 that an increase in temperature during the process, from initial ambient
temperature to 35,5 °C for database material and to 46 °C for experimental material. An
increase in temperature is connected to heat transformation of plastic deformation part. The
temperature of workpiece fail to reach a level of restoration processes for both investigated
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Fig. 31. Distribution of strain rate intensity along to cross-section in 550t computational
step: a) database material, and b) experimental material

materials. In simulation to take heat transfer into consideration, for that reason during the
ECAP process can to observe a heating of forming tools too. It is important point that
temperature of forming tool not allowed to reach a tempering grade. It results from (Kvackaj et
al., 2007) that the significant recovery process can be recognized for temperatures over 300 °C.

! Temperature I"ﬁ ] !

Fig. 32. Temperature development during ECAP process and heating of forming tools:
a) database material, and b) experimental material
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4. Conclusions

From mathematical simulations of ECAP process by FEM is resulting that the channels
filling with material and effective plastic deformations are depends on contact friction,
material stress - strain (o-¢) curves and geometrical definition of ECAP die. Better channels
filling by material was observed when friction coefficient was increased. The negligible
effect of o-¢ strengthening type curves on channels filling was observed if curves had
character rigid - plastic form with linear and nonlinear strengthening. If strengthening
curves were approaching to ideal rigid - plastic form with minimal strengthening so
differences in channel filling were observed.

The investigation of high purity Al (99,999% Al) material processed by ECAP method refers
on slight sensitivity ultimate tensile strength in dependence on ECAP passes. The ultimate
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tensile strength was change in interval UTS=49 - 52 MPa. Stronger influence from ECAP
passes on yield strength, elongation, microhardness and subgrain diameter was recognized.
The values were changed in following intervals: YS=26 - 39 MPa, A=27- 56 %, dz=650 - 1pm.
From the literature analysis is resulting non-uniform opinion on softening mechanisms of
high purity Al during or after SPD in ECAP unit. The opinions are recognizing from
recovery in dynamic and static regime up to recrystallization in dynamic, metadynamic and
static regime. On the essential our results is resulting for high purity Al as material with
high stacking fault energy, that softening mechanism up to 6th ECAP pass is dynamic
recovery, whereas from 6th ECAP pass the mechanism mechanical strengthening was
starting. This supporting viewpoint has good correlation with development of mechanical
and substructural properties. On the other side OFHC copper is characterized as material
with low stacking fault energy and mechanical strengthening was observed in dependence
on ECAP passes. The local dynamic recrystallization grains were observed after 14th ECAP
pass. The stress ratio resulting from graphical dependences was Omax,Cu/ Omin,ai=0,33, what
means that softening mechanisms realized by dynamic recovery needed only 33% from
maximal level of deformation stress occasioning mechanical strengthening.

Tensile test results show that, in the stress-strain curves, the stress increased with increasing
strain conditions due to severe plastic deformation via ECAP. However, it was observed
also that the ECAP exhibited decrease in ductility.

Severe plastic deformation via ECAP may be a very useful process on increasing mechanical
properties with only partial decrease and acceptable of ductility. Strengthening of material
is caused by grains refinement and strain hardening of solid solution.

Fractographical examinations revealed that there were two categories of dimples of
transcrystalline ductile fracture: large dimples, formed by the intermetallic particles and
small dimples, formed by submicroscopic and dispersive particles.

The simulation analyses of ECAP process of Al-Cu-Mg-Zr aluminium alloy by means of the
commercial two-dimensional finite element code DEFORM shows that in term of prediction
individual parameters during forming processing was in the some case (strain rate intensity
and temperature) sensible different, providing that material characteristic were given by
database or on the basis experimentally determined stress-strain curve. The recorded
changes in simulation can be explained to better knowledge of material characteristics from
tensile test, by reason that material in them carries the all history of previous technological
operations and using a data from program database it needn't exactly to correspond of
material selection. In this regard, is necessary to consider in the simulation process to appear
from knowledge of material characteristic receives by laboratory test of formability.
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1. Introduction

Light weight aluminium alloys, showing excellent workability, high thermal and electrical
conductivity, represent a good choice for the powder metallurgy (PM) industry to produce
new materials having unique capabilities, not currently available in any other powder metal
parts. Moreover the requirement on mechanical properties (i.e. high tensile strength with
adequate plasticity) should assure an increasing role for aluminium alloys in the expanding
PM market.

Room temperature tensile strengths in aluminium based metal matrix composites (MMC) in
excess of 800 MPa have been reported (Guo & Kazama, 1997). However, PM based MMC
currently show very limited application, also due to the high costs of production, thus
having a low commercial appeal for both producers and end users. The application for
aluminium powders is basically in the production of PM parts for structural and non-
structural purposes in the transportation and commercial areas. Press and sinter products,
blends of aluminium and elemental alloy powders are pressed into intricate configurations
and sintered to yield net or near-net shapes. There are two interesting classes of commercial
press and sinter aluminium alloys: Al-Mg-Si-Cu and Al-Zn-Mg-Cu-(Si). The first alloy
displays moderate strength (the level of tensile strength is 240 MPa) while the latter alloy
develops high mechanical properties (the level of tensile strength is 330 MPa) in both the as-
sintered and heat-treated conditions. Solid solution strengthening and precipitation
hardening can contribute to the higher strength values of the commercial alloys. (Pieczonka
et al., 2008) report transverse strength of aluminium-based PM alloys in the range of 400
MPa (Al-Mg-5i-Cu) to 550 MPa (Al-Zn-Mg-Cu).

It's well known (Bidulskd et al,, 2008 a) that conventional forming methods and heat
treatment can determine a limit in the level of strength-plastic characteristics adequate to
structural properties. One possible way for achieving higher mechanical properties is



28 Aluminium Alloys, Theory and Applications

represented by severe plastic deformation (SPD), such as Equal Channel Angular Pressing
(ECAP) (Valiev & Langdon, 2006); (Bidulska et al., 2008 b), (Ko¢isko et al., 2009); (Bidulska et
al., 2010 a), as it is further confirmed in (Valiev et al., 2000), (Vinogradov et al., 2002). In the
PM area, SPD is a relatively new technological solution for achieving high strength
(Lapovok, 2005); (Wu et al., 2008); (Bidulska et al., 2010 b).

Al-Zn-Mg-Cu PM alloys, due to zinc show a poor sintering aid; these alloys do not have a
good sintering response either. The high vapour pressure of zinc also gives rise to additional
porosity, particularly when elemental powders are used (Lumley & Schaffer, 1998). Al-Zn-
Mg-Cu PM alloys have been introduced as elemental powders or rich masteralloys
(Neubing & Jangg, 1987); (Miura et al., 1993); (Danninger et al., 1998); (Neubing et al., 2002);
(Gradl et al., 2004).

Solid state sintering of aluminium alloys has so far been unsuccessful, mainly due to the stable
oxide layers on each particle. The main reason is the relative diffusion rates through the oxide
and the aluminium alloys (Schaffer et al., 2001). Some activation is necessary to overcome this
barrier and activate the sintering process by effective liquid phase sintering. An essential
requirement for effective liquid phase sintering is a wetting liquid. Based on
thermodynamically approach, magnesium reacts with aluminium oxide forming spinel,
facilitating the disruption of oxide layer and thus wetting by liquid (Ziani & Pelletier, 1999);
(Martin et al., 2002); (Martin & Castro, 2003). The reaction may be facilitated during sintering
by diffusion of the magnesium through the aluminium matrix and will be accompanied by a
change in volume, creating shear stresses in the film, ultimately leading to its break up. This is
beneficial to the diffusion, wetting and therefore sintering. Several researches for a suitable
design of various aluminium alloys for successful sintering (Martin et al., 2004); (Kim et al.,
2004); (Rout et al., 2004); (Schaffer et al., 2001) have been developed. In particular, the effect of
copper in the alloys seems to be efficacious and therefore the sintering behaviour of Al-Zn-Mg-
Cu alloys needs to be developed properly. Authors (Kehl & Fischmeister, 1980) suggested that
the Al-CuAl; eutectic can wet ALOs at 873 K. However, magnesium additions to molten
aluminium reduce the contact angle sufficiently to produce wetting (Ip et al., 1993); (Liu et al.,
1992). The work of adhesion of liquid metals on oxide surfaces increases with the free energy
of formation of the metal oxide. It is therefore apparent that the oxide on aluminium is a
barrier to sintering and needs to be overcome. Several works analyze the use of sintering
additives on enhancing aluminium sinterability (Pieczonka et al., 2008); (Danninger et al.,
1998), but few ones concentrated onto the evaluation of the role of porosity (Martin et al., 2004)
on sintering behaviour and then on mechanical properties.

Most of the properties of PM materials are strongly related to porosity. Porosity can be used
as an indicative parameter to evaluate and control the processes which the components
underwent (Salak, 1997). The pores act as crack initiators and due to their presence
distribution of stress is inhomogeneous across the cross section and leads to reduction of the
effective load bearing area. Both the morphology and distribution of pores have a significant
effect on the mechanical behaviour of PM materials. Two types of porosity are typically
observed in sintered materials (Salak, 1997): interconnected and isolated porosity.
Interconnected porosity has a more pronounced effect on properties than isolated porosity.
The effect of porosity on the mechanical properties depends on the following factors
(Pietrowski & Biallas, 1998); (Esper & Sonsino, 1994); (Marcu Puscas et al., 2003); (Bidulska
et al., 2010 a); (Beiss & Dalgic, 2001):

- the quantity of pores (i.e., the fractional porosity) ;

- their interconnection;
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- size;

- morphology;

- distribution;

- chemical composition;

- lubricant;

- die design and

- interms of sintering:

- atmosphere,

- temperature and

- time.

In order to precisely evaluate the powder behaviour, new approaches are necessary (Hryha

et al., 2009); (Mihalikova, 2010), as well as mathematical and computer simulation (Kim,

2002); (Bidulska et al., 2008 c); (Kvackaj et al, 2007), mainly in the description of

densification behaviour after SPD process.

In order to describe the dimensional and morphological porosity characteristics, the

dimensional characteristic Dcirqe and the morphological characteristics fope and furge have

been identified as the most effective parameters. The description of parameters is reported

as follows:

- Dedde is the diameter of the equivalent circle that has the same area as the
metallographic cross-section of the pore.

= fehape and fircte reflect the form of the pores.

The fiupe represents pore elongation, while fir. depicts pore profile irregularity. Both

parameters range between 0 and 1, being equal to unity for a circular pore. Elongation

(elliptical deformation) as well as irregularity of the pore profile results in small values of

feape and feircre approaching 0 for highly elongated ones (Powder Metal Technologies and

Applications, 1998); (DeHoff & Aigeltinger, 1970); (Marcu Puscas et al., 2003). Quantitative

image analysis of investigated material treats pores as isolated plane two-dimensional

objects in solid surroundings (Fig. 1).

Fig. 1. The base characteristics by quantitative image analysis

The base characteristics are maximum and minimum pore dimensions Dy and Dy, pore
area A, perimeter P and the diameter of the equivalent circle D .

2. Experimental conditions

A commercial ready-to-press aluminium based powders (ECKA Alumix 321 and ECKA
Alumix 431) were used as materials to be investigated. Formulations of the tested alloys are
presented in Table 1 (wt. %).
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Alumix 321

Al lubricant | Mg Si Cu Fe
balance |[1.50 095 (049 0.21 0.07
Alumix 431

Al lubricant (Mg |Zn Cu -
balance |[1.0 2.5 5.5 1.6 -

Table 1. Chemical compositions of investigated PM aluminium alloys

Particles size distribution, usually representing the mass percentage retained upon each of
series of standard sieves of decreasing size and the percentage passed by the sieve of finest
size, was carried out by sieve analyzer according to ISO 4497. The apparent density of
powders was determined according to MPIF Standard 04. The tap density of powders was
determined according to MPIF Standard 46. Specimens were obtained using a 2000 kN
hydraulic press, applying different pressures. Unnotched impact energy specimens
55x10x10 mm? (ISO 5754) were prepared. The green compacts were weighed with an
accuracy of +0.001 g. The dimensions were measured with a micrometer calliper
(£ 0.01 mm). Specimens were dewaxed in a ventilated furnace (Nabertherm) at 673 K for
3600 s Sintering was carried out in a vacuum furnace (TAV) at 883 K for 1800 s, with an
applied cooling rate (post sintering) of 6 K/s. The cooling rate was monitored and recorded
by means of thermocouples inserted in the central axis and close to the surface of the
specimen. In vacuum furnaces, the cooling rate is generally determined by the pressure of
the gas (N») introduced into the chamber. The SPD processes were dived to two separately
steps, first step was ECAP-BP process and second was ECAP process. The set-up of ECAP-
BP for the produced PM materials consisted of a vertical entrance channel with a forward
pressing plunger and a horizontal exit channel with a back plunger providing a constant
back pressure during pressing. The die had a 90° angle with sharp corners and channels of
6x6 mm? in the cross section. Specimens were then inserted in the entrance channel with
graphite lubrication. A heating device was employed to heat the die to 523 K, which was
kept under control to + 1 K through a thermocouple mounted close to the intersection of the
channels. A back pressure of 100 MPa was used. The specimens were ECAPed-BP for 1 pass.
The ECAP was realized by hydraulic equipment at room temperature, which makes it
possible to produce the maximum force of 1 MN. The die had a 90° angle with sharp corners
and channels of diameter 10 mm in the cross section. The specimens were ECAPed for 1
pass.

Optical characterization was carried out on the minimum of 10 different image fields. For
determination porosity characteristics were used magnification 100x for specimens prepared
pressing and sintering and 500x for ECAPed specimens. Pores were recorded and processed
by Leica Qwin image analysis system.

From these primary data a huge variety of secondary quantities can be derived which are
used to describe pore size and pore shape. The scatter or deviations from primary data are
mostly caused by delaminated specimens that were found in investigated aluminium alloys,
mainly in low pressing pressure due to the low green strength or at very high pressing
pressure due to the work hardening. The results in this investigation were sorted in number
of processing pores in terms of processing conditions; for specimens prepared pressing and
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sintering were processed a minimum of 1000 pores and for ECAPed specimens were
processed a minimum of 300 pores.
The calculations of both morphological parameters are reported as follows:

- a
fshape = = Z [_] (1)
where:

Dyin [um], the parameter representing minimum of Feret diameter;
Diuax [pm], the parameter representing maximum of Feret diameter;
and

4.-7-A

fcircle = P2

[-] )
where:
A [um?], the area of the metallographic cross-section of the pore, as the form

A=r-a-b [um’] 3)

P [um], the perimeter of the metallographic cross-section of the pore, as the form

P=z[15(a-b)~a-b]| [um] @)

3. Results and discussion

3.1 Effect of compacting pressure

The first stage of rigid die compaction is a basic forming technique used in the production of
a lot of PM materials. It is primarily uniaxial compaction and the forming operation
employs either a mechanical or a hydraulic press. A classical way for the evaluation of the
powder compressibility is the relationship between the density or porosity and the applied
pressure (Kawakita & Liidde, 1971); (Panelli & Filho, 2001); (Hryha et al., 2008); (Denny,
2002); (Bidulska et al., 2009); (Bidulsky et al., 2008). Different compacting pressures have
been applied for the identification of the compressibility behaviour (100, 200, 300, 400, 500,
600 and 700 MPa) and the following compressibility equation (Dudrové et al., 1982);
(Dudrova et al., 1983); (Parilak et al., 1983); (Parilak et al., 2004) was used:

P=F, -exp(—K—p”) [%] )

where:

P [%], porosity achieved at an applied pressure p;

Py [%], apparent porosity calculated from the value of experimentally estimated apparent
density:

}{]:{1—&-100} [%] ©6)
Prn



32 Aluminium Alloys, Theory and Applications

p [MPa], applied pressure;

K[-], a parameter related to particle morphology;

n [-], a parameter related to activity of powders to densification by the plastic deformation
only.

Using the linear form of equation (5):

ln{ln(%ﬂ:—an+n'lnp (7)

The parameters K and # can be calculated by linear regression analysis. A linear relationship
between the parameters K and n was found and described in (Parilak et al., 2004):

InK=f(p): WK=a-b-n 8)

where:

a=1.432;

b=7.6;

correlation coefficient r=0.9665.

The measured characteristics of the as-received aluminium powders are presented in Table
2 and Table 3, where the particle size distribution of both investigated aluminium alloys are
reported. It can be seen from the results that the largest fraction of particles for the
investigated material is in range of 63 to 100 pm. Particle size distribution of investigated
aluminium alloys are presented in Table 2 and Table 3.

Table 2. Particle size distribution of inve

Table 3. Particle size distribution of investigated Al-Zn-Mg-Cu aluminium alloy

Size fraction [um] | Fraction [%] St. deviation
200-250 14 1.6
160-200 7.3 0.7
100-160 28.7 8.7

63-100 48.8 7.3
45-63 8.8 3.5
<45 5 5

stigated Al-Mg-Si-Cu-Fe aluminium alloy

Size fraction [um] | Fraction [%] St. deviation
200-250 1 1.4
160-200 3.4 0.9
100-160 26.2 8.3

63-100 31.2 8.5
45-63 17.2 53
<45 21 7.1




An Evaluation of Severe Plastic Deformation on the Porosity Characteristics of
Powder Metallurgy Aluminium Alloys Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu 33

Variations in particle size distribution and consequently the uniformity of powder mixes
significantly influence the specimens’ density and the mechanical properties including
strength, wear and fatigue. Therefore, particle size distribution strongly affected apparent
and tap density (Table 4). The finer Al-Zn-Mg-Cu alloy achieved 3 times higher tap density
than Al-Mg-Si-Cu-Fe alloy. For example, the powders with a higher tap density generally
have a lower sintered density than powders of similar size but different shape. The smaller
the particles the greater the specific surface of the powder system is. (Powder Metal
Technologies and Applications, 1998) suggested that this phenomenon increases the friction
between particles and subsequently decreases the apparent density.

Table 4 reports the density properties of the studied systems.

No. palg<emd] | pilgem?] | [l | pu[gem]
Al-Mg-Si-Cu-Fe 1.09 1.25 1.15 2.7134
Al-Zn-Mg-Cu 1.10 3.9 1.23 2.7213

Table 4. The fundamental density properties of investigated aluminium alloys

puis the apparent density, p; is the tap density, i is the ratio pm / o
Table 5 shows the compressibility behaviour of the investigated systems.

No. Po[%] | K-102[] | n[] p1[MPa] | r[-]
Al-Mg-Si-Cu-Fe | 59.83 1.57 0.4514 40.5 0.9934
Al-Zn-Mg-Cu 59.58 0.60 0.5822 106.2 0.9994

Table 5. Compressibility parameters of investigated aluminium alloys

p1 represents the fictive pressure.

According to data listed in Table 5, the compressibility parameter # is related to the activity
of powders to densification by the plastic deformation. In case of powders with high
plasticity, n is close to 0.5; in case of low plasticity, 7 is close to 1. The results show excellent
trends for both aluminium alloys. Al-Mg-Si-Cu-Fe alloy (n = 0.4514) shows a higher ability
to plastically deform than Al-Zn-Mg-Cu alloy (n = 0.5822).

The effect of powder morphology also reflects in the values of the compressibility parameter
K, which is lower for Al-Zn-Mg-Cu (K = 0.6010-2) than for system Al-Mg-5i-Cu-Fe (K =
1.57 102). The difference between Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu system is connected
with the effect of particle geometry (represented by particle size distribution). It is very
important to note that the lubrication of aluminium powder during compaction and ejection
has to be considered since it has a strong tendency to stick to the tooling (Kehl et al., 1983);
(Dudas & Dean, 1969); (Lefebvre et al., 2002).

Fig. 2 and Fig. 3 show the relationship between experimental and calculated data according
to the aforementioned equations.

P; represents the “work” related to the densification done by particles transient
rearrangement (for n=1). Compressibility of the Al-Mg-Si-Cu-Fe alloy is slightly higher than
that of the Al-Zn-Mg-Cu alloy, mainly in the area of pressing pressures from 100 to 500
MPa.

The compressibility equation (5) enables to calculate the pressure p; needed for achieving
almost close to zero porosity, only by particle movements. The results show a shifting from
106.2 MPa (Al-Zn-Mg-Cu) to 40.5 MPa for Al-Mg-Si-Cu-Fe.
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Fig. 3. Compressibility curves of Al-Zn-Mg-Cu alloy

The unetched microstructures after pressing are shown in the following figures.

Fig. 4 presents the typical microstructures for low pressures when the densification of the
powder occurs by particle rearrangement (translations and rotations of particles) providing
a higher packing coordination. Lower pressure creates high volume of porosity. Using low
pressure may lead to edge blunting and porosity agglomeration, consequently a low green
strength was found. It is clear visible, mainly in the microstructure of Al-Zn-Mg-Cu alloy.

] =5 ¢ e ey
Fig. 4. Microstructure of aluminium alloys at 50 MPa, left - Al-Mg-Si-Cu-Fe, right - Al-Zn-
Mg-Cu
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After the finishing of particle rearrangement, the elastic and plastic deformation of particles
starts through their contacts. Fig. 5 presents the detailed microstructures with small work
hardened areas by implication of plastic deformation.

Fig. 5. Microstructure of aluminium alloys at 200 MPa, left - Al-Mg-Si-Cu-Fe, right - Al-Zn-
Mg-Cu

Fig. 6 shows that the contact area between the particles increases and particles undergo
extensive plastic deformation in both aluminium alloys. During compaction the particles
deform following to the formation of solid interfaces at the point or planar particle contacts
,compaction facets” (Dudrova & Kabatova, 2007), representing areas with elevated free
energy. Thus, the potential areas for nucleation and growth of inter-particle necks during
the sintering are increased. In terms of compressibility, the pressing pressure of 400 MPa
seems to be appropriate for achieving the desirable cold welding.

Fig. 6. Microstructure of aluminium alloys at 400 MPa, left - Al-Mg-Si-Cu-Fe, right - Al-Zn-
Mg-Cu

The final stages of densification of powder particles under the pressure of 600 MPa are
presented in Fig 7 (optical microscopy) and Fig. 8 (scanning electron microscopy).

In a number of materials densified by plastic flow, cusp-shaped pores <1 um in size have
been observed. The radius of material on the pore surface is much smaller than the particle
radius. The material surrounding the pore has a shape typical of atomized produced
powders (Fig. 9 right). Plastic deformation of powder particles leading to intimate contact
between oxide- and/or contamination-free surfaces results in the formation of chemical
bonds and adhesion, as confirmed by (Powder Metal Technologies and Applications, 1998).
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Fig. 7. Microstructure of aluminium alloys at 600 MPa, left - Al-Mg-Si-Cu-Fe, right - Al-Zn-
Mg-Cu

Fig. 8. Microstructure of aluminium alloys at 600 MPa, left - Al-Mg-Si-Cu-Fe, right - Al-Zn-
Mg-Cu

Fig. 9. Microstructure of aluminium alloys at 600 MPa, left, and 700 MPa, right - Al-Zn-Mg-
Cu aluminium alloy

It is clear, that the Al-Mg-Si-Cu-Fe has a cold welding development bigger than the Al-Zn-
Mg-Cu one. This is confirmed by the results of compressibility behaviour. The pore radius
decreases with deformation. Such cusp-shaped pores are less stable under applied pressure
than the spherical pores considered by (Powder Metal Technologies and Applications, 1998)
formed by diffusional flow. What in principle opposes the closure of cusp-shaped pores is
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the increasing surface tension force on the concave surfaces, resulting in LaPlace
compressive stresses on these surfaces. At very high pressing pressure delaminated
(cracking across the particle, Fig. 9) specimens were failing in the investigated systems; this
is basically due to the work hardening effect.

3.2 Effect of sintering process
Consolidation of aluminium alloys by sintering presents a major problem: the oxide layer
covering aluminium particles, Fig. 10.

Fig. 10. Oxide layer covering aluminium particles

The oxide thickness is dependent on the temperature at which it is formed and the humidity
contents in the atmosphere in which the powders is stored. Schaffer & Hall, 2002, suggested
that the oxygen concentration in the nitrogen atmosphere is reduced by the aluminium
through a self-gettering mechanism. The outer layers of the porous powder compact serve
as a getter for the inner layers such that the oxygen partial pressure is reduced deep within
the pore network. Aluminium nitride then forms, either by direct reaction with the metal or
by reduction of the oxide layer, and sintering follows according to the equations.

Al + N — AIN )

It is highly exothermic: the A fHEUN =-318KJ /mol. 1f the temperature rises, as a
consequence of the reaction, it will increase the liquid volume, which may enhance sintering
(Schaffer et al., 2006). The oxide therefore prevents suitable bonding.

This has been explained in terms of the relative diffusion rates through the oxide and the
metal, for metals with stable oxides. It means that, in order to achieve a good sintering
response, aluminium alloys have to be modified by additional steps like, for example, severe
plastic deformation or, in terms of pre-processing, master alloy powders. Liquid phase
sintering of investigated aluminium alloys consists of typical stages. During the heating
stage, the penetration of the pressing contacts by the transient liquid eutectic phases results
in a pronounced expansion within a rather small temperature range. During further heating,
when the solidus temperature for the composition is exceeded, also persistent liquid phase
is formed, resulting in fast shrinkage. Depending on the selected heating rate and sintering
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temperatures, the ratio solid-liquid varies and also the shrinkage does. The very sensitive
solid-liquid equilibrium results in tight requirements for the tolerable temperature interval.
It is well-known that for an effective liquid phase sintering, a wetting liquid represents an
essential requirement. Authors (Kehl & Fischmeister, 1980) suggested that the Al-CuAl,
eutectic can wet ALOs at 873 K. However, not even magnesium additions (to melt
aluminium) reduce the contact angle sufficiently to produce wetting (Martin et al., 2004);
(Danninger, 1987); (Martin & Castro, 2007). This is possibly the main reason why sintering
Al-Zn-Mg-Cu and Al-Mg-Si-Cu-Fe aluminium alloys still cannot be considered that easy.

It should be noticed that the investigated microstructures present the regions with alloying
elements with high chemical activity, e.g. magnesium and copper, Figs. 11 and 12.
Magnesium is mainly concentrated around the pores and in the necks volume. It appears
that the primary porosity inside powder is also relatively permeable. The densification
behaviour of powder particles in the examined alloy is complicated due to the large surface
area and associated oxide layers. Formation of transient liquid phase, according to
(Danninger & Gierl, 2001), enhances homogenization of the alloying element, mainly
magnesium and copper, by accelerating material transport through spreading of the melt in
the pore network and the pressing contacts and by increasing the diffusional cross-section.

200 um

Fig. 11. The typical microstructure for 400 MPa pressed specimens, Al-Zn-Mg-Cu
specimens, left SEI and right COMPO

Fig. 12. The typical microstructure for 600 MPa pressed specimens, Al-Zn-Mg-Cu
specimens, left SEI and right COMPO
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Densification, ¥, was calculated to determine the amount of shrinkage or swelling during
sintering:

we e [ (10
pt pg

where:

ps [g.cm3], the sintered density

pg [g.cm3], the green density and

pw [g.cm3], the theoretical density.

The results presented in Table 6 show values of theoretical density in different processing
conditions as well as densification behaviour .

pressure [MPa] | pressing | dewaxing | sintering | ¥ ECAP
400 9248 93.11 9212 -0.05 [98.31
500 92.84 93.30 92.40 -0.06 |98.39
600 93.03 92.89 92.82 -0.03 | 98.64
700 93.19 92.93 93.09 -0.01 |98.58

Table 6. Densification behaviour of material as values of theoretical density (%), except W (-).

Considering the first three columns, it can be seen that with increasing pressing pressure,
the values of theoretical density increase. It is well-known that aluminium powder would
not require much sintering because its relative softness allows very high green densities to
be obtained by traditional uniaxial compaction alone; green densities in excess of 90% are
typical. Indeed, sintering of aluminium often causes swelling and results in negative
densification values (Lumley & Schaffer, 1998).

A high heating rate in transient systems also promotes liquid formation because it limits the
time available for dissolution of the additive in the base prior to melting. ECAP process can
be sufficient to achieve a good densification. Also, the presence of adsorbed and absorbed
gases by the Al particles, as well as water vapour present during vacuum sintering
(Showaiter & Youseffi, 2008) would increase the size of the compacts and therefore reducing
their sintered density due to volume expansion.

As expected, the sintering brings to the formation of secondary porosity during transient
LPS as well as the swelling presented seems to be related to the amount of liquid generated.
The formation of secondary pores, according to (Martin et al., 2004); (Danninger, 1987);
(Martin & Castro, 2007) is dependent to the previous formation of a liquid able to migrate
away from the site of the prior alloying particles. The mix of primary (which still present in
studied materials), secondary and residual porosity reveals the mean values of D
decreased with increasing pressing pressure. As expected, the coarse additive particle sizes
leave large residual pores behind. Sintering under vacuum gave rise to the presence of
higher pore content and excessive amounts of residual porosity at grain boundaries.

Table 7 shows the values of porosity characteristics for the investigated material processed
before ECAP.
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pressure [MPa] E:rln"]le St. dev. f::';‘;]e feircle
400 30.64 |23.93 0.70 10.92
500 30.20 |20.17 0.72 10.93
600 23.64 |[16.11 0.69 |0.92
700 21.27 |17.66 0.64 |[0.89

Table 7. Porosity distribution of studied material before ECAP

The successful densification of elemental powder mixtures by LPS is based on the formation
of a combination of transient and permanent liquid phases (Martin et al., 2004); (Danninger,
1987). The LPS, firstly formed, allows the incorporation of alloying elements and therefore
leads to swelling of the compacts. Another result of transient liquid phase is the presence of
secondary pores. Since the melt spreads into the matrix pores and pressing contacts, it
leaves pores behind, the diameter of which is correlated to the size of the original alloy
particle.

The subsequently formed permanent liquid phases encourage densification accompanied by
the corresponding shrinkage. On the other hand, this swelling-shrinkage sequence leads to
distortion and to difficulties for dimensional control of the components.

The origin of compact swelling and the formation of secondary porosity during transient
LPS are based on two main causes (Martin et al., 2004); (Schaffer et al., 2001). Firstly, the
dissolution of the alloying particles in the metal matrix and secondly, the migration of a
wetting liquid, formed from the alloying particles, through pore channels and/or the grain
boundaries of the main component, Fig. 13. Both effects lead to the generation of secondary
pores.

Fig. 13. Consolidation of aluminium alloys by sintering
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3.3 Effect of SPD process
Effect of ECAP-BP

The processing way of ECAP-BP differs from ECAP in terms of the adopted temperature,
which is settled at 523 K. The results of these investigations are presented in Table 8.

No. and pressure Deircle | fshape | feircle
D, 400 MPa 10.47 10.53 |0.25
D, 600 MPa 740 10.60 |0.25
D+E, 400 MPa 575 (059 [0.27
D+E, 600 MPa 440 (058 [0.26
D+S+E, 400 MPa 318 046 |0.22
D+S+E, 600 MPa 2.02 [0.60 [0.25

Table 8. Porosity distribution of studied material after ECAP-BP

Where: D-dewaxing, S-sintering, E-ECAP-BP

As expected, sintering coupled to back pressure tends to shift the distributions towards
lower pores size Dcircle and higher values of fige and fure since higher-temperature
treatments leads to porosity reduction and improving pore morphology. Application of
ECAP-BP supported next decreasing of pore size, represented by value of Dgir. It can be
noted that most of the pores diameter values are in the range from 2 to 10um in all
specimens, however rarely larger pores with the size up to 45 um were observed.

It could be expected that this large amount of small pores strongly influences both f. and
feircle considering that small pores reveal preferably circular shape.

The results presented in Table 8 show a value of f is in the range from 0.22 to 0.27. It is
important to emphasize that f:i,q. depicts only how circular the form of the pore is, and fiape
include also how smooth the pore contour is, as it was shown in (Pavanati et al., 2007); the
evolution of pores to a smooth contour is more effective than to a circular form during
sintering, so the highest value of fisp. was registered for sintered and ECAPed specimen.
Application of SPD process and sintering causes a decrease of D.ii. to the minimum value
of 2.02 and on the other hand, slightly increase the fi:q. to maximum value of 0.27. It is
interesting that, for both pressing pressure, the parameter D has higher values for the
initial state (after dewaxing) and the following processing (ECAP-BP and sintering plus
ECAP-BP) causes contact areas between particles to increase and, consequently, a decrease
in the effective shearing-stresses inside the particles. This condition happens with increasing
densification, when the powder particles are plastically deformed and increasingly
deformation strengthened. Dewaxing tends to generate larger pores in the microstructure,
because of the lower densification attained on the green parts. When back pressure is
applied, the stress distribution in deformed specimens causes the powder particles to
squeeze together to such an extent that the initially interconnected pores transform to small
semi-isolated pores, determining a lower value of parameter D ... Consequently, ECAP-BP
influences the porosity distribution in terms of the severe shear deformation involving and
therefore influences the pore morphology which is represented by both parameters of foape
and fcircle~
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Effect of ECAP

The application of ECAP supported the following decreasing of the pore size, represented
by the value of D.i, Table 9.

It can be noted that most of the pores diameter values are under 1 pm. It could be expected
that this large amount of small pores (nanoporosity, Fig. 14), strongly influences both fsape
and feire considering that small pores evolve easily to a circular form despite of well-known
ability of ECAP to alignment of particles (Lapovok, 2005); (Lapovok et al., 2008).

pressure [MPa] | Dgircte | St. dev. | fsnape | feircle
400 0.97 0.45 0.67 (091
500 0.90 0.35 0.65 091
600 0.85 0.37 0.67 091
700 0.79 0.34 0.64 [0.90

Table 9. Porosity distribution of studied material after ECAP

For the extremely large shear strains imposed by severe plastic deformation processing,
even more extensive nucleation of nanopores is expected at grain boundaries or at particle-
matrix interfaces (Lapovok et al., 2009). Formation of ultrafine grains during SPD processing
increases the total area of grain boundaries and, therefore, the availability of nanopores
nucleation sites. An additional effect of the continual grain refinement is an increase in the
density of triple junctions that can act as preferred sites for nanopores nucleation. Lapovok
et al. (2009) noted that small-angle X-ray scattering experiments on SPD-processed Al and
an aluminium alloy carried out by (Betekhtin et al., 2007) provided useful insights in the
effect of severe plastic deformation on formation of free volume, as also confirmed by
(Divinski et al., 2009); (Ribbe et al., 2009), which was interpreted in terms of nanoporosity.

Fig. 14. Nanoporosity present in the studied material
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Therefore, structure investigations by TEM (HRTEM) analysis will be useful key to
identifications and confirmations the various theories about the material behaviour during
the SPD processing (Dutkiewicz et al., 2009); (Lityriska-Dobrzyniska et al., 2010); (Maziarz et
al., 2010); (Alexandrov et al., 2005).

4. Conclusion

In terms of compaction. The development of compressibility values with pressing pressure
enables to characterize the effect of particles geometry and matrix plasticity on the
compaction process. The presented results exhibit a high value of plasticity, as a property
related to compressibility, and consequently promising compressibility data in terms of
industrial potential applications are obtained.

In terms of sintering. The dissolution of the alloying particles in the metal matrix and
therefore, the migration of a wetting liquid (formed from the alloying particles) through
pore channels and/or the grain boundaries of the main component (promotes the swelling
of compact) and the formation of secondary porosity, mainly at the prior alloying particle
sites.

In terms of ECAP-BP. Analysis of presented parameters indicate that sintering coupled to
SPD leads to porosity reduction and improving pore morphology. ECAP-BP influences the
porosity distribution in terms of the severe shear deformation involved and therefore
influences the pore morphology.

In terms of ECAP. The application of SPD, causing stress distribution in deformed
specimens, made the powder particles to squeeze together to such an extent that the initially
interconnected pores transform to small isolated pores, determining a given value of the
parameter Dy
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1. Introduction

The mechanical behaviour of metals during real forming processes must be related to their
anisotropic properties. Concerning the analysis of the anisotropic behaviour of aluminium
alloys this one has been the subject of various studies, generally in the field of sheet forming
processes ((Malo et al., 1998), (Lademo et al., 1999)). In the last decades the majority of the
fundamentals works search to define the mathematical description of the anisotropy starting
from modified quadratic Hill criteria, non-quadratic ones such as Cazacu-Barlat (Cazacu &
Barlat, 2001), Banabic (Banabic, 2002) or other sophisticated models synthesized in
(Khalfallah, 2004). On the experimental point of view the many researches describe the
rolled sheet properties of aluminium alloys (Choi & Barlat, 1999), (Li et al., 2004), (Park,
1999)) and report the anisotropic response during the mechanical deformation from uniaxial
tensile tests, wire drawing or simple shear ones ((Fjeldl & Roven , 1996), (Hu et al., 1998),
(Lloyd & Kenny, 1980), (Yonn, 2005)). Until now relatively few studies concerns the use of
the channel die compression test, where deformation history is close of the principal sheet
forming process such as the cold rolling one (Francillette et al., 1998).

In this study an aluminium alloy (AA2024) is analyzed in order to characterize its
anisotropy and its mechanical behaviour with this latter mechanical test. In a first part, the
microstructure of the material is defined through optical and SEM microscopy, EBSD and X
ray measurements. Micro-macro approaches will be used to valid the experimental
measurements. Next, mechanical tests mainly the channel die compression one (see
Francillette ef al, 2003) and the tensile one are used in order to determine the macroscopic
anisotropic behaviour of the material. A rigorous analytical model, able to describe the large
plastic deformation of the material specimen which occurs during these experimental tests,
will be developed. The main idea consist to define analytical equations which permits to
compute the stress, the plastic strain rate and the cumulated plastic strain corresponding to
a parallelepiped material undergoing a channel die upsetting loading. Final formula will be
established to compute all the coefficients corresponding to a quadratic Hill criterion. A
comparison with the well known computation model corresponding to the tensile test will
be made. Next, a more general Hill criterion, taking into account variation of its coefficients
with the plastic strain, will be analyzed. Starting from the previous mathematical
description, a general methodology, able to identify rigorously all the parameters defining
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the laws of variation of the computed quantities with the plastic strain, will be presented.
Finally an application for a plan and normal anisotropic formulation, corresponding to
AA2024 aluminium alloy rolled plate, will be detailed. A new approach will be then
proposed in order to predict the Lankford coefficient values and a validation will be made
by a comparison of these ones with those obtained from classical tensile tests.

2. Experimental analysis

Aluminium alloys present specific microstructures according to their chemical composition.
These alloys are classified in several series as indicated in Table 1, according to the main
elements of their chemical composition.

Series 1000 | 2000 3000 4000 5000 6000 7000
Composition | Al | Al-Cu | Al-Mn Al-Si Al-Mg | Al-Mg-Si | Al-Zn-Mg

Table 1. Chemical composition of aluminium alloys: xxxx series.

They can be shared out in two categories: those which do not present structural hardening
(AL Al-Mn, Al-Mg) and those which present structural hardening (Al-Cu, Al-Mg-Si, Al-Zn-
Mg). The different phases which may be present in each series have been reported in
(Barralis & Maeder, 2005). The chemical composition strongly favors the presence or not of
precipitates during the elaboration process. In this paper anisotropic behaviour of an
AA2024 aluminium alloy of 2000 series will be analyzed. Parallelepiped samples were cut
out from a starting sheet with a thickness equal to 8.4 mm using the following dimensions: I
=11 mm, we = 10 mm and h = 8.4 mm, where Iy, wp and hg are the initial length, width and
respectively the high of the specimen. The initial rolling, transverse and normal directions of
the sheet are defined by RDo, TDg and NDo. We will call LD, TD and ND the longitudinal,
transverse and respectively normal directions corresponding to a channel die device

(Fig. 1).

4RDO(x)
ND st |y
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LD NDOV
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a) b)

Fig. 1. The channel die compression test: a) device scheme, b) the initial sheet and the cut of
the samples (S1, S2 and S3).
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For the analysis of the mechanical behaviour of the material, channel die compression tests
have been carried for three different specimens. The samples were positioned in the device
and cut out from the initial sheet so that:

- LD //RDgy;TD // TDo; ND // NDy (specimen S; and position 1)

- LD//TDo;TD // RDg; ND // NDy (specimen S; and position 2)

- LD //RDgy;TD // NDg; ND // TDy (specimen S; and position 3)

For the specimen S; the following dimensions are chosen: Iy = 11 mm, wy = 8§ mm and
ho =10 mm. During the mechanical tests the strength is applied along the ND direction with
a constant speed V closed to 2.102 mm/s and the sample is extended along the LD direction
without displacement along the TD one. On the other hand, the coefficient of plan
anisotropy r(0) during plastic deformation is also determined starting from the ratio
between the measured width reduction and the thickness one and using different
orientations of specific tensile specimens cut out from the initial sheet (Banabic, 2000). The
angle 0 permits to describe the orientation of the specimen with respect to the initial rolling
direction and its values chosen in this study are: 8 = 0°, 30°, 45°, 60°, 90°. All the specimens
were mechanically polished with abrasive paper and a solution with a chemical composition
of 64% HsPOy, 27% H,S04 and 9% NH; was systematically used for surfaces preparation.
Different experimental techniques were used for the characterization of the material: optical
microscopy, SEM, EBSD and X ray diffraction. The crystallographic textures have been
characterized by the measurement of the {111}, {200} and {220} pole figures using the Ko
copper radiation (A =1.54056). In a next part, the stress-strain curves are determined to
highlighting the difference between the mechanical responses of the deformed samples.

3. Preliminary results and comments

In Figure 2, an illustration of the initial microstructure of the AA2024 of this study is
presented using optical microscopy (Fig. 2a) and the Scanning Electron Microscope (Fig. 2b).
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Fig. 2. Initial microstructure of the material: a) Optical micrograph, b) SEM characterization -
(AL Cu) precipitates.

It is then possible to see that the size of the grains is not homogeneous: some grains have a
size larger than 100 pm and other grains lower than 80 pm. At a finer scale, the observation
with the SEM indicates the presence of precipitates (bright points) which are (Al, Cu)
precipitates according to EDS analysis. The metallurgical quantities which define the
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microstructure of aluminium alloys (gain size, precipitates, dislocations ...) are important
elements for interpreting the mechanical behaviour. During the elaboration of the material,
thermo-mechanical treatments are generally chosen in order to optimize the mechanical
properties and the microstructure. Other quantity necessary to understand the mechanical
characterization is the crystallographic texture. Deformation, recrystallisation, solidification
during thermomechanical processes contribute to the development of this type of texture
((Lucke & Engler, 1990), (Browen, 1990), (Zeng et al., 1994), (Engler, 1994), (Engler, 1995)). To
define it for a polycrystalline material, it is necessary to describe the orientation of a
particular grain through the Miller indices. For example, in rolling, the (hkl)[uvw]
component corresponds to the (fikl) plane parallel to the rolling plane and to the [uvw]
direction parallel with the rolling direction. The correspondences between the Euler angles
and the Miller indices can be found in the literature (Hansen, 1978). For the description of
the crystallographic orientation of a particular grain of a textured material, it is necessary to
consider a reference system (Ci, Co, C3) placed on three characteristic directions of the
crystal lattice that are normal to each other, for example <100> directions in cubic metals.
Let also consider a sample reference system defined by three directions (X, Y, Z), usually the
rolling direction (RD), the transverse direction (TD) and the normal direction to the rolling
plane (ND). The description of the crystallite orientation with respect to X, Y, Z is often done
by the three Euler angles ¢, ¢ and ¢,. At the initial stage, the two coordinate systems are

coincidental (X along Cy, Y along C; and Z along Cs). The sample system is firstly rotated by
a ¢, angle around Z, next, a rotation of ¢ angle is applied around C; and, a thirdly, a
successive rotation of ¢, around Cs bring the crystal orientation in its final position, as
indicated Figure 3 (Bunge, 1996). Theoretically, ¢, and ¢, may vary from 0° to 360° and ¢

from 0° to 90°. By symmetry, the three angles may be considered between 0° and 90°.

001
r.
N } .
- - :.- .
. Ay
/- \
LN
X e \
- - 3 1
. \
-, -
T \
v

Fig. 3. Definition of the Euler angles.

The matrix transformation which relates the two coordinates systems (X, Y, Z) and (Cy, Cy,
() has an expression given by the composition of three elementary rotations:
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Different techniques may be used for the experimental determination of the crystallographic
texture of the material. Among them, one local technique which can afford an orientation
mapping of neighbouring grains is the Electron Back Scattering Diffraction (EBSD), in a
SEM. Figure 4 presents an example of an experimental diffraction pattern with its
indexation.

Fig. 4. Example of the diffraction pattern using EBSD technique.

With this technique the individual matrix g expressed by relation (2) are determined for the
different particular points. Next, each grain can be compared with its neighbourhood.
Figure 5 present then an illustration of a crystallographic experimental determination
carried out on the AA2024 alloy using EBSD map determined to precise the neighbouring of
the grains necessary for a local characterization of the crystallographic orientations of the
starting material (Fig. 5b).

In Fig. 5b the map corresponds to a zone of approximately (200 pm x 570 pm) and the result
is consistent with the optical characterization which shows grains greater than the others.
Other possible way to characterize the grain orientations of the material uses X-ray
diffraction measurements for the texture determination. Let g be the crystal orientation
noted ¢ = (4,4, #,) and dg an infinitesimal range around it. The Orientation Distribution

Function (ODEF), E(g), is the continuous function which describes the crystallographic texture
((Bunge, 1996), (Bunge & Schwarzer, 1998)). By definition, F(g)dg is the volume fraction of
all crystallites for which the g crystal orientation is in the dg range :

Fg)dg=dV(g)/Vig= (4,4, ) 2

F(g) is determined from pole figure measurements and background and defocusing
corrections.

From the knowledge of ODF complete recalculated poled figures can be determined. As an
illustration the crystallographic texture of the aluminium alloy reported in this study have
been characterized by the measurement of the {111}, {200}, and {220} pole figures using the
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Fig. 5. Crystallographic characterization of the AA2024 alloy with the EBSD technique in the
SEM: (a) the sample surface characterization, (b) crystallographic map of the material.

L

{111}-Max: 3.8 {200}-Max: 3.0 {220}-Max: 4.2

Fig. 6. Initial texture of an AA2024 aluminium alloy: {111}, {200} and {220} recalculated pole
figures.

K1 copper radiation ( =1.54056 A). Concerning the initial texture (XR characterization), the
{111}, {200} and {220} pole figures corresponding to the initial state of the material are
presented in Fig. 6. The recalculated pole figures use the corrections mentioned above.

From these preliminary experimental results it is possible to conclude that the studied
material has three principal initial textures and the choice of the three specimen positions is
then valid. Moreover these figures are particularly important to determine the evolution of
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the orientation of the grains with the plastic deformation. Then the microscopic
phenomenon which accompanies the plastic deformation and the stress state in aluminium
alloys is the accumulation of dislocations in the material. This contributes to the formation
of three-dimensional arrays that depend on strain, strain rate, chemical composition,
stacking fault energy, temperature and loading path. The chemical composition is
particularly important since for pure aluminium, solute or dispersion strengthened
aluminium alloys might exhibit different microstructural features. For instance, pure
aluminium is a cell forming material ((Hansen, 1991), (Hansen, 1992), (Lopes et al., 2003)).
But Al-Mg is a non cell forming metal ((Hughes, 1992), (Hughes, 1993)). On the other hand,
for alloys such as Al-Cu, Al-Mg-Si, Al-Cu-Mg, the description of the microstructure may be
more complex because of the presence of alloying elements in solid solution, the precipitates
and their interactions with the dislocations (Baudelet et al., 1978). In the mechanical
behaviour of these materials, strain hardening is the consequence of the increase of
dislocation density which interacts with geometric hardening due to texture change.
Generally the grains tend to rotate towards more stable orientations. For aluminium alloys,
after hot or cold rolling conditions, the {112}<111> (Copper), {110}<112> (Brass) and
{123}<634> (S) orientations are dominant components. The proportions between these
different components depend on the rolling conditions and material composition. However,
after an annealing treatment, depending on the process conditions, the texture can be nearly
isotropic or composed of the following components: {100}<001> (Cube) and {110}<001>
(Goss). The positions of important orientations in Euler angle space are listed in the Table 2.

Name {hkl} <uvw> & ) #
C 112 111 90 35 45
D 4411 11118 90 27 45
S 123 523 55 37 63
G 011 100 0 45 90
B 011 211 35 45 90

B/G ~011 411 20 45 90

Table 2. The important orientations defined in the Euler angle space (first subspace).

At ambient temperature, the copper type is characteristic for materials with high or
intermediate stacking fault energy. On the other hand, the brass type behaviour is
characteristic for materials with low stacking fault energy. Important parameters which
introduce modifications from one type to texture to and other type are the temperature
(particularly for rolling) and the strain rate (Hu & Cline, 1961), (Hu & Goodman, 1963)).
Slip on {111}<110> systems is significant in these alloys and explain the formation of texture.
However in the literature there are indications that other slip planes than {111} may be
active in fcc alloys. Consequently some authors suggest that non octahedral slip may explain
texture formation (Bacroix & Jonas, 1998).

The crystallographic textures of the samples after the plastic deformation are characterized
in Fig. 7. This figure pictures the {111}, {200} and {220} pole figures of the AA2024
aluminium alloy after deformation by channel die compression test (specimens S1, S2 and
S3). The comparison of the different pole figures indicates that the average orientation of the
grains of S; and S; are similar. This result is consistent with the stress levels measured in the
ND direction for these two specimens (614.37 MPa for S1 and 614.05 MPa for S2). Moreover
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the measured pole figures seem to be consistent with those determined in aluminium alloys

during a cold rolling ((Leacock, 2006), (Huh et al., 2001), (Jin & Lloyd, 2005)).
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(b)

.
i

{220}-Max: 6.9

{200}-Max: 3.2
(©)
Fig. 7. Experimental textures of the AA2024 alloy after channel die compression tests: {111},

{200} and {220} recalculated pole figures for: (a) LD // RDo, TD // TDo, ND // NDg
(deformed specimen S1), (b) LD // TDo, TD // RDo, ND // NDq (deformed specimen S2),

(c) LD // RDy, TD // NDg, ND // TDy (deformed specimen S3).
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This figure pictures the {111}, {200} and {220} pole figures of the AA2024 aluminium alloy
after deformation by channel die compression test (specimens S1, S2 and S3). The
comparison of the different pole figures indicates that the average orientation of the grains
of S; and S; are similar. This result is consistent with the stress levels measured in the ND
direction for these two specimens (614.37 MPa for S1 and 614.05 MPa for S2). Moreover the
measured pole figures seem to be consistent with those determined in aluminium alloys
during a cold rolling ((Leacock, 2006), (Huh et al., 2001), (Jin & Lloyd, 2005)).

4. Micro-Macro approach

The mechanical behaviour of aluminium alloys are related to their texture evolutions. Several
polycrystalline models have been developed to interpret the experimental observations from
the active deformation slip systems. The first one is the Sachs model which assumes the same
form for the stress state in each grain (Sachs, 1928). The slip systems are activated when the
maximum shear stresses are reached according to the Schmid’s law:

S

where mj;

is the generalized Schmid factor defined by :

mj - (nbs + bins) @)
Here N° is the unitary slip plane normal of the s systems and b® is the unitary slip
direction of the system: s varies from 1 to 12 for aluminium alloys. With this model, the
deformation is different from grain to grain in the polycrystalline material.

On the other hand, the Taylor model considers that the strain tensor is the same in all the
grains of the polycrystalline material (Taylor, 1938). Five slip systems are necessary for a
prescribed strain increment. The selection of these systems among several possibilities is
achieved with the application of the criterion of minimum internal work:

Min of 3 15.y° )

where 7° is the shear rate on the active s system.

Bishop and Hill (Bishop et al., 1951), (Bishop, 1953)) determined all the possible stress states
for five independent slip systems in the five dimensional space of the components of the
stress tensor. They used the criterion of the maximum external work to select the
appropriated stress state:

Max of 201]81] (6)

with &; given by:
&jj = Zmisji(s )
S

It can be shown that the Taylor theory and the Bishop-Hill theory are mathematically
equivalent. Both criteria (5) and (6) have been shown to lead to the same results. From the
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Taylor model, relaxed constraints models have also been developed for more accurate
predictions of texture evolutions ((Hirsch & Liicke, 1988)), (Engler et al., 2005), (Molinari et
al., 1994)).

More complex models which take into account the active slip systems of the material and
the interaction between the grains have been applied to the characterization of anisotropy,
notably the viscoplastic self consistent models (VPSC). In their approach, Molinari et al.
(1994) derived the following interaction law by considering the concept of Homogeneous
Equivalent Matrix (HEM) and 1-site approximation:

s8-8 = (rgg"l + A):(g'g - E) ®)

where S and E are respectively the deviator stress tensor and the strain rate tensor at the
macroscopic level. $% and &® represent the same quantities at the grain scale. The
interaction tensor I between a grain g and its neighbourhood described by g" can be
obtained by integration of the symmetric part of the second derive of the Green function. It
can take into account the effect of grain shape (spherical or ellipsoidal).

In the model, the microscopic strain rate is calculated using a viscoplastic power law

relation:
s n
T8 = rg[Y—sJ O
1o
Then, using (7) it can be written:
1
L SiyMy, |"
Sij = YOZm;[%J (10)
s To

Lebensohn & Tomé (1993) have also developed a VPSC approach to predict the mechanical
behaviour of polycrystalline materials. They derived the following interaction relation:

£-E = -M(s-S) (11)

The tensor M characterizes the interaction between a grain and its neighbourhood.

These micro-macro models have also been used for the determination of the anisotropy of
aluminium alloys. They present the advantage to relate the mechanical behaviour of the
material to the physical mechanisms of deformation. Some authors have compared
experimental measurements of the flow stress and the Lankford coefficient (r-value) with
the predictions of the full constraints and relaxed constraints Taylor-Bishop-Hill models
((Kuwabara et al., 2002), (Fjeldly & Roven, 1996)). These comparisons are often carried out
for different angles between the tensile axe and the initial rolling direction of the material.
Other important application of these models in the characterization of the anisotropy of
aluminium alloys is the prediction of the yield loci for different texture components
((Lequeu et al., 1987), (Hu et al., 1998)). In a comparative study Choi and Barlat ((Choi &
Barlat, 1999), (Choi et al., 2000)) showed that their experimental results are in better
agreement with the VPSC approach than the Taylor one. A complementary analysis of the
anisotropy of an AA1050 aluminium sheet has been carried out also by Lopes et al. (2003) for
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the description of tensile and simple shear stress strain curves with the VPSC model
developed by Lebensohn & Tomé (1993). The authors modeled the macroscopic curves by
indentifying the parameters describing strain hardening on the slip systems.

From the measurement of the pole figures of the material of this study and the
determination of the ODF at the initial stage, the coefficient of anisotropy, obtained from the
ratio between the measured width reductions and the high ones, has been calculated with
the Taylor FC model and the VPSC developed by Lebensohn and Tomé for different angles
between the tensile axis and the specimen. The results are presented in Figure 8.

— i - - Experimental
—@— Taylor FC
—&— VPSC

r(e)

0 10 20 30 40 50 60 70 80 90 100
Angle 6 to rolling direction

Fig. 8. The coefficient of the anisotropy r(0) value versus angle 6 defining orientation to the
initial rolling direction of the starting sheet: experimental and computed values determined
with the Taylor FC and the VPSC models.

The two models predict values close to the experimental ones and the differences are
relatively low between 20°-70°.

5. Classical analysis of anisotropic behaviour

This paper proposes to analysis the anisotropic behaviour assuming the orthotropic
symmetry hypothesis and using the most known quadratic criterion such as the classical
Hill one (Hill, 1948) defined by:

f((6])=F(oyy - ,,)* +G(0,, - 04) + H(0y - 0y ) + 2Ly, + 2Moy, + 2Nogy —1=0  (12)

According to the basic scientific literature, the Hill coefficients can be defined from simple
tensile tests and simple shear ones using the following relationships:
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where 6y, ,O¢yy 00, represent the yield stress corresponding to each tensile direction
and oy, , Gy, » Og are the critic shear stress.

If a plan anisotropy of the material sheet is assumed, the expression of the coefficient of
anisotropy r(6), expressing the ratio between the width reduction and the thickness one, can
be defined analytically by:

&y _ H+(2N-F-G-4H)sin’(0)cos*(0)

r(0) =
© €z Fsin? () + Gcos?(6)

(14)

In this case is possible to estimate the Hill coefficients directly from the measured
anisotropic coefficient r(6) i.e.:

2N-F-G
F+G

H

H R 1
—, 15
= (15)

r(0)=R = % ,1(45) = %( ) ,1(90) =

R+l G0xx
Regarding the Fig. 8, the measured values of the plastic strain ratio defined by (14) shows
that r(6) increase with the rolling direction 6 for most of the experimental points. The
greatest measured value is determined for 6 = 60°. Values of the coefficient of anisotropy
lower than 1 are reported in literature for aluminium alloys ((Leacock, 2006), (Choi et al.,
2000), (Choi et al., 2001), (Tong, 2006)). Moreover the variation measured in the study is
consistent with the experimental data of Leacock (Leacock, 2006) for an AA2024 alloy.
Despite the particular value for the 60°, all the other values are between 0.540 and 0.654.
Moreover 1=0.62,Ar=-0.04and it can be concluded that these quantities permits to

consider that the plate have a normal anisotropy described by:
2 2 2R 2(2R + 1) 2 R 2

Gy + 0oy =———0G Oy + Gy = =0 16
TP IRET W T R+1 Y HR+L) O 16

It is important to note that in all the literature the use of the tensile test and the computation
of the anisotropic coefficients are used without the take into account the variation of the
yield stress with the plastic deformation. Moreover, because of the striction phenomenon,
the tensile test is limited to small plastic deformation (around of 15% for aluminium alloy).
For an anisotropic behaviour analysis corresponding to large plastic deformation conditions,
this paper proposes the use the channel die compression experiments. The corresponding
stress-strain curves determined from the three different sample positions defined in §2
(according to the three types of observed textures), are presented in Fig. 9.

Using the general law proposed by Gavrus (Gavrus, 1996) and using only influence of the
cumulated plastic strain the following expression can be used to fit the above experimental
curves:
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Fig. 9. Experimental stress strain curves of the specimens (S, Sy, S3) deformed by channel die
compression.

G =G +Op] [1 - exp(—nE)]na Wtogl-W]  with W= exp(— rES) (17)

It have been shown that this formulation is able to describe different shapes of the stress-
strain curves and can explain observed physical phenomena such as the hardening, the
dynamic recovery, the dynamic softening or the break slope one. It is worth noting that the
curves are similar for S; and Sy: the stress levels are close to each other in the main part of
the plastic deformation. Concerning Ss, the stress levels are more important. For instance, at
15% of the plastic deformation, the normal stress is 548 MPa for Sy, S; and 591 MPa for Ss.

6. The analytical model describing the channel die compression test

The main advantage of the channel die compression test is the homogeneity of the plastic
deformation caused by the small effect of the friction (if a teflon material is used on the tool-
specimen interfaces) and the absence of the shape instability caused by the striction
phenomenon (important for the classical tensile test). Consequently an analytical model can
be used to compute stress, strain and strain rate tensors. From our knowledge a similar
approach has already been mentioned only for tensile tests (Liu et al., 1997) using a
phenomenological study of the anisotropic criterion. The present research work proposes a
model based on the expression of the classical Hill criterion ((Hill, 1948), (Hill, 1979)) but
introducing a variation of the Hill coefficients with a defined cumulated plastic strain. A
parameter identification method based on an inverse analysis technique will be used to
describe quantitatively the anisotropic model. We note I, w, h the length, width and
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respectively the high of the samples during the mechanical test and V the punch
compression speed. According to the channel die device axes: X(LD), Y(TD), Z(ND) defined
in Fig.1, the kinematics conditions and the incompressibility equation ( div(v)=0) lead to the

following form of the velocity vector:

u(X) XV/h
v=| 0 |= 0 (18)
w(Z)| |-ZV/h
Consequently we have a diagonal strain rate tensor ¢ for which the component in the Z

direction is equal to -V/h, in the Y direction is equal to 0 and in the X direction is equal to
V/h. To take into account the plastic strain history, a deformation tensor can be defined by:

. [y(V/hydze 0 0
g=[edt = 0 0 0 (19)
0 0 0 —[5(V/h)dr

In a first approximation, an equivalent plastic strain value can be expressed in term of the
second invariant of the deformation tensor i.e.:

- \/étr(&) - \/g(gix el hel,)= %h{%} (20)

where hy is the initial height of the samples.

t
Because the deformation along the Y direction is rigorously equal to 0 (&, = [£,,dt =0) we
0

obtain a plane strain deformation. The corresponding stress tensor is also diagonal and has a
null component in the X direction (free plastic flow i.e. plan stress conditions):

0 0 0
6=|0 oy 0 | witho, =F/S (21)
0 0 o

where S = lw = (lgwo)hy/h is the area of the real sample surface in contact with the punch and
F is the forging load measured in the Z direction.

Starting from this mathematical model of the plan compression experiment, the following
expressions of the strain rate tensor and of the stress tensor are obtained for the three sample
positions:

a. Position P1 (specimen S1)

V/h 0 0 olb//rp, =0 O 0
= 0 O 0 |ilol= 0 STD//TDy
0 0 -V/h 0 N T
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b. Position P2 (specimen S2)

2
0 0 0 ST 0 0
2
g=lo v/h o |ilel=] 0 o p =0 0 (22)
2
0 0 -V/h 0 0 olbyny
c. Position P3 (specimen S3)
3
V/h 0 0 Oty k0, =0 (3)0 0
=l 0 -V/h 0}’ []- 0 OND//TD,
3
0 0 0 0 0 G(TI))//NDO

The index (i) refers to the sample position and all the matrixes are written in the coordinates
system of the sheet.

7. The anisotropic behaviour model

For standard materials, using a convex anisotropic yield function f expressed in terms of the
stress tensor components, the strain rate matrices can be determined from the stress gradient
of the convex surface:

o 2L
RIS @)

where 2P! is the plastic multiplier.
According to the Hill criterion defined in (12), for each strain rate component the following
expressions can be written:

Exx = 2)P! [G(GXX - GZZ)+ H(GXX ~GOyy )l éyy = )Pl [F(ny - GZZ)+ H(ny - GXX)]

(24)
. 1 . 1 : 1 : 1
£,, =20P [F(o - ny)+ Glo,, — 04 )l &y = WP Noyy, &y, = 4P Loy, &y, = 4P Moy,

Using the analytical model detailed in the previous section, for the first position of the
specimen (specimen S1) in the channel die compression device, the two equations (22) and
(24) lead to:

1 1 1
V/h=23P l_GGf\I)D/ﬂ\ID0 _HG(T])D//TDOJ

1 1 1 1 . 1 F 1
0=2)P [F(G(Tl)) //TDy ~ 05\1)13 //ND, )+ HG(Tl)J //TD, ]1-e~ G(Tl)J //TDy = mG%})D //ND, (25)

1 ! !
_V/h:27\‘pl[_F(G£ﬂ)D//TD0 _Gg\])D//ND() )+GG§\I)D//ND0]

Then for all the three different positions, combining equations (12), (22), (24) and
corresponding (25) ones, the following relationships can be easily obtained:
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)2 (FG +FH + GH

OND//NDj F+H ):1 for P1

(26)

0(2)2 (FG +FH + GH
ND//NDy G+H

jzl for P2

o2 [FG +FH + GH

OND//TD, e le for P3

These three relationships lead to the following expressions of anisotropic criterion coefficients:

o .G B . y

= :G= cH=—" 27)
af +By +ya af +By +ya af +By +ya

where:

1 )2 3)2 2)2 1| (2?2 3)2 1)2
a:E|:G§\I)D//NDO +G§\I%)//TD0 'G&E//NDO}’B:E[G&H))//NDO +G§\T%)//TDO 'Gg\T)D//NDO:|

and

1[ )2 22 3)2
YZE{ %\ID//NDO ch55\11)3//1\11)0 'G%ID//TDO:|

(28)
The parameters L, M, N can be determined from simple shear tests (Liu et al., 1997). Starting
from the curves pictures in Fig. 9 and using the phenomenological law (1), the parameters
defining the stress components in the NDy direction are identified using an inverse analysis
technique based on a non-linear regression of a cost function describing in a least squares
sense the difference between the experimental points and the predicted ones. The
identification results are presented in the Table 3 (here W is chosen equal to 1).

Parameters S1 (position 1) 52 (position 2) S3 (position 3)
600 200. 254. 213.

Gpl 538.519 714.260 459.817

n 3.607 1.239 7.563

n, 0.5 0.5 0.5

Mean error (E) 2% 1.60% 2.60%

Table 3. Identified parameters results obtained for the proposed phenomenological law
corresponding to the chosen three positions of the samples (S1, S2 and S3 specimens).

Using the (16) and (17) expressions it is possible to obtain a variation of the Hill coefficients
with the defined cumulated plastic strain i.e. F(¢),G(¢) and H(g) . These evolutions of the
Hill coefficients permit to make the classical anisotropic Hill criterion more consistent with

the large plastic deformation phenomena which occur during the real forming process and
to extend its availability for a large class of metallic materials.
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dr(0)

In the particular case of a normal anisotropy, we must havew =0. Using formula (4),
(16) and (17) it is necessary to have N=F+2H and F = G i.e. cg})mDo = cgl))//NDO . Or the
variation of the stress plotted in Fig. 9 shows that between 10% and 30% of the cumulated
plastic strain, this condition is rigorously reached. Then, the corresponding Hill coefficients
have the following analytical expressions:

2 26 O.
2 ND//ND, ~©TD//ND,
F=G= E - ,H = (29)
46 o0 ) 4’ _o)’
ND//ND, ~ °ND//TD, OND//TDy| T°ND //ND, ~ OND//TD,

According to the proved normal anisotropy assumption, for a plan stress hypothesis, the
anisotropic criterion in the local (x, y) axes of the plate can be written in the following form:

2 2 2r 2(21‘ + 1) 2 2r+1 (3)2

_ 2
Ox +Oyy - mcxxayy + 1 Oy = 2w+ SND//TDy = ©0 (30)
where r is named here the Lankford coefficient and can be expressed by:
H 0(1)1; D
r=r(0)=R=—=2—0//MDo 4 (31)
G 50
ND//TD,

With these expressions the dependence of the Lankford coefficient with the cumulated
plastic deformation (defined by (20)) can be predicted from the stress-strain curves
determined in the previous section. The dependence of the stress components with plastic
deformation is given by (17) (see also Table 3). The values predicted by the model are
expected to be more realistic when the plastic deformation is relatively low (such as in the
case of the tensile test). The result is presented in Fig. 10. For a low plastic deformation
(< 5%), it can be seen that the values of r are close to 0.57. This value is consistent with the
experimental value of r(0) =0.54 near determined for 6 = 0° (see Fig. 8). The values increase
with the plastic deformation: for 25% of deformation, r is near 0.9 and the variation is
asymptotic to 1 for more large plastic strains. The range of these values is consistent with
those mentioned for aluminium alloys [9, 15] and it can be concluded that the proposed
model predicts the Lankford coefficient values in accordance with the known anisotropic
material properties of AA 2024 alloy. Moreover, the evolution of o, with plastic

deformation presented in Fig. 10 shows that the obtained increasing variation is coherent for
this material and realistic with other experimental previsions.

8. Conclusions

Channel die compression tests have been carried out for the characterization of the
anisotropy of an aluminium alloy undergoing large plastic deformations. Crystallographic
evolutions and stress-strain curves show that the material has a specific response according
to the normal plane of compression of the specimen. Significant differences are measured
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Fig. 10. Prediction of the variation of the Lankford coefficient and of the o, with the

equivalent plastic deformation.

when the normal plane is along TDg and the longitudinal direction along LDy. An analytical
model, adapted for the channel die compression test, has been proposed in order to describe
a Hill criterion. This proposed analysis permits to have an analytical expression of the Hill
coefficients and the new idea is here the introduction of its variations with the plastic strain
values. The realistic prediction of the Lankford coefficient evolution shows that the obtained
values are consistent with values measured for general aluminium alloys. In a future work
new 3D anisotropic criteria will be analyzed for plastic solid materials starting from this
study and using all the six possible positions of the plate specimen in the channel die
compression device.
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1. Introduction

In recent years, lightweight structures have become more and more important for the
transportation industry, since they allows reduction of fuel consumption and thus
atmospheric pollution. The most common light metal is aluminium, that has a density close
to 2.7 g/cm?3 coupled with interesting mechanical properties. Until 50 years ago, however,
aluminium alloys were considered not weldable, due to the formation of aluminium oxide.
Nowadays, the welding of aluminium is a well-known and much studied subject, since
welds are often the weak point of a structure. Indeed, aluminium alloys are mainly
reinforced by controlled ageing or plastic deformation, so that welds represent an area of the
structure where the standard approach for improving mechanical properties is not
applicable. On the other side, mechanical fastening or riveting brings to serious problems
during application, so that a significant effort has been done to develop low cost and high
efficiency joining techniques.

The most used welding techniques are based on the localised melting of the alloys to be
joined. The most common are MIG (metal inert gas welding), an arc welding under inert
atmosphere with a metal fusible electrode, generally supplied with continuous current at
inversed polarity, and TIG (tungsten inert gas welding), that is an arc welding under inert
atmosphere with a tungsten electrode, often supplied with alternate current. These
techniques avoid the formation of dangerous inclusions, by favouring the oxide removal
and protecting the molten metal by inert gas. Oxyfuel and electrical resistance welding are
also used, while the most recent techniques use plasma, an electron beam or a laser to
induce melting and welding. Recently, friction techniques have gained much support, since
they avoid melting of the involved alloys.

General considerations about welding of aluminium alloys must take into account several
features of this kind of process. First, aluminium is a good heat conductor, so that localized
melting is difficult. Wide deformations and microstructure modifications are observed, since
temperature is high even far from the weld. Second, aluminium is oxidised very easily, with
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alumina formation. Inclusions in the weld are often obtained, or the formation of oxide films
or veils can be observed. Third, gaseous inclusions can be formed during welding, due for
instance to the hydrogen solubility in aluminium. With high welding rates (MIG), gases
have not the time to go out from the surface of the metal, so that porosity can develop.
Hydrogen can be present either in the alloy or in the filler, but alloys are now carefully treated
to lower the hydrogen concentration. However surface abrasions can make easier for
impurities to enter the metal during working and storage, or hydrogen-rich products can be
present on the surface, so that an accurate cleaning of both alloy and filler must be performed
before welding. Humidity can be also a clue, since the presence of hydrated metal oxides on
the surface can bring to the dissolution of hydrogen during welding. Similarly, the protective
gas must not contain impurities, and have a very low dew point. As it happens for many
metals, post-weld hot cracking can also occur due to grain growth.

A further difficulty in the welding technology is the requirement, typical for aerospace
industry, of joining dissimilar alloys. In aircraft fuselages, for instance, stringers attached to
the skin are considered as an important step toward the elimination of mechanically
fastened stiffeners; however, this implies the ability of welding together two alloys for
example of the 2000 and 7000 series.

In this chapter, two of the most interesting techniques for joining dissimilar alloys are
considered: laser beam welding (LBW) and friction stir welding (FSW).

LBW is a melting technique, that uses a source with a high power density (a solid-state or gas
laser, rarely a fibre laser) to locally melt a filler wire positioned between the two alloys to be
welded. The method is recognized as a rather mature joining technology (Zhao et al. 1999),
even if it faces the common drawbacks linked to the fusion welding approach: porosity, hot
cracking, low mechanical strength of fusion (FZ) and heat affected zones (HAZ).

To overcome the weaknesses of this technique some care must be taken: a significant
attention to the process and to the use of protective atmosphere can reduce hydrogen
cracking, occurring grace to the decrease of hydrogen solubility in the fusion zone (FZ). Use
of special alloys can reduce solidification cracking (Norman et al. 2003) and the choice of the
filler wire can be strategic (Cicala et al., 2005; Braun, 2006). For instance, an Al-12Si alloy can
be used with good results, since it avoids the formation of the Mg;Si phase, that is thought
to enhance the solidification cracking susceptibility (Cicala et al., 2005). The control on the
process parameter is also extremely important, in particular with dissimilar alloys, and pre-
and post-weld treatments can be essential to optimize the weld properties (Braun, 2006;
Badini et al., 2009).

Friction stir welding (FSW) was invented at The Welding Institute (UK) in 1991 and is
becoming an attractive alternative to conventional bonding techniques for high-performance
structural applications in both aerospace and automotive industry. FSW is used mainly with
aluminium alloys, even if copper alloys, titanium, steel and magnesium alloys have been
welded by this technique. (Mishra & Ma, 2005; Nandan et al., 2008)

The method is based on the production by friction of a thermo-mechanically plasticized
zone in the materials to be welded. A rotating tool is put on the contact line between two
adjacent metal sheets, and mechanical pressure is applied while the tool is moving along the
line of the joint. The tool consists basically in a shoulder and a pin, that from simple
cylinders evolved in the last years into more complex shapes (Mishra & Ma, 2005; Thomas et
al., 2003; Hirasawa et al., 2010). The tool rotation and applied pressure brings to the
movement of matter in the pin zone, with a very complex behaviour. As a result of heat
development, plastic deformation and matter movement, a joint is produced with a solid
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state process, without the formation of a liquid phase as in more conventional welding
techniques. The main parameters of FSW are the tool rotation rate, and the tool transverse
speed. The direction of rotation is important for dissimilar alloys welding, where the two
sides of the weld, the retreating (tool rotation goes against tool movement along the line of
the joint) and the advancing one, correspond to different materials.

FSW shows some advantages over traditional welding techniques involving material
melting. First, no added metal is needed, so that many problems related to composition
compatibility are overcome, suggesting an easier welding of dissimilar alloys. Second, the
total energy consumption of the process is much lower than conventional methods, and
there is no need to work with protective gas. Finally, the microstructure of the welds is often
very good, with limited porosity, no hot cracking and low residual stresses, that brings to
very interesting properties of the joints. However, this method needs expensive equipments
and it is easily applicable only for joining plates or components with quite simple geometry,
e.g. flat, L and T (Mishra & Ma, 2005).

During FSW, metal flows around the tool, following its rotation, and high temperatures
develop. The microstructure of the joint is thus determined by these two phenomena. Metal
flow is rather complex and yet poorly understood, and yet is the key parameter to optimize
the tool composition and geometry, and FSW parameters (Reynolds, 2000; Reynolds, 2008;
Yang et al., 2010). Basically, it was observed that: advancing and retreating sides behaves
very differently; the movement occurs both on the plane of the weld but also vertically; the
alloys are not always mixed with a regular flow, but random distribution of the two alloys
can occur, in particular on the top surface; often, however, alternating shapes (bands,
lamellae, onions rings,...) are observed of the two metals, depending in any case on the
geometry of the tool. Some authors suggest that FSW can be partially compared to an
extrusion process (Krishnan, 2002a; Buffa et al., 2006).

The temperature reached during FSW is rather high, due to the intense plastic deformation
occurring around the rotating tool and to the friction between the tool and the welded
material (Mendez et al., 2010; Hamilton et al., 2008; Sato et al., 1999; Murr et al., 1998). It is
clear that the microstructure of the weld is heavily influenced by these phenomena, in
particular concerning grain size, grain boundaries, type, size and shape of precipitates. The
microstructure will then influence the mechanical behaviour of the weld. In the central zone
of the weld, temperature can reach almost 500 °C, so that dissolution of precipitates can
occur. This depends however on the specific alloy, since it is reported both dissolution (Sato
et al., 1999) and permanence (Murr et al., 1998) of precipitates in the central part of the weld.
In any case, it is rather accepted that the maximum temperature is observed at the centre of
the weld, and that there is an isothermal zone positioned under the pin (Mishra & Ma, 2005).
As the distance from the weld centre grows, the temperature decreases. It has been
suggested (Sato et al., 2002) that the temperature grows with the tool rotation rate, while the
heating rate depends on the transverse speed, and that on the advancing side the
temperature is slightly higher than on the retreating side.

The combined effect of temperature and tool movement produces a very characteristics
microstructure of FSW welds. In the stirred zone, where severe plastic deformation occurs,
recrystallization and development of texture can be observed, together with precipitates
dissolution and/or coarsening (Kwon et al., 2003; Charit & Mishra, 2003, Sauvage et al., 2008).
Three main zones, shown in Figure 1, can be discerned: the nugget, corresponding to the
stirred zone; the thermo-mechanically affected zone (TMAZ); the heat-affected zone (HAZ).
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Fig. 1. Typical image of a weld obtained by FSW.

The nugget consists generally in a recrystallized zone with small grain size, with a shape
that depends on the alloy type, the tool geometry and the processing parameters. Generally
the nugget has either the shape of an ellipse or that of a wide glacial valley (Mahoney et al.,
1998; Sato et al., 1999, Mishra & Ma, 2005). The microstructure is often characterised by fine
equiaxed grains of a few microns size, even if sub-micrometric grains can be obtained by
using special tools or by cooling the plate immediately after the weld (Kwon et al., 2003; Su
et al., 2003; Benavides et al., 1999). Regarding precipitates in the nugget zone, they can either
be dissolved or coarsen, depending on the temperature and the alloy composition.

The TMAZ is a sort of transition zone between the nugget and the base metal (Mahoney et
al., 1998). In this case, deformation occurs but not recrystallization, so that elongated grains
are observed, with a pattern that follows the metal flow induced by the tool movement.
High temperature is also present in this zone, so that precipitates dissolution can be
sometimes observed (Sato et al, 1999).

The HAZ is simply a zone of the base metal that suffers high temperature due to the heat
generated by plastic deformation in the nugget and TMAZ zones (Sato et al, 1998). The very
significant increase of temperature in the HAZ can cause precipitation and/or precipitates
coarsening, with a negative effect on the mechanical properties (Jata et al., 2000).

During FSW, due to the complex deformation pattern and to the high temperature
gradients, residual stresses develop in the weld. The study of residual stresses suggests that
their magnitude is much lower than in the case of traditional fusion welding (Peel et al.,
2003; Fratini et al., 2009; Hatamleh et al., 2008). The stresses often presents an M shape, with
the maximum stress close to the HAZ. The reason for this behaviour can be found in the fact
that recrystallization reduces the extent of residual stresses, that is higher at the interface
between the mechanical stressed zone and the heat-affected zone. This can be also due to the
strong mechanical restraints needed for FSW (Mishra & Ma, 2005). No very significant
differences were observed between the advancing and the retreating side of the weld.
Concerning the mechanical properties of the weld, it is important to consider both
precipitation-hardened and solid-solution-hardened aluminium alloys, since hardness and
other properties depends heavily on the alloy type. In particular, concerning precipitation-
hardened alloys, it is generally observed a region in the centre of the weld where hardness is
lower than in the base alloys (Sato et al., 1999). This behaviour has been generally ascribed
to the coarsening and/or dissolution of the precipitates due to the high temperatures
developed during FSW. Instead, in the case of solid-solution-hardened aluminium alloys, no
reduction in hardness is generally observed in the weld (Svensson et al., 2000).

Tensile strength of the welds obtained by FSW has been much studied in the past (Mishra &
Ma 2005). This welding method brings to rather high mechanical resistance, if compared
with standard fusion welding techniques. In particular it seems that in the nugget the
reduction of mechanical properties is not very high, while the weak point of the weld is the
interface between TMAZ and HAZ (Mahoney et al., 1998). There, on the retreating side,
failure generally occurs. Elongation at fracture generally decrease, because the strain is not
anymore uniform along the sample, but is concentrated in the low-resistance zone. A post-
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weld aging treatment is needed on the precipitation-hardened alloys, in order to improve
yield and ultimate strength, even if complete recovery of the elongation of the base alloys is
not generally attained (Sato & Kokawa, 2001; Krishnan, 2002b; Sullivan & Robson, 2008;
Malarvizhi & Balasubramanian, 2010).

Regarding fatigue resistance, FSW brings to a reduction of the fatigue strength at 107 cycles
(Di et al., 2006; Jata et al., 2000, Uematsu, 2009), but this behaviour is believed to be strongly
correlated with the bad surface finishing of FSW welds. A surface treatment with removal of
a portion of the surface improves the fatigue properties close to those of the base metal. In
any case it seems that friction stir welds behave better than those obtained by fusion
welding methods.

Fracture toughness of FSW welds has been measured both as significantly higher than that
of the base metal (Kroninger & Reynolds, 2002; Mishra & Ma, 2005) and as lower than the
base metal (Derry & Robson, 2008). In the first case, this happens both in nugget zone and in
HAZ/TMAZ region, even if in this latter case the values are lower than in the nugget. This
behaviour is probably due to the presence of a finer microstructure, and finer precipitates,
even if other mechanisms can be considered, like the presence of particle free zones (PFZ),
the bonding strength between alloy and precipitates, the presence of low energy grain
boundaries. In the case of lower toughness than base metal, the precipitate coarsening is the
main cause of this phenomenon.

As already pointed out, FSW is a very interesting method for the welding of dissimilar
alloys and metals (Mishra & Ma, 2005; Murr, 2010; Dubourg et al., 2010; Kwon et al., 2008;
Uzun et al., 2005; Lee et al., 2003). In this case, the study of the welds is more complex, and
literature is not univocal about the best approach to the welding treatment. For instance, it is
reported that the low-strength alloy must be placed on the retreating side, but also on the
advancing, in order to improve the weld strength. The microstructure in the nugget seems
to be determined by the retreating side material, and joining two precipitate-hardened
alloys brings generally to the failure of the weld in the HAZ, where over-aged precipitates
are present. This does not seem to reduce substantially fatigue properties, though.

In any case, the papers already published all suggests that FSW is a very promising technique
for joining dissimilar alloys with defect-free welds and good mechanical properties.

One of the main issues that are yet to understand concerning dissimilar alloys welding is the
possibility of operating a post-weld heat treatment (PWHT). The current literature suggests
that a PWHT is often needed, in particular if the welded alloys are in the O state (Krishnan,
2002b; Malarvizhi & Balasubramanian, 2010; Priya et al., 2009; Chen et al., 2006; Sullivan &
Robson, 2008). It is reported though that this kind of treatment can bring to grain growth
and properties reduction, so that when aged alloys are welded, there is not yet total
agreement on the best strategy to adopt.

In this work, we try to propose a method for the optimization of the post-weld heat treatment
on joints of dissimilar alloys. This approach can be applied on any two precipitation-hardened
alloys, and consists in the coupling of microscopic observations, Differential Scanning
Calorimetry (DSC) analyses and hardness measurements in order to improve the overall
performance of the weld, avoiding weak spots in specific locations of the weld.

Depending on the welding technique used, if LBW or FSW, the approach is slightly
different, but the basic idea is the same. In LBW the fusion zone consists in the mixture of
two or three different alloys, so that the standard treatments for the thermal aging of the
base alloys can not be successfully used. By using composition analyses, DSC and
microscopic observations, it is possible to determine the best thermal treatment for
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increasing the hardness of the weld without incurring in over-ageing of either the base
alloys or the weld itself.

In FSW no fusion zone is observed, however many modifications are observed in the HAZ,
TMAZ and nugget. Starting from DSC analyses, that suggest the state of precipitates in the
specific zones, it is possible to determine the best heat treatment temperature for the weld,
and optimize its hardness.

In both cases, two factors are to consider: over-ageing that can occur in the HAZ as a result
of the temperature increase during welding; limited increase of hardness in specific weld
zones, due to microstructure modifications. It is important to find a compromise between
the properties of the base alloys and the properties of the weld, to avoid weak spots in the
whole system.

2. Characterization techniques

Samples were taken from the different weld zones by cutting: fusion zone, HAZ and base
alloys for LBW; nugget, TMAZ, HAZ and base alloys for FSW.

Vickers or Brinell hardness was measured on polished cross-section of welded specimens, in
the different zones of the weld and on base alloys. Microstructure was examined by optical
microscopy and scanning electron microscopy. Compositional analysis of the different parts
of the cross-section of the specimens was carried out by energy dispersive X-ray
spectroscopy. Keller’s reagent etching was sometimes used to improve the quality of optical
microscopy observations.

Differential Scanning Calorimetry was used in order to identify the thermal phenomena
occurring during a temperature scan between ambient temperature and 500 °C, at a heating
rate of 20 °C/min and under flowing Ar atmosphere.

Indeed, DSC analysis has been frequently used to investigate the ageing sequence and the
precipitation kinetics of several aluminium alloys (Mishra & Ma, 2005; Badini et al., 1990;
Badini et al., 1995; Morgeneyer et al., 2006; Jena et al., 1989; Garcia Cordovilla & Louis, 1984;
Garcia Cordovilla & Louis, 1991; Papazian, 1982; Genevois et al., 2005). The DSC analysis of
solution treated aluminium alloys allows to observe during a temperature scan the
precipitation sequence and the dissolution of precipitates. This is possible since the
formation of the strengthening phases (GP zones, metastable intermediate precipitates and
stable hardening phases) results in exothermal peaks while the precipitates dissolution is an
endothermic phenomenon.

In the same manner DSC can be used to asses the state of a partially aged aluminium alloy.
For instance, in the case of naturally aged specimens the peak relative to the GP zone
formation is missing, and the peak concerning the formation of metastable precipitates is
weakened. In the case of artificially aged specimens, both peaks are missing.

3. Results and discussion

The methodology proposed to analyse the behaviour of dissimilar alloys welds and to
optimise their post-weld heat treatment (PWHT) is based on different steps:

- analysis of the behaviour of the base alloys;

- analysis of a weld between two parts of the same alloy (optional);

- analysis of the weld between dissimilar alloys;

- DSC analysis of samples taken from different parts of the weld;

- post-weld heat treatment and hardness measurement.
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3.1 Laser beam welding

a. Preparation of the weld

Regarding LBW method, 2139 alloy and a 7000 series alloy with composition reported in
Table 1 were welded. As a filler a 4047 alloy wire with 1 mm diameter was used. The 2139
alloy was furnished in 3.2 mm thick sheets, in the T8 temper (solution heat treated,
quenched, cold worked, and aged at 175 °C for 16 h). The 7000 series alloy was used as 2.5
mm thick extrusion, in T4 temper (solution heat treated, quenched, naturally aged).

Alloy Mean chemical composition (wt. %)

Si Fe Cu Mn Mg Cr Ti Zn Zr Ag
2139 0.04 | 0.06 5.1 029 | 043 - 0.05 - 0.014 | 0.33
7XXX 010 | 011 | 0.61 | 0.15 31 015 | 0.02 | 10.0 | 0.10 -
4047 12.0 0.8 0.3 0.15 | 0.10 - - 0.2 - -

Table 1. Mean chemical composition of alloys used for LBW: 2139, 7xxx, 4047.

LBW has been performed using two continuous wave Nd:YAG lasers, with maximum laser
power 4 kW and mixed argon and helium as shielding gas. T-shaped specimens were
produced, and the chosen process parameters were: welding speed 6 m/min, wire feed rate
4.8 m/min, laser power 3.6 kW. The laser beam was focused on both sides of the contact
surface between the two plates, using a 200 mm focusing lens and a 0.6 mm diameter
focalized beam. Welded specimens were submitted to various artificial ageing treatments
using an oil bath kept at constant temperature.

b. Analysis of the behaviour of the base alloys

In this case the analysis can be either experimental of based on the literature. The
composition of the base alloys was already given in Table 1, while the mechanical properties
of 7000 and 2139 alloys are reported in Table 2.

Alloy Ultimate tensile | Yield strength Fracicure Vickers
strength (MPa) at 0.2% (MPa) elongation (%) hardness
2139-T8 480 435 12.5 150
7xxx-T4 660 550 8.9 190

Table 2. Mechanical properties of the alloys welded by laser beam: 2139, 7xxx.

c. Analysis of the weld of a single alloy

In the case of fusion-welded samples this step was not deemed necessary in order to study
the weld between dissimilar alloys. In fact, the laser beam welding of two alloys with very
different composition, adding a filler wire of a third alloy, brings to a material with a
significantly different composition in the melted zone. Generally the weak spot in a LBW
weld of a single alloy is between the weld and one of the base alloys, i.e. in the HAZ.
However, when dissimilar alloys are considered, the alloy in the weld itself can become the
weak spot due to the different composition and the lack of post-weld heat treatment (or due
to an incorrect choice of temperature or time).

d. Analysis of the weld between dissimilar alloys

The first step in the analysis of the weld is a microstructure observation. In the case of the
weld between 2139 and the 7000 series alloys, a compositional map of the weld is shown in
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Figure 2, showing the different zones by their composition: 2139 alloy on the lower part of
the image (less zinc), 7xxx alloy on the top (high zinc content) and melted zone in the

middle (high silicon content).
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Fig. 2. Elemental map of a laser beam weld between 2139 (low) and 7xxx (high) alloys.

In Figure 3 the microstructure of different parts of the welds is shown. Hot cracks are not
observed in the weld, and porosity is rare. The microstructure of 2139 alloy shows almost
equiaxed grains, while 7000 series alloy shows the elongated grains typical of extruded
structures. In the molten zone a very fine microstructure is observed, with small equiaxed
grains. A small fraction of precipitates can be observed at grain boundaries. HAZ zones
present a rather sharp transition between base alloy and fusion zone. The precipitates
assume partially oriented features.

Fig. 3. Microstructure of a laser beam weld between 2139 (right) and 7xxx (left) alloys.
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A hardness map of the weld is shown in Figure 4. It is evident that the lowest hardness is
observed in the weld zone.

Fig. 4. Hardness map of a laser beam weld between 2139 and 7xxx alloys.

e. DSC analysis of samples taken from different parts of the weld

In the case of LBW, samples were taken from base alloys, from the HAZs, and from the
fusion zone. Figure 5 shows the DSC curves for the 7000 series alloy and the fusion zone.
The HAZ zones were too small to observe effects by DSC, so that measurements did not
reveal further information on the HAZs. The DSC curve of 2139 alloy was flat, due to the
fact that this alloy had been already submitted to heat treatment before welding.

The DSC experiments show, in the case of 7000 alloy, a endothermic peak due to precipitates
dissolution, starting close to 100 °C, followed by a double exothermic peak, corresponding
to the precipitation of intermetallic phases. The onsets of the two peaks are around 160-180
°C and close to 200 °C. A third exothermic peak is observed at higher temperature, close to
250 °C. The fusion zone presents no endothermic signal (due to lack of a significant quantity
of precipitates), a small exothermic peak starting at 170 °C and a large exothermic peak
starting at 200 °C.
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Fig. 5. DSC curves of the 7xxx alloy and of the fusion zone.
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From these data a convenient thermal treatment temperature must be chosen. Since ageing
must not be carried out too far, to avoid excessive growth of precipitates, the temperature
must be kept relatively low. For this reason in this case 170 °C was chosen as the heat
treatment temperature. The peak of the fusion zone is starting right around this
temperature, so that precipitation of strengthening phases is forecast.

f.  Post-weld heat treatment and hardness measurement

A PWHT was performed by varying the time of the heat treatment in the range 0-18 hours,
and microhardness measurements were performed on the obtained samples. The results are
shown in Figure 6.

While the 2139 alloy maintains a constant hardness during heat treatment, the
measurements demonstrates a significant increase in hardness over a limited time range for
both 7000 alloy and fusion zone. An excessive permanence at high temperature brought to
over-ageing in both zones. The choice of heat treatment time then is limited to 6 to 10 hours.
In the former case (6 hours) the weld remains less hardened but the 7000 alloy does not go
into over-ageing. In the latter (10 hours) the 7000 alloy becomes slightly over-aged but the
weld receives the best hardening treatment.

The approach based on the DSC measurements allowed thus to determine a convenient
temperature for heat treatment. A higher temperature would bring to fast over-ageing of the
weld, while a lower temperature would not guarantee a sufficient aging to grant the best
mechanical properties. This was demonstrated by heat treating the alloys at 140 °C, far from
the DSC peaks. Even if the 7xxx alloy showed an increase in hardness during this heat
treatment, the weld hardness remained low, suggesting no improvement in its mechanical
properties.
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Fig. 6. Hardness of the various parts of the weld after the post-weld heat treatment.

3.2 Friction stir welding

a. Preparation of the weld

Regarding FSW samples, three alloys were used in the form of 3.1 mm thick sheets: 2198
alloy in T3 temper (solution heat treated, quenched, cold worked, and naturally aged), 6013
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alloy in T4 temper (solution heat treated, quenched, naturally aged), 7475 alloy in W state
(solution heat treated, quenched). The composition of the three alloys is given in Table 3.

Alloy Si | Fe | Cu |Mn | Mg | Cr | Ti | Zn | Zr | Ag | Li |other
2198 min | 0 0 | 29| 0 |025] 0 - 0 [004|010]080| -
max | 0.08 | 0.10 | 3.5 | 050 | 0.80 | 0.05| - |035|018)050|110| -
7475 min | 0 0 |12 | 0 |19 |018] 0 |52 | - - - 0
max | 01 012 19 [0.06| 2.6 | 025|006 | 62 | - - - 015
6013 min | 06 | 0 | 06 |02 08| 0 0 0 - - - 0
max| 1.0 | 05 | 11 [ 08 | 1.2 | 01 | 01 | 025 - - - [ 015

Table 3. Mean chemical composition of alloys used for FSW: 2198, 7475, 6013.

Two kinds of weld were considered in this work: the first between two 6013 plates; the
second between 2198 and 7475 alloys. The welding was performed by using a tool with a nib
3.2 mm long and with 4.7 mm diameter, and a shoulder with diameter of 13.4 mm. A milling
machine Rigiva RS 100 was used for welding the sheets in the direction perpendicular to the
rolling direction. The work conditions were welding speed from 50 to 200 mm/min, pin
rotation speed 830 rpm and tilt angle of the tool 2°.

Welded specimens were submitted to various artificial ageing treatments using an oil bath
kept at constant temperature.

b. Analysis of the behaviour of the base alloys

The base alloys are well-known, so that composition and mechanical data were taken from
the literature. Mechanical data of the three alloys are given in Table 4.

Alloy Ultimate tensile Yield strength at Fracture Vickers
strength (MPa) 0.2% (MPa) elongation (%) | hardness
2198 T3 370 275 15 100
7475 T761 525 460 12 160
6013 T4 320 220 20 100
6013 T6 395 355 12 135

Table 4. Mechanical properties of the alloys welded by laser beam: 2198, 7475, 6013.

The 6013 T4 alloy has been shown to contain Si, GP zones and a(AlFeMnSi) (probably of
(Fe,Mn)3SixAl12 composition), with the development of MgySi (") and AlLCu,MgsSiy (Q')
precipitates during ageing at 180 °C (Barbosa et al., 2002; Genkin, 1994). Mg>Si precipitates
are also known to grow from needle-shape to rod-shape and finally to plate-shape (Heinz &
Skrotzki, 2002). The passage from T4 to T6 brings to an increase of mechanical performance,
in particular of yield strength, that has been motivated with the simultaneous presence of "
and Q' precipitates. Thus, a typical heat treatment for 6013 alloy is a T6, at 180-190 °C for a
few hours.

In 7475 alloy the typical precipitates are MgZn; (n or ') and CuMgAl, S phase (Norman et
al., 2003). The mechanical data of 7475 alloy were given in the T761 state since it is one of the
most common state for this alloy. Moreover, after heat treatment the mechanical properties
are heavily altered from those of W state, so that properties of the aged alloys are more

interesting for comparison. Heat treatment is generally performed in two steps at around
120 and 180 °C (Li et al., 2007).
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The main precipitates in 2198 alloys aged at 155 °C are AlCuli (T1), then ALLi (8') and
AlLCuMg (S'), sometimes AlLCu, with formation of small AlLi and AlZr quantities
(Cavaliere et al., 2009; Decreus et al., 2010; Chen et al., 2010). Moreover, lithium allows for a
reduction of weight (roughly 3% reduction every 1% of Li in the alloy).

c. Analysis of the weld of a 6013 alloy

The case of the welding of 6013 alloy will be considered as an example of the procedure that
can be brought out to study the effect of welding on the properties of the alloy. Indeed, there
is no real difference between the case of a single alloy weld and that of a dissimilar weld.
The image of the 6013-6013 weld is shown in Figure 7.

Fig. 7. Image of the weld between two 6013 alloy plates.

On Figure 8 are presented instead the Brinell and Vickers hardness curves for the weld. It is
evident that the lower hardness is present on the retreating side of the weld, at the interface
between TMAZ and HAZ.
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Fig. 8. Brinell and Vickers hardness profiles for a 6013-6013 weld.

On Figure 9 is presented the DSC curves for samples taken at different positions along the
weld.

The curves show clearly how at +30 mm and -30 mm from the weld centre the 6013 alloy is
in the unmodified T4 state. On heating an endothermic peak is observed typical of GP zones
dissolution, around 160 °C, followed by three peaks for the precipitation of strengthening
phases. At +10 and -10 mm from the weld centre, only a hint of the endothermic peak is
observed, suggesting that GP zones dissolution already took place during the welding
treatment, due to the increase of temperature. However the three peaks linked to
precipitation are yet observed. At +5 and -5 mm, i.e. very close to the heavily deformed
zone, only the exothermic precipitation peaks are observed. There is a small shift of the main
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peak toward lower temperature, with the second and third precipitation peaks disappeared
or extremely low. In the nugget the main exothermic peak is wider and shifted toward
lower temperature. This suggest that in this zone a finer microstructure is present, as
confirmed by microscopic observations (Figure 10), and/or higher residual stresses, that
brings to an easier precipitation of strengthening phases.
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Fig. 9. DSC curves for different parts of a 6013-6013 weld.

Fig. 10. Microstructure of different parts of a 6013-6013 weld.

DSC analysis thus allows to roughly determine the state of the different parts of the weld,
suggesting that for 6013 alloy precipitation must yet occur, so that a significant increase of
hardness by PWHT can be obtained. As said before, 6013 alloys are generally heat treated at
180-190 °C for a few hours. The DSC trace shows that these temperature are quite far from
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the main precipitation peak, however DSC experiments made on heat treated samples
demonstrate that a partial precipitation already occurs, probably with very small " and Q'
precipitates (Barbosa et al., 2002). Figure 11 shows the DSC curves for welded samples aged
at 160 (18 h) and 190 °C (3 h).

It is evident that the intensity of the exothermic peak is much lower than the intensity before
heat treatment. This suggests that precipitation occurred during heat treatment. The effect of
precipitation can be observed in the hardness curves of Figure 12.
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Fig. 11. DSC curves for different parts of a 6013-6013 weld after 160 °C and 190 °C heat
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Fig. 12. Hardness profiles for a 6013-6013 weld after 160 °C and 190 °C heat treatments.

Figure 12 shows how the temperature of heat treatment heavily influences the behaviour of
both base alloys and weld. Depending on the temperature of the heat treatment, different
hardness profiles can be observed. If this heat treatment is kept at low temperature a lower
increase of hardness of base alloys occurs, but a larger increase of hardness in the HAZ.
If the heat treatment is made at higher temperatures, the precipitates growth prevails and
no hardness increase in the weld is observed. In this last conditions, the marked
improvement in hardness of the base metals risk to be overcome by the low resistance of the
weld zone.
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d. Analysis of the weld between dissimilar alloys
The case of welding between 7475 and 2198 will be presented for the welding of dissimilar
alloys. An image of the weld is shown in Figure 13.

Fig. 13. Image of the weld between 2198 and 7475 alloy plates.

From the DSC curves of pure 2198 alloy (Figure 14) it can be seen that, passing from T3 state
to solubilized one, a less marked exothermic precipitation is observed, and a higher
temperature is required for the formation of the strengthening phases. This is probably due
to the elimination of cold working effect thanks to the solution heat treatment.

In the case of the dissimilar weld (Figure 15), curves for +30 mm from the weld (retreating
side, 7475 alloy) are very similar to curves of the pure 7475 alloy, and the same happens for
-30 mm (advancing side, 2198 alloy). The behaviour of the 7475 alloy side is quite constant
for samples took on HAZ and TMAZ zones, showing only a smaller peak than the base
alloy, linked to a partial precipitation of phases due to the high temperature suffered during
welding.
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Fig. 14. DSC curves for 2198 alloy.

In the nugget, a behaviour similar to that of the 7475 alloy is observed, with a small
precipitation peak. From the 2198 side, the effect of the high temperature developed during
the welding is to eliminate the effect of the cold working, so that at -5 mm the curve is
similar to the one of solution heat treated 2198 alloy. At -10 mm a peak is yet observed, even
if shifted toward higher temperature with respect to the base alloy.

Due to the different approach needed to age the 2198 and the 7475 alloys, different
temperatures were tested also for a 2198-2198 weld, in order to understand the effect of
temperature on the strengthening mechanism. At low temperature (155 °C) welds need very
long times to reach good hardness values, as in the case of 6013 alloy. At high temperature
(200 °C) the maximum hardness is reached in 3-4 hours (Figure 16).
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Fig. 16. Hardness curves of different parts of a 2198-2198 weld after 155 °C and 200 °C heat
treatments.

The ageing of 7475 alloy is generally realised in a two-step fashion, with a high
temperature step at 170-180 °C. The curve showing the behaviour of a 7475-7475 weld is
shown in Figure 17.

The risk of over-ageing is rather evident, however it must be stressed that the weak spot in a
welded structure is often the weld. For this reason it was chosen to provide an increase of
hardness for the 2198 HAZ/TMAZ zone and suffer a small over-ageing of the 7475 alloy.
The curve on Figure 18 shows the ageing curve for 2198-7475 weld.
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Fig. 17. Hardness curves of different parts of a 7475-7475 weld after heat treatment.
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Fig. 18. Hardness curves of different parts of a 2198-7475 weld after heat treatment.

It is evident that while over-ageing is slowly occurring on the base 7475 alloy, precipitation
is happening in the weld, with a significant hardening effect, that remains very low in the

zone for optimal ageing of the only 7475 alloy.

DSC curves confirm that precipitation occurred, as shown in Figure 19. No significant peak

was detected after ageing.

Thus, post welding heat treatments are able to improve mechanical properties of the welds,
if the ageing conditions are carefully controlled. The use of the standard ageing treatments
used for the base alloys that have been welded not always provide the best results, neither
for similar alloys welding nor for dissimilar ones. The control of the PWHT is essential for
avoiding weak spots in the weld, that can lower substantially the mechanical properties of

the whole welded system.
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Fig. 19. DSC curves for different parts of a 2198-7475 weld after heat treatment.

4. Conclusion

In this work a method for the study of the ageing behaviour of laser beam or friction stir
welds between similar or dissimilar alloys is presented. The approach is based on the DSC
study of different parts of the weld. Coupling DSC measurements with literature data, it is
possible to choose a convenient heat treatment to optimize the hardness profile of the weld.
In most of the cases, a compromise must be found between the improvement of the weld
properties and that of the base alloys. A laser beam weld of dissimilar alloys 2139 and 7xxx
showed a marked increase in hardness for the weld, at expense of a slight over-ageing of the
7xxx alloy. In the case of the friction stir welding of a 6013-6013 system, a lower temperature
than the standard one for the heat treatment of the alloy gives the best results, bringing to a
slower yet more uniform hardness increase in the weld. Finally, in a 2198-7475 weld the
permanence at high temperature must be carefully regulated: if a short time is chosen, the
weld does not harden enough; if too long a time is selected, an important over-ageing of the
7475 alloy occurs.
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1. Introduction

The invention of Friction Stir Welding (FSW) (Thomas, 2009) has contributed for a
significant push forward in the weldability criteria for many engineering materials and the
concept of how they can be mechanically processed in solid state. From the many materials
processed by FSW the most remarkable results were obtained for the aluminium and all its
alloys including wrought and cast original conditions. The main technological procedures
and parameters are presented and most relevant tool features and architecture are
established (Vilaga, 2003). Some industrial applications of FSWelds of aluminium alloys are
also summarized.

The quality of FSWelds of aluminium and its alloys is easy to reproduce and usually
excellent, exceeding for some particular conditions the performance of base materials.
Nevertheless, some imperfections can occur. The geometry, location, and microstructural
nature of these imperfections will be established and classified for butt and overlap joints,
which are the basic geometries enabling the production of all the remaining joint
configurations, by combination of the previous. These imperfections bear no resemblance to
the imperfections typically found in aluminium fusion welds. Consequently, it is difficult or
even impossible, to identify all the FSWelds imperfections with commercially available
conventional and advanced non-destructive testing (NDT) techniques. A paradigmatic
example is the micro defects located at the root of conventional FSWeld joints with less than
100-50 um. This state-of-the-art has been revealed as one important drawback preventing a
wider transition of FSW to industrial applications, mainly focusing those where the quality
standards are highly demanding and pursue the total quality assurance paradigm.

The review of physical fundaments and some technological features of the different NDT
concepts is included supporting the presentation of the following content of the present
chapter (Santos, 2009).

The assessment of the applicability of the conventional and advanced available NDT
techniques to the most relevant FSW imperfections is established. The lack of assertiveness
of the available NDT techniques in detecting the FSW joint imperfections are identified
emphasizing the importance of the most recent new advances in the NDT technological



94 Aluminium Alloys, Theory and Applications

field, regarding the support of the industrial production of FSWelds involving aluminium
and aluminium alloys.

To solve this lack of technological capacity in detecting non-destructively some
imperfections in FSWelds, which may significantly affect the performance of the weld joints,
many research and technological development projects are being undertaken and some of
the most relevant results are presented in this chapter. The presentation of these new
developments starts with the presentation of a system with acronym: QNDT_FSW, which
consist of an integrated, on-line, NDT inspection system for FS welds, which employs a data
fusion algorithm with fuzzy logic and fuzzy inference functions. It works by analyzing
complementary and redundant data acquired from several NDT techniques (ultrasonic,
Time of Flight Diffraction (ToFD), and eddy currents) to generate a synergistic effect that is
used by the software to improve the confidence of detecting imperfections.

The next NDT development presented is a innovative system consisting of a new patented
eddy current (EC) probes; electronic generation, conditioning and signal acquisition;
automated mechanized scanning and dedicated NDT software. The new EC probe allows a
3D induced current in the material, and an easy interpretation of the signal based, not on the
absolute value, but on a comprehensible perturbation of the signal. The results from an
analytical simulation fully agree with the experiments.The experimental results clearly show
that this system is able to detect imperfections around 50 pm, which contribute to increase
the reliability on NDT of micro imperfections.

2. FSW process fundaments

2.1 General features

Friction stir welding (FSW) is a process for joining workpieces in the solid-phase, using an
intermediate non-consumable tool, with a somewhat complex shoulder and probe profile,
made of material that is harder than the workpiece material being welded. FSW can be
regarded as an autogenous keyhole joining technique without the creation of liquid metal
(Thomas et al., 1991).

The rotating tool, is plunged into the weld joint and forced to traverse along the joint line,
heating the abutting components by interfacial and internal friction, thus producing a weld
joint by extruding, forging and stirring the materials from the workpieces in the vicinity of
the tool. The basic principles of the process and some nomenclature are represented in
Figure 1.

This machine tool based process is recurrently considered the most important recent
development in the welding technology, saving costs and weight for a steadily expanding
range of applications of Lightweight Metallic Structures. As evidence of the disruptive
character of the FSW process, world-wide research and development centers have chosen
this issue has as a primary priority and the many significant advantages of FSW have
rapidly been transferred to industry. Initially to the most demanding quality standards
industrial applications and more recently spread to a wide range of structural and non-
structural components.

2.2 Parameters

One important advantage of FSW is the Total Quality Assurance of results once all the
process parameters are correctly established and monitored during the processing. The
process parameters are easy to assess because FSW is mostly a mechanical welding process
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Fig. 1. Representation of some of the main parameters and nomenclature of FSW joints

where the results do not depend on difficult to control conditions, such as, environmental
conditions or operator skills.

For achieving the Total Quality Assurance conditions, one important requirement is a
strong, stiff machine and clamping system, able to react and apply the necessary load onto
the workpiece via the tool, allowing to create and maintain the correct conditions.

In order to optimize the performance of the resultant FSW joint, and considering that the
FSW results can be sensitive to variations of some welding parameters, it is important to
identify and understand possible interactions between the welding parameters. The main
FSW process parameters are the following:

FSW tool geometry;

Travel speed, v [mm/min];

Rotation speed, Q [rpm];

Rotation direction [CW or CCW];

Tool rotational axis eccentricity [mm];

Vertical downward forging force, F, [N];

Plunge distance of probe bottom to anvil [mm];

Plunge speed, [mm/s];

Dwell time, [s];

Tilt angle, a [°];

. Concordance angle, 0 [°];

0PN LN

[EEGY
= o



96 Aluminium Alloys, Theory and Applications

12. Start position, (x,y) [mm];

13. End position, (x,y) [mm];

14. FSW control mode during weld [Force/Position];

15. Initial temperature/interpass temperature of welded components.

2.3 FSW tools

The shoulder and probe geometry are the most important feature that influences the final
properties of the weld seam.

- Shoulder: outer diameter + shape + features;

- Probe: length +diameter along the length + shape + features;

- Oblique angle between probe axis and tool rotation axis;

- Ratio between static volume and dynamic volume of the probe;

- Tool axis eccentricity relatively to real tool rotation axis.

The most common FSW tools used in industrial applications are the mono-bloc conventional
ones, composed by a threaded probe and a shoulder (Figure 2). These tools are limited to
single thickness plates, since the probe length cannot be changed.

In laboratorial conditions this tool configurations becomes inadequate, since it is necessary
to investigate the influence of different tool geometries (probe and shoulder), or it is
necessary welding several plates with different thicknesses. Modular and adjustable tools
are needed to meet these requirements. In Figure 3 it is shown a modular FSW tool designed
for allowing the adjustment of the probe length by a vertical regulation of a screw. This FSW
tool concept also allows the change and combination of different probe and shoulder
geometries due to their symmetry (Figure 3 c).

Figure 4 show an alternative design consisting of a modular dual FSW tool with forced
cooling.

Smooth Shoulder

Clamping zone| Body tool il

Conical Threaded
Probe

Fig. 2. Conventional FSW mono-bloc tool

A proposed design criterion for producing scrolled shoulders is established in (1) and (2) in
polar coordinates. Figure 5, represents the scrolls for different Scroll Pitchs.

ScrollPitch o« N X© 1)
Q
ScrollPitch x % (Rgpuider — Rint)
R= Rshoulder - o
Scroll Position = 2

2z
=0.—M—
p [ ScrollPitch}
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Where:
NScr - Number (integer) of scrolls (this value is set to a maximum of NScr=4);
Rshoulder — Exterior radius of the shoulder [mm];
Rint - Interior radius of the shoulder [mm];
S - Angle starting with the scroll on the exterior diameter of the shoulder and ending

where the scroll ends at the interior radius of the shoulder [rad].

Fig. 3. Modular dual FSW tool. a) 3D view of assembly, b) Cutaway view in two
perpendicular planes, c) Detail of geometric duality of the dual basis and probe dual.
Nomenclature: main body (1), dual shoulder (2), dual-probe (3), vertical adjustment screw
(4), bolts of the dual basis (5), dual screw probe (6).
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Fig. 4. Modular dual FSW tool with forced cooling.

a) 3D view of assembly, b) Viewed in longitudinal section, c) Viewed in cross section
showing in detail the mechanism for adjusting the length of the probe. Nomenclature: tool
body (1), built-in base (2), adjustable threaded probe with 1 mm pitch (3) screws to fix the
base (4), threaded bolt fastening probe (5).

ScrollPitch =0.5 ScrollPitch =1 ScrollPitch =2

FAW Vel Firlll Spmilabinmg YW Wiy Fedd Sandaliim FAW Vedwing Fadd Sasdathm

VL
— o g g e e e e
X jimf % ]

X s

Fig. 5. Graphical representation of planar shoulders with 2 scrolls (spiral striates) for
different ScrollPitch = {0.5; 1; 2}. Constant Values: Number of scrolls (striates)=2; Rex=20
mm; Rine=5 mm; Q=800 rpm.
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2.4 Typical metallurgical features

During the FSW process, the material undergoes intense plastic deformation at elevated
temperature, resulting in generation of fine and equiaxed recrystallized grains. This fine
microstructure produces good mechanical properties in friction stir welds (Moreira et al.,
2009). Better quality joints are associated with more intense tridimensional material flow
pattern.

The typical metallurgical structures present in the processed zone of FS welds are
established and classified in Figure 6. Beside the TMAZ central zone, there is the Heat
affected Zone (HAZ) and the unaffected parent material or Base Material (BM)

Fig. 6. Generic identification of micrograph locations

The composition of the recrystallised zone of the TMAZ (the nugget) is unchanged from that
of the parent material and there is no measurable segregation of alloying elements but grain
size varies across the flow contours.

Joining does not involve any use of a filler metal and therefore any lightweight metal and
alloy can be joined without concern for the compatibility of the composition, which would
be an issue in fusion welding. When desirable, dissimilar lightweight metal alloys and metal
matrix composites can be joined with equal ease.

The principal advantages of FSW, being a solid phase process, are low distortion, absence of
melt-related imperfections and high joint strength, even in those alloys that are considered
non-weldable by conventional fusion techniques.

Furthermore, FSW joints are characterised by the absence of filler induced
problems/imperfections. In addition, the hydrogen contents of FSW joints tend to be low,
which is important in welding alloys susceptible to hydrogen damage.

3. Production and characterization of FSW samples with and without defects

3.1 Base material, FSW tools and equipment

The materials under study were AA2024-T4 and AA5083-H111 alloys, with 3.8 and 7.0 mm
thickness respectively, having the chemical composition presented in Table 1. In Figure 7 it
is shown the macrographs of AA2024-T4 in three different views: perpendicular and parallel
to the rolling direction, and at surface of the plates.

A conventional milling machine (Figure 8a) and an ESAB LEGIO™ FSW 3UL (Figure 8b)
were used to produce FSW in AA5083-H111 and in AA2024-T4, respectively. Several FSW
tools geometry was tested to produce different welded conditions with and without defects.
Table 3 describes the characteristics of three different FSW shoulders, and Table 4 describes
the eight FSW tools tested. These tools are illustrated in Figure 9.
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Material Al Cr Cu Fe

Mg Mn Si Ti Zn

AA5083-H111 94.5 0.08 0.03 0.33

4.39 0.51 0.12 0.02 0.01

max. 3.8-49 max.

AA2024-T4 935 01 0.5

max. max. max.
0.5 0.15 0.25

1.2-180.3-09

Table 2. Chemical composition of base materials as % of weight

(@) (b)

200 pm

©

Fig. 7. Macrographs of AA2024-T4 perpendicular (a) and parallel (b) to the rolling direction,

and in surface of the plates (c).

(b)

Fig. 8. FSW equipments used to produce FSW samples. a) Conventional milling machine

and the ESAB LEGIO™ FSW 3UL.

Base Qexterior [mm] Qinterior [mm] TlpO

A 15 5 Non-scrolled concave

B 19 8 Planar with spiral scrolls.and p =2
C 18 6 Planar with spiral scrolls.and p = 0.5

Table 3. Characteristics of the FSW shoulders
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Tool Base Probe

#1 A cylindrical M5 with 3 flat sided

40 B conical threaded M8 with 3 helicoidal longitudinal channels
(Dbase = 8 mm, Dtop = 5 mm)

#3 B stepped smooth surface (Dbase = 8 mm, Dtop = 6 mm)

#4 B conical smooth surface (Jbase = 8 mm, Jtop = 5 mm)

45 B cylindrical smooth surface, with 4 helicoidally groves at the tip
(Dbase = 8§ mm, Jtop = 6 mm)

#6 A inverted conical smooth surface ( middle = 4 mm, Otop =5 mm)

47 A conical smooth surface, with 1 helicoidally groves at the tip

(Dbase = § mm, Jtop = 4 mm)
#38 C conical threaded with 3 flat sided (Jbase = 6 mm, @top = 5 mm)

Table 4. Characteristics of the FSW tools (shoulders + probes)

Tool #1 Tool # 2 Tool #3 Tool # 4

Tool #5 Tool # 6 Tool #7 Tool # 8

Fig. 9. FSW tools used to produce defect and non defect condition on AA2024-T4 and
AA5083-H111

3.2 Production and characterization of FSW samples

To test and validate the NDT developed systems, some friction stir welds were produced
using the above mentioned aluminium alloys AA2024-T4 and AA5083-H111.

FSW with high defects conditions were initially produced on AA5083-H111, as it shows by
transverse macrograph in Figure 10. The non defect condition (Figure 10 a) correspond to a
bead on plate weld, and was produced using the FSW tool #1. The high void defect
condition (Figure 10 b) also corresponds to a bead on plate weld produced with the FSW
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tool #1. The high void and root defect condition (Figure 10 c) was produced using the FSW
tool #6. The propose of this welded conditions was to evaluate the applicability of different
existent NDT techniques on FSW. This issue will be addressed in section § 4. In addition,
this welded conditions was used to calibrate the Quantitative Non Destructive Testing
System for FSW (QNDT_FSW) described in § 5.1, in order to compare and classify others
FSW with these standard defect conditions.

(@) (b)

Fig. 10. FSW produced on AA5083-H111. a) Non defect condition (bead on plate), b) High
void defect condition, c¢) High void and root defect condition

The AA2024-T4 alloy was used to produce three different root defect conditions: Type 0,
TypeI and Type II (Figure 11). Defect Type 0 is characterized by some residual particles
alignment in an intermittent path along ~150 pm. This condition is considered a non
defective weld. Defect Type I is characterized by a weak or intermittent welding since the
materials are in close contact, under severe plastic deformation, but with no chemical or
mechanical bond along ~ 50 pm. Defect Type Il is characterized by ~ 200 pym non welded
zone, followed by particles alignment in an intermittent path. The three different conditions
present a consecutive increase of the defect intensity, suitable for a reliability analysis of a
NDT system.

Defect Type Il

Fig. 11. Transversal macrographs of three different FSW root defects conditions on AA2024-
T4 using tool # 2. Defect Type 0: particles alignment, Defect Type I: # 60 pm, Defect Type II:
~ 200 pm

Other different defects morphology was produced in AA2024-T4 alloy, exploring other FSW
tools, in order to correlate the tools geometry and the weld quality of the joints. Figure 12
presents four transversal macrographs of different weld defects conditions produced with
different FSW tools. Defect Type III (Figure 12 a) is an internal imperfection type void.
Figures 12 a), b) and c) presents a mixed defect weld condition consisting of a root and void
defects. These analyses allow concluding that the geometry of the FSW tool #2 produces the
best quality welded joints.
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(d)

Fig. 12. Macrographs of four different FSW void and root defects conditions on AA2024-T4
a) FSW with defect Type III using tool # 2), b) FSW with defect Type M using tool # 4), c)
FSW with defect Type M using tool # 6), d) FSW with defect Type M using tool # 7).

3.3 Effects of defects

Fatigue tests were performed on AA2024-T4 in order to evaluate the effects of defects on
mechanical behavior of the welded joints. The propose was to identify witch defect
condition (Type 0, Type I, Type Il and Type IlI) presents a significantly decrease of fatigue
life comparing to the base material.

The fatigue tests are performed on an Instron 8874, with a load cell of 25kN. Stress ratio R is
0.1. The S-N curve results obtained are presented in Figure 13 (Santos et al., 2009). This
result leads to conclude about the good mechanical efficiency of the FSW joints with Defect
Type 0. In fact, these joints present a mechanical behaviour similar to the base material.
Concerning to the other three defect types, all presents a significantly loss of mechanical
resistance. Among these different defects, the root defects (Type II) are definitely the ones
that show higher loss of mechanical properties under fatigue loading. Those imperfections
are thereby the NDT targets defects of FSW. Furthermore, the other type of imperfections
(e.g. thickness reduction and flash formation) may be inherent to the process itself and are
impossible to be avoided or may be evaluated without need of NDT.

4. Evaluation of the applicability of conventional NDT techniques to FSW

In order to evaluate the applicability of conventional NDT techniques to FSW some
experimental tests were performed on above described defects conditions on AA2024 - T4
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Fig. 13. Fatigue curves for base material and 4 different defect type conditions

and AA5083-H111. The propose is to conclude about the capability of conventional NDT
techniques to detect the FSW defects with the morphologies described in section § 3.2.

4.1 Conventional X-ray

The specimens were analyzed using conventional X-Rays, in Scan-Ray® equipment, DOA
300/ AC-103 model, rightly calibrated and certificated. AGFA® D4 X-Ray film, an extra fine
grain film with very high contrast, and with density value of 2 was used for these trials.

The X-ray parameters were: Intensity: 5mA; Energy: 70 kV; Exposure time: 150 sec; Distance
between the source and the film: 800 mm.

The friction stir welds were oriented with the root to the X-ray film in order to avoid image
distortion in the cases that the defect at the root was detected. The quality image control and
the acquirement of the sensitivity values were done with a pattern behind the sample, in
accordance of the standard DIN 54109 and recommended by the International Institute of
Welding.

In Figure 14 it is present the X-ray image of specimens produced on AA5083-H111 with high
defects type voids and roots similar to the ones presented in Figure 10 a and Figure 10 b). It
is possible to observe that booth root and internal defects are visible, since they are very big.

However, X-ray NDT technique cannot detect FSW micro root defects whit the morphology
described in Figure 11. In Figure 15 and Figure 16 it is presented X-ray image of specimens
produced on AA2024-T44 with root defect Type Il and void defect Type III, respectively.
The acquired image (Figure 15) show that even the biggest root defect (Type II) was not
detected. Only defect Type III (void defect) was detected, as it shows in Figure 15.
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Void (interior defects)

sris-t

LA PR Broken probe inside weld
L

Fig. 14. X-ray image of specimens produced on AA5083-H111 with high voids and roots
defects

Fig. 16. X-ray image of specimens produced on AA2024-T4 with void defects Type III

4.2 Conventional creping ultra-sound

Creeping ultrasonic inspection was performed with a 4 MHz probe, on both retreating and
advancing sides of the weld, where the insonification direction was always perpendicular to
the welding direction (Figure 17). Gathering data from both sides of the weld created a
redundancy of data, which was analyzed by the data fusion algorithm of the QNDT_FSW
described in § 5.1. Creeping inspection was also complemented with data that came from
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attenuation measurements. The measurement of the attenuation is performed with an
ultrasonic probe working in receiving mode, located at the opposite side of the weld bead in
the same insonification plane of the creeping probe. Therefore, in the case of defect, a
creeping signal change occurs, increasing at the same time the attenuation. These two
simultaneous conditions allowed the QNDT_FSW system to distinguish between signal
disturbance and real imperfections.

The results of the NDT creeping ultra-sound on AA5083-H111 presented in Figure 18 show
that the high root defects was detected by a signal change, underline by the red boxes.
However, once again, the micro root defects presented in AA2024-T4 was not detected.

waves

Fig. 17. Inspection of FSW with conventional creping ultra-sound.
a) Creeping and attenuation probes displacement, b) Schematic representation of the ultra-
sound waves in the material AA6083-H111.
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Fig. 18. Results of the NDT creeping ultra-sound on AA5083-H111.
a) Non defect condition (bead on plate) of Figure 10 a, b) Moderate FSW root defect
condition, ¢) High void and root defect condition of Figure 10 c.

4.3 Time of Flight Diffraction (ToFD)

Time of Flight Diffraction (ToFD) NDT technique was performed with a 15 MHz probes on
the same samples described in above section § 4.2. Figure 19 shows the used arrangement of
the probes and the motion device. Once again, the results presented in Figure 20 shown that
ToFD technique was able to identify high root and void defects in AA5083-H11 samples, by
a evident signal change underline by the red boxes. Nevertheless, the micro root defects
presented in AA2024-T4 was not detected.
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a)
Fig. 19. ToFD ultra-sound NDT testing of AA5083-H111.
a) 15 MHz ToFd probes used, b) Arrangement of the probes and motion device.

Amplitude (dB)
Amplitude (dB)

Amplitude (dB}

Fig. 20. Results of the NDT ToFD ultra-sound on AA5083-H111.
a) Non defect condition (bead on plate) of Figure 10 a, b) Moderate FSW root defect
condition, c) High void and root defect condition of Figure 10 c.

4.3 Conventional Eddy Current (EC)

The three FSW defect conditions Type 0, Typel and Type Il in AA2024-T4, described in
Figure 11 (section §3.2) were inspected by NDT eddy current (EC) technique using a
conventional cylindrical helicoidally EC probe.

The signal was acquired from the root side, along a sweep on the transversal direction to the
weld joint. The starting point of the tests was set to 25 mm in the retreating side of the weld
bead, and 50 mm long segments were characterized in direction to the advancing side, with
250 pm space within each acquisition. In all the acquisitions the real and imaginary part of
electrical impedance was measured @ f = 400 kHz.

In Figure 21 it is presented the obtained results S(x) = Abs{Z}. It can be seen that the three
curves concerning to the previously defects conditions present a very similar trend between
them.

It means that the conventional probes have very low sensitivity to root defects. The reason is
that the impedance changes are mainly due to the presence of the FSW weld bead, instead
the presence of a defect. In fact the FSW process causes microstructural modifications
(Nascimento et al., 2009) material conductivity changes in the bead zone, even without any
imperfections. Therefore there is no distinctive signal feature that can allow to distinct
between each defect condition. Indeed, the absolute conventional probe can only reproduce
the global spreaded increase of conductivity field due to the FSW bead. Such probes are not
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able to distinguish small suddenly variations of conductivity, caused by a local micro root
defect as those tested (Santos et al., 2009). These results illustrate the difficulty of NDT of
FSW when using conventional EC probes.
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Fig. 21. Results for the NDT inspection of FSW joints with defect Types 0, I and II @
f =400 kHz using a conventional cylindrical helicoidally EC probe.

5. Recent advances in NDT for FSW of aluminium alloys

5.1 QNDT_FSW: Inspection system for FS welds based on data fusion

The Quantitative Non Destructive Testing for FSW (QNDT_FSW) is an integrated, on-line
system. It employs a data fusion algorithm to improve the confidence of inspection based on
Relative Operating Characteristics (ROC) and Probability of Detection (PoD). The
complementary and redundant data acquired from several NDT techniques generate a
synergistic effect, which is the main advantage of the present approach. The data fusion
algorithm uses fuzzy logic and fuzzy interference functions to mingle the data from several
NDT techniques.

The QNDT_FSW system incorporates three, distinct NDT techniques. They include a 4 MHz
creeping ultrasonic probe, a 15 MHz Time of Flight Diffraction (ToFD) probe, a 20 kHz eddy
current probe, and a 2 MHz eddy current probe. These techniques were selected to detect, as
much as possible, the position and diversity of imperfections in FS welds (Santos et al.,
2008).

Among the several FSW trials performed to validate and implement the QNDT_FSW
system, one application samples are presented. The results of testing the QNDT_FSW
system are presented in terms of equivalent imperfection indices called the Root
Imperfection Index (RII) and the Internal Imperfection Index (III). These imperfection
indices were calculated with fusion inference functions and represent the data fusion result
for all of the above mentioned NDT techniques. Figure 22 illustrates algorithm to calculate
IRD and III.
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An imperfection index equal to 100 % means a high-imperfection weld section, similar to the
high-imperfection weld standard of the Figure 10 b and c). An imperfection index equal to 0
% means an imperfection-free weld section, similar to imperfection-free weld standards of
the Figure 10 a).

FEW bead

~/NDT data acquisition |
for each section

E

g 8 5% 8 38 4%

Lperfection mdex (96)

Fig. 23. RII and III for three consecutive welds on AA5083-H111

Figure 22 presents the results of applying the QNDT_FSW system to three different FSW
trials on AA5083-H111. The trials were performed with a probe length of 6.8 mm, a tilt angle
of 2°, and a rotation speed of 710 rpm. The difference between these 3 trials was a change in
the travel speed. In section 11 to section 1, the travel speed was 160 mm/min; from section
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21 to section 12, the travel speed was 224 mm/min; and from section 34 to section 22, the

travel speed was 320 mm/min. Based on a comparison (Figure 23) of the RII and III results

with the macroscopic, visual, and radiographic test results, the following conclusions were
made:

- The exit holes located at sections 1, 12 and 22 were detected by both imperfection
indices;

- In section 8, the III revealed a cavity, which was corroborated by radiographic testing
and visual inspection as the cavity breaks the surface of the workpiece. Moreover, the
RII was not affected, which confirmed the independence of both imperfection indices;

- Sections 14 to 18 present a very low III, which was corroborated by radiographic
testing. RII was able to detect small, root imperfections, as confirmed by metallographic
cross-sections of the weld. Emphasis should be given to the fact that in these sections,
radiographic testing cannot detect a root imperfection;

- For the 3 FSW trials, the RII increased as the travel speed increased. This behaviour was
expected because the probe length was 0.2 mm shorter than the plate thickness. This
created a small root imperfection that increased with increased in size as the travel
speed increased.

The proposed equivalent defect indices for evaluating the significance of root (RII) and

internal (III) imperfections show that the results accurately predicted the quality of the weld.

In fact, combining the data from several NDT processes is an improvement, when compared

to interpreting the individual results of each NDT process, due to the synergistic effect of the

data fusion algorithm.

5.2 Eddy current IOnic probe
In order to improve the reliability in FSW non-destructive inspection a new NDT EC system

with a special designed probe was developed and tested in AA2024-T4 FSW defects
conditions. The EC probe allows a 3D induced eddy currents in the material; deeper
penetration; independence of the deviation between the probe and the material surface; and
easy interpretation of the output signal based on a comprehensible qualitative change.

The so called IOnic (Rosado et al., 2010) probe is constituted by one excitation filament, in
the middle of two sensitive planar coils, in a symmetric configuration (Figure 24). Due to
this layout the operation of the IOnic probe is based on an integration effect along each
sensitive coil, and simultaneous, on a differential effect between the two coils. The probe
was manufactured on 1.6 mm dual layer FR4 PCB subtract with an external diameter of
11 mm. The two sensitive coils are formed by tracks of 100 pm width separated by same
dimension gaps.

The IOnic probe has some other advantages when compared to the conventional eddy
currents probes: i) precision differential based operation resulting on high sensibility and
superior lift-off immunity; ii) improved contact with test material by being planar, leading
to deeper eddy currents penetration in test material; iii) the straight eddy currents induced
in the material near the driver trace can be taken as advantage to evaluate materials where
the flaws tend to follow a specific orientation; iv) allow the inspection of the material
borders as long as the symmetry axis remains perpendicular to it; v) can be implemented in
flexible substrates easily adaptable to non-planar and complex geometry surfaces.
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The eddy current NDT System for FSW includes further dedicated components, namely: i)
electronic devices for signal generation, conditioning and conversion, ii) automated
mechanized scanning, and iv) dedicated software, shown in Figure 25.

The IOnic Probe was applied on AA2024-T4 defects condition Type 0, Type I and Type III
described before in Figure 10. The data S(x) = Im{Uout/I} was acquired from the root side,
along a sweep on the transversal direction to the weld joint, with the excitation filament of
the probe parallel to weld joint. The inspection was perform @ f = 50 kHz, f = 100 kHz and
f = 250 kHz. The imaginary part of the three types of defects at these frequencies is shown in
Figure 26.

Fig. 24. The IOnic Probe prototype.

Fig. 25. NDT system overview: laboratory apparatus for inspecting FS welds: the mechanical
support system device and the computational data acquisition device.
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As FSW process causes material conductivity changes, even without imperfections, the weld
bead is responsible for the large curve on the imaginary part. The presence of imperfections
creates a small perturbation observed on the middle of the joint, highlighted in red. This
small perturbation observed at the middle of the joint concerns to the suddenly decrease of
conductivity due to the local root defect of each defect condition. Notice that there is a very
good proportionality between the defect dimension and the observed perturbation on the
imaginary part Im{Uout/I}. These results show that [Onic probe is able to identify the three
different types of defect conditions produced in AA2024-T4 aluminum alloy.
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Fig. 26. Results of IOnic Probe for the FSW joints with defect types 0, I and Il @ f = 50 kHz,
f =100 kHz and f = 250 kHz.

6. Conclusion

From the present work the following conclusions can be drawn:

Micro root defects in friction stir welds as the lack of penetration or kissing bond are defects
endorsed by failures in the process parameters that can occur in industrial applications.
These defects weaken the structural fatigue strength that in critical structural are not
tolerated. In this way, effective and reliable nondestructive techniques are required for the
detection of these flaws.

The geometry, location and microstructural nature of the FSW defects, which bore no
resemblance with defects typical of fusion welding of aluminium alloys, lead to very
difficulties in identification when using the common NDT techniques.
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Conventional NDT techniques such as creeping ultrasound, ToFD, X-ray or axis-symmetry
eddy current probes are not able to detect the typical FSW micro root defects with depth
below 200 pm.

A NDT integrated data fusion system for FSW named QNDT_FSW was presented.
Equivalent defective indexes are proposed for evaluating the relevance of the root (RDI) and
internal (IDI) defects. The data fusion algorithm for NDT of FSW, based on fuzzy logic and
fuzzy inference functions disclosed a general powerful data fusion NDT approach.
Combining the data from several NDT processes is an improvement, when compared to
interpreting the individual results of each NDT process, due to the synergistic effect of the
data fusion algorithm.

The experiments shown that the IOnic Probe is able to identify different levels of FSW micro
root defects by a qualitative perturbation of the output signal. It was also shown that exist a
good proportionality between the defects size and this signal perturbation.
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1. Introduction

Since Alfred Wilm discovered the aluminium alloys hardening precipitation phenomena at
the begining of the last century (Polmear 1996), the use of aluminium alloys has increased,
owing their advantages against corrosion and good strength weight ratio.

The Aluminium Zinc Magnesium ternary alloys are getting more relevance every day. These
alloys are commonly called Al-Zn-Mg. In this family the most used are the AA7005 and AA
7020, which are nearly the same alloys. Although the most remarkable difference between
them is the slightly better mechanical behaviour of the 7020 one after welding.

The ageing development of these alloys follows a simple precipitation phenomena
summarized as:

Olss—=> 01 +FGP—= 00+ > 0egtn

Some investigators propose a transitional step on the Guinier Preston (GPs) evolution that
gives the response to the natural ageing as:

Olss—> 01 T GPround—>02+GPordered _)0(3+T]/_)U~4+T] —outT

The calorimetric study of the natural ageing evolution shows that there is no difference on
the heat exchange of n" and n. So, the GPs evolution is the responsible of strengthening of
the alloy.

The mechanical properties of AA7020 are evaluated and the exponential evolution is
advisable, due to natural ageing.

The fatigue behaviour of AA7020 natural aged shows a typical Aluminium Wohler pattern.
From this curve a mathematical model is proposed.

Welded aluminium:

Riveted and welded aluminium structures are getting more relevance every day.

Heat treatable alloys as the 7XXX, 2XXX, and 6XXX are vulnerable to critical changes in the
Heat Affected Zone (HAZ) due to the heat input during welding. For this reason an
extensive study of the HAZ is done.

This chapter attempts to describe the changes happening during the welding process of
AA7020.
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A concise study of the HAZ by Differential Scanning Calorimetry (DSC) and Transmission
Electron Microscopy (TEM) is presented. Likewise a fatigue study is done.

The fatigue pattern of the welded joints looks like parent metal with a significant decrease of
its strength. From this data, a mathematical model for the fatigue behaviour of the welded
joint is developed.

2. Ageing (Heat treatment)

Aluminium Zinc Magnesium ternary alloys are widely used in medium and large

structures. Some of these structures are assembled as factory received with no importance

on the alloy heat treatment condition.

The thermal state of the heat treatable aluminium alloys confers important changes to their

performance so it is real of importance to take care of it.

Thermal state means how the second phases are precipitated into the aluminium matrix.

The elementary thermal states are usually designated by the letter T followed by a number

as described below: (alubook, 2010)

T1: Cooled from an elevated temperature shaping process and naturally aged to a
substantially stable condition.

T2: Cooled from an elevated temperature shaping process, cold worked and naturally aged
to a substantially stable condition.

T3: Solution heat-treated, cold worked and then naturally aged to a substantially stable
condition.

T4: Solution heat-treated and naturally aged to a substantially stable condition.

T5: Cooled from an elevated temperature shaping process and then artificially aged.

T6: Solution heat-treated and then artificially aged.

T7: Solution heat-treated and over aged stabilised.

T8: Solution heat-treated, cold worked and then artificially aged.

T9: Solution heat-treated, artificially aged and then cold worked.

Commercial plates come normally on the T5 or T6 state, but when it is necessary a solution

treatment is done. Then, within a few days plates become as stronger as T6. This process is

discussed in the next chapter. The microstructural evolution of the alloy is of course the

main factor of the mechanical properties enhancement. Such aspect is one of the principal

goals of this chapter.

Natural ageing, as artificial ageing is the precipitation of the second metastable phases.

Certainly, natural ageing requires more time to evolve the precipitation phenomena. This

delay is the response to the slower diffusion process due to the lower temperature.

The basic precipitation process is proposed by many authors as:

Olss—>0+FGP—= 00+ =03+ —>0eg+ T

However, as discussed onwards, there is a transitional step on GP evolution as follows:

Qlss—0l1 +GPround_>a2+GP0rdered —>OL3+T] ,_)a4+n_)aeq+T

The importance of precipitates evolution is due they are the responsible of strength increase,
but only the precipitates that are coherent with aluminium matrix, as seen on figure 1 b)
because they block the dislocation movement. On the other hand the precipitates that are
not coherent with the matrix are nearly like a void in the dislocation passage.
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Figure 1 shows schematically how a solute stays a) dissolved in a solid solution, b) forming
a second phase that is coherent with the matrix crystalline structure or c) a precipitate that is
not coherent with the structure.
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Fig. 1. Diagram of the different states of the solute into the matrix a) supersaturated solution
b) precipitate coherent with the matrix c) precipitate incoherent.

It is essential to mention that a precipitate that is not coherent with the aluminium matrix is
nearly the same as a filled void, likely as a hole. So the dislocations passes easily through the
cavity.

Some second phases are semi-coherent meaning that is coherent in some latices and
incoherent in others.
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Fig. 2. Isopleth of the Al-5%Zn-Mg alloy

The ternary equilibrium diagram of an Al-Zn-Mg alloy was determined initially by Korser
and improved by Mondolfo (Polmear 1996). Nowadays, articles about this diagram still
continue explaining, the behaviours, precipitation sequences, temperatures and energies of
formation and dissolution of second metastable phases and new heat treatments (Polmear
1996, Schiller et al., 2006, Soto et al., 2007)

Observing the isopleths of the alloy, figure 2 shows that there are two phases; the binary
MgZn, generally called n and the most stable the ternary MgsZn3Al, called T. Obviously,
there are more intermediate phases between them as mentioned in the precipitation
sequence.

The second phases that appear due to its commonly alloying elements in the commercial Al-
Zn-Mg alloys are written in table 1.

Because the precipitation process drives the alloy hardening, it is essential to know it

When the solute precipitates in a special manner, the second phases can rise the strength of
the alloy more than three times than the quenched condition, the aim of the investigators is
to develop heat and or thermo-mechanical treatments that increase the strength.
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Element [ Designation Phase
M an, AlZn 49M 32,
Ms nT gAlsM((gz,AthgE
Si B Mg,Si
Fe FeAls, (FeCr)sSiAly,
Mn (FeMn)Alg
Cu a, S Solid Solution, ALCuMg
Cr (FeCI‘)3SiA112
Zr Solution inside of (FeMn)Als

Table 1. Commonly second phases found in 7XXX series.

It is necessary start from a supersaturated solid solution to reach a satisfactory hardening
after a heat treatment. Heat treatments precipitate the excess of solute in the solid solution
as second phases, which generally are metastable. The precipitation goal is that the
precipitates must be coherent with the aluminium solid solution.

Precipitation is analogue to solidification. It requires a nucleation and a growth process, on
which the alloy goes to a lower thermodynamic state. This equilibrium can be accelerated or
damped by mechanical or thermal barriers.

Notwithstanding the ageing treatment, there are many thermo-mechanical treatments,
which improve the strengths achieved with only ageing.

3. Natural ageing

3.1 Precipitation evolution

The precipitation evolution of the alloy gives it better mechanical properties. At low
temperature (room temperature) 18 ~ 22° C, natural ageing evolves slowly. So, in few weeks
natural ageing reaches strength values as its artificial counterpart. This difference in time is
due to the lower diffusion rate.

Table 2 shows the evolution in the first stages of the common mechanical properties, where
an increase of strength is advisable, while ductility remains nearly the same.

. . G0,2% OMax Elongation
Ageing time (h) (MP; ) (MPa) (Og/o )

Inmediate 141.2 256.3 19.47
1 day 192.5 320.4 18.31
4 days 214.6 349.8 18.99
8 days 224.2 365.8 18.25
11 days 226.8 374.2 18.29
21 days 240.9 386.8 17.84
48 days 241.1 395.9 25.38
90 days 249.8 408.9 18.93
18 months 266.7 421.2 16.94

Table 2. Static mechanical properties evolution of AA7020 due to natural ageing.

As shown on table 2, the mechanical properties evolution is important within the first fifteen
days. Then, up to 40 ~ 45 days, the increase in strength is quite significant. After this time,
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the ageing process slows down. Nevertheless, the elongation remains nearly the same
through the whole ageing time.

To evaluate the ageing evolution, a differential scanning calorimetry test is done. Samples
are compared to pure 99,998% aluminium. The heating rate is performed a controlled Ar
atmosphere at 20°C per minute. As seen in figure 3, the peaks and valleys represent
exothermic and endothermic processes, respectively.

The valleys (endothermic curves) from 60 to 190 ~ 200°C reveal a dissolution of the more
immature GPs precipitate. The exothermic peaks between 200 to 300°C are the n" and n
precipitations, and the peaks from 300 to 360°C are mixture of sub peaks due to the
dissolution of all metastable phases as suggested by (Donoso E. 1985).

To minimize any thermal or inertial distortion on the zone of interest, the thermal analyses
are done from -20 to 520°C.

Figure 3 shows the thermal evolution of the second phases between 60° to 410°C.
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Fig. 3. Thermal evolution of natural ageing precipitation of an AA 7020 alloy.

In the first stages of the precipitation, up to four hours, the precipitate dissolution shows a
definitely slow response. In the curve corresponding to 6 hours, there is a slight
endothermic peak that can be noticed finishing around 93°C. It is the clear response to small
clusters or GPround dissolutions. On the other hand, observing the 21-hour curve, there are
two followed endothermic peaks ending at 90 and 125°C, respectively. Those peaks clearly
denote that there are two different dissolution processes and two different precipitates,
corroborating the existence of two GPs phases.

From this ageing time and forward, the dissolution peaks show a more stable process due to
the increase on the beginning and ending temperatures.

Fig. 4. Rounded GPs on a matrix of aluminium T4 at 25 hours of natural ageing 100,000 X
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Figure 4 shows how the GPs evolve after 25 hours of natural ageing. Note the GPs are
smaller than 11 nm.

Another point of interest is that through the whole 6 years of ageing process the
endothermic and exothermic peaks from 200 to 410°C remain steady. Analyzing the energies
in the thermograms, it can be concluded that there are no changes through the ageing
process. It obviously construe that in natural ageing the GPs is the only responsible of the
alloy hardening increase, because there is no change in the evolution of the zones
corresponding to " and n.

L Y

Fig. 5. Precipitation evolution after 90 a) 180 b) days of natural ageing 46,400X

Figure 5 shows how the precipitation evolves. In part a of the figure, “coarse” precipitates
outshine over the tiny GPs, and in part b, Some GPs become bigger than the ones at 90 days.
There is relevant to mention that there are no noticeable precipitation free zones (PFZ)
surrounding the precipitates in the natural ageing.

3.2 Artificial ageing

Artificial ageing is the most common commercial procedure. The precipitation process is
governed by a temperature controlled diffusion process, where the higher the temperature,
the faster the atoms move. Special care must be taken on the temperature selection;
otherwise, a “burnt” of the alloy can happened.

(Robinson & Tanner et al., 2006, Jiang et al., 2008) and others have found great importance
on the quenching rate of Al-Zn-Mg alloys. However, in the case of the AA7020 alloy, the
results plotted in figures 6 a and b show no relevance on the mechanical properties. The

largest difference in hardening is less than 2.5%. This can be attributed to the low Cu content
of the alloy.
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Fig. 6. a, b shows how quenching rate and temperature influences on time and hardness.
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Temperature plays an important role on hardening evolution. However, in the first 48 hours
(industrial interest) and the range from 120 to 135°C, the highest values of hardening are
achieved with both quenching rates. For temperatures above 125°C, the heat treatments
cause alloy overageing after 48 hours.

AA 7020 alloys are nearly insensitive to the quenching rate. Nevertheless, it has been found
that water quenching make the aloy more unalterable to overageing.

BREN G gl

Fig. 7. Aspect of the microstructure after artificial ageing of the AA7020. 100,000X

To ensure no overageing and to reach the more stable thermodynamic condition after the
artificial heat treatment, it is required a solubilisation heat treatment, then quench,
preferably in water, and finally ageing at 122°C for 48 hours.

The microstructure in the artificial ageing differs of that in the natural ageing. Figure 7
shows a profuse precipitation when the alloy is artificially aged; however, a slightly
precipitation free zone also appears in the subgrain boundaries where aligned beads
precipitate.

Fig. 8. Differences between the microstructures of AA7020 alloys in T6 a) as delivered and b)
after a solution heat treatment TEM 21,500X

In figure 8, a comparison of two micrographs from the alloy in T6; one as-received and the
other after a solution heat treatment. Figures 8 a) and b) show the typical texture after
lamination, and the equiaxed microstructure after grains recrystallization due to the solution
heat treatment, respectively. Certainly, some anisotropy still remains in the as-received
material due to the outstretched grains.

Although the precipitation levels for both states are nearly the same, the precipitation of the
n’ follows the lamination direction in the case of the as-received alloy and a heterogeneous
direction in the solubilised one.
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4. Fatigue behaviour

Unlike steel, aluminium has no fatigue limit. The fatigue (Wohler) curve for aluminium
follows an exponential pattern, as observed in figure 4.

The fatigue tests are conducted at various stress levels up to fracture in a four-point bending
machine. These results are validated with the data obtained from (Gatto F. and Morri E.
1979)

These tests are performed using different plates and time of ageing. The fatigue tests are
conducted at room temperature in a not fully reversed loading cycle R=-0.1 and frequencies
between 3 to 5 Hz.

4.1 Natural ageing fatigue behaviour

Figure 9 shows different fatigue curves for various time of ageing. It is notorious that the
ageing time plays an important role in the mechanical properties of the alloy. From the plot,
it is advisable that as time of ageing increase, the fatigue resistance decreases considerably at
high cycle levels.

The Wohler curves have a vital importance in mechanical design when fatigue behaviour
must be taken into account for engineers.

Curves represented in figure 9 are plotted from the mathematical model discussed in the
next paragraph.

The natural ageing evolution of AA7020 shows a contradictory behaviour. The fatigue limit
decreases as ageing time evolves, becoming nearly steady after 3 months. This phenomenon
is corroborated by the precipitation evolution, as observed in the DSC curves of figure 3.
These calorimetric curves show that most of the solute precipitated into GPs; the only
difference is the GPs stability reached over time.

The drawback of the fatigue strength decrease is associated to the lower degree of crack
propagation resistance caused by the solute distribution and cluster precipitates acting as a
brittle phase.

Plasticity is nearly the same in the whole range of ageing time. It is reasonable to suppose
that clusters are able to obstruct dislocation movement, but they cannot support high
stresses at crack tips. This phenomenon is associated to the residual stresses development
when precipitation occurs due to, for example, misalignments, crystalline structure disparity
and atomic size differences.
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Fig. 9. Fatigue curves of AA7020 at different times of natural ageing.
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4.2 Artificial ageing (T6) fatigue behaviour

The fatigue behaviour on high cycles of T6 state shows a slightly better performance than
the T4 state with a 30-day or larger natural ageing. It can be attributed to a higher stability
and size of the precipitates, which certainly can support better the stresses in front of the
crack tip. The T6 fatigue behaviour in high cycles can be up to 10% better than the T4 state.
Without any posterior heat input (i.e., welding or grinding), the T6 plates are better than the
T4 ones for fatigue loading.

The modelled Wohler curve and experimental data of the AA7020 Té is plotted in figure 10.
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Fig. 10. Fatigue curve of the AA7020 T6

4.3 Mathematical model of fatigue behaviour

The fatigue behaviour of the AA7020 for different thermal states is collected, drawn, and
analyzed. Using a least squares approach, a numerical model is found from the
experimental data. The best data fit is an exponential equation, written as:

6(N) =00 *e K In(N) 1)

Where:

ony means the stress at which the piece would fail in N number of cycles.

oo is a “theoretical” value at which the piece fails in zero cycles.

k  represents the damping parameter.

N is the number of cycles
The correlation factor and deviation are satisfactory, as summarized in table 3. Some curves
obtained from the model are drawn in figures 9 and 10.
The difference between the oo and the real omax can be attributed to the multiple tiny
plasticization processes occurring in front of the crack tip while opening and closing during
each cycle.
The model, and correlation factors as well as the standard deviation are written in table 3.
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Ageing <) K p2 Std dev

T6 1034.0 0.1300 0.9436 0.003400

T4 immediate 839.3 0.1090 0.9335 0.000572

T4 30 days 1084.7 0.1318 0.9838 0.001243

T4 180 days 1275.3 0.1500 0.9705 0.001527

T4 540 days 1308.2 0.1519 0.9974 0.001766
Table 3 Model factors.

This model describes the alloy fatigue behaviour for the selection of ageing times used.
However, a new correlation is found to approximate oy as a function of the ageing time and
the corresponding yield stress.

The new 6o model does not require a time evaluation.

The new model could be expressed as follows:

G(x) =0y *(4.389+0.0759*Lin(t))*e-Kn(N) ?)

Where:
oy means the stress at which the piece would fail in N number of cycles.
oy is the yield stress at that time (t) of ageing.
t  is the time of ageing.
k  represents the damping parameter (from table 3).
This model fits the data with a significant accuracy, being the worst p? equal to 0.9818.
This model can be used as a basis for design, but it does not substitute the real fatigue
behaviour of the alloy.

5. Aluminium welding

Welding is the process where two pieces of metal are melted with the aid of electrical, Fuel
or frictional power; in other words it means the joint of two pieces of metal through a real
metal crystalline blend. To create a crystalline bond, for instance, in a frictional stir welding,
it is required to reach the adequate temperature to allow atom migration.

In whatever welding process, a heat input is required; so, in the surrounding welded area
there is a Heat Affected Zone (HAZ), even for non-heat-treatable alloys. In the HAZ,
microstructure is affected by grain coarsening, second phase dissolving, grain boundary re-
precipitating, retrogressioning, and texture killing.

The best welding process should melt the faces to be joined without heating. Although it is
not possible, it is necessary a better understanding of both the alloy and HAZ.

Additionally, Al-Zn-Mg alloy weldings have another nuisance called the white zone. The
white zone, which occurs only in Al-Zn-Mg alloys, is a narrow area adjacent to the welding
pool in the parent metal, with a likely precipitation free zone.

In age hardenable alloys, there are some special considerations to enhance their post welded
resistances: Some of the factors are the joint design, parent-metal metallurgical state, toe or
bulge configuration, gas shield, power source, and filler metal.

The weldability of Al-Zn-Mg alloys has some interesting details. Alloys with Cu+Zn+Mg
content higher than 9% are poorly welded, between 6 and 8% are fairly welded but sensitive
to stress corrosion cracking, and lower than 6% are good welded. (Mondolfo 1976)
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For the same welding conditions, pulsed gas metal arc welding represents a better choice
than the direct current counterpart due to its higher penetration.

Pulsed arc permit a better control on metal deposition, heat transfer, and arc stability,
allowing welding on thinner plates.

The pulse frequency and duration affect considerably the post welded microstructure
(Potluri et al., 1996).

Gas metal arc welding (GMAW) allows welding many plate thicknesses; however, to avoid
the lack of fusion in large thicknesses, it is recommended piece preheating from 50 to 100°C
The welding procedure, parameters, and conditions are the commonly used in industrial
applications.

The welding procedure used by the authors is Pulsed arc GMAW with the following
parameters: Argon/Helium 75/25, filler metal AA5356, 20.5 ~ 21.5 Volts, 135 ~ 144 Amp.,
and travel speeds 520~530 mm/min first pass and 380 ~ 390 mm/min second pass.

5.1 Findings and analysis of the welded joint

To study the dilution of the base metal into the welding pool, a quantitative analyses using
Energy-Dispersive X-rays (EDX) in a Scanning electron microscope is carried out. An EDX
microanalysis of the W-B.M is plotted in figure 12.
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Fig. 12. EDX analysis of welded joint.

Figure 12 reveals that there is not volatilization of the alloys during the welding process,
corroborating (Gomez de Salazar et al., 1998) work. Likewise, it can be seen from the same
figure that there is a significant dilution of the base metal into the weld, reaching a zinc
content of nearly half the one in the parent metal.

This zinc content generates a new alloy of the Al-Zn-Mg, which is corroborated by the
appearance of the T precipitates (Al,Zn)swMgs; found in the samples.

A microhardness profile of a welding joint through the HAZ is shown on figure 13

There is no evidence that the microhardness loss in the HAZ is due to a variation in the alloy
contents as seen on figure 12. The microhardness defeat is attributed to a precipitation
phenomenon.

The zones of possible failure, agree with the failure zones in axial and fatigue tested
samples. In the microhardness profile of figure 13, five valleys appear displaying a decrease
in hardness and revealing a HAZ of 24~26 mm from the fusion line. These five areas
correspond to:
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13. Microhardness profile of welded joint and its possible failure zones.

The centre of the weld pool. This zone shows a decrease in hardness in the second pass
welded pool of up to 40%. A much lower hardness decrease is advisable in the first pass
welded pool. The hardness decrease is due to the lower alloying content of the filler
metal. In the first pass, the lower hardness loss can be attributed to the thermal effects
of the second pass heat input, which promotes the dissolution, diffusion and
precipitation of second hardener phases, as reported by (Malin V. 1995). During the
welding process, there is a dilution of the B.M into the weld. The dissolution generates
a new Al-Zn-Mg-Mn alloy, as confirmed by the different analyses.

An adjacent zone to the interface weld pool base metal. The zone is around 0.2~1.0 mm
from the interface and shows a hardness decrease of up to 34 %. This hardness decrease
is the response of the internal stresses between the interface of the finer equiaxed and
the large dendritic crystals. Moreover, the different cooling rates can also generate some
internal stresses.

A zone close to the interface welded pool-base metal and in the parent metal side
(HAZ). This area appears at 0.5~3 mm from the interface with a hardness reduction of
up to 22 %. This area, attributed to the white zones, seems to grow further away as
higher the heat input is.

A HAZ detected area, usually confused macroscopically with the previous discussed
one. The identified zone is about 1.5 ~ 5 mm from the fusion border, but after the
previous discussed one and, like the previous one, shows the same loss of hardness and
also grows further away as higher the heat input is.

A detected zone of loss in hardness of up to 25% in the HAZ. The closest and the
furthest areas can be 15 and 25 mm from the fusion line, respectively. This area is
located where many authors consider a non HAZ.

common to find that there are three possible zones of fracture; the centre of the weld,

the interface welded pool-base metal and the end surrounding of the HAZ, as reported by
(Malin 1995). The non accurate zone identification can be understood due to the narrow
zone where areas 2, 3 and 4 are in the weld.

To understand the mechanical behaviour, a calorimetric study of welded HAZ is performed
up to 28 mm from the fusion zone, as seen on figure 14. Furthermore, a DSC running of the
base metal is included to clarify the discussion.
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Fig. 14. DSC through a welded joint HAZ.

The calorimetric analyses reveal important details on how the precipitates evolve through
the HAZ.

The analysis of the curves in figure 14 shows the presence of three peaks; one exothermic
(formation) and two dissolution (endothermic) peaks. The lowest temperature
(endothermic) valley corresponds to the dissolution of GPs. The first exothermic peak
represents the precipitation of 1’, and the second valley corresponds to the dissolution of n.
The GPs dissolution energy and temperature evolution are graphed in figure 15.
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Fig. 15. Evolution of the dissolution energy and on set temperature of GPs

The evolution of the peak temperatures shows a smooth pattern, as seen in figure 14 and 15.
These temperatures correspond to those referenced by researchers as (Donoso 1985, Ryum
1975).

DSC is a powerful technique for the assessment of the microestructural changes and
evolution, as observed in figure 14. The evolution of the dissolution energy of the GPs
shows how a total or partial dissolution of the precipitates occurs up to 12 mm. The BM has
a low GP dissolution energy and does not show a formation peak, meaning that all of the
alloying elements are precipitated. However, after welding, important peaks of GPs
dissolution appear up to 12~15 mm.

It is important to highlight that beyond 29 mm a non HAZ is reached, as seen on figure 14.
The calorimetric curves become similar to the BM curve in zones near the 30 mm from the
fusion zone meaning that a non HAZ was reached.

The discussion about the dissolution and precipitation is held on the temperatures below
350°C, where the hardening precipitates GPs, n’, and n evolves.
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Observing the curves near the Weld-base metal interface, a GPs dissolution occurs.
Considering that this zone is so close to the heat input, there is enough energy to dissolve all
the precipitates during welding, and generate some precipitates during cooling.

(Ryum 1975) proposes that the precipitates at the beginning of the HAZ are just GPs and T.
However, the thermogram reveals an important amount of n and 1, and the micrography
shows the presence of at least two precipitate morphologies, corroborating the calorimetric
findings.

The zone at 3 mm reveals a slightly disposition to round the spheroids, and rod-like
precipitates seem to be thicker than previous ones.

This can be explained as a function of the temperature and time reached during welding.

If temperature is high enough to dissolve all the precipitates, but not long enough to allow
diffusion process of the alloying elements, the precipitation on those rich alloying zones
should be promote.

This corroborates Ryum’s (1975) findings and is in accordance with the slight decrease on
GPs energy shown in the thermograms. These rich alloying zones precipitate faster because
the initial stages of the precipitation process are controlled by an interface reaction of Mg
and Zn. Before welding, the initial plate state plays an important role in the final properties,
due to the state of the precipitates after and before welding. Depending on the thermal state,
the most thermodynamically stable plates will turn into dissolved, but with solute rich
zones. On the other hand, less stable ones will dissolve precipitates and spread the solute
easily. The different behaviour between both states changes completely the strength
evolution.

At the 17~19 mm zone, the thermoscan reveals that from 250 to 360°C appears a joined
double peak of n’and n dissolutions, denoting the existence of both precipitates.
Microhardness begins to increase at this zone, which can be attributed to the existence of
both precipitates with particle sizes of ~6 nm when the Orowan mechanism begins to
operate (Donoso E. 1985). On the other hand, at the 24 mm zone, the finest precipitates
appear smaller than they were in the zone discussed previously. This remarkable aspect can
be attributed to a real agglomeration of the alloying elements into the " metastable phase,
corresponding to the increase of the dissolution energy observed in the diagram.

The 1’ dissolution temperature would be lower as far the zone is from the fusion line,
meaning that more unstable is that precipitate, and lower are the amount of GPs. Therefore,
it can be concluded that all the alloying elements are in 1" form with a tendency to transform
into | (Donoso E . 1985).

At the 29 mm zone, a non HAZ is detected by DSC or microhardness response, meaning
that a non affected zone is finally reached. It implies that the HAZ goes further that
commonly is thought.

5.2 Mechanical behaviour of aluminium welded

As discussed above, the strength performance of aluminium welds decrease substantially,
Nevertheless, there are some factors that diminish such strength loss. Leaving the toe as a
reinforced zone, an increase of static strength occurs. Authors such as (Zivkovic &
Anzulovic 2005) have investigated the importance of the welded surface finish.
Unfortunately, many of these studies are done under laboratory conditions; i.e. untreated or
mirror-like surfaces.

This section exposes the findings of welding behaviour with the commonly used industrial
surface treatments after welding. A typical industrial surface treatment is seen in figure 16
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a b
Fig. 16. Toe finish, a) toe emery eliminated, b) bulge emery smoothing.

The static mechanical properties are shown in table 4. From the table it is noted that
mechanical properties of smoothed toe welds are nearly 25 % better than those of eliminated
bulge welds; it is logic due to the larger cross sectional area.

The toe eliminated welds strength is lower than the bulge smoothed one. This strength
difference is attributed to the microporosity of the weld pool, the worst mechanical
properties of the filler metal, and the thinner cross-sectional area.

Tested samples are analyzed and microporosities are measured in the interface of parent
metal-weld pools.

Microporosities are nearly spherical. It is probably because of the hydrogen separation while
welding pools solidify. With a mean size of 30 ~ 50 pm, this porosity is not detected by XR
non destructive tests. Although porosity affects fatigue performance, surface finishing
becomes a vital parameter; notwithstanding, finishing is not a relevant factor in static
strength.

. Oy OMax
Bulge condition MPa MPa
Eliminated toe 248.3 273.6
Smothed bulge 268.6 349.8

Table 4. Static mechanical response of welded AA7020 as toe finish.

Testing under industrial conditions is becoming more relevant each day.

In order to reproduce the real industrial conditions, the samples are welded and then just
grinding with an emery to remove the toe or to smooth the toe.

The fatigue behaviour of both eliminated and smoothed bulge is observed in figure 17,

The welded fatigue strength is lower than the parent metal one; although, both strengths
have the same pattern and behaviour.

Figure 17 shows that the total and partial bulge removal do not affect significantly the
fatigue behaviour. However, when compared to bulge removal, toe elimination gives a
higher dispersion and slightly better behaviour (~3%) in the high cycle zone (>2*10¢ cycles).
It is in clear disagreeing with most of the bibliographic findings. Obviously, these
dissimilarities are due to the differences in the surface roughness.

The toe dihedral angle gives an important stress concentration, which is reduced or
eliminated when the toe weld is emery smoothed.

The second phases play an important role on the mechanical properties. During welding,
such precipitates trial dissolution, precipitation, retrogression ageing, and overageing
processes. It is advisable that the thermal state before welding plays also an important role.
Some studies are done to evaluate thermal state influence on the parent metal before
welding. The thermal states selected are T6 and T4 with a 30-day natural ageing.

To evaluate the evolution of the HAZ, microhardness profiles are done and represented in
figure 18.
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Fig. 17. Fatigue behaviour of AA7020 welding as a function of toe configuration.
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Fig. 18. Microhardness profiles on welded plates on previous T4 and T6 thermal state.

As seen in figure 18, there are some differences on the hardness behaviour. (Malin 1995, Den
Ouden et al., 1999) quoted that welds of T6 plates show typical HAZ with three clearly
defined areas; total dissolution and ageing, partial dissolution precipitation and overageing;
for this reason, the T6 microhardness profile in figure 18 shows such kind of pattern, on the
other hand, the T4 profile shows a more steady configuration because there is only
dissolution and ageing through the HAZ.

The static strengths are shown in table 5

Thermal state G0 OMax
T6 244,0 265,3
T4 253,3 308,9

Table 5. Static strengths of AA7020 aluminium welded in T4 and T6

As presented in table 5, there is a significant diminution of strength after welding. However,
it is less notorious in welds of T4 plates, corroborateing microhardness findings.

The microscopic precipitation evolution through the HAZ of both welding states is shown
in figures 18 to 21.
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As seen in figure 18 a) and b), there are some noticeable differences. Coarse precipitates in
welds of T6 plates seem to be bigger than those in the welds of T4 plates. Additionally, the
T4 welds show profuse tiny precipitates over the whole matrix. This finding corroborates
the microhardness profile, where the lost of microhardness through the HAZ is lower in T4
welds.

The micrographs in figure 19 show the differences between the welds of both T6 and T4
states. Through the matrix of T6 welds, there is a heterogeneity on precipitate sizes and a
lack of tiny precipitates; while in the matrix of T4 welds, there is a more uniform size of the
coarse precipitates and a extended small precipitates.

In the welds of T6 plates, microhardness in the 10~13 mm zone starts to decrease
considerably. On other hand, in the welds of T4 plates, microhardness does not decrease
considerably; it can be intuitively understood due to the influence of the precipitations seen
in figure 19 b).

In the welded zone of T6 plates, dissolution, retrogression, and ageing processes are present
(Den Ouden et al., 1999). In the T4 case, just a dissolution and precipitation processes occur
because of an incipient precipitation state.

Fig. 18. TEM micrograph of AA7020 welded 46400X a) T6 at 1.9 mm from the fusion zone b)
T4 at 1.5 mm from the fusion zone.
1y

b)

Fig. 19. TEM micrograph of AA7020 welded 46400X a) T6 at 10.8 mm from the fusion zone
b) T4 at 12.5 mm from the fusion zone.
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Fig. 20. TEM micrograph of AA7020 welded 46400X a) T6 at 15.1 mm from the fusion zone
b) T4 at 14.7 mm from the fusion zone.

Figure 20 shows, for the 15 mm zone of the T6 welds, large heterogeneities on precipitates
are present. On the other hand, in the T4 welds, it is observed profuse tiny precipitates over
the whole matrix. Another aspect to highlight is the appearance of subgrain structures and
aligned bead precipitations along the subgrain borders, as seen in figures 20 a) and b).
Figures 20 b) and 21 b) demonstrate how vacancies (dislocations, in our case) play an
important role in the precipitation processes and dislocations create subgrain crystalline
defects. In the subgrain borders, precipitations are enhanced.

A7

' b

[Ty ‘

Fig. 21. TEM micrograph of AA7020 welded 46400X a) T6 at 17.9 mm from the fusion zone
b) T4 at 16.9 mm from the fusion zone.

Figure 21 a) and b) show the differences between both T6 and T4 microstructures,
respectively

In the T6 weld shows coarser precipitates and a lack of tiny ones. In the case of T4 welds, it
is shown evidences of fine precipitates through the matrix.

The fatigue behaviour in figure 22 shows a better performance on T4 welds; as expected
because of its precipitate homogeneity.
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Fig. 22. Fatigue behaviour of AA7020 welding as a function of parent metal’s thermal state.

5.3 AA7020 welded fatigue behaviour mathematical model
The following mathematical model for the fatigue behaviour of T4 and T6 welded plates is
proposed.

6 =0*(Ki+(3.005*K,*Ks)) *e-lks/a)In(N) €)

Where:

o is the fatigue strength for the number of cycles (N)

oy isthe yield point.

K1 is the constant of thermal state of the parent metal.

K2 is the damping coefficient associated to the thermal state of parent metal.
K3 is the toe improvement factor.

a is the factor that involves the welding procedure in this case is 14.309

K1 Parent metal T6 -3.0
Parent metal T4 -2.05

K2 Parent metal T6 1.0
Parent metal T4 0.85

K3 Toe eliminated 1.636
Toe smoothed 1.48

Table 6. Factor of the AA7020 welded fatigue model.

The general AA7020 welded fatigue model (3) with the factors in table 6 fits quite good the
experimental data.

6. Conclusion

The further studies over the engineering materials, the better understanding of it. It allows
us to understand its nature and exploit its potential usability.

There are enough evidences, as presented in figure 3, that there is a precipitate precursor
before the GPs, with stability under the 95°C.

Due to the precipitation evolution evaluated up to 6 years of natural ageing, there is
adequate data to conclude that the only responsible of strength increase due to ageing is the
GPs instead of the normally thought n".
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Although the definition of T6 is solution heat treatment and then artificial aged, commercial
plates on T6 still preserve part of their lamination texture. Therefore, special care must be
taken when such plates are used in applications involving strength and fatigue.

The best balance between time and strength in artificial ageing for AA7020 alloys is the
temperature of 122°C for 48 hours.

AA7020 alloys are low in cupper and do not exhibit real sensitive to quench severity in the
T6 heat treatments. Nevertheless, water quenching delays overageing.

Three different models were proposed for mechanical response under fatigue loading
conditions. These models fit quite well the experimental data and should be used just for
preliminary designs.

The authors wish to thanks the microscopy service of the Universidad Politecnica de
Valencia and Dr Jose A. Alvarado for his help reviewing this manuscript.
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1. Introduction

The purpose of this chapter is to present the main results of an investigation concerning the
assessment of the fatigue behaviour of welded joints made of the 6061-T651 aluminium
alloy. The 6061 aluminium alloy is one of the most common aluminium alloys for heavy-
duty structures requiring good corrosion resistance, truck and marine components, railroad
cars, furniture, tank fittings, general structures, high pressure applications, wire products
and pipelines. Many of these applications involves variable loading, which makes very
relevant the study of the fatigue behaviour of this aluminium allow. In particular, the study
of the fatigue behaviour of welded joints is of primordial importance since welds are
intensively used for structural applications. The proposed investigation focuses in four
types of welded joints, made from 12 mm thick aluminium plates, namely one butt welded
joint and three types of fillet joints: T-fillet joint without load transfer, a load-carrying fillet
cruciform joint and a longitudinal stiffener fillet joint.

Traditionally, the fatigue assessment of welded joints, including those made of aluminium
alloys, is based on the so-called S-N approach (Maddox, 1991). This approach, which is
included in main structural design codes of practice, adopts a classification system for
details, and proposes for each fatigue class an experimental-based S-N curve, which relates
the applied stress range (e.g. nominal, structural, geometric) with the total fatigue life.
Alternatively to this S-N approach, the Fracture Mechanics has been proposed to assess the
fatigue life of the welded joints. It is very often claimed that welded joints have inherent
crack-like defects introduced by the welding process itself. Therefore, the fatigue life of the
welded joints may be regarded as a propagation process of those defects. A relation between
the Fracture Mechanics and the S-N approaches is usually assumed. The slope of the S-N
curves is generally understood to be equal to the exponent of the power relation governing
the fatigue crack propagation rates of fatigue cracks.

More recently, the local approaches to fatigue have gaining added interest in the analysis of
welded joints (Radaj et al., 2009). In general, such approaches are based on a local damage
definition (e.g. notch stresses or strains) which makes these approaches more adequate to
model local damage such as the fatigue crack initiation. In this sense, the Fracture Mechanics
can be used to complement the local approaches, since the first allows the computation of
the number of cycles to propagate an initial crack until final failure of the component.

The present research seeks to understand the significance of the fatigue crack initiation,
evaluated using a local strain-life approach, on the total fatigue life estimation for four types
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of welded joints made of 6061-T651 aluminium alloy. The Fracture Mechanics is also applied
to assess the fatigue crack propagation, in order to allow a comparison with the crack
initiation predictions and also with the global S-N data, made available for the welded joints
by means of constant amplitude fatigue tests.

In the section 2 of the chapter, the 6061-T651 aluminium alloy is described. Then, on section
3 the basic fatigue properties of the material are presented. The strain-life fatigue data as
well as the fatigue crack propagation data of the 6061-T651 aluminium alloy (base material)
are presented. Also, the fatigue crack propagation data is presented for the welded and heat
affected materials. On section 4, the fatigue S-N data obtained for the welded details is
presented. Section 5 is devoted to the fatigue modelling of the welded details. Finally, on
section 6, the conclusions of the research are presented.

2. The 6061-T651 aluminium alloy

This research was conducted on an AIMgSi aluminium alloy: the 6061-T651 aluminium
alloy. The 6061-T651 alloy is a precipitation hardening aluminium alloy, containing
Magnesium and Silicon as its major alloying elements. The T651 treatment corresponds to
stress-relieved stretch and artificially aging. The typical chemical composition of the 6061-
T651 aluminium alloy is shown in Table 1. The high Magnesium content is responsible for
the high corrosion resistance and good weldability. The proportions of Magnesium and
Silicon available are favourable to the formation of Magnesium Silicide (MgySi). The
material used in this research was delivered in the form of 12 mm and 24 mm thick plates.
This alloy is perhaps one of the most versatile of heat treatable aluminium alloys. It has
good mechanical properties. It is one of the most common aluminium alloys for general
purpose applications. It was developed for applications involving moderate strength, good

Si Fe Cu Mn Mg Cr
0.69 0.29 0297 | 0113 | 094 0.248
Zn Ti B Zr Pb Ti+Zr
0.15 0.019 | 0.0021 | 0.001 0.02 0.02

Table 1. Chemical composition of the 6061-T651 aluminium alloy (weight %)
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Fig. 1. Microstructure of the 6061-T651 aluminium alloy accor
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formability and weldability. Because of such desirable properties, this alloy is used in
civilian and militaries industries. Figure 1 illustrates a typical microstructure of the
aluminium alloy evaluated along the rolling or longitudinal direction. It is visible the
stretched grains due to the rolling process. Also, a dispersed second phase typical of
deformed and heat treated wrought aluminium alloys is observed.

3. Fatigue behaviour of the 6061-T651 aluminium alloy

3.1 Strain-life fatigue relations

Strain-life fatigue results, derived using smooth specimens, are usually applied to model the
macroscopic fatigue crack initiation. An initiation criteria based on a 0.25 mm depth crack is
commonly used by some authors (De Jesus, 2004). One important strain-life relation was
proposed by Coffin (1954) and Manson (1954), which relates the plastic strain amplitude,
Agp /2, with the number of reversals to crack initiation, 2N £

A{;‘p ' c

where & and ¢ are, respectively, the fatigue ductility coefficient and fatigue ductility
exponent. The Coffin-Manson relation, which is valid for low-cycle fatigue, can be extended
to high-cycle fatigue domains using the relation proposed by Basquin (1910). The latter
relates the elastic strain amplitude, Ag, /2, with the number of reversals to failure, 2N I

Ag, O';‘ b

s LNy @
where o’ is the fatigue strength coefficient, b is the fatigue strength exponent and E is the
Young’s modulus. The number of reversals corresponding to the transition between low-
and high-cycle fatigue regimes is characterised by total strain amplitude composed by equal
components of elastic and plastic strain amplitudes. Lives below this transition value are
dictated by ductility properties; lives above this transition value are dictated by strength
properties. Morrow (1965) suggested the superposition of Equations (1) and (2), resulting in
a more general equation, valid for low- and high-cycle fatigue regimes:

Ae  As, Asgy 0'} b,
7:T+T:?(2Nf) +8f(2Nf)C (3)

Equation (3) may be changed to account for mean stress effects, resulting:

%:%(mﬂhg}(mﬂc @)
where o,, stands for the mean stress. The application of Equations (3) and (4) requires the
knowledge of the stabilized strain amplitude, As /2, at the point of interest of the structure.
The computation of the strain amplitude requires the prior knowledge of the cyclic curve of
the material, which relates the stabilized strain and stress amplitudes. The cyclic curve is

usually represented using the Ramberg-Osgood relation (Ramberg & Osgood, 1943):
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As Ao (Aajl/n’

- e ©)

=—+
2 2E
where k' is the cyclic hardening coefficient and #'is the cyclic hardening exponent.
Equation (5) may also be used to describe the hysteresis loops branches if the material
shows Masing behaviour. In these cases, the hysteresis loops results from the magnification
of the cyclic stress-strain curve by a scale factor of two.

3.2 Experimental strain-life data

Eight smooth specimens were tested under strain controlled conditions in order to identify
the strain-life and cyclic elastoplastic behaviour of the 6061-T651 aluminium alloy. The
geometry and dimensions of the specimens are represented in Figure 2 and are in agreement
with the recommendations of ASTM E606 (ASTM, 1998). After machining, the specimen
surfaces were mechanically polished. The experiments were carried out in a close-loop
servohydraulic test machine, with 100 kN load capacity. A sinusoidal waveform was used
as command signal. The fatigue tests were conducted with constant strain amplitudes, at
room temperature, in air. The longitudinal strain was measured using a longitudinal
extensometer with a base length equal to 12.5 mm and limit displacements of 2.5 mm. The
specimens were cyclic loaded under strain control with symmetrical push-pull loading, with
a nominal strain ratio, R, =-1. The nominal strain rate de / dt was kept constant in all
specimens at the value 8x 1073571 in order to avoid any influence of the strain rate on the
hysteresis loop shape. The cyclic stress-strain curves were determined using the method of
one specimen for each imposed strain level. The stable hysteresis loop was defined as the
hysteresis loop for 50% of the fatigue life. The specimens were tested with imposed strain
ranges between 0.9% and 3.5%. The monotonic stress-strain curves were also experimentally
determined for comparison purposes.

33 59 33
12.7 15 12.7

| ] !
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| ) +
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Fig. 2. Geometry and dimensions of the specimens used in the strain-controlled fatigue tests
(dimensions in mm)

The monotonic strength and elastic properties of the 6061-T651 aluminium alloy are
presented in Table 2. Table 2 also includes the properties obtained by Moreira et al. (2008),
for the 6061-T6 aluminium alloy, and by Borrego et al. (2004), for the 6082-T6 aluminium
alloy, for comparison purposes. In general, the three materials show comparable properties.
However, a detailed comparison reveals that the 6082-T6 alloy presents better monotonic
strength with slightly lower ductility than the 6061-T651 aluminium alloy. This may be due
to the fact that the 6082 aluminium alloy exhibits higher Silicon (1.05) and Manganese
contents (0.68) than the 6061 aluminium alloy (Ribeiro et al., 2009). The 6061-T6 aluminium
alloy shows slightly higher strength properties and very similar ductility properties than the
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6061-T651 aluminium alloy. The T6 treatment does not include any stress relieve by stretch
as performed by the T651 treatment.

Properties 6061-T651 6061-T6 6082-T6
Tensile strength, o7 (MPa) 290-317 310-342 330
Yield strength, oq s (MPa) 242-279 276-306.3 307
Elongation, ¢, (%) 10.0-15.8 12.0-17.1 9
Young modulus, E (GPa) 68.0 68.5-68.9 70

Table 2. Monotonic strength and elastic properties of the 6061-T651, 6061-T6 and 6082-T6
aluminium alloys

Figure 3 shows the cyclic behaviour of the 6061-T651 aluminium alloy, namely the stabilized
stress amplitude is plotted against the corresponding strain amplitude. The 6061-T651
aluminium alloy, despite not presenting a significant cyclic hardening, it shows some
hardening for strain amplitudes above 1%. Cyclic softening is verified for strain amplitudes
bellow 1.0%. Figure 4 compares the cyclic and monotonic curves of the material, which
further validates the previous observations. Figure 5 plots the stabilized stress amplitude
against the plastic strain amplitude. It is verified that both parameters follows a power
relation as described by the non-linear term of the Ramberg-Osgood relation (Equation (5)).

Figure 6 presents the total strain amplitude versus life curve obtained from the
superposition of the elastic and plastic strain amplitude versus life curves. The number of
reversals of transition, 2Nr, verified for 6061-T651 aluminium alloy was 969 reversals. The
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Fig. 3. Stress amplitude versus number of cycles from fully-reversed strain-controlled tests
obtained for the 6061-T651 aluminium alloy
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Fig. 4. Comparison of monotonic and cyclic stress-strain curves of the 6061-T651 aluminium
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Fig. 5. Cyclic curve of the 6061-T651 aluminium alloy
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Fig. 6. Strain-life data of the 6061-T651 aluminium alloy
Properties 6061-T651 6061-T6 6082-T6
Fatigue strength coefficient, a’f [MPa] 394 383 487
Fatigue strength exponent, b -0.045 -0.053 -0.07
Fatigue ductility coefficient, & (-) 0.634 0.207 0.209
Fatigue ductility exponent, ¢ -0.723 -0.628 -0.593
Cyclic strain hardening coef., k' [MPa] 404 - 444
Cyclic strain hardening exponent, »’ 0.062 0.089 0.064

Table 3. Strain-life and cyclic properties of the 6061-T651, 6061-T6 and 6082-T6 aluminium
alloys

fatigue ductility and strength properties of the alloy were derived from results shown in
Figure 6. Table 3 summarizes the fatigue properties of the 6061-T651 aluminium alloy as
well as the cyclic elastoplastic constants. Also, the properties obtained by Borrego et al.
(2004), for the 6062-T6 aluminium alloy, and Chung & Abel (1988), for the 6061-T6
aluminium alloy, are included for comparison purposes. The 6061-T651 aluminium alloy
shows significantly higher fatigue ductility than the other aluminium alloys.

3.3 Fatigue crack propagation relations

The evaluation of the fatigue crack propagation rates has been a subject of intense research.
The Linear Elastic Fracture Mechanics (LEFM) has been the most appropriate methodology
to describe the propagation of fatigue cracks. The LEFM is based on the hypothesis that the
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Fig. 7. Schematic representation of the relation between da / dN and AK

stress intensity factor is the mechanical parameter that controls the stress range at the crack
tip. The typical fatigue crack propagation data is presented in the form of fatigue crack
propagation rates versus stress intensity factor range diagrams. A typical diagram is
illustrated in Figure 7. The da / dN versus AK curves are usually derived, for the majority
of high strength materials, for crack propagation rates ranging between 107 and 102
mm/cycle. The diagram illustrates three different propagation regions, usually designated
by regions I, II and III. In the region I, the propagation rate depends essentially on the stress
intensity factor. In this region there exists a AK value below which no propagation is
verified, or if propagation exists the propagation rate is below 107 mm/cycle. This value of
the stress intensity factor range is denominated propagation threshold and it is represented
by AKjs . In the region II, a linear relation between log(da / dN ') and log( AK') is observed.
Region III appears when the maximum value of the stress intensity factor approaches the
fracture toughness of the material, K;. or K. . This region is characterized by an acceleration
of the crack propagation rate that leads to an unstable propagation of the crack and
consequently to the final rupture. The region III is not well defined for materials
experiencing excessive ductility. For these materials the development of gross plastic
deformations is observed in region III which invalidates the application of the LEFM, since
the basic hypothesis of the LEFM are violated.

A great number of fatigue crack propagation laws have been proposed in literature,
however the most used and simple relation was proposed by Paris & Erdogan (1963):

da_ CAK™ (6)

dN
where da / dN is the fatigue crack propagation rate, AK =K, —Kyn represents the
range of the stress intensity factor and C and m are materials constants. This relation
describes the region II of fatigue crack propagation. The number of cycles to propagate a
crack from an initial size, a;, to a final size, a £, may be computed integrating the fatigue
crack propagation law. In the case of the Paris’s law, this integration may be written in the
following form:
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Equation (7) may be used to compute the number of cycles to failure if a; corresponds to
the critical crack size, leading to failure.

3.4 Fatigue crack propagation data

In order to determine the fatigue crack propagation curves, Compact Tension (CT)
specimens were used. This specimen geometry presents, in relation to the alternative Centre
Crack Tension geometry (CCT), the advantage of providing a larger number of readings
with a smaller material volume requirement. The specimens were cut from a 24 mm thick
plate of 6061-T651 aluminium alloy, containing a butt welded joint made from both sides
using the MIG welding process. The filler material used in the welding process was the
AlMg-5356. Due to material limitations, specimens with thickness B=10 mm and nominal
width W=50 mm were used. These dimensions are according to the recommendations of the
ASTM E647 standard (ASTM, 2000). Figure 8 illustrates the locations in the aluminium plate
from where the specimens were extracted. Specimens containing base material (BM), heat
affected zone (HAZ) and welded material (WEL) were cut from the plate. This extraction
process was planned in agreement with the recommendations included in the standard. The
specimens were tested in a servohydraulic machine, rated to 100 kN, applying a sinusoidal
waveform with 15 Hz. The crack length was measured on both faces of the specimen, using
two magnifying eyeglasses. The resolution of the measuring device was 0.01 mm.
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Fig. 8. Locations of the CT specimens at the welded plate (dimensions in mm)
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In order to obtain the da /AN versus AK curves it is necessary to find an appropriate
expression to evaluate AK . The ASTM E647 standard (ASTM, 2000) proposes the following
formulation of AK, for the CT geometry:

AK = Ao f(%) ®)

where f (a/W) is the compliance function that is specified in the standard and Ac is the
applied stress range. For the CT geometry Ao assumes the following form:

AP

W

©)
where AP is the applied load range, B and W define, respectively, the thickness and the
nominal width of the specimen.

Table 4 summarizes the experimental program carried out in order to derive the
da / dN versus AK for the base material, heat affected zone, and welded material. The
stress ratios tested were R=0.1 and R=0.5. The frequency of the tests, f, was 15 Hz. The
table also includes the maximum and minimum loads of the test. It was verified that for
some tests, namely for tests performed with welded material, the crack deviates from the
ideal shape, namely a divergence between the crack on the two faces of the specimen was
verified. This phenomenon can be explained by the following factors: misalignments,
asymmetrical disposition of the welding or existence of inclusions, oxides or porosities in
the welding.

. . f Fonax Finin

Specimen Material R [Hz] IN] IN]
2-BM Material Base 0.1 15 3676.8 367.6
3-BM 0.5 15 8372.7 | 4186.3
1-WEL 0.1 15 3231.0 323.1
3-WEL Welded Material | 0.1 15 3600.0 360.0
2-WEL 0.5 15 6205.5 | 3102.7
1-HAZ HAZ 0.1 15 29652 | 296.52
2-HAZ 0.5 15 4688.2 | 2344.1

Table 4. Crack propagation experimental program

The evaluation of the fatigue crack propagation rates was made through the seven point
polynomial incremental method as proposed in the ASTM E647 standard (ASTM, 2000).
Figures 9 to 11 represent the da /dN versus AK curves for the base material, welded
material and heat affected zone and for stress ratios R=0.1 and R=0.5. The results correspond
to the region II, region of validity of the Paris’s law. Figures 12 and 13 compare the
propagation curves for the three tested materials, respectively for R=0.1 and R=0.5. It can be
concluded that the propagation rates increase with the increase of R. This influence is more
significant for low values of AK. R influences the crack propagation curves for the three
materials but its influence is more significant for the base material. The HAZ shows low
sensitivity to the stress ratio. It can be observed that HAZ presents the greatest propagation



Fatigue Behaviour of Welded Joints Made of 6061-T651 Aluminium Alloy 145

rates for R=0.1. The propagation rates of the welded material present intermediate values
between HAZ and the base material. Tests conducted with R=0.5 do not show significant
differences in the propagation rates for the three materials. The factors that justify these
results are several, such as the elevated levels of residual stresses at the crack tip, the effect
of the stress ratio, the yield stress and the grain size that is distinct for the three materials.
The parameters of the Paris’s law are listed in the Table 5 for the three materials and for the
two stress ratios, R=0.1 and R=0.5. The determination coefficients, R2, obtained for the

adjusted curves are significant.
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Material R da/dN = CAK™ R?
C c m

BM 0.1 1.9199E-15 | 3.7086E-12 | 4.1908 0.9822

BM 0.5 1.2863E-12 | 9.8151E-11 | 3.2547 0.9912

WEL 0.1 6.5017E-20 | 6.7761E-14 | 6.0120 0.9731
WEL 0.5 1.9094E-15 | 6.7566E-12 | 4.3657 0.9639
HAZ 0.1 1.1363E-16 | 1.7580E-12 | 4.7932 0.9863
HAZ 0.5 8.7433E-16 | 4.8669E-12 | 4.4972 0.9930

BM 0.1,0.5 | 1.3790E-14 | 1.0619E-11 | 3.9242 0.8592

WEL 0.1,0.5 | 4.5939E-19 | 1.6769E-13 | 5.7082 0.9249
HAZ 0.1,0.5 | 5.4406E-16 | 3.6208E-12 | 4.5489 0.9770

BM; WEL, HAZ 0.1 3.2668E-17 | 8.3120E-13 | 4.9371 0.9314
BM; WEL; HAZ 0.5 2.0587E-15 | 6.7596E-12 | 4.3444 0.9835
BM; WEL; HAZ | 0.1;0.5 | 2.6567E-16 | 2.2733E-12 | 4.6217 0.9039

*da/dN (mm/cycle) and AK (N.mm-1.5)
**da/dN (m/cycle) and AK (MPa.m0.5)

Table 5. Constants of Paris’s law of the tested materials

4. Fatigue behaviour of welded joints made of 6061-T651 aluminium alloy

The proposed investigation focused in four types of welded joints, made from 12 mm thick
aluminium plates of 6061-T651 aluminium alloy, namely one butt welded joint and three
types of fillet joints (see Figure 14). As described in Figure 14, detail 1 corresponds to a butt
welded joint; detail 2 corresponds to a T-fillet joint without load transfer; detail 3
corresponds to a load-carrying fillet cruciform joint and finally, detail 4 is a longitudinal
stiffener fillet joint. Welds were performed with the manual MIG process with Al Mg-5356
filler material (1.6 mm) and Argon + 0.0275% NO gas protection (17 litres/min). The butt
welded joint was prepared with a V-chamfer. For the fillet welds, no chamfer was required.
The butt welded joint was made using two weld passes; each fillet of the fillet joints was
made using a single weld pass. Details 1 to 3 were subjected to a pos-welding alignment
using a 4-Point bending system. No stress relieve was used after the alignment procedure.
Detail 4 was tested in as-welded condition.

For each type of geometry, a test series was prepared and tested under constant amplitude
fatigue loading conditions, in order to derive the respective S-N curves. The tests were
carried out on a MTS servohydraulic machine, rated to 250 kN. Remote load control was
adopted in the fatigue tests, under a sinusoidal waveform. A load ratio equal to 0.1 was
adopted. Figure 15 represents the experimental S-N data obtained for each welded detalil,
using the nominal/remote stress range as a damage parameter. Small corrections were
introduced into the theoretical remote stress range, using the information from strain
measurements carried out on a sample of specimens.
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The usual way to express the S-N fatigue data is to use a power relation that is often
expressed in one of the following ways:

Ac"N; =C (10)

Ac = AN (11)

where m, C, A and a are constants. Table 6 summarizes the constants for each test series
obtained using linear regression analysis. The determination coefficients are also included in
the table. Relative high determination coefficients are observed. S-N curves derived for the
details 1 to 3 are rather parallel. The detail 4 shows a significantly distinct slope. The detail 2
shows the highest fatigue resistance; conversely, detail 3 - the load-carrying T-fillet
cruciform joint- shows the lowest fatigue resistance.

Welded S-N parameters R
details A o C m
1 969.530 -0.194 2.305E+15 5.144 0.953
2 739.863 -0.147 2.913E+19 6.784 0.844
3 535.373 -0.176 3.371E+15 5.691 0.926
4 2216.671 -0.257 1.054e+13 3.892 0.848

Table 6. Parameters of the S-N data of the welded details

5. Fatigue modelling of welded joints

5.1 Description of the model

The fatigue life of a structural component can be assumed as a contribution of two
complementary fatigue processes, namely the crack initiation and the macroscopic crack
propagation, as:

N;=N;+N, (12)

where N/ is the total fatigue life, N; is the number of cycles to initiate a macroscopic crack,
and N, is the number of cycles to propagate the crack until final failure. Generally, is it
assumed that the fatigue behaviour of welds is governed by a crack propagation fatigue
process, since the welding process may introduce initial defects. The validity of this
assumption is analysed in this study for four types of welded joints made of 6061-T651
aluminium alloy. Both crack initiation and crack propagation phases are computed and
compared with the experimental available S-N data.

The computation of the crack initiation phase will be carried out using the local approaches
to fatigue based on the strain-life relations, such as the Morrow’s equation (see Equations (3)
and (4)). The number of cycles required to propagate the crack will be computed using the
LEFM approach, based on Paris’s equation (refer to Equations (6) and (7)). The material
properties required to perform the referred computations were already presented in the
previous sections.
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The application of the strain-life relations to compute the crack initiation requires the
elastoplastic strain amplitudes at the critical locations, namely at the potential sites for crack
initiation. These locations are characterized by a high stress concentration factor,
corresponding many times to the notch roots (e.g. weld toes). The elastoplastic strain
amplitudes may be calculated using the Neuber’s approach (Neuber, 1961):

‘Ag

Ao -Ae = ktZAG nom (13)

where Ao and Aeg are the total local elastoplastic stress and strain ranges, Ao, and
A&, are the nominal stress and strain ranges and k; is the elastic stress concentration
factor. Equation (13) can be used together with the Ramberg-Osgood equation (Equation
(5)). Since Equation (13) stands for cyclic loading, some authors replace the elastic stress
concentration factor by the fatigue reduction factor, k Iz However, the elastic concentration
factor is an upper bound of the fatigue reduction factor. Therefore, in this research, the
following conservative assumption is made:

nom

kp =k, (14)

The elastic stress concentration factors for the welded details may be computed based on
numerical methods (e.g. FEM), experimental or analytical methods. Ribeiro (1993, 2001)
suggested for the welded joints under investigation the elastic stress concentration factors
listed in Table 7, based on both finite element analysis and available analytical formulae.
The stress concentration factors characterize the stress intensification at the weld toes for
details 1, 2 and 4; for detail 3, k; characterizes the stress intensification at the weld root.
Figure 16 shows the potential cracking sites for the investigated details, confirmed by the
experimental program.

Welded details Elastic stress concentration
factor, k¢
1 3.50
2 2.60
3 7.24
4 443
Table 7. Elastic stress concentration factors
Detail 1 Detail 3
U - 1L -
Detail 2 Detail 4 —

%»JJ_L?

Fig. 16. Potential cracking locations at the investigated welded details
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In what concerns the simulation of the fatigue crack propagation, initial defects of 0.25 mm
were assumed corresponding to the initiation period. Cracks propagating from the weld
toes, perpendicularly to the loading, are assumed for details 1, 2 and 4. For detail 3, a crack
propagating from the weld root, perpendicularly to the loading, is assumed (see Figure 16).
Constant depth cracks were assumed for details 1 and 3. For details 2 and 4 semi-elliptical
cracks were assumed to propagate from the weld toes. In these latter cases, an initial circular
crack with a radius equal to 0.25 mm was assumed and Equations (6) and (7) have to be
applied twice, namely at both semi-axis endpoints. However, the crack increments are
dependent to each other, in order to guarantee the compatibility in the number of
propagation cycles, resulting:

m
do_[ 2Ky (15)
de | AK,

where da is the crack increment at the plate surface, dc is the crack increment at the
deepest point of the crack front, AK, and AK, are, respectively, the stress intensity factor
ranges at the surface and deepest crack front points and m is the Paris’s law parameter. The
integration of the Paris’s law may be easily carried out assuming discrete increments of the
crack, for which the stress intensity factors are assumed constant. In order to integrate the
Paris’s law, the formulations of the stress intensity factors are required. Solutions available
in the literature were adopted in this study (Snijder & Dijkstra, 1989). The crack was
propagated until it reached 11.8 mm depth (any detail) or 48 mm width for details 2 and 4.
Finally, the crack propagation properties presented in section 3.4 were used to simulate the
crack propagation period for the welded details. In particular, the properties for R=0.1 were
used. For details 1 and 3 the crack propagation data obtained for the welded material was
used; for details 2 and 4 the properties obtained for the heat affected material were applied.

5.2 Fatigue predictions

Figures 17 to 20 present the predictions of the fatigue lives for the investigated welded

details, made of 6061-T651 aluminium alloy, taking into account the crack initiation and

crack propagation phases. Three S-N curves are represented, one corresponding to the

fatigue crack initiation, the other corresponding to the fatigue crack propagation and finally

the third corresponding to the total fatigue life. Also, the experimental data is included in

the graphs for comparison purposes. The analysis of the results reveals that there is a close

relation between the fatigue strength and the elastic stress concentration factor. The welded

details with higher fatigue resistance show lower elastic stress concentration factors at the

critical locations of the welds. The global predictions are in good agreement with the

experimental results.

The comparison of the crack initiation based S-N curves with the average experimental data,

allows the following comments:

- Crack initiation if significant for butt welded joints, representing about 37% of the total
fatigue life for stress ranges equal of higher than 98 MPa.

- For the T-fillet joint without load transfer, the crack initiation is significant representing
about 50% of the total fatigue life, for the stress range of 156 MPa. For stress ranges
bellow 79 MPa, the crack initiation was about 5x106 cycles.
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Fig. 17. Fatigue life predictions for the butt welded joint: detail 1
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Fig. 18. Fatigue life predictions for the T-fillet joint without load transfer: detail 2
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Fig. 19. Fatigue life predictions for the load-carrying fillet cruciform joint: detail 3
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- For the load-carrying fillet cruciform joint, the crack initiation is almost negligible, since
it represents 3.5% to 6.5% of the total life for the stress ranges from 57 MPa to 114 MPa.
For a stress range of 40 MPa, the importance of the crack initiation increases to about
36% of the total fatigue life.

- For the longitudinal stiffener fillet joint, crack initiation represented about 2.2% of the
experimental fatigue life for the stress range of 143 MPa. The importance of the crack
initiation phase increases for stress ranges between 94 and 71 MPa reaching,
respectively, values of 11 to 20% of the total fatigue life.

The above comments allow the following conclusions:

- For welded joints characterized by high stress concentration factors and for high stress
ranges, the initiation period is negligible. For low stress range levels, the crack initiation
becomes more important.

- For welded joints characterized by low stress concentration factors, the crack initiation
is meaningful, for both low and high stress ranges.

From the above discussion, it is recommended to neglect the crack initiation for the welded

joints with high stress concentration factors, when loaded under high stress levels. For these

cases, the crack propagation from an initial crack of 0.25 mm, leads to consistent predictions.

6. Conclusion

The fatigue life of four types of welded joints, made of 6061-T651 aluminium alloy, was
predicted using a two phase model, namely to account separately for crack initiation and
crack propagation phases. While the strain-life relations were used to compute the crack
initiation, the LEFM was used as a base for crack propagation modelling. The required basic
materials properties required for the model application were derived by means of strain-
controlled fatigue tests of smooth specimens, as well as by means of fatigue crack
propagation tests.

A globally satisfactory agreement between the predictions and the experimental fatigue S-N
data was observed for the welded details. A 0.25 mm depth crack demonstrated to be an
appropriate crack initiation criterion. The analysis of the results revealed that the crack
initiation may be significant, at least for welded joints with relative lower stress
concentrations and low to moderate loads. In these cases, the classical predictions based
exclusively on the crack propagation, may be excessively conservative.

The proposed two-stage fatigue predicting model can be further improved in the future.
Namely, residual stresses effects should be accounted at least in the local elastoplastic
analysis, concerning the fatigue crack initiation prediction. The strain-life properties were
only derived for the base material. However, a more accurate analysis may be performed if
these properties would be derived for the welded or heat affected materials. Finally, the
crack initiation criterion, which has been established on an empirical basis, requires a more
fundamental definition.
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1. Introduction

Structure functions are decided by the material properties which made of it. Material
modelling and characterization are important to crashworthiness of automobile. Some times
right material parameters are the key to the models which describe large deformation and
failure behaviours of car body. Therefore aimed at the dynamic behaviours of aluminium
alloy in certain crashing state with high strain rate, triaxiality, and damage initialization etc.,
large work has been done in this field including component and full scare crashing tests,
which cost a lot. However, the result is not satisfied. Detail information about the crashing
is hard to obtained from the experiments because of the high rate and limited time of
deformation (in some specific cases, the strain rate is over 2X102). Simulation is an effective
method to extend the experimental data for complete models of crashworthiness.

In certain degree, the precision of simulation is depended on the authority of material
parameters of modelling. Large deformation during crashing is an complicated process
including various stages of elastic deformation, plastic deformation, damage initialization,
evolution and failure. Strain rate, anisotropy and stress state make effects on this process.
How do these factors exactly work? Still so many questions are left in this field. Smooth
tension tests combined with simulation were carried out for material modelling and
characterization of aluminium alloy AW 6061 (Blauel & Su, 2002; Sun, 2003). Static and
dynamic response of typical aluminium alloy components is predicted successfully by using
G-T-N damage mode for FEM simulation. The damage model explains the ductile fracture
of the aluminium and its initiation and evolution by mechanism of growth of voids that
could be applied in industry. Dynamical loading was established by using explicit solver of
FEM code (Franck & Bruno, 2001). This model takes elastic flow and anisotropic into
account. Thereby this could be used to predict situation of damage and fracture of materials
with obvious texture deformation such as extruded aluminium alloys in circumstances of
dynamic loading with large deformation. Another contribution of Frank’s research is to
develop iterative algorithm which has an experiment combined with numerical simulation
to achieve optimizing parameters in material characterization. This algorithm uses data
from notch tensile as the basic input to derive parameters of G-T-N damage model, and
revise these parameters by FEM calculation in consider of anisotropic influence. Eventually,
the result of numerical simulation fit with experiments. In comparing with other method of



158 Aluminium Alloys, Theory and Applications

material characterization, this could avoid a great amount of experiment expenses, and
improving the efficiency of modelling.

Meanwhile, the inhomogeneous deformation and failure of welded joints and components
have become a key problem for crashworthiness of light automobile. There is much
dissimilarity in mechanical behaviour between welded and un-welded metal, evaluation of
the mechanical properties of welded joint has become a hot topic in the research world.
Material modelling and characterization for aluminium alloy welded joints are focused in
this chapter.

Joint strength was evaluated as a function of strength mismatch factors and the geometric
size of HAZ (Zhu et al., 2004). The author used FEM analysis of tensile specimens in
comparison with test results to study the stress distribution in tension plate samples.
Finally, Zhu identified an analytical approach to predict tensile strength of mismatch joints
for pipeline steel. Asif Husain, Sehgal D k, et al. Another inverse finite element procedure
was developed by carrying out with the commercial FE code, such as ABAQUS to determine
constitutive tensile behaviour of homogeneous materials (Asif et al, 2004). More
experimental research results have been reported by other scholars (Campitelli et al., 2004;
Hankin et al, 1998). A series of analytical equations based on a force-distribution assumption
were formulated to describe mechanical properties of a tailor blank welded by a CO2 laser
(B.Y. Ghoo et al.,, 2001). Actually, the results demonstrate the average mechanical property
of welds and HAZ, which can not precisely describe the effect of micro zone on the general
mechanical behaviour of a joint. It is necessary to develop experimental techniques and
analytical methods in order to quantitatively evaluate the material mechanical
heterogeneity.

In this chapter, an inverse finite element procedure is developed and executed using the
ABAQUS computer code for the determination of the constitutive tensile behavior of
welded metals. The proposed inverse technique is based on the small punch shearing law.
The validation of numerical modeling is identified compared with uniaxial tensile tests.

2. Material modelling and characterization for basic aluminium alloy under
static and dynamic loading

2.1 Experiment procedure

2.1.1 General idea

Alminium alloy 5052H34 and 6063T6 are widely used for welded structure of car body
because of their remarkable performance in welding as well as forming process. In actual
collision, these structures would mostly have large plastic deformation before failure.
Therefore, it's not enough for material characterization only testing yield and ultimate
strength, more work should be done in work hardening, anisotropic and facture features of
initiated damage. As for specific aluminium alloy, the welded structure is fixed, however
the work temperature and loading condition varies with the actual impact process. In
accordance with the actual impact condition, various tensile tests under static and dynamic
loading are carried out for aluminium alloy. The experiments were divided into five groups,
which are smooth tensile, notch tensile, double notch tensile, losipescu shear test, and
dynamic tensile test. Serial number of the test specimens and experiment condition are show
in Table.1, sizes of the specimens are show in Fig.1, the specimens are cut from original
plate, the distribution of all the specimens on plate can be seen on Fig 2.
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Test Style Cro(srsnfﬁg)t fon ;E:gngtgl Sample No. L‘Eﬁﬁ?}’;ed Strai;Rate
2.897x5.037 10 PT1-UT-S1Q 0.01 Static
2.894x5.042 10 PT1-UT-52Q 0.01 Static

Smooth 2.889x5.029 10 PT1-UT-S3Q 0.01 Static

Tensile 2.889x5.029 10 PT1-UT-SIL 0.01 Static
2.885x5.025 10 PT1-UT-S2L 0.01 Static
2.893x5.031 10 PT1-UT-S3L 0.01 Static
2.889x5.025 10 PT1-UNT-S1Q 0.01 Static

giﬁ; 2.892x5.033 10 PT1-UNT-S2Q 0.01 Static
2.889x5.030 10 PT1-UNT-S3Q 0.01 Static
2.787x5.123 10 PT1-DNT-S1Q 0.01 Static
2.789%5.132 10 PT1-DNT-52Q 0.01 Static

]13\1();316 2.785x5.134 10 PTI-DNT-S3Q | 0.1 Static

Tensile 2.788%5.128 10 PT1-DNT-SIL 0.01 Static
2.787x5.133 10 PT1-DNT-S2L 0.01 Static
2.791x5.128 10 PT1-DNT-S3L 0.01 Static
2.796x4.029 10 PT1-PSC-SIL 0.01 Static
2.792x4.031 10 PT1-PSC-S2L 0.01 Static

Tosipescu | 2.795x4.034 10 PT1-PSC-S3L 0.01 Static

Shear Test | 5 794x4 033 10 PT1-PSC-51Q 0.01 Static
2.793x4.032 10 PT1-PSC-52Q 0.01 Static
2.792x4.034 10 PT1-PSC-S3Q 0.01 Static
2.892x5.038 10 PT1-UT-DIQ | 1.7x103 143
2.888x5.036 10 PT1-UT-D2Q | 1.7x10° 143

Dynamic | 2.883x4.997 10 PT1-UT-D3Q | 1.7x103 143

Tensile 2.892x5.035 10 PT1-UT-D4Q 1.7x103 143
2.888x5.033 10 PT1-UT-D5Q | 1.7x10° 143
2.883x4.995 10 PT1-UT-D6Q | 1.7x10° 143

Table. 1. Various tests for material modelling
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Fig. 1. Sample size for different tensile and shear tests
(a) smooth tensile, (b) notch tensile, (c) double notch tensile, (d) Isoipescu shear
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Fig. 2. Distribution of test samples on original plate

Taking PT1-UT-51Q as an example, the meaning of serial codes can be expressed as
followings:

PT1-Project No.; UT-Uniaxial tensile; UNT-Notch tensile; DNT-Double notch tensile; PSC-
Isoipescu shear; S1Q-Static transverse sample 1; D2L -Dynamic longitude sample 2

2.1.2 Static uniaxial tensile test

Uniaxial smooth tensile test is one of the basic mechanical tests. The primary aim of this test
is to measure the true stress-strain curve and fracture strain. In order to provide with
material property for next numerical simulation, so as to expand the scale of the test data,
obtain practical data as much as possible; the experiment adopted two sets of equipments.
one is the strength-displacement detect system, which wuses extend-measurement
displacement, also loading sensor to measure load, which is owned by Instron 1886 tensile
test machine. Another set of machine is optical deformation measure system, including
static camera, digital transition card and following image processing software and diagram
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calculation software. The system is equipped with two sets of digital camera; the shooting
angle is perpendicular to front side and lateral side of the specimens. Therefore it could
detect changes in width and thickness direction immediately when the specimen is in the
tensile process, with dynamic image detecting to acquire changes in specimen section, so we
could calculate the minimum section size Ai, according to the formulation to calculate the
actual stress, strain in tensile process, which could get stress-strain relation of the tensile
specimens after necking. In this research two sets of equipments were introduced to work
collaboratively. One is normal mechanical test system, another is optical measurement
system. The common mechanical testing system is mainly responsible for recording of
whole course loading detection and elastic deformation and partial ductile deformation
(before maximum loading), while the optical detecting system aim at recording of detection
of elastic and ductile(before fracture) deformation.

From Fig. 3, it can be seen that the true strain of aluminium alloy 5052H34 is 0.096
correspond to static maximum tensile load at room temperature, and fracture strain & is 0.73
at this time. These data segment is undetectable by using ordinary tensile experiment, and
there will be severe error in the coming up numerical simulation. By contrast, segment data
after necking can be repaired if optical detecting system is used, and the maximum true
strain can be measured up to 0.561. The measure problem of stress-strain curve can be fixed
by linear interpolation. Comparison of Curves of specific materials and precision of
numerical simulation will be discussed in this chapter in related diagrams.
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Fig. 3. Comparison of true strain stress curve tested by different devices.
(a) tested by mechanical machine, (b) tested by optical inspection system

2.1.3 Results

1. Strain and stress curves

The true strain stress curves obtained by two sets of different detecting systems can be
shown in Fig.3. The optical deformation testing system is better than the mechanical system
for data collection. However the complexity and costs of this optical system is relatively
higher.

2. Material characterization of anisotropic and stress state

Specimen of smooth tensile test is cut from the plate with longitude and transverse
direction. The engineering strain stress curves can be seen in Fig.4. Result shows that
longitude yield stress is 22Mpa higher than that of transverse. Ultimate strength is 26MPa
difference between two directions, which demonstrates particular anisotropic. The size and
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distribution of grains is regular from further research in microstructure. First of all, grain
size of the surface is larger than centre (Fig.5). Secondly, there is certain grain orientation in
the centre of the material because of a rolling process (Fig.6). Grains were extended in the
axis along the rolling direction, which caused grain refinement along the thickness direction
during rolling process. In the following anneal and artificial aging, there are certain
preferred orientation in the refined grains after grain growth or recrystallization, and these
factors lead material with certain anisotropic.
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Fig. 4. Strain stress curves for longitude and transverses direction

e 3

¥ 2o .-":"_;.' Tel.f ok
Fla B — = |
) 5 P RS ees W oerer T
Fig. 5. Microstructure comparison between surface and centre area
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Fig.7 compares smooth tensile test with notch tensile test, the notch radius is 4mm, the test
showed that the deformation resistance increased at notch condition. With the same
deformation, load of smooth test is lower. Triaxiality is bigger at the foot of notch under
geometry restraint. In the simple tensile process, larger additional stress derived from the
thickness and width direction, and then tri-axis tensile stress formed. Effective shear stress
or equivalent Mises stress that ductile deformation needed decreased, which would lead to
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ductile difficulty. From the microcosmic aspect, minish the, stress triaxiality of increased
with notch radius reducing; stress concentration increased at the foot of the notch, ductility
decreased, and fracture strain decreased too. The yield strain of the notch specimen is
4.19%,which is only 35% of the engineering strain of smooth tensile specimen. From the
experiment analysis, it’s clear that stress condition is not related to yielding obviously, but it
matters badly to losing effectiveness of fracture.

Fig. 6. Microstructure of rolling plate 5052H34
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Fig. 7. Strain stress curves of smooth tensile and notch tensile
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2.1.4 Dynamic tensile test

1.

Experiment equipment and measurement principle

Most of the transportation accidents happened at the velocity of 50Km per hour, the
impact kinetic energy of mid-weight car can be up to 150K]J. And the strain rate of these
similar impact accidents is about 100s, but the limitation of local strain rate is within
1X10-3. Mostly, the strain of dynamic test is in the scale of 102~103s-1 on the basis of safe
impact design. Currently, the applied test equipments are as follows:

a. Falling weight device

Different heights of falling hammer acquire various kinetic energy, experiment data are
collected and processed by using signal processing device. Advantages of such devices
are simple structure, easy operation and low costing. It fits impact tests of the level of
10m/s. Previously, there have been such devices such as Qsinghua University; State
Key Laboratory of Automotive Safety and Energy and Haribin institute of technology
throughout the nation.

b. Ejection experiment devices

There are vertical type and horizontal type, it gains great speed by exploded high
energy balloon, the specimens are fastened on data acquisition board with piezoelectric
sensor, specimens are impacted with hammer loaded with different masses, while
record the impact process with high-speed camera. Advanced digital shooting
technology can acquire video image of 10000 frames per second, and the frequency of
impact data reach up to 200kHz.At present, all the advance institute are capable of this
test, such as Cambridge, Kaiserslautern University and Fraunhofer IWM mechanical
institute ,who use this device to test impact responses of components.

c. Improved Hopkinson draw(press) poles test devices

This method is first proposed in 1914, it’s the earliest method of testing transient state
pulse stress. lately, many researchers changed and developed this method, in which the
improved discreet Hopkinson draw poles by Koisky is the most typical one, that has
become major testing tool of dynamic property of material. This kind of experiment is
taken in metallic large deformation dynamic mechanism response of strain rate within
102~104s-1.

The key point of Hopkinson's testing technology is to assure that separate the stress
wave effect with dynamic buckling effect within the impact load. Therefore, the
incidence pole and test pole of the test device are designed to be longer, in order to
separate the influence from reflex waves of press pole, so the equipment would take
much space. On the other hand, due to the strict restriction of specimen size, which
could make sure ductile stress wave in the component take small proportion in
structure buckling response time, compress stress is well distributed in components.
Key physical qualities need to be determined in this experiment are as follows:

Input response of impact load

Response, value and distribution of structural load

Response, value and distribution of structural displacement

Strain rate of material, the key formula are as follows:

Process of impacting load

P(t)= AiEg;(t) 1)

Course of input and output loading response of components



Inhomogeneous Material Modelling and

Characterization for Aluminium Alloys and Welded Joints 165
Eoput (t) = A[E[ £ (1) + 5 (1)] ©)
Foutput(t) = AOEEI(t) (3)

Course of input and output displacement response of components

Supur(£) = Co | [1(8) e (D)t @)

Suutpur(t) = Co [ &1 (1)t 5)

Al and A0 represent section surface of input pole and output pole superlatively, E
represents elastic modulus; e(t) is course of input strain ander(#) is the course of
response strain.

Since the disadvantages of complexity and bulky of Hopkinson's test device, many
researcher have improved it in recent years (Nicholas et al., 1982). One case is to replace
impact devices to concussive bullet shoot by high-pressure gas gun, which reduced the
size of device greatly and the flexibility increased as well. This innovation made
dynamic impacting tests popular.

d. The improved ejection test device in this research

Considering the effectiveness and convenience of dynamic tensile experiment, making
full use of previous equipment, a new particular type of dynamic tensile device-Instron
VHS dynamic tensile test machine in Fig.8 was used in this research. Components of
such experiment system can be show in Fig.9, including three significant part.

1. Executive part of loading. Pneumatic chuck is the key part, Fig.10 shows the prepare
condition of the part before testing, the upper is tied on the fixture, well the below is
connected with following system. When the below fixture of testing machine reaches
certain speed downside driven by high-energy gas, follow up system would fasten
fixed part of the specimen below, which could make the down fixture move along with
specimen below synchronously.

2. Zimmer laser-transient displacement high speed photography and force testing part.
When lower clip tied up with specimen to move downward synchronously, this would
trigger the laser sensor at the same time, and then turn on the high-speed camera,
which would record deformation and displacement of the specimen with the scale
distance. Sampling frequency of shooting is 2500fps. Analyze relationship between
displacement and time of scale boundary by means of later digital image processing.
Comparison of calculation error and data of local foil gauge is smaller than
5% Measurement of tensile load via acceleration sensor to multiply instantaneous
acceleration by quality to get changes of system dynamic load. Formula 3.6 shows the
calculation in details

P(t)= M[g +a(t)] ©)

Where P (t) is instantaneous tensile load represents movable chuck component is
acceleration, a (t) is instantaneous acceleration. Accordingly, whole deformation energy
and impact energy can be derived by integral calculus of compounded load-
displacement.
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3. Data collection system. It includes digital oscillograph, later treatment part of
computer. Digitalize the amplified signal, with filtering waves; lastly, digital documents
will be stored in computer. The filtering process adopted high-frequency filtering
circuit and spine fit smoothing technique of ultimate data. The advantages is that
sorting of wave characteristics can be artificially controlled, in accordance with various
experiment condition to choose filter function, which can avoid data distortion inn
filtering by means of adjusting smoothness. Common spline function is demonstrated
in formula 7

i =5y i + 26 +5,0) 7)

fi1, fi fir1, represent function value of i-1, i and i+1. f; represent the function value after t
times filtering, this function can be iterated endlessly till the result is satisfied.

Fig. 8. Dynamic tensile test
1 sample, 2 fixture boundary, 3 fixture, 4 cross head

e. Size of specimen and initial conditions
Specimen size is as same as the static tensile one; orientation of specimens is
perpendicular to rolling directions. Install foil gauges symmetrically on two sides of the
specimen within the measure scale before experiment, so as to adjust twist error in
dynamic tensile test. Meanwhile print glisten glue of light colour in the centre of test
zone, which is used to high-speed photography. Finally fix the whole specimen in the
tensile fixture, and adjust laser trigger.

2. Experiment result
Relationship among engineering strain, initial tensile velocity and scale distance in
dynamic tensile test can be demonstrated as

=" ®



Inhomogeneous Material Modelling and
Characterization for Aluminium Alloys and Welded Joints 167

In this experiment, it’s certain that initial velocity of fixture vy is 1.7m/s, scale distance
is 10.08mm. Average strain rate is 169s-1, according to formula 8 at tensile condition.
Fig. 9 shows the curve of load-displacement at dynamic tensile condition. Fig. 10
demonstrates the relationship among engineer-stress, strain and true stress-strain.Fig.11
shows the comparison between dynamic load and static true stress.
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Fig. 9. Load and displacement curve
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Fig. 10. 5052H34 strain stress curves
1 true strain and stress, 2 engineering strain and stress

Fig.12 is the comparison of engineer stress-strain measured by static notch tensile, smooth
tensile and dynamic load smooth tensile test.Fig.13 shows that static and dynamic strength
of material and plasticity index vary with strain rate. The data imply the slight improvement
of the aluminium alloy strength with the strain rate increase from dynamic to static tensile,
by contrast, the fracture strain increase by 60%, shrinkage of section increase by 18%, which
means the ductility is enhanced. High-speed deformation is done in short time in dynamic
loading test, a lot of heat is generated and unable to consume, so it could be treat as a non-
exchange heat process with the outside. So temperature of local material would rise
dramatically, mechanism response of material has become a heat-stress coupling problem.
On the basis of document, as for Al-Mg-Si alloys, work hardening and dynamic softening
are concurrence under condition of large strain rate, they are paradoxical on the affection of
mechanism property. In the process of elastic deformation, crossing, propagation and
accumulation of dislocation lead to networks of dislocation, which caused work hardening,
the higher the strain rate is, the larger resistance of slip movement of dislocation will be.
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Fig. 12. Effects of stress state and strain rate on material flow property

Material deforms in the way of twin crystal, yield stress and flow stress grows with the
increase of strain rate. But, as for aluminium alloys, R.Mignogna.etc found that the strain
rate sensitivity is lower at temperature index is smaller than 0.1, so yield stress would
improve slightly with the increase of strain rate. Comparing with the 6063 aluminium alloy,
data of stress-strain rate hit off with our result (Fig.13).With the temperature increasing,
strain sensitivity grows significantly. When the temperature surpasses half of the melting
point, m values between 0.1 and 0.2.
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All in all, notch sensitivity of aluminium alloy 5052H34 is strong. With stress triaxiality
grows, the plasticity decrease. However, dynamic and static tensile test prove that material
strength at room temperature is not sensitive with strain rate, but sensitively grow with
increasing of ductile strain rate, which has close association with dynamic softening in
thermal isolation process. We need to fully consider affection of temperature to plastic flow
in constitutive model of material. Temperature’s influence on flow stress will be discussed
in detail in up coming chapters.
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Fig. 13. Relationship between strength and strain rate

2.2 Shear test

2.2.1 Introduction of shear test.

Shear damage is one of the most common failure in car crashes. Especially, the thin-walled
components such as buffing tubes and frameworks, etc. Shearing, buckling and tearing
always happen in crashes. So, how to use simple and effective method to research shear
deformation and failure detail, acquire characterization of key materials that really matter to
whole characterization and model-building.

Previously, shear test such as twisting, quasi-static punching and Iosipescu shear test have
been widely accomplished throughout the world. Precision and effectiveness of these tests
have been confirmed by numerous application, but it still proved its limitations. Generally,
losipescu and twisting tests are used in static experiments, and can hardly expand to
dynamic shear research of high strain rate. In this case, we are trying to design a kind of
new double notch shear test and method, which could be adopted in static and dynamic
shear validation. So as to confirm effect of this new type of shear test, we used losipescu test
as a reference to analyze the advantages and disadvantages of this double notch test.
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2.2.2 Specimen size and experiment equipment

1. Double notch shear test

In this experiment, we designed a kind of tensile specimen to test failure process and shear
damage of plate materials.Fig.14 shows the appearance and sizes of specimen. Notching at
two parallel sides of the specimen, notch angle with the neutral axis is 45 degree. The design
of other geometry parameters is identical with normal tensile specimen. Fix the specimen on
tensile test machine during experiment, the minimum available section is the plane between
two notch tips, where would occur yielding very first at tensile process, and then shear
deformation develop in the direction of tensile axis till facture.

In order to observe the deformation between two notches during tensile process, draw the
grid lines on main deformation zone before experiment. Record the process of deformation
by digital shooting system, while output the data of load and displacement within scale
distance. Fig.15 (a) shows the control panel of the experiment and (b) shows test device.
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Fig. 14. Sample sizes for shearing test
(a) Double notch tensile test, (b) losipescu shearing test
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Fig. 15. Shearing test devices
(a) Interface of monitoring system for double notch tensile test
(b) Equipments for shearing test
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2. losipescu shear experiment

Fig.14 (b) shows the specimen size,Fig.15(b) is the experiment device. The specimen is fixed
on test machine with four rigid cylinders. With up chuck pushing downward, specimen
would be damaged and shear deformed. According to force analysis, theoretically, shear
place should locate on the vertical surface of the specimen’s central symmetrical axis. Local
deformation can be measured by strain gauge, meanwhile record the process by digital
photography.

Under static condition, the loading rate of double notch test and Iosipecu test is
0.001m/s.Type of testing machine: Instron material tensile testing machine.

E 0
M
I

4
"

N

Normal shear stress/Mpa

“o00 0z 04 06 0B 10 12 14 16 18 2C

& Linm Marmal shaar straln

Fig. 16. Displacement and load curves for double notch tensile and losipescu shearing test
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Fig. 17. Comparison of triaxiality for Iosipescu and double notch tensile
(a) Iosipescu shearing test, (b) double notch tensile test
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3. Testresults

The displacement and load curves of shear tests are shown in Fig. 16. When deformation is
small than 0.5, the strain stress curve of double notch tensile test is higher than losipescu;
when the deformation is larger than 0.5, the curve of losipescu exceeded that of double
notch tensile. The maxim stress of double notch tensile test is 169.8MPa as well as 175.6MPa
of Iosipescu. The difference is 3.3%. The fracture strain is 1.28 for double notch tensile and
1.6 for losipescu. The difference is 9.3%. In a general view, the results of two experiments
have good agreement with each other, which means the double notch tensile test is
comparable for a standard shearing test.

Fig.17 shows the evolution of triaxiality during deformation for double notch tensile test
and losipescu shearing test. It can be seen from the results that average value of triaxiality
about DNT (double notch tensile) is from 0.1 to 0.3, mean while, the triaxiality changed from
0.05 to 0.15 for Iosipescu shearing test.

Fig. 18 shows the distribution of stress state and concentration for the two kinds of tests.

Fig. 18. The distribution of triaxiality for losipescu and double notch tensile test

3. Inhomogeneous deformation and damage modelling for aluminium alloy
welded joints

3.1 Experiment procedure

The small punch test (SPT) has been used by numerous researchers to test mechanical
properties of various materials, especially for steel, copper, magnesium and aluminium. The
test programme and experimental setup are described in great detail in related reference
(Asif et al., 2004). Based on the general idea of SPT, a small punch-shearing test setup was
established for this study. In brief, it consists of a thin sheet specimen with the thickness of
2mm, specimen holder, shear punch, punch die, and fixture.
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There are two types of specimens used in this study. One is made of homogeneous
materials, such as Al alloy 6063. The other is made of inhomogeneous materials such as a
sheet butt joints welded by TIG. The specimens were shaped 24mmx50mm rectangular
pieces. The surfaces of the specimen are mechanically polished by emery paper (grain size
320) to obtain the desired thickness (i.e. 2 mm thick) in each case. Fig.19 shows the schematic
diagram for the small punch test experimental setup.

A special rigid punch of 1.5 mm diameter with a flat tip was designed for small punch test.
The offset of the diameter is less than +0.03mm. In order to concentrate the punch plastic
deformation below the punch area, a small clearance between punch and dies was left
during punch test. The clearance was identified by equation 1.

z=mt 9)

Where z is the maximum clearance between punch and dies, m is correlative coefficient. For
aluminium alloy m, it is equal to 0.06, and t is thickness of the specimen. For example, for
the aluminium alloy 6063 sheet specimen, if the thickness is 2mm, Z is 0.12mm. Therefore,
considering the accuracy of punch, geometrical dimension of the punch die would be less
than 1.77mm.

Specimen holders and lower dies were included in a homocentric structure, which keeps the
upper holder precisely fitting the lower die. Rectangularly shaped specimen was placed into
the lower die, and was fixed by four screw bolts. Miniature specimens are carried out at
room temperature and static condition using an instron testing machine. The loading speed
of punch was 0.5mm/min. For each case, at least three punch specimens were tested to
ensure the stability of results.

Fig. 19. Experimental setup of the STP
1. punch, 2. holder, 3. sheet specimen, 4. die

Three types of homogenous materials: copper; Al alloy 5052; and Al alloy 6063 T5 were
tested by the small punch test setup. Their displacement vs. punch force curves are shown
in Fig. 20. During the punch process, the specimen had experienced three specific
deformation stages. First, elastic deformation, then plastic deformation and finally a
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fracture. The specimen surface was subjected to a composition of shear force, friction force,

and pure pressure.

3.2 Inverse finite element procedure

For this study, the inverse FE procedure was tried to identify the true strain stress curve of
unknown materials. The experimental load-displacement curve is used as an input in linear,
step by step, iterative process of FEM for comparison. The outputs of this inverse procedure
are: the modulus of elasticity of the unknown material; true stress vs. true plastic strain
curve, starting from yield stress and corresponding zero plastic strain. The pictorial
algorithm is shown in Fig. 21 and the iterative process is expressed as follows:

A 4

Input:P;, Eq(7)

A4

FEM SP Model

A 4

A 4

Input: oy,

A 4

FEM SP Model

A

Output: P-D curve (elastic)

Output: P-D curve (plastic)

Numerical result
Match
SP test result

lYes

E = Est(i), 0—02 Jp

End

No

No

Numerical result
Match
SP test result

Eu(i)= ﬁst(i) +6

(a) Elastic part

A
nst(i): nst(i) +0
(b) Plastic part

Fig. 21. Diagram of inversed FE procedure from SPT
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1. the small punch experimental load vs. displacement curve is divided into two parts.
One is the elastic linear segment. The other part is nor linear elastic-plastic segment,
which can be expressed by the exponent function of Eq. (2).

2. for the iterative process of the elastic segment, the inputs are punch load P1 (elastic
peak load) and an assumed starting value of modulus of elasticity Es. The outputs are
punch load vs. displacement curve which try to match the actual experimental load-
displacement curve by increasing or decreasing E; during each iteration step (value of
0 ). The final value of E should be equal to modulus of elasticity E of the material and
maximum equivalent von-Mises stress of the specimen equal to the yield stress of the
material.

3. for the iterative process of the elastic-plastic segment, the true stress and strain can be
expressed as equation (10).

o=20¢ (10)

Where the o, € are true stress and strain; oo, €0 are yield stress and yield strain, which
has been from the previous step (2); n is the hard coefficient. During this nonlinear
segment, the inputs are op, experimental maxim punch load Px and assumed hard
coefficient ny. The outputs are punch load vs. displacement curve which was matched
to that of experimental data by changing the value of ny; . the final value of ny would be
equal to the hard coefficient 1 of the material.

4.  after the iterative calculation, the mechanical property of the unknown material can be
described by material parameters of elasticity modulus E, yield stress and strain oy, €0,
and hard coefficient n.

3.3 Validation of material modeling and discussion

3.3.1 Mechanical behavior determination for homogeneous materials

Fig. 20 shows the comparison between true stress-strain curves obtained from the uniaxial
tensile test and those of predicted results using inverse FE arithmetic for SPT specimens of
three different materials. The results show that numerical models agree well with the
experiment data.

3.3.2 Case of material modeling for butt welded joint

In a welded joint, the microstructure, grain size and mechanical properties are quite
different in each specific zone such as HAZ, weld, and base metal. Considering the
mechanical heterogeneity the butt joint was divided into ten micro-portions from base metal
to welded metal (see Fig. 22) according to the hardness distribution as showed in Fig. 23.
Accurate mechanical tension behavior of each micro-portion was obtained by the inverse
finite element procedure (Fig. 24). Finally a uniaxial tension numerical model was set up
according to the experimental condition. Material properties obtained from the inverse FE
procedure were assigned to the specific micro zones. General tensile mechanical behavior
was calculated by the ABAQUS finite element code. The simulated and experimental strain-
stress curves are presented in Fig.25. The simulation results are in good agreement with
thoses of experiments, which means that the mechanical properties obtained from the sp test
and inverse FE procedure are believable.
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4. Conclusions

In the current work, aimed at aluminium alloy 5052H34 and 6063T6, material
characterization and modelling have been carried out. Material plastic deformation and
damage initialization and evolution were studied under static and dynamic loading with
different stress state and strain rate.

In addition that, a new experiment double notch tensile was expressed with related
evaluating standard and sample size as well. The test precision was discussed with
losipescu shearing test by using experimental and numerical data. Results show that the
double notch tensile test is a suitable measurement for mater mechanical behaviour driven
by shear stress. It can be used not only for static loading but also for dynamic impacting.
Combined with losipescu shear test, uniaxial tensile and notch tensile test, strain stress
relationship and damage parameters were obtained for the two kinds of aluminium alloy.
For the inhomogeneous deformation and damage of welded joints, an inverse FE algorithm
based on a SPT experiment was represented for determination of constitutive behaviour of
an unknown material. A numerical simulation of SPT to identify the accurate material
parameters was carried out. The inverse FE procedure was tested and validated on a case of
a butt joint of aluminium alloy 6063T5. The welded joint was divided into ten micro zones
along the tension axis. Localized mechanical properties were assigned to the specific
sections of joint. Finally the global mechanical behaviour of welded joint was simulated by a
numerical model. The numerical tensile load-displacement curve agrees well with the
experimental results.
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1. Introduction

Recently, low-weight components are particularly required for environmental, ecological
and economical aspects. Therefore, light-weight metals/alloys are frequently mentioned
and selected for many applications where low density and high strength to weight ratios are
an important consideration. Consequently, development and improvement in the field of
light-weight alloys can be seen continuously for advanced applications in automotive as
well as aerospace industries, where many applications involved about elevated temperature
are increase. One of the most important light-weight metals is aluminium and its alloys
which possess many attractive characteristics including excellent corrosion resistance in
most environments, reflectivity, high strength and stiffness to weight ratio, good
formability, weldability and recycling potential. Certainly, these advantageous properties
make them ideal candidates to replace heavier materials (steel or copper) for several
industries. Therefore, mechanical behaviour of aluminium alloys becomes more and more
important, especially under cyclic loading at room and elevated temperature due to failures
occurring in machinery components are almost entirely fatigue failures. Accordingly, cyclic
deformation behaviour of aluminium alloys was investigated and also improved by well-
known mechanical surface treatments, e.g. shot peening, deep rolling and laser shock
peening. Deep rolling is one of the most well-known mechanical surface treatment methods
and exhibits a great depth of near-surface work hardening state and compressive residual
stresses serving to inhibit or retard fatigue crack initiation as well as crack growth (Scholtes,
1997; Wagner, 1999; Schulze 2005). However, the outstanding benefits of the deep rolling
treatment are insecure under high-loading and/or elevated temperature conditions due to
occurring relaxation of near-surface macroscopic compressive residual stresses as well as
work hardening states. In this case, a detrimental effect on the fatigue lifetime can be
expected, particularly in smooth, soft and mechanically surface treated materials, such as
deep rolled aluminium alloys because their fatigue lifetime depends significantly on the
stability of near-surface compressive residual stresses as well as work hardening states
(Altenberger, 2003). Therefore, the main purpose of this research is to investigate
systematically the cyclic deformation behavior of the deep rolled aluminium alloys at room
and elevated temperature. Wrought aluminium alloys AA5083 and AA6110 were selected
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and investigated in this research representing typical non-precipitation-hardenable and
precipitation-hardenable aluminium alloys, respectively. The precipitation-hardened
aluminium wrought alloy AA6110 (Al-Mg-Si-Cu) was heat treated to the as quenched,
under-, peak- and over-aged conditions. The cyclic deformation as well as fatigue behavior
have been investigated systematically at room and elevated temperature. The effects of
static/dynamic precipitation occurring during fatigue at elevated temperatures was
analyzed and discussed by means of the cyclic deformation and s/n curves. To optimize the
fatigue behavior and performance, deep rolling was performed a room temperature.
Residual stresses and work hardening states near the surface of the deep rolled condition
were characterized by X-ray diffraction methods. Depth profiles of residual stresses, full
width at half maximum (FWHM) values of the X-ray diffraction peaks and microhardness
near the surface of the deep rolled conditions are presented. The cyclic deformation
behavior and s/n curves of deep rolled specimens have been investigated by stress-
controlled fatigue tests at room and elevated temperatures up to 250 °C and compared to the
non deep rolled condition as a reference. The effect of deep rolling on the fatigue lifetime
and residual stresses under high-loading and/or elevated-temperature conditions will be
discussed.

2. Materials and experimental procedure

The aluminium wrought alloy AA5083 was delivered as warm rolled sheet with a
thickness of 15 mm. The chemical composition of this alloy is 0.4% Si, 0.4% Fe, 0.1% Cu,
0.4-1% Mn, 4.5% Mg, 0.05-0.25% Cr, 0.25% Zn, 0.15% Ti and Al balance (all values in
wt%). The aluminium wrought alloy AA6110 was delivered as extruded bars with a
diameter of 34 mm. The chemical composition of this alloy is 0.86 Si, 0.19 Fe, 0.45 Cu, 0.46
Mn, 0.78 Mg, 0.17 Cr, 0.02 Zn, 0.01 Ti and Al balance (all values in wt%). Aluminium alloy
AA6110 specimens were solution heat treated in an argon atmosphere furnace at 525 °C
for 30 minutes followed by water quenching to room temperature. Quenched specimens
were aged immediately at 160 °C for 1, 12 and 168 hours (1 week), which will be
designated as under-, peak- and over-aged, respectively in the following discussion.
Important mechanical properties of investigated aluminium alloys are given in table 1.
Cylindrical specimens with a diameter of 7 mm and a gauge length of 15 mm were
prepared. The loading direction during fatigue investigations corresponds to the
extrusion direction of the bar or sheet. For deep rolling, a hydraulic rolling device with a
6.6 mm spherical rolling element and a pressure of 100 bar (80 bar for the as-quenched
condition) was applied at room temperature. Tension-compression fatigue tests were
conducted with a servohydaulical testing device under stress control without mean stress
(R = -1) and with a test frequency of 5 Hz. Strain was measured using capacitative
extensometers. Residual stress depth profiles were determined by successive electrolytical
material removal using the classical sin?¥-method with Cu-Ka radiation at the {333}-
planes and %2 s = 19.77x10-> mm2/N as elastic constant. Near-surface work hardening was
characterized by the full width at half maximum (FWHM) values of the X-ray diffraction
peaks and by microhardness measurements. All residual stresses and FWHM-values were
measured in longitudinal direction of the specimens. No stress correction was carried out
after electrolytical material removal of surface layers.
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Aceine parameter Hardness 002 UuTs Elongation
§ems p [HV] [MPa] [MPa] [%]
AA5083 - 90 185 295 19
as-quenched ~
AAG110 84 155 302 33
under-aged 160 °C, 1 hour 125 292 400 28
AA6110 s hou
peak-aged o
AA6110 160 °C, 12 hours 139 425 455 22
over-aged o
AAG6110 160 °C, 168 hours 120 393 413 24

Table 1. Some mechanical properties of aluminium alloys AA5083 and AA6110

3. Cyclic deformation behaviour at room temperature

The fatigue lifetimes at room temperature of aluminium alloys AA5083 and AA6110 in
different ageing treatments are shown as non-statistically evaluated s/n-curves in Fig. 1. Due
to quite similar hardnesses of the under-, peak- and over-aged conditions, no significant
differences in fatigue lifetime between under-, peak- and over-aged AA6110 at room
temperature are seen. Obviously, for these investigations of AA6110, if the hardness is
significantly lower as in the as-quenched condition, fatigue lifetimes are lower when
compared with aged conditions in low cycle fatigue regime. Although fatigue lifetime of the
under-, peak- and over-aged conditions show no significant differences, their cyclic
deformation behaviour was distinctly different because of the different size and structure of
precipitates within the matrix. Cyclic deformation behaviour of aluminium alloys is
associated by dislocation-precipitation and/or dislocation-dislocation interaction during
cyclic deformation (Srivatsan & Coyne, 1986; Srivatsan, 1991). The AA5083 and as-quenched
AA6110 contain mainly solute atoms (no effective precipitates are assumed). Consequently,
cyclic hardening indicating increasing dislocation densities and dislocation-dislocation
interaction during cyclic deformation was observed at room temperature as shown in Fig. 2.
The under-aged AA6110 exhibited also cyclic hardening during fatigue tests at room
temperature. It can be mentioned that dislocation densities increased and dislocation-
dislocation interactions occurred in the under-aged AA6110, although precipitates p” in the
under-aged AA6110 could be expected. However, these precipitates in the under-aged
AA6110 were possibly so small and not fully effective. Consequently, for impeding
dislocation movement, dislocations could still move easier through the precipitates as well
as strain fields induced by remained solute atoms or atomic clusters and then dislocation-
dislocation interactions occurred during cyclic deformation. On the other hand, if the major
precipitates B in AA6110 alloy are ordered, coherent, semi-coherent and effective within
the aluminium matrix, the to-and-fro motion of dislocations during cyclic deformation
through the ordered precipitates causes a mechanical local disordering or scrambling of the
atoms in the precipitates. The structure of the precipitates becomes disordered and
degraded. The hardening due to ordering is lost, therefore cyclic softening is observed in the
peak- and over-aged AA6110 as depicted in Fig. 3. The analogous cyclic hardening as well
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as cyclic softening mechanism of precipitation-hardened aluminium alloys was also
reported in (Srivatsan & Coyne, 1986; Srivatsan, 1991). In general, the stress amplitude does
not strongly affect the shape of the cyclic deformation curve, i.e. the AA5083, as-quenched
and under-aged AA6110 exhibit still cyclic hardening and the peak- and over-aged AA6110
show cyclic softening. However, an increase of plastic strain amplitudes during fatigue tests
at room temperature was measured with increasing stress amplitude, consequently, fatigue
lifetimes decreased taking into account the Coffin-Manson law (Manson, 1966; Coffin, 1954).

400
m  AA5083
@ as-quenched AA6110
3504 A under-aged AA6110
T Vv peak-aged AA6110
% ¢ over-aged AA6110
@ 3001
©
2
g
E 250
[]
%]
o
@ 200 v
150 T T
108 104 108 108

number of cycles to failure

Fig. 1. Non-statistically evaluated s/n-curves of AA5083 and differently aged AA6110 at
room temperature
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Fig. 2. Cyclic deformation curves of AA5083 and as-quenched AA6110 at an applied stress
amplitude of 175 and 225 MPa, respectively

4. Cyclic deformation behaviour at elevated temperature

Fatigue lifetimes of the AA5083 and AA6110 usually decreased with increasing test
temperature due to an increase of plastic strain amplitudes of cyclic deformation curves
with increasing test temperature (at the same stress amplitude). It could be attributed to
easy glide, climb and cross slip of edge and screw dislocations at elevated temperatures.
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Non-statistically evaluated s/n-curves of peak-aged AA6110 at elevated temperatures are
presented in Fig. 4 as an example. As expected, an increasing test temperature shifts s/n-
curves to lower fatigue strength as well as lifetime. The fatigue lifetime of the peak-aged
condition at room temperature at an applied stress amplitude of 250 MPa is about 42,500
cycles, whereas for the same applied stress amplitude at a temperature of 250 °C, it is
reduced to only roughly 5,500 cycles. Normally, fatigue lifetimes decrease with increasing
temperature, however during fatigue tests in the temperature range 100-200 °C the
static/dynamic precipitation occurs and affects more or less the fatigue lifetimes of the as-
quenched AA6110 as shown in Fig. 5. The fatigue lifetime at room temperature of the as-
quenched condition for an applied stress amplitude of 225 MPa is about 30,000 cycles,
whereas at a test temperature of 100 °C for the same applied stress amplitude, the fatigue
lifetime increases to approximately 50,000 cycles. But for a test temperature of 250 °C, lower
fatigue lifetimes of approximately 12,000 cycles were measured. Therefore, the fatigue

1.2

—A— under-aged AA6110, o, =275 MPa
—V— peak-aged AA6110, 5, = 400 MPa
—&— over-aged AA6110, o, = 350 MPay
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0.6 1
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0.2 1

plastic strain amplitude [o/00]

number of cycles

Fig. 3. Cyclic deformation curves of under-, peak- and over-aged AA6110 at an applied
stress amplitude of 275, 400 and 350 MPa, respectively
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Fig. 4. Non-statistically evaluated s/n-curves of peak-aged AA6110 for different test
temperatures
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Fig. 5. Non-statistically evaluated s/n-curves of as-quenched AA6110 for different test
temperatures
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Fig. 6. Temperature dependence of stress amplitudes in a bi-logarithmic scale of (a) as-
quenched and (b) peak-aged AA6110

behavior at elevated temperature of the as-quenched and peak-aged AA6110 is meaningful
and ought to be analyzed in more details. For elevated temperature, if log-log scales and
Kelvin temperature are used, the Basquin equation can be generalized to the following form
(Kohout, 2000).

o, =a*NiT* 1)

where a* is a materials constant which differs from the constant a in equation (1), c is also a
materials constant, named the temperature sensitivity parameter and can be defined by the
equation.

ologo,
= el

=const.

= DloeT
Og Nf
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From equation (2), the temperature dependence of stress amplitude was plotted in a bi-
logarithmic scale for a given number of cycles to failure (3 x 103, 104, 3 x 104, 105 and 3 x 105)
of the as-quenched AA6110 in Fig. 6a. Stress amplitudes for given numbers of cycles
increase at a test temperature of 100 °C and then slightly decrease with increasing test
temperature up to approximately 200 °C. It can be attributed to the effect of static/dynamic
precipitates on the fatigue lifetimes of the as-quenched AA6110 at elevated temperatures.
Consequently, a materials constant c of the polished as-quenched AA6110 for fatigue tests at
elevated temperatures can not be determined using equation (2). On the other hand, for the
peak- and over-aged AA6110, two important aspects were detected: firstly, the experimental
results can be fitted by equation (2) for test temperatures lower than about 160-200 °C;
secondly, the decrease in stress amplitude as well as fatigue strength at temperatures of 200
and particularly 250 °C (see Fig. 6b) indicates that creep probably begins to play a dominant
role at these temperatures. Cyclic creep can be described by monitoring positive mean
strains during stress-controlled fatigue test. Therefore, mean strains during fatigue tests
were measured and plotted for different test temperatures in Fig. 7 which depicts values of
mean strains during fatigue tests of the peak-aged AA6110 at an applied stress amplitude of
300 MPa for different test temperatures as an example. Clearly, for test temperatures less
than 160 °C, no significant mean strains during fatigue tests of the polished peak-aged
AA6110 were observed. Whereas at a test temperature of 200 °C at a similar applied stress
amplitude of 300 MPa, positive mean strains were measured during fatigue test. Moreover,
these mean strains became more and more pronounced with increasing number of cycles.
Elevated temperature affects not only on the fatigue lifetime, but also on the cyclic
deformation curves of aluminium alloy AA6110. The as-quenched AA6110 exhibits cyclic
hardening during fatigue tests at elevated temperature up to 250 °C at a number of cycles to
failure of about 10,000 cycles (duration about 1 hour). It can be probably said that the
static/ dynamic precipitates of the as-quenched AA6110 were not fully effective during this
investigation in spite of a relatively high temperature of 250 °C (but relatively short
investigated period). Thus, dislocations could still move easier through the precipitates as
well as strain fields induced by remaining solute atoms or clusters and then dislocation-
dislocation interactions occurred during cyclic deformation. Cyclic deformation curves of

30

peak-aged AA6110, ——T=20°C
o, = 300 MPa —-T=160°C
254 —A—T=200°C

mean strain [0/00]

100 10" 102 108 104
number of cycles

Fig. 7. Mean strains during fatigue tests of peak-aged AA6110 at a stress amplitude of 300
MPa for different test temperatures
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Fig. 8. Cyclic deformation curves of under-aged AA6110 at a stress amplitude of 250 MPa
for test temperatures of 160 and 250 °C

the under-aged condition during fatigue tests at elevated temperature up to 200 °C show
also a similar behavior. However, a change of cyclic deformation curve of the under-aged
AA6110 from cyclic hardening at test temperatures less than 200 °C to cyclic softening at a
test temperature of 250 °C was observed as shown in Fig. 8. It possibly indicates that during
fatigue tests at a test temperature of 250 °C, precipitates of the under-aged AA6110 were
altered to be more effective in size and coherent as well as semi-coherent within the
aluminium matrix. Then, during cyclic deformation, dislocations moved to-and-fro through
the coherent/semi-coherent precipitates causing a mechanical local disordering or
scrambling of the atoms in the precipitates. The structure of the precipitates became
disordered and degraded. The hardening due to ordering was lost, and consequently cyclic
softening was observed for this situation. For the peak- and over-aged AA6110, cyclic
softening still occurred during fatigue tests at test temperatures up to 250 °C and their
plastic strain amplitudes during fatigue tests increased with increasing test temperature.

5. Effects of deep rolling on cyclic deformation behaviour

Important affecting factors on the cyclic deformation behaviour of the aluminium alloys
AA5083 and AA6110 have been considered and discussed, e.g. influence of precipitation,
stress amplitude and temperature. However, for the deep rolled condition, additional
factors as surface smoothening, near-surface compressive residual stresses, work hardening
states and increased hardness values (see in Figs. 9-10 as examples) induced by deep rolling
affect significantly the cyclic deformation behaviour. These beneficial effects of the deep
rolling treatment enhance the fatigue lifetime of aluminium alloys due to they serve to
inhibit or retard fatigue crack initiation as well as fatigue crack growth (Scholtes, 1997;
Wagner, 1999; Schulze 2005). Lower plastic strain amplitude of the deep rolled condition
was normally observed during fatigue tests at a given temperature (see in Fig. 11 as an
example). Hence, a fatigue lifetime enhancement should be expected taking into account the
Coffin-Manson law. Non-statistically evaluated s/n-curves of deep rolled AA5083 and
AAG6110 at room temperature are presented in Fig. 12. At elevated temperature, the fatigue
lifetimes as well as strengths of the deep rolled AA5083 and differently aged AA6110
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Fig. 9. Near surface hardness values of the deep rolled as-quenched and peak-aged AA6110
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Fig. 13. Non-statistically evaluated s/n-curves of deep rolled peak-aged AA6110 for
different test temperatures

decreased undoubtedly under cyclic loading as shown an example in Fig. 13 depicting non-
statistically evaluated s/n curves of deep rolled peak-aged AA6110 for different test
temperatures. It indicates that the fatigue lifetimes of the deep rolled aluminium alloys
depend strongly on the state of near surface compressive residual stresses and work
hardening. At elevated temperature, dislocations can glide, climb as well as cross slip easier
including high diffusion rates at elevated temperature. Consequently, residual stress
relaxation is more and more pronounced for this loading situation. Moreover, a more
complicated situation can be expected for the deep rolled as-quenched and under-aged
AA6110, where occurring static/dynamic precipitation and residual stress relaxation took
place simultaneously during elevated temperature fatigue tests. The competition between
occurring static/dynamic precipitates which can enhance the fatigue life and residual stress
relaxation phenomena which normally deteriorate the fatigue lifetime of the deep rolled
condition should be analyzed and discussed. Equation (2) was used again to analyze the
temperature sensitivity parameter, c. The temperature dependence of stress amplitude was
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plotted in a bi-logarithmic scale for a given number of cycles to failure of the deep rolled as-
quenched and peak aged AA6110 as presented in Figs. 14a and 14b. The materials constants
c of the deep rolled as-quenched AA6110 of -0.22 was detected although static/dynamic
precipitation occurred during fatigue tests at elevated temperatures. For the deep rolled
peak-aged AA6110 (see Fig 14b), the materials constant ¢ (c = -0.50) can be determined. It
indicates that the fatigue lifetimes of the deep rolled condition are dominated by the effects
of the residual stress relaxation and not by the effects of static/dynamic precipitation for the
deep rolled as-quenched AA6110. As compared to the non deep rolled condition, fatigue
lifetime enhancement through deep rolling was observed certainly but only for all low and
intermediate applied stress amplitudes for given test temperatures. It is possible that near-
surface compressive residual stresses as well as work hardening states relax significantly
under relatively high loading and/or elevated temperature (Lohe & Vohringer, 2002).
Consequently, deep rolling becomes probably ineffective under severe loading conditions.
To simplify this state, s/n-curves at test temperatures of 20 and 160 °C of the non deep rolled
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Fig. 14. Temperature dependence of stress amplitudes in a bi-logarithmic scale of deep
rolled (a) as-quenched and (b) peak-aged AA6110
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Fig. 16. Effective boundary lines of deep rolling treatment of (a) AA5083, (b) differently aged
AA6110 plots as a function of stress amplitude and test temperature

and deep rolled peak-aged AA6110 were plotted in one diagram as an example in Fig. 15.
For AA5083 and other differently aged AA6110, analogous diagrams were found also.
Relaxation of residual stresses as well as work hardening states during cyclic loading at
room and elevated temperatures may be a cause for the different effectiveness of deep
rolling. From Fig. 15, intersection points between s/n-curves of the non deep rolled and
deep rolled conditions for each test temperatures can be seen. Therefore, all intersection
points were summarized and plotted in stress amplitude-temperature diagrams for AA5083
and different aged AA6110 as shown in Figs 16a and b.

6. Residual stress stability

Hitherto, it can be mentioned that too high stress amplitudes and temperatures are certainly
the main detrimental effects on the fatigue lifetime of deep rolled aluminium alloys. This
implies that at certain (very high) stress amplitude for a given (very high) test temperature,
deep rolling becomes ineffective due to the near surface residual stresses and work
hardening states were relaxed as well as unstable. Fatigue lifetimes of the non- and deep
rolled conditions were plotted and compared in one diagram to illustrate the effectiveness of
the deep rolling as shown in Fig. 17. Residual stresses and work hardening states (FWHM-
values) were measured during fatigue tests. Several test conditions which were located both
in the regions where deep rolling is effective and ineffective (see Figs. 16a and b) were
investigated as shown in table 2. It was seen obviously that the fatigue lifetimes of the deep
rolled conditions which deep rolling is ineffective were not improved as compared to the
non deep rolled condition. The stability as well as instability of compressive residual
stresses and work hardening states can be seen clearly when their values before and after
fatigue tests were plotted in one diagram in Figs. 18a and b. From Figs 17, 18a and b, a
correlation between the effectiveness of deep rolling and the stability of compressive
residual stresses as well as work hardening states is obvious. The deep rolling treatment can
enhance the fatigue lifetime of aluminium alloys although residual stresses relaxed
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significantly up to about 70% (see Figs. 17 and 18a). On the other hand, the effectiveness of
deep rolling depends strongly on the stability of near-surface work hardening represented
by the FWHM-value. If FWHM-values decrease more than about 5%, deep rolling becomes
ineffective (see Figs. 17 and 18b). Therefore, it can be concluded that the near-surface work
hardening state is the major factor influencing the fatigue lifetime of the deep rolled
aluminium alloys. Deep rolling can enhance the fatigue lifetime of aluminium alloys
AA5083 and differently aged AA6110 through the stability of work hardening states. A
possible explanation for this behaviour is that the fatigue damage is primarily crack
initiation and thus work hardening controlled for deep rolled aluminium alloys.

Number Alloy Condition | Test temperature (°C) | 0. (MPa) Cycles
1 AA5083 as received 20 205 100,000%*
2% AA5083 as received 20 240 2,500%*
3 AA6110 | as-quenched 160 150 1,000
4* AA6110 | as-quenched 160 250 1,000
5 AA6110 | under-aged 20 250 175,000%*
6 AA6110 | under-aged 20 350 3,000**
7* AA6110 | under-aged 20 400 400**

8 AA6110 under-aged 200 175 1,000
9* AA6110 | under-aged 200 300 1,000
10 AA6110 peak-aged 20 250 150,000%*
11 AA6110 peak-aged 20 300 20,000**
12 AA6110 peak-aged 20 350 3,500%*
13* AA6110 peak-aged 20 400 250**
14 AA6110 peak-aged 160 200 1,000
15 AA6110 peak-aged 160 300 1,000
16* AA6110 peak-aged 200 300 100
17 AA6110 over-aged 20 250 50,000%*
18* AA6110 over-aged 20 350 1,000%*
19 AA6110 over-aged 160 200 1,000
20% AA6110 over-aged 160 290 1,000

* deep rolling is ineffective, ** at half the number of cycles to failure

Table 2. Test conditions for residual stress and work hardening stability and effectiveness of
deep rolling treatment investigations
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8. Conclusion

The cyclic deformation behavior of aluminium alloys AA5083 and differently aged AA6110
at room and elevated temperature under stress control has been successfully investigated
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and discussed. The effects of deep rolling on cyclic deformation behavior has been

systematically studied and clarified both at room and elevated temperatures as compared to

the non deep rolled condition as a reference. Residual stress as well as work hardening
stability has been investigated. From this research, the conclusions can be addressed as
presented below

1. Fatigue lifetimes of the non- and deep rolled conditions depend strongly on stress
amplitude and temperature. Their fatigue lives decrease with increasing stress
amplitude and/or temperature. An exception was found for the as-quenched AA6110,
where a slight increase of fatigue life at a test temperature of 100°C was observed due to
occurring static/ dynamic precipitation during investigations.

2. The cyclic deformation behaviour of aluminium alloys AA5083 and AA6110 are
governed by dislocation-dislocation and/or dislocation-precipitation interactions
during cyclic loading. Aluminium alloys AA5083, as-quenched and under-aged
AA6110 exhibit cyclic hardening due to increasing dislocation and dislocation-
dislocation interactions during cyclic loading, whereas peak- and over-aged AA6110
show cyclic softening due to the to-and-fro motion of dislocations through the ordered
precipitates during cyclic deformation causing a mechanical local disordering or
scrambling of the atoms in the precipitates, leading to a loss of hardening (Srivatsan &
Coyne, 1986; Srivatsan, 1991).

3. Deep rolling enhances fatigue lifetimes of aluminium alloys AA5083 and differently
aged AA6110 efficiently at applied stress amplitudes below a threshold stress
amplitude at a given temperature where the near-surface work hardening states are
unaltered and remain essentially constant, whereas compressive residual stress relax
substantially during fatigue loading. On the other hand, above a threshold stress
amplitude at a given temperature, deep rolling has no beneficial effect on the fatigue
behavior of AA5083 and AA6110. This is a consequence of unstable near-surface work
hardening states.
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Summary on Uniaxial Ratchetting of
6061-T6 Aluminium Alloy

Guozheng Kang, Jun Ding and Yujie Liu
Department of Applied Mechanics and Engineering, Southwest Jinotong University
China

1. Introduction

Aluminium alloys are currently being used as major structure components in automobiles,
high-speed railway vehicles and aircrafts, which are often subjected to a cyclic loading. It is
necessary to predict their cyclic responses as accurately as possible by constructing new
constitutive models before the strength, fatigue life and safety of structure components can
be assessed reasonably. During asymmetrical stress-controlled cyclic loading, a cyclic
accumulation of inelastic deformation, i.e., ratchetting will occur in the materials. The
ratchetting is an important factor which should be carefully considered in the assessment of
fatigue failure and safety of structures, and has been extensively studied for three decades
by many researchers as reviewed by Ohno (1990; 1997), Bari and Hassan (2002), Kang (2008),
and Chaboche (2008). The existing work shows that the cyclic softening/hardening feature
of materials, and the loading level, history, path, rate, and waveform, as well as ambient
temperature have great effect on the ratchetting behaviour of materials. Based on the
experimental observations, some phenomenological cyclic elasto-plastic and viscoplastic
constitutive models have been constructed to describe the uniaxial and multiaxial
ratchetting of metal materials. The established models are mainly obtained by extending the
nonlinear kinematic hardening rules originally developed by Armstrong and Frederick
(1966) and revised by Chaboche (1991), Ohno and Wang (1993a; 1993b), Jiang and Sehitoglu
(1996), Abdel-Karim and Ohno (2000), Kang et al (2003), Chen and Jiao (2004), Kan et al
(2007), and Kang et al (2009) and so on. However, most of the researches concerned the
ratchetting behaviours of stainless steels and other carbon steels. A few papers addressed
the ratchetting behaviours of aluminium and its alloys, e.g., the papers published by Chen
and Abel (1996), Yang et al (1998), Hu et al (1999), and Ding et al (2008) for 2014-T6, pure
aluminium, 7050-17451, and LY12-CZ aluminium alloys, respectively. Such results show
that the ratchetting behaviours of aluminium alloys also differ greatly from different types
of the alloys. Recently, the authors have also accomplished some experimental and
theoretical researches for the uniaxial time-dependent ratchetting behaviour of 6061-T6 alloy
at room and high temperatures, and its ratchetting-fatigue interaction (Ding et al, 2007;
Kang et al, 2008; Ding et al, 2010) and obtained some significant conclusions which are very
useful to realize the ratchetting behaviours of aluminium alloys and predict them accurately
in the future work.

Therefore, in this Chapter, some experimental and theoretical results about the uniaxial
ratchetting and ratchetting-fatigue interaction of 6061-T6 aluminium alloy are provided to
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demonstrate our attempt to launch more comprehensive research about the ratchetting
behaviour of aluminium alloys in the future. Based on the detailed tests, the dependences of
uniaxial ratchetting of the alloy on the stress level, stress rate, peak stress hold and ambient
temperature are investigated, and then a new cyclic constitutive model is proposed to
describe the ratchetting of aluminium alloy reasonably. In the proposed model, a new
kinematic hardening rule is employed to represent the time-dependence of ratchetting
behaviour of aluminium alloy at room and high temperatures.

2. Experimental procedure

As-received 6061-T6 aluminium alloy is used as the experimental material in our researches,
as discussed in Ding et al (2007), Kang et al (2008), and Ding et al (2010). The chemical
composition of the alloy in mass percentage is: Cu, 0.15-0.40%; Si, 0.4-0.8%; Fe, 0.7%; Mn,
0.15%; Mg, 0.8-1.2%; Zn, 0.25%; Cr, 0.04-0.35%; Ti, 0.15%; Al, remained. Cylindrical
specimens are manufactured directly from the as-received 6061-T6 bars. The specimens for
the tests at room temperature have gauge length of 10 mm and cross-section diameter of 6
mm; while those for the tests at high temperature have gauge length of 30 mm and cross-
section diameter of 6 mm. All the tests are performed in MTS-809-25kN machine with a
temperature controlling system of MTS653. The experimental procedure and data are
controlled and collected by TestStar system attached to the test machine, respectively. The
specimens are investigated under the uniaxial strain- and stress-controlled cyclic loading
tests (simplified as uniaxial cyclic straining and stressing, respectively) at the strain rate of
2x103-s1 and stress rate of 100 MPa's, respectively, except for the cases specified. The tests
are performed at room temperature and 150°C. In some cases, the specimens are tested till
the fracture occurs, in order to investigate the ratchetting-fatigue interaction of the alloy. To
demonstrate the ratchetting behaviour of 6061-T6 aluminium alloy more clearly, the curves
of ratchetting strain vs number of cycles are illustrated in the figures in the next section,
based on the following definition of uniaxial ratchetting strain &:

&= (Smax""smin)/ 2 (1)

Where emax and emin are the maximum and minimum axial strains measured after each cycle,
respectively.

3. Experimental results

3.1 Uniaxial time-dependent ratchetting behaviour

At first, 6061-T6 aluminium alloy is tested under monotonic tension and uniaxial strain-
controlled cyclic loading to realize some basic performances of the alloy and determine the
loading conditions for the uniaxial ratchetting tests discussed in the next section. Fig. 1
shows the results of monotonic tension obtained at different strain rates and at room
temperature and 150°C. It is seen from Fig. 1 that the alloy presents apparent rate-dependent
deformation during the monotonic tension, and the tensile stress-strain curve of the alloy is
higher at faster strain rate. However, the degrees of rate-dependence for the alloy at room
temperature and 150°C are almost the same, which can be concluded by comparing the
results shown in Fig. 1a and Fig. 1b.

Fig. 2 gives the results of responded stress amplitude evolving with increasing number of
cycles under the uniaxial cyclic straining with applied strain amplitude of 0.6% and with or
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without peak/valley strain hold. And Fig. 3 shows the results in the cyclic straining with
only peak strain hold and at 150°C, where the applied strain amplitude is also 0.6%.
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Fig. 1. Tensile stress-strain curves of the alloy at different strain rates: (a) at room
temperature; (b) at 150°C. (Originally from Ding et al. (2007))
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Fig. 2. Curves of responded stress amplitude vs number of cycles for the alloy during the

cyclic straining with or without peak/valley strain hold: (a) at room temperature; (b) at
150°C. (Originally from Ding et al. (2007))
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Fig. 3. Curves of responded stress amplitude vs number of cycles for the alloy during the
cyclic straining with only peak strain hold and at 150°C. (Originally from Ding et al. (2007))
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It is shown that the as-received 6061-T6 aluminium alloy presents apparent cyclic softening
feature at room temperature and 150°C, and the responded stress amplitude continuously
decreases with the increasing number of cycles. Also, the cyclic softening behaviour of the
alloy is time-dependent, and the curves of responded stress amplitude vs number of cycles
without any peak/valley strain hold are higher than those with certain peak/valley strain
hold, as shown in Fig. 2a and 2b. Moreover, the responded stress amplitude of the alloy during
the cyclic straining with only peak strain hold is also higher than that with peak/valley strain
hold, as shown in Fig. 3. The decreased responded stress amplitude during the cyclic straining
with peak/valley strain hold is caused by the stress relaxation occurred in the peak and/or
valley strain hold due to the viscosity of the alloy. It should be noted from Fig. 2 that during
the strain-controlled cyclic loading, the time-dependent cyclic softening feature of the alloy is
more remarkable at 150°C than that at room temperature, which is different from the rate-
dependent feature presented in the monotonic tensions with different strain rates. It implies
that the viscosity of the alloy is more remarkable at 150°C than at room temperature.

Then the alloy is tested under the uniaxial asymmetrical stress-controlled cyclic loading
with different applied stresses and at constant stress rate. The uniaxial ratchetting of 6061-T6
aluminium alloy and its dependence on the applied stress level and loading history are
observed at room temperature and 150°C. The results are shown in Fig. 4 to Fig. 6.

It is concluded from the figures that: (1) Ratchetting occurs progressively in the alloy during
the asymmetrical uniaxial cyclic stressing at room temperature and 150°C. The ratchetting
strain increases with the increasing number of cycles, but the ratchetting strain rate (e.g., the
increment of ratchetting strain after each cycle) decreases gradually during the cyclic
stressing, as shown Fig. 4 and Fig. 5. It should be noted that the exception illustrated in Fig.
5 and occurred in the loading case of 30+300MPa (i.e., the applied mean stress is 30 MPa,
and stress amplitude is 300 MPa), i.e., the increasing ratchetting strain rate after 60 cycles is
mainly caused by the fluctuation of temperature during the test at 150°C. (2) The ratchetting
of the alloy depends on the applied stress level, and the ratchetting strain increases with the
increasing mean stress and stress amplitude. The evolution of ratchetting behaviour of the
alloy at room temperature is similar to that at 150°C, as shown Fig. 4 and Fig. 5. (3) The
ratchetting of the alloy also depends on the loading history, and the previous cyclic stressing
with higher stress level can restrain the occurrence of ratchetting in the alloy in the sequent
cyclic stressing with lower stress level, as shown in Fig. 6 for the multi-stepped cyclic
loading of 20+340MPa (200c) — 30+340MPa (200c) — 20+340MPa (100c). (4) After certain
cycles, a stable evolution of ratchetting with a constant ratchetting strain rate is reached due to
the cyclic softening feature of 6061-T6 aluminium alloy and no shakedown of ratchetting
occurs. This is different from that of stainless steels commented by Kang (2008), where a quasi-
shakedown of ratchetting occurs due to the cyclic hardening feature of stainless steels.

Finally, the alloy is tested under the uniaxial asymmetrical stress-controlled cyclic loading at
different stress rates and with or without peak stress hold, respectively. The uniaxial time-
dependent ratchetting of 6061-T6 aluminium alloy is observed at room temperature (loading
case of 30£340MPa) and 150°C (loading case of 30+300MPa). The results are shown in Fig. 7
and Fig. 8. It is concluded from the figures that the ratchetting of the alloy presents apparent
time-dependence. The values of ratchetting strain produced during the cyclic stressing at
lower stress rate and with certain peak stress hold are much larger than those at higher
stress rate and without peak stress hold, respectively, both at room temperature and 150°C.
Furthermore, the ratchetting strain increases remarkably with the increasing hold time at
peak stress point.
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Fig. 7. Time-dependent ratchetting of the alloy at room temperature (30£340MPa): (a) at two
stress rates; (b) with or without peak stress hold. (Originally from Ding et al. (2007))
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Fig. 8. Time-dependent ratchetting of the alloy at 150°C (30+300MPa): (a) at two stress rates;
(b) with or without peak stress hold. (Originally from Ding et al. (2007))

Similar to that of SS304 stainless steel observed by Kang et al. (2006), the time-dependent
ratchetting of 6061-T6 aluminium alloy is also caused by the viscosity of the alloy, and the
creep deformation occurred during the peak stress hold and the cyclic stressing at lower
stress rate results in the increase of total ratchetting strain, which should be reasonably
considered when the time-dependent ratchetting is theoretically modelled.

3.2 Ratchetting-fatigue interaction
In the former subsection, only the ratchetting behaviour of 6061-T6 aluminium alloy is

discussed within relatively fewer numbers of cycles, i.e., fewer than 200 cycles. The effect of
fatigue damage on the cyclic responses of the alloy has not been involved. In this subsection,
the whole-life ratchetting of the alloy is investigated by the cyclic stressing tests till the
fracture of the alloy occurs, in order to reveal the ratchetting-fatigue interaction of the alloy
at room temperature.

At first, the whole-life ratchetting of the alloy is investigated by the tests with various stress
levels (where, the mean stress is 20MPa, and the stress amplitudes are 320, 325 and 330MPa,
respectively; the stress rate is 200MPa's!). The results obtained at room temperature are

shown in Fig. 9.
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Fig. 9. Whole-life ratchetting of the alloy at room temperature: (a) curves of ratchetting
strain vs number of cycles with various stress amplitudes; (b) hysteresis loops obtained in
the stress cycling with 20+320MPa. (Originally from Kang et al. (2008))

It is concluded from Fig. 9 that the whole-life ratchetting evolution of 6061-T6 aluminium
alloy during uniaxial cyclic stressing can be divided into three stages with respect to the
variation of ratchetting strain rate, i.e., the first stage with decreasing ratchetting strain rate,
second stage with an almost constant ratchetting strain rate and the third stage with quickly
increasing ratchetting strain rate, as shown in Fig. 9a. Very large ratchetting strain is caused
in the alloy by the stress cycling with non-zero mean stress after certain cycles, even if the
initial ratchetting strain produced in the first beginning of cyclic loading is very small since
the applied maximum stress is very close to the yielding strength of the alloy (i.e., about
350MPa). The re-acceleration of ratchetting deformation in the third stage of ratchetting
evolution is mainly caused by the apparent fatigue damage after certain cycles and the cyclic
softening feature of the alloy. It is also concluded that the increase of stress amplitude
speeds up the evolution of whole-life ratchetting, the first and second stages are ended and
the third stage appears more quickly, and then the material fractures within fewer cycles. It
implies that the fatigue life also depends upon the applied stress amplitude, and is
remarkably shortened by the increase of stress amplitude; simultaneously, the fatigue
damage accelerates the evolution of ratchetting, and causes the quick occurrence of the third
stage of ratchetting evolution as shown in Fig. 9a. From Fig. 9b, it is seen that the hysteresis
loops gradually change from nearly linear type to apparent nonlinear ones and will become
fatter and fatter during the stress cycling due to the cyclic softening feature of the alloy and
the fatigue damage caused by the cyclic loading after certain number of cycles.

Secondly, the whole-life ratchetting of the alloy is observed in the tests at varied stress rate
and with or without peak and/or valley stress hold, and the time-dependent ratchetting-
fatigue interaction is discussed. The results at room temperature are shown in Fig. 10. Two
kinds of loading charts are employed in the tests: one is composed of the tension and
compression parts (simplified as T and C in Fig. 10a, respectively) at identical stress rate,
which is signed as Type I; while the other is composed of the tension and compression parts
at different stress rates, which is signed as Type II.

It is seen from Fig. 10a (loading case: 20+330MPa) that the evolution of whole-life ratchetting
at lower stress rate is faster than that at faster stress rate in the stress cycling with the Type I
loading chart, and the alloy fails within fewer cycles, even if the magnitude of final
ratchetting strain at lower stress rate is lower. In the stress cycling with the Type II loading
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Fig. 10. Time-dependent whole-life ratchetting at room temperature: (a) at different stress
rates; (b) with different hold-times at peak (/ valley) stress point. (Originally from Kang et al.

(2008))

chart, the evolution of ratchetting is much quicker for the case at lower stress rate in the
tension part than that at quicker stress rate in the tension part, which also results in a shorter
fatigue life. It is concluded that the evolution of whole-life ratchetting and fatigue life of
6061-T6 aluminium alloy depends greatly on the stress rate and its loading sequence.

The peak/valley stress hold also influences greatly the evolution of whole-life ratchetting
and fatigue life of the alloy as shown in Fig. 10b. The evolution of whole-life ratchetting is
accelerated and then the fatigue life is shortened by the peak or peak/valley stress hold,
which becomes more remarkable when the hold time is longer. It is mainly caused by the
creep strain produced during the peak stress hold. It is also shown that the fatigue life of
alloy is shorter in the stress cycling with only peak stress hold than that with peak/valley
stress hold. The reason is straightforward, since the stress at valley point is compressive.

To illustrate further the effect of creep deformation on the ratchetting-fatigue interaction, the
alloy is tested in the stress cycling interrupted by a peak stress hold after every 50 cycles at
room temperature. It is seen from Fig. 11 (loading case: 20+325MPa) that the evolution of
whole-life ratchetting is accelerated and the fatigue life is shortened greatly by such stress
hold, and both of them become more remarkable if the hold time is longer, even if the final
ratchetting strain is almost the same for the cases with hold times of 120 and 60 seconds. It
should be noted from the experimental results that the total creep strain produced at all the
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Fig. 11. Time-dependent whole-life ratchetting in interrupted stress cycling with different
hold-times. (Originally from Kang et al. (2008))
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interrupting peak stress holds is less than 1.0%.Therefore, the difference of final ratchetting
strain between the cases with or without interrupting peak stress hold is not mainly caused
by the creep strain produced during the hold. However, such small amount of creep strain
causes the great increase of ratchetting strain and decrease of fatigue life. It implies that the
additional creep is very detrimental to the fatigue life of the alloy in the stress cycling.

4. Time-dependent constitutive model

As commented by Kan et al. (2007), a good candidate for modelling the time-dependent
ratchetting of the materials is the nonlinear kinematic hardening rule with a static recovery
term. Therefore, the Kang-Kan model (Kan et al., 2007) is extended to predict the uniaxial
time-dependent ratchetting of cyclic softening materials by employing a new combined
nonlinear kinematic hardening rule (i.e., combination of the A-F model (Armstrong and
Frederick, 1966) and Ohno-Wang model II (Ohno and Wang, 1993a)) with a static recovery
term and introducing an additional nonlinear isotropic hardening rule to capture the effect
of cyclic softening feature on the ratchetting (Ding et al., 2010). The developed model (Ding
et al., 2010) is outlined in this chapter as follows

4.1 Main equations

In the framework of infinitesimal visco-plasticity, it is assumed that the total strain can be
divided additively into elastic and inelastic strains for the isothermal case. The main
equations of the proposed visco-plastic constitutive model are the same as those of the
Kang-Kan model (Kan et al., 2007) and listed as follows:

e=¢g"+¢ 2)
£=D":0 3)

-in _ E i " S—-a
“-G) g ¥
F,=155-a):(S-a)-Q (5)

Where €,¢°,e" and " are second-ordered total strain, elastic strain, inelastic strain and
inelastic strain rate tensors, respectively; D is the fourth-ordered elasticity tensor; K and n
are temperature-dependent material parameters representing the viscosity of the material at
different temperatures; S, o and Q represent deviatoric stress, back stress and isotropic
deformation resistance, respectively. Hereafter, bold capital Roman alphabet represents
fourth-ordered tensor, and other bold letters denote second-ordered tensors. The symbol
<> denotes Macaulay bracket and means that: as x<0, <x>=0; as x>0, <x>=x.

4.2 Kinematic hardening rule

The non-linear kinematic hardening rule employed in the Kang-Kan model (Kan et al., 2007)
is modified as a combination of the A-F model (Armstrong and Frederick, 1966) and Ohno-
Wang model II (Ohno and Wang, 1993a) to describe the continuously decreasing ratchetting
strain rate within certain cycles reasonably, i.e.,
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M
a=Y a® (6)
k=1

where a is total back stress tensor and is divided into M components denoted as a® (k=1,
2, ..., M). The evolution equation of each back stress component is expressed as:
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Where, ¢ and r® are temperature-dependent material parameters; () indicates the inner
(k)

product between second-ordered tensors; K :% represents the orientation of back
o

1
stress component, where a* :(%a(k) :a(k))é is the magnitude of each back stress

component; p:(gsm :¢™) is the accumulated inelastic strain rate. p® is called as

ratchetting parameter and is assumed to be identical for all the back stress components, i.e.,
u(k) =p. It is also assumed that p is a temperature-dependent material parameter and can
be determined by trial-and-error method from one of the uniaxial ratchetting results. The
static recovery term —y®(@® )P 1q® is used to represent the static recovery effect of the
alloy produced during the peak/valley stress hold. For simplicity, it is assumed that
x® =7 and B(k) =P . The parameters y and § control the degree of static recovery occurred
during the peak stress hold and are temperature-dependent.

4.3 Isotropic hardening rule
To describe the effect of cyclic softening feature on the ratchetting of the alloy, a nonlinear
isotropic hardening rule is adopted in the work, i.e., for the isothermal case

Q=v(Q,-Q)p ®

where, Q. is the saturated isotropic deformation resistance of the material presented in a
specific cyclic loading and is assumed as a constant for simplicity. In Eq. (8), if Qs.<Qo, a
decreasing isotropic deformation resistance Q is modelled, which means that the material
presents a cyclic softening feature during the cyclic loading. However, if we set that Qs.>Qo
as done in the previous work (Kan et al.,, 2007), the cyclic hardening feature of SS5304
stainless steel can be modelled by Eq. (8). Also, if Qs.=Qo, Eq. (8) represents a cyclic stable
feature, which is suitable for some materials such as U71Mn rail steel (Kang, 2004). The
parameter y controls the evolution rate of isotropic deformation resistance Q. The Qs, and y
are both temperature-dependent.

5. Simulations and discussion

5.1 Determination of material parameters
The material parameters used in the proposed constitutive model can be determined from
the experimental results as follows: (1) The material parameters ¢*) and ) are determined
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directly from the stress-plastic strain curves of monotonic tension at moderate strain rate
(e.g., 0.2%"s7) by using the method described in Kang et al. (2002). (2) The material constants
K and n are determined by fitting the monotonic tensile stress-strain curves at several strain
rates and at room or elevated temperature. (3) Qs is determined from one of uniaxial
symmetrical strain-controlled cyclic experiments with moderate strain amplitude (e.g., 0.7%)
and at moderate strain rate (e.g., 0.2%s?). (4) # and m are obtained by trial-and-error
method from one of uniaxial ratchetting results. (5) y and f are determined from the cyclic
stress-strain curves with peak/valley stress hold by trials-and-errors method at certain
temperature. Besides, M=8 is used in order to simulate the ratchetting more accurately, as
Kan et al (Kan et al., 2007) did. All the parameters used in the model are listed in Table 1.

Room temperature  M=8, Qo=260MPa, K=90MPa, n=13, 1=0.01, v=0.33, E=76GPa,
m=10, Qs,=255MPa, y=4;
€ 1=10000, £@=0083, £ =649, £ W=359.7, £ O=207, £ ©=101,
EM=508, £ ®=05,
=251, r20=25.8, r3)=4.39, r®=2.3, 5=1.68, r6)=3.94, 17)=3.92,
1®=22.66(MPa); y=7.9e-10MPa-, f=3.5.

150°C M=8 » Qu=230MPa, K=80MPa, n=10, 1=0.005, v=0.33, E=75.6GPa,

m=13, Qs,=225MPa, »=3;
S=gp66, £@=2016, £ =909, & =333, £ =147, £ ©O=74.6,
SM=325 £ ®=18.2;
r=21.78, r@= 23.84, r®=17.16, r¥h=1.11, r6)=5.07, r6)=1.93,
r0=12.08, r®=16.38(MPa); y=1.2¢-10MPa-l, }=3.

Table 1. Material parameters used in the proposed model

It should be noted that except for the parameters y and f, other parameters used in the
proposed model are determined from the experimental results obtained without any
peak/valley stress/strain hold, where the effect of static recovery term can be ignored for
simplicity.

5.2 Simulations and discussion

At first, it is seen from Fig. 12 that the monotonic tensile stress-strain responses of the alloy
at two different strain rates are simulated by the proposed model well. However, since the
static recovery term is neglected when the material parameters (except for y and p) are
determined from the monotonic tensile experiments, the simulated stress-strain responses
by the proposed model with static recovery term are somewhat lower than the experimental
ones in some cases.

Secondly, the cyclic stress-strain responses of the 6061-T6 aluminium alloy presented under
the uniaxial strain-controlled cyclic loading with or without peak and valley strain holds are
also simulated by the proposed model at two described temperatures. The results in Fig. 13
show that: (1) The cyclic softening feature is predicted reasonably by the model due to the
employment of a nonlinear isotropic hardening rule describing the cyclic softening
behaviour at two prescribed temperatures; (2) The effect of peak/valley strain holds on the
responded stress amplitude is described reasonably by the model due to its kinematic
hardening rule with a static recovery term.
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Fig. 12. Experimental and simulated results of monotonic tensile stress-strain curves of 6061-
T6 aluminium alloy at two strain rates: (a) at room temperature; (b) at 150°C. (Originally
from Ding et al. (2010))
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Fig. 13. Experimental and simulated results of responded stress amplitude vs. number of
cycles for 6061-T6 aluminium alloy in the uniaxial symmetrical strain-controlled cyclic
loading with strain amplitude of 0.6% and varied hold-time at peak and valley strains: (a) at
room temperature; (b) at 150°C. (Originally from Ding et al. (2010))

Finally, the time-dependent ratchetting of 6061-T6 aluminium alloy is simulated by the
proposed model, and the simulated results for different loading cases are shown in Fig. 14 to
Fig. 17.

It is concluded from the figures that: (1) The effects of applied mean stress and stress
amplitude on the uniaxial ratchetting of the alloy are reasonably described by the proposed
model at room temperature and 150°C, as shown in Fig. 14 and Fig. 15. (2) The time-
dependent ratchetting behaviours of the alloy presented at different stress rates and with or
without peak stress holds are well predicted by the proposed model as shown in Fig. 16 and
Fig. 17, due to the addition of the static recovery term into the nonlinear kinematic
hardening rule.
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Fig. 14. Experimental and simulated results of uniaxial ratcheting for 6061-T6 aluminium
alloy at room temperature (stress rate 100MPa's): (a) with different mean stresses; (b) with
different stress amplitudes. (Originally from Ding et al. (2010))
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Fig. 15. Experimental and simulated results of uniaxial ratcheting for 6061-T6 aluminium
alloy at 150°C and with different mean stresses (stress rate 100MPas). (Originally from
Ding et al. (2010))
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Fig. 16. Experimental and simulated results of time-dependent ratchetting for 6061-T6
aluminium alloy at two stress rates: (a) 20£340MPa, at room temperature; (b) 30£300MPa, at

150°C. (Originally from Ding et al. (2010))
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Fig. 17. Experimental and simulated results of time-dependent ratchetting of 6061-T6
aluminium alloy with different hold-times at peak stress (stress rate 100MPa-s-1): (a)
30£340MPa, at room temperature; (b) 30£300MPa, at 150°C. (Originally from Ding et al.
(2010))

From the simulated results shown in Fig. 14 to Fig. 17, it can be obtained that the decreasing
ratchetting strain rate with the increasing number of cycles observed in the experimental
results of 6061-T6 aluminium alloy within certain cycles is simulated reasonably by the
proposed model employing the nonlinear kinematic hardening rule combining A-F model
and Ohno-Wang model II. The decreasing rate of ratchetting strain is reasonably described

5®

m
W] used in the proposed model, while the Heaviside function
B

by the power function (

H(f™) used in the Kang-Kan model (Kan et al. 2007) just can provide a constant rate of

ratchetting strain.

It should be noted that in the cases with peak stress hold for 30s at room temperature and
150°C, the experimental phenomenon that the ratchetting strain rate re-increases quickly
with the increasing number of cycles after certain cycles as shown in Fig. 17a and 17b cannot
be precisely predicted by the proposed model. As mentioned in Section 3, the re-acceleration
of ratchetting deformation in these cases is mainly caused by the interaction of cyclic
softening feature and fatigue damage after certain cycles. However, the proposed model
neglects the evolution of fatigue damage and its effect on the ratchetting of the alloy.
Therefore, although the cyclic softening feature of the alloy has been reasonably considered
in the proposed model as shown in Fig. 13, the model cannot provide a precise simulation to
the re-acceleration of ratchetting strain rate as shown in Fig. 17. The constitutive model
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considering the interaction of ratchetting and fatigue damage will be discussed in the future
work for 6061-T6 aluminium alloy in the framework of finite deformation, because the final
ratchetting strains in some cases are much larger than 10% as shown in Figs. 9 to 11.
Furthermore, only the uniaxial time-dependent ratchetting of 6061-T6 aluminium alloy is
discussed in this work with the assumption of isothermal deformation. The multiaxial time-
dependent ratchetting and that in the non-isothermal case have not been considered yet. It is
concluded in Kang et al. (2006) that the multiaxial time-dependent ratchetting is affected by
the obvious non-proportionally additional hardening under multiaxial cyclic loading.
So the non-proportionality should be considered in the model describing the multiaxial
time-dependent ratchetting, which is now in progress and will be discussed in future
work.

6. Conclusions and future research

Based on the works done by Ding et al. (2007), Kang et al. (2008) and Ding et al. (2010), the
following conclusions are summarized for the cyclic deformation of 6061-T6 aluminium
alloy at room and high temperatures: (1) The 6061-T6 aluminium alloy presents apparent
cyclic softening feature, and the cyclic softening feature is time-dependent at room and high
temperatures, i.e., the responded stress amplitude decreases with the increasing holding
time during the cyclic straining with peak/valley strain hold. (2) Ratchetting occurs in the
alloy remarkably during the cyclic stressing with non-zero mean stress. The ratchetting
greatly depends on the current stress level and its loading history. The ratchetting strain
increases with the increasing of applied mean stress or stress amplitude, and the previous
cyclic stressing with higher stress level restrains the occurrence of ratchetting in the sequent
cyclic stressing with lower stress level. (3) The ratchetting of the alloy presents remarkable
time-dependence at room and high temperatures. The ratchetting strain produced during
the cyclic stressing at lower stress rate or with certain peak stress hold is much higher that
that at higher stress rate and without peak stress hold. The time-dependent ratchetting of
the alloy is mainly caused by the creep deformation produced during the peak stress hold or
at lower stress rate due to its viscosity at room and high temperatures. (4) The whole-life
ratchetting evolution of the alloy at room temperature can be divided into three stages, i.e.,
the first stage with decreasing ratchetting strain rate, second stage with an almost constant
rate and the third stage with quickly increasing rate. As a result, the fatigue life is shortened
by the quicker ratchetting evolution. The creep strain produced during the peak/valley
stress hold and at lower stress rate accelerates the evolution of ratchetting and shortens the
low-cycle fatigue life of the alloy. (5) Based on the experimental results of time-dependent
ratchetting for 6061-T6 aluminium alloy at room temperature and 150°C, a new unified
visco-plastic constitutive model is proposed to predict the uniaxial time-dependent
ratchetting by extending the Kang-Kan model (Kan et al., 2007). The extended kinematic
hardening rule is based on the combination of the A-F model and Ohno-Wang model II,
rather than that of the A-F model and Ohno-Wang model I in Kan et al. (2007), to obtain a
continuously decreasing ratchetting strain rate. Comparing with the experimental results
shows that the proposed model provides a good simulation to the time-dependent cyclic
deformation behaviour of 6061-T6 aluminium alloy at room temperature and 150°C,
including the uniaxial time-dependent ratchetting.
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As a preliminary study on the ratchetting of aluminium alloys, as summarized in this
chapter, the authors only perform an experimental observation on the uniaxial ratchetting
and ratchetting-fatigue interaction of 6061-T6 aluminium alloy and their time-dependence,
and construct a new unified visco-plastic cyclic constitutive model to describe the uniaxial
time-dependent ratchetting of the alloy. Much more effort is needed to investigate the
ratchetting and ratchetting-fatigue interaction of aluminium alloys in the future, especially
on the topics listed as follows: (1) Experimental observation of multiaxial ratchetting and
ratchetting-fatigue interaction of aluminium alloys at room and high temperatures; (2)
Constitutive model of multiaxial time-dependent ratchetting; (3) Damage-coupled
constitutive model and fatigue failure model of ratchetting-fatigue interaction; (4) finite
element implementation of newly developed cyclic constitutive model and numerical
simulation to the cyclic deformation of structure components made from aluminium alloys;
(5) Micro-mechanism of ratchetting behaviour of aluminium alloys and micro-mechanism-
based constitutive model.
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Crack Growth in AlICu4Mg1 Alloy under
Combined Cyclic Bending and Torsion

Dariusz Rozumek and Ewald Macha
Opole University of Technology
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1. Introduction

Aluminium and its alloys are the materials tested for many years and frequently used for
the elements of fatigue loading. The most characteristic properties of aluminum are low
weight (3 times less than iron) and low melting point (about 2.5 times smaller than the iron).
In addition, aluminum has good corrosion resistance properties by creating a thin and tight
(passive) layer of Al,Os. Therefore, aluminum alloys are widely used in the construction of
airplanes, vehicles, transport equipment, machinery or parts of building structures. All
technical alloys are divided into two groups: alloys for plastic working and foundry alloys.
The boundary between them is determined by the maximum content of an additional
component dissolved in the solid solution at the eutectic temperature. The appearing
eutectic adversely affects the technological properties of the alloy (reduced susceptibility to
plastic working). As for aluminum alloys subjected to plastic working and heat treatment in
order to their hardening, duralumin is most widely applied. These alloys are usually
subjected to heat treatment consisting of annealing, saturating or ageing. In the paper
(Kocarida & Kozubowski, 1974) the authors studied the influence of microstructure on the
alloy PA6 on appearance of fatigue microcracks. It was noted the presence of gas
microbubbles, and precipitations of secondary phases. It was found that gas microbubbles
are the source of fatigue microcracks. Doring et al. (2006) presented the test results described
by the AJ-integral range, obtained under non-proportional loading including the crack
closure. The test results obtained under tension with torsion for three materials (two steels
and one aluminium alloy) were analysed. Different loading paths were applied (circle,
ellipse, octant, square and cross). Fatigue crack growth behavior (Chung & Yang, 2003) in
Al 6061-T6 thick aluminium plate with composite material patch was studied. Five inclined
crack plates repaired with patch were tested. Crack branching at the threshold level and
crack closing can be described (Pokluda, 2004) with the local approach including the ratio of
the grain size to the plastic zone size. At that level of the crack development there are three
mixed-cracking modes before the crack front, even in the case of mode I only, visible outside
the tested element. Three materials were tested (steel, aluminium alloy and titanium alloy).
The aim of this chapter is the presentation of static and cyclic properties of aluminum alloy
AlCu4Mgl and to present the test results of fatigue crack growth in plane notched
specimens under bending and proportional bending with torsion.
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2. Experimental procedure

2.1 Material and specimens

AlCu4Mgl aluminium alloy included in the standard EN AW- 2024 and PN-92/H-93667
was subjected to tests. The tested material belongs to a group of medium-alloy duralumins.
Beams of such a shape are used, among others, as torsion bars in cars (Renault), trucks and
tanks (attachment of springs), and intermediate beams for gas and oil wells. The AlCu4Mgl
aluminium alloys with copper and magnesium, i.e. duralumin, belong to the alloys of high
strength properties. They contain a solid solution o and numerous precipitations of phases
AlsMgy, CuAl; and triple S-phase (Al,CuMg), and dark precipitations of the phase
containing Fe: FesSixAl1y, occurring mainly at grain boundaries of phase a. Precipitations of
these phases strongly influence strength and hardness of AlCu4Mgl alloy, especially
precipitations at the phase boundaries reduce plastic properties. Cracks of the specimens
made of aluminium alloys of phase o structure occur on the slip plane {111} under the shear

stress independent on spatial orientation of the grain. Figure 1 shows a microstructure of
AlCu4Mg1 aluminium alloy that consists of lighter o. grains with darker phases CuAl, and
AlbCuMg. The microstructure is characterized by a bands grains according to the plastic
treatment direction: elongated grains of the phase o are to 50 pm in width and the minor
phase CuAl; and Al,CuMg diameter from 5 to 10 um.

50Em

Fig. 1. Microstructure of AICu4Mgl aluminium alloy, magnification 500x

Specimens with rectangular cross-sections for bending (area 60 mm?) and bending with
torsion (area 64 mm?) and dimensions: length 1 = 110 (90) mm, height w = 16 (10) mm and
thickness g = 4 (8) mm were tested (see Fig. 2). Each specimen had an external unilateral
notch with depth 2 mm and radius p = 0.2 mm. The notches in the specimens were cut with
a milling cutter and their surfaces were polished after grinding. Chemical composition and
some mechanical properties of the tested aluminium alloy are given in Tables 1 and 2.

The critical value of the integral for AlCu4Mg1 aluminium alloy is Ji. = 0.026 MPa-m (ASTM
E1820-99). Strain-based fatigue curves are shown in Fig. 3, where elastic and plastic
components are given too. As usual, such curves have been described by a linear law in a
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Table 1. Chemical composition of the AlICu4Mgl aluminium alloy (in wt %)
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Table 2. Monotonic quasi-static tension properties of the AlICu4Mgl aluminium alloy
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log-log diagram, as suggested by the Manson-Coffin model. In the same figures, some
stabilised hystheresis loops are displayed too. Coefficients of the Ramberg-Osgood equation
describing the cyclic strain curve under tension-compression conditions with R = - 1 for
AlCu4Mgl aluminium alloy are the following (Rozumek, 2005): the cyclic strength
coefficient K’, the cyclic strain hardening exponent n', fatigue strength coefficient o, fatigue
ductility coefficient &, fatigue strength exponent b, fatigue ductility exponent c (Table 3).
After the analysis of axial cyclic stress-strain curves, it was concluded that AlCu4Mgl
aluminium alloy is cyclically hardening material during fatigue tests.

The static and cyclic properties for AlICu4Mg1 aluminium alloy were obtained from the tests
done at the laboratory of Department of Mechanics and Machine Design, Opole University
of Technology, Poland.

K’ n’ of ef b C
MPa MPa f

563 | 0.033 [ 605 [ 0.105 | -0.051 | -0.858
Table 3. Fatigue properties of the AlICu4Mg1 aluminium alloy

2.2 Fatigue testing

Fatigue tests were performed in the low cycle fatigue (LCF) and high cycle fatigue regimes
(HCF) under the load ratio R = Mmin / Mmax = - 1, - 0.5, 0. The tests were carried out under
controlled loading from the crack occurrence to the specimen fracture. Starting point of
crack initiation at notch root was observed on side of the specimen. The tests were
performed on a fatigue test stand MZGS-100 (Rozumek & Macha, 2006) where the ratio of
torsion moment to bending moment was Mr(t) / Mp(t) = tano, where a = 30°, 45° and 60°

(Fig. 4) and loading frequency was 29 Hz. The total moment M(t)zMT(t)+ MB(t) was

@)
Control box 2 (b)

Fig. 4. Fatigue test stand MZGS-100 (a) and loading of the specimen (b)

where: 1 - bed, 2 - rotational head with a holder, 3 - specimen, 4 - holder, 5 - lever
(effective length = 0.2 m), 6 - motor, 7 - rotating disk, 8 - unbalanced mass, 9 - flat springs,
10 - driving belt, 11 - spring actuator, 12 - spring, 13 - hydraulic connector.
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generated by forces on the arms 0.2 m in length. When o = 0° we have pure bending; for o =
90° we obtain pure torsion. Shearing force on a fatigue test stand MZGS-100 coming from
bending takes very small values, below 2% of the maximum moment. The fatigue test stand
MZGS-100 (Fig. 4a) consist of power unit, control unit and loading unit. Loading unit
consists of cyclic and static loading. Cyclic loading is obtained by vertical movements of the
lever. Static loading is obtained by a spring pressure. Crack development was observed on
the specimen surface with the optical method. The fatigue crack increments were measured
with a digital micrometer located in the portable microscope with magnification of 25 times
and accuracy of 0.01 mm. At the same time, a number of loading cycles N was written
down. Under bending with torsion, dimension “a” of the crack growth was defined as
increments of length and angle a; (Fig. 12) of the crack measured on the specimen side
surface.

2.3 Microstructure and fatigue crack path in AICu4Mg1

Fig. 5 shows the surface of the specimen made of AlICu4Mg1 aluminium alloy, tested under
loading M, = 15.6 N-m corresponding to the nominal stress amplitude to the crack initiation
0, = 104 MPa and the stress ratio R = - 0.5 after N = 49000 cycles. Different magnifications
were selected in such a way that they present a path of the main crack, about 3 mm in
length. Fig. 5b presents the final history of the crack about 250 um in length, cut off from Fig.
5a and magnified in order to analyse the crack development. In AlICu4Mg1 aluminium alloy
transcrystalline microcracks can be seen in grains of phase o, in the axial section of the
specimen (see Fig. 5b). The main characteristics of long cracks development is their
regularity of propagation and orientation. There are no short cracks, some or several pm in
length, deflecting from the main crack, which we can observe, for example, in titanium
alloys.

The forming faults from the main crack can be seen, which run according to directions of
phases AlL,CuMg (almost perpendicularly to the loading applied), and next they go into the
phase a. On the fractures we can observe usually transcrystalline cracks through grains of
the phase a, but also cracks along the grain boundaries can be noticed. The main cracks
developed on the planes of maximum shear stresses. In the considered material we have
mixed cracking, i.e. brittle and plastic. In Fig. 5b we can observe both kinds of cracking near
the main crack, i.e. pits of different size, typical for plastic cracking, and cracks along the
grain boundaries typical for brittle fractures.

2.4 Stress distribution

If the specimen is both bended by moment Mg and twisted by moment Mr (Fig. 4b), then in
a given rectangular cross-section normal stresses form under the influence of bending and
the shear stresses result from torsion (Rozumek & Macha, 2009). The normal stresses change

. . . 6M
from zero in the neutral axis to the maximum value o, = —2B
gw

in the extreme fibres (Gmax)

(Fig. 6). Shear stresses occur changing from zero in the specimen axis to the maximum value
Mt
kiwg

Ty = (k1 = 0.208 - ratio of the height to the thickness of specimen) in the most distant

points of specimen’s shorter side (tmax) (Fig. 6).
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(b)

Fig. 5. The fatigue crack path in the AlICu4Mgl under bending: (a) magnification 50x, (b)
magnification 500x

De Saint-Venant worked on the problem of stress distribution under torsion. He found that
stresses were equal to zero inside and in the corners of the bar, and they were the biggest in
the centers of square sides (longer sides of the rectangle). In the specimen under torsion,
cross-sections do not remain plane but are subjected to deformation or the so-called
deplanation. If torsion is unfree (as in the presented case), then shear and normal stresses
occur induced by torsion. In the presented case, the normal stresses were about three times
bigger than shear stresses (due to the occurrence of the notch in the plane of their action).
Under simultaneous action of the two moments, Mg and My, the most dangerous stress
state forms in the planes most distant from both the neutral axes of the specimen (Fig. 6 -

Omax). The stress intensity factors can be expressed as: for mode I, K;=Yjc,vnma and for

mode III, KHI = Y3‘Ca\/a .
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-.____|___./
My
Fig. 6. Distribution of normal and shear stresses in the specimen subjected to bending with
torsion (Rozumek & Marciniak, 2010)

2.5 AJ parameter criterion
In the case of mixed mode I and III, the range of the equivalent parameter A] was assumed
as the sum of AJ; and AJy

AJ =AJeq = AT +AJqp - @)

The AJ-integral range for mode I and mode Ill is calculated from (Rozumek, 2005)
Al :(1—v2)AK12/E+nY12a(AcAsp /JF), ©)

Al = (1+V)AK?, /E+ ana(AtAyp /A’ ) 3)

where the first term of Eqs. (2) and (3) concerns the linear-elastic range, and the other term
refers to the elastic-plastic range, a - crack length, E - Young’s modulus, v - Poisson’s ratio,
Ao, At - ranges of stresses under bending and torsion in the near crack tip, respectively, Agp,
Ayp - ranges of plastic strains under bending and torsion in the near crack tip, respectively.

The stress intensity factors ranges AK; for mode I and AKy; for mode III were calculated from

AKp = YlAcycos2 oma, 4)
AK11 =Y3Acsinacosoyma , )

according to (Harris, 1967) and (Chell & Girvan, 1978), for mode I and mode III the
correction coefficients are

Y, (a/w)=5/20-13(a/w)-7(a/w)? , 6)

Y3(a/w)= \/(ZW /a)tan(ra/(2w)). (7)
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3. Experimental results and discussion

3.1 Finite and boundary element model

Stresses and strains in the elastic-plastic ranges were calculated with use of the finite
element method (FRANC2D software) for bending and the boundary element method
(FRANC3D software) for bending with torsion. A specimen model was built and divided
into finite elements with the use of CASCA graphic processor, which was integrated with
FRANC2D software. Each of these areas was covered with a net of finite elements. Fig. 7a
shows the division of the area around the crack into finite elements. In the model, six-nodal
triangular elements were applied; the triangles were of different dimensions. The
geometrical model of the specimen was created using OSM software, with the boundary
element mesh generated in the FRANC3D software. The programs include the nonlinear
physical Ramberg-Osgood curve of cyclic strain of the material tested. It was decided that
calculations would be based on incremental elastic-plastic analysis including the kinematic
model of material hardening. Having made the specimen outline, segments were divided
and closed areas were defined. A boundary element mesh was put on each area. The
programs design the mesh automatically. The calculations were performed for a two-
dimensional and three-dimensional models of the notched specimens. Figure 7b shows
division of the notch region into boundary elements. The model shown in Fig. 7b includes
ten-node elements being tetrahedral (the model including 1354 triangular elements).
Loading values assumed for calculations were the same as those applied in the experiments.
Magnitude and shapes of boundary elements depend on division of intervals closing a given
area. The greatest mesh concentration occurs in the area of the crack development (Fig. 7).
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Fig. 7. Division of the notch region into finite and boundary elements in the software (a)
FRANC2D, (b) FRANC3D

Next, one end of the specimen is restrained (thus taking away the degrees of freedom from
the nodes of specimen model) and it is fixed in direction of axes x, y and z. In order to
perform numerical calculations, it is necessary to introduce material data (such as the yield
point, Young’s modulus, Poisson’s ratio, temperature, material density, critical value - for
example, Jic integral) into the FRANC3D software.
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3.2 Bending
Each series of specimens made of AlCu4Mgl aluminium alloy was subjected to cyclic

bending by the constant amplitude moment M, = 15.64 N-m (which corresponded to the
nominal amplitude of normal stresses ¢, = 104 MPa before the crack initiation) and different
load ratio R =-1, - 0.5, 0 (different mean bending moment My, = 0, 5.21, 15.64 N-m). The test
results were shown as graphs of the crack length “a” versus the number of cycles N and
crack growth rate da/dN versus the A] parameter. A] was compared with the AK stress
intensity factor range. The theoretical stress concentration factor in the specimen K = 4.29,
was estimated with use of the model (Thum et al., 1960). From the fatigue crack length “a”
versus number of cycles N curves reported in Fig. 8, it appears that after changing the load
ratio R from - 1 to 0, fatigue life decreases. The tests were conducted under constant
amplitude loading for three different values Mmax. During the tests the lengths of fatigue
cracks were measured and the current number of cycles was recorded. Basing on these
measurements graphs were made “a” versus number of cycles N, which were used for
calculating the fatigue crack growth rate. Graphs of the fatigue crack growth rate da/dN
versus A] parameter for the material tested under three load ratios R are shown on a binary
logarithmic system in Fig. 9.

The test results presented in Fig. 9 were approximated with the empirical formula

(Rozumek, 2005)
[ ])
da Jo ®)

dN  (1-RPJpe -A)

where A] =] (Ac) - range of ] parameter, B and n - coefficients determined experimentally,
R - load ratio, Jy=1MPa-m- per unit value introduced to simplify the confounded

coefficient unit B.

M, = 1564 N'm

A {mm )

N [cycles)

Fig. 8. Fatigue crack length versus number of cycles under bending
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Fig. 9. Comparison of the experimental results with calculated ones according to Eq. (8)

It has been observed that in Fig. 9 (graphs 1, 2, 3), the change of the load ratio R from -1 to 0
is accompanied by an increase in the fatigue crack growth rate. From the graphs it appears
Fig. 9 that influence of the loading mean value on the crack growth rate in the AlICu4Mgl
alloy is significant. For example, from Fig. 9 it appears that while changing the value of the
load ratio from R =-1 to R = 0, a nine fold increase in fatigue crack growth rate has been
noticed for AJ] = 3-10°% MPa-m. The empirical coefficients B and n occurring in Eq. (8) were
calculated with the least square method and they were shown in Table 4. It means that B
and n are not dependent on a kind of the material only. The test results for cyclic bending
include the error not exceeding 20% at the significance level a. = 0.05 for the correlation
coefficients ry given in Table 4. The correlation coefficients take high values in all the
considered cases and it means that there is a significant correlation of the test results and the
assumed empirical formula (8). Table 4 also contains coefficients of the multiple correlation
rw applied in Eq. (8) and expressed by equation (Rozumek & Macha, 2006)

2 2
~ ryl +ryz —2ry1ry2r12 o
Iyw = ) ’ ( )
1-175

where 11, 1y1, Iy2 - coefficients of cross correlation.

. B

Fig. Graphs MPa . m/cycle n T'w
9 1 1.04-107 0.51 0.96
9 2 9.49-108 0.28 0.97
9 3 8.11-10-8 0.30 0.94

Table 4. Coefficients B and n in Eq. (8) and correlation coefficients r, for the curves shown in
Fig.9
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Calculating AJ parameter, we can find that there is a functional relation between the loading
range, the elastic-plastic strain range, the crack tip opening displacement and the crack
length. High values of correlation coefficients show that all these factors were
approximately included. Above a certain value of A] parameter, the fatigue crack growth
rate increases rapidly without further increase of loading. Such behaviour is connected with
an unstable crack growth rate in the final stage of specimen life. In this period the stress
drop can be observed as plasticization increases. Application of the AJ parameter is
reasonable in the case of elastic-plastic materials and those with yield stress. An analysis of
correlation of A] and AK parameters was carried out to show that the AJ] parameter is more
advisable than AK. Therefore the following equation was used:

AK2
AJ* = , 10
= (10

where stress intensity factor range AK calculated from AK =K,y —K,ip = Y{Acvna and
AG = G yax — Omin Stress range and Ac =2c for R = - 1, Y1 - correction coefficient including

finite of the specimen dimensions for mode I applied in Eq. (6).

In the linearly-elastic range, the AJ* parameter calculated from Eq. (10) were compared with
the results obtained from to tests. The relative error was below 5%. Figure 10 shows the
relation between the parameters AJ* and AJ for three load ratios R. A good linear relation (in
the double logarithmic system) between these two parameters in the case of the fatigue
crack growth rate for the tested material was observed. In the AlICu4Mg1 alloy and bending,
this occurs for A] < 4-10°% MP-m (Fig. 10). This means that in this test range under controlled
loading, the parameter A plays a similar role to the parameter AK up to the moment when
plastic strain occurs. When plastic strains increase, we can find an increasing difference
between AJ* and A]. The difference results from the fact that the parameter AJ* does not
include plastic strains. At the final stage of specimen life, when AJ parameter approaches the

1| My= 1564 Nm

=2

AJ(MPa-m)

Lo (M Pa-m)

Fig. 10. The relationship between AJ* and AJ for bending
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Fig. 11. Variation with cycles of crack length and AJ for bending and R = 0

critical value of Ji, the crack growth rate increases rapidly (Fig. 10, R = 0) and leads to the
material failure. For example in Fig. 11 (AlCu4Mg1 aluminium alloy and R = 0) fatigue crack
growth “a” versus the number of cycles N and AJ parameter versus the number of cycles N
are shown in the linear system. In this figure we can observe fatigue crack growth since the
beginning of the propagation until the specimen failure. In Fig. 11 the graph A] versus N
also shows that A] parameter increases with the number of cycles until reaching 11000
cycles, then the graph stabilises (it becomes almost constant).

3.3 Bending with torsion

The chapter contains the fatigue crack growth test results obtained under proportional
bending with torsion (Rozumek, 2009). The tests were performed on a fatigue test stand
MZGS-100 (Fig. 4a), where the ratio of torsion moment to bending moment was Mr(t)/ Ma(t)
= tana, where o = 30° 45° and 60° (Fig. 4b). Unilaterally restrained specimens were
subjected to cyclic bending with torsion (mixed mode I+III) with the constant amplitude of
moment M, = 7.92 N-m and load ratio R = Mmin / Mmax = - 1, - 0.5, 0 (for three different
values Mmax = 7.92, 10.56, 15.84 N-m), which corresponded to the nominal amplitude of
normal stresses o, = 80.36, 65.63 and 46.41 MPa (omax = Kioa = 302.15, 246.77, 174.50 MPa)
and the nominal amplitude of shear stresses t, = 37.18, 52.58 and 64.39 MPa before the crack
initiation. The theoretical stress concentration factor in the specimen under bending K; =
3.76, was estimated with use of the model (Thum et al., 1960). During experimental tests
fatigue cracks lengths and angles a1 (Fig. 12) were measured and number of cycles were
registered. Next, on the basis of experimental results in the range of linear-elastic, the range
of AK parameter was analytically calculated for mode I and mode III loading. Stresses and
strains calculations in linear-elastic and elastic-plastic were made with use of numerical
method (FRANC3D software). Measurement of the crack length were made on both sides of
the specimens. At one side, the cracks were a little greater than at the other side. For
calculations of the A] parameters, greater cracks are assumed because they mainly influence
the specimen failure. Also the stress fields are greater at one side of the specimen. During
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the tests on the observed reproducibility of the test specimens. Fig. 12 shows an example of
the crack path under proportional bending with torsion for o. = 45°.

Fig. 12. Crack path in specimen under proportional bending with torsion for R = -1 and

o =45°

Figures 13, 14 and 15 present results of fatigue crack length versus the number of cycles for
mixed mode I+III and a = 30°, 45° and 60°, respectively.

From the graphs in Figs. 13, 14, 15 it appears that changes of the angle o from 30° to 60° are
accompanied by decrease of fatigue life of the specimens for the load ratio R =-1, - 0.5, 0. as
well as after changing the load ratio from - 1 to 0, fatigue life decreases. Figures 16, 18 and
20 for load ratio R =-1, - 0.5, 0 show fatigue crack growth rates da/dN versus AJ parameter
for pure mode I and pure mode III and three the ratio of torsion moment to bending
moment (a = 30°, 45° and 60°). The AJ parameter for pure mode I and pure mode III was
calculated from Egs. (2) - (7). Next, Figs. 17, 19, 21 present the results according to equation

(1) for mixed mode I+III loading.

Mined mode [+01
My=7.92 Hm = 3¢

a (mmj
r
|
BT
|

> [

.,
]
X K
- B
Rl
Ll S
[

&
Co,

5 5
(1] 110 210
M {cycles)

=

a1n” 4107

Fig. 13. Fatigue crack length versus number of cycles under mixed mode I+III loading for
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Mixed mode |HII
;= T.92 H'm, 0= 45

a {mim}

|68 ™

Mic :.'L:I&s..gl
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From Figs. 16 - 21 it appears that the fatigue crack growth rate increases when we increase o
from 30° to 60° and load ratio R from - 1 to 0 in the AlICu4Mg1 aluminium alloy. Moreover
(Figs. 16, 18, 20), the fatigue crack growth rate is higher for mode III than for mode I for the
same value of A] and load ratio R = - 0.5, 0. It was found that for R = - 1 and o = 30° (Fig. 16)
the crack growth rate was higher for mode III than for mode I in the case of the same value
of AJ; for R =-1and o = 60° (Fig. 20) a higher rate is observed for mode I.
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For R =-1 and o = 45° (Fig. 18), a higher crack growth rate was found for mode I to da/dN
= 8108 m/cycle above that value mode III was dominating together with increase of the
material plasticity. This behaviour is due to the decrease of normal stresses and increasing
shear stresses. The test results presented in Figs. 16 - 21 were described with the empirical
formula (8). Eq. (8) is valid for mode I and mode III as well as for mixed mode I+III loading.
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Fig. 20. Comparison of the experimental results with calculated ones according to Eq. (8) for
a = 60° and: (a) mode I, (b) mode III
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The applied empirical formula (8) including A] parameter gives good results in the
description of fatigue crack growth rate. Surfaces of fatigue fractures were analysed
(magnification 13x) in order to determine directions of the normal stress (mode I) and the
shear stress (mode III). In the cases of mixed mode I+III and o = 30°, 45° and 60°, principal
directions of stresses change their positions. During tests under bending with torsion (Fig.
12) and a = 30°, the fatigue crack growth proceeded at the average angle o; = 25°, and under
o = 45° - at the angle oy = 33° - 37°, and under a = 60° - at the angle a1 = 40° - 43° to the cross
section of the specimens.

The empirical coefficients B and n occurring in Eq. (8) were calculated with the least square
method and they were shown in Table 5. The coefficients take different values for pure
bending and pure torsion. It means that B and n are not dependent on a kind of the material
only. The test results for cyclic bending with torsion include the error not exceeding 20% at
the significance level o = 0.05 for the correlation coefficients r,, given in Table 5.

. B
Figs. Graphs MPa -2 feycle n T'w
16a 1 1.46-107 0.86 0.99
2 0.73-107 0.40 0.99
3 0.31-107 0.35 0.99
16b 1 5.52.10-7 0.98 0.98
2 1.35-107 0.43 0.99
3 0.80-10-7 0.49 0.99
17 1 0.56-10-7 0.73 0.99
2 0.62:107 0.40 0.99
3 0.15-107 0.24 0.98
18a 1 3.23-10-7 0.85 0.99
2 1.42.107 0.38 0.99
3 0.57-107 0.28 0.98
18b 1 1.35-10-6 1.17 0.99
2 1.22.107 0.28 0.99
3 0.50-10-7 0.21 0.97
19 1 2.23.10-7 0.93 0.98
2 0.58-10-7 0.23 0.99
3 0.41-107 0.29 0.98
20a 1 1.10-10-6 0.91 0.98
2 1.88-107 0.31 0.99
3 0.51-107 0.24 0.99
20b 1 1.20-10-6 1.05 0.98
2 6.22:107 0.46 0.99
3 1.08-10-6 0.71 0.99
21 1 2.03-107 0.77 0.98
2 1.59-10-7 0.32 0.99
3 0.57-10-7 0.31 0.98

Table 5. Coefficients B and n in Eq. (8) and correlation coefficients r,, for the curves shown in
Figs. 16 - 21
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The test results indicate that the A] parameter concept may be applied to fatigue problems in
linear-elastic or nonlinear elastic-plastic fracture mechanics. The trends described in the
chapter were confirmed for various loads and three load ratios. Because of its properties the
AJ] parameter may appear the main energetic criterion for fatigue crack growth
characterizing the crack tip strain field for cyclic loading. Directions of future research will
focus on fatigue cracks growth under non-proportional and random loads.

4. Conclusion

The presented results of the fatigue crack growth rate in AlCu4Mgl aluminium alloy

subjected to cyclic bending and proportional bending with torsion loading under different

load ratio allow to formulate the following conclusions:

1. On the specimen fractures we can observe usually transcrystalline cracks through
grains of the phase a, but also cracks along the grain boundaries can be noticed.

2. It has been shown that the applied parameter A] as compared with the parameter AK for
different load ratios R is better for description of fatigue crack growth rate.

3. Increase of the angle o determining a ratio of the torsional moment to the bending
moment and load ratio causes increase of the fatigue crack growth rate.

4. In the case of separation of the mixed mode I+III loading into the pure mode I and
mode III, for a = 30°, 45°, 60° and R = - 0.5, 0 the fatigue crack growth rate is higher for
mode III compared with mode I under the same value AJ.
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1. Introduction

During service time machine and component failures may occur, that cause the structure
breakdown. This generally yields enormous economical costs and sometimes in worst-case
scenarios evens the death of human beings. Frequently such damage events originate from
misconstructions, manufacturing and material failures, inappropriate fatigue strength
calculations, overloads or other problems during service time or maintenance. Beginning
from already existing or newly originating flaws, often extended fatigue crack growth (FCG)
occurs due to service loads. Finally, the functional capability of structures and components
is lost with the already mentioned consequences. In case of existing damage events, it is of
major importance to fundamentally analyse them in order to obtain valuable information on
structural improvements. Therefore, the knowledge about the real global and local loadings,
the relevant material parameters and the initiation and growth of cracks under various
general loading situations is essential. By fracture mechanics the development of FCG
processes than can be reconstructed. So it is possible to improve the strength optimised and
fracture safe design of structures and components. This goal can ideally be achieved by a
composition of numerical and experimental simulations.

FCG in structure components, which is subjected to variable amplitude (VA) loading, is a
complex subject. Studying of FCG rate and fatigue life calculation under the spectrum
loading is vital in life prediction of engineering structures at higher reliability. The ability to
understand and predict fatigue life remains a key technical factor in maintaining aircraft
fleets, which are required to safely operate up to their design lives, and sometimes beyond.
The load spectra applied to this aircraft are complex and highly variable, and experience has
shown that traditional fatigue prediction tools do not always perform well in calculating the
lives of modern, highly optimised airframes.

The main aim of this chapter is to address how two characterise the load sequence effects in
fatigue crack propagation under VA loading and to select appropriate model from the large
number of FCG models with validation of it. Thus, a fatigue life under various load spectra,
which was predicted, based on the Austen, modified Forman and NASGRO models. This
article analyses FCG under random loading using experimental results taken from literature
on the subject and from growth simulations carried out based on different FCG models.
These models are validated with the literature-based FCG test data in 2024-T3 aluminium
alloys under spectrum loadings. This work summarises recent FCG models that appear to
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be capable of producing more accurate fatigue life predictions using those loadings. With
the consideration of the load cycle interactions, Load cycle interactions can have a
significant effect in FCG under VA loading. Finally, the results show a good agreement in
the behaviour with small differences in fatigue life compare to the test data and the previous
literatures.

2. Literature review

Fatigue performance of structures is greatly affected by the presence of stress raisers such as
fastener holes, manufacturing errors, corrosion pits, and maintenance damage, which serve
nucleation sites for fatigue cracking. During service, sub-critical cracks nucleate from these
sites and grow until catastrophic failure (unstable crack growth) takes place when the crack
length reaches critical dimension. From economic point of view a costly component cannot
be retired from service simply on detecting a fatigue crack. Hence, reliable estimation of
fatigue crack propagation and residual life prediction are essential so that the component
can timely service or replaced. VA loading involves load interaction effects and significantly
affects the FCG and consequently, the fatigue life leading to either retardation (an overload
tensile in nature) or acceleration (an under load compressive in nature) or reduction in
retardation (an overload followed by an under load).

Nowadays, the study of FCG rate and fatigue life calculation under the spectrum loading is
very important for the reliable life prediction of engineering structures. A number of load
interaction models have been developed to correlate FCG rates and predict crack growth
under VA loading over the past three decades. It is difficult to model all the parameters
influence FCG correctly due to the random nature of VA loading. It overloads are known to
retard crack growth, while under loads accelerate crack growth relative to the background
rate. These interactions, which are highly dependent upon the loading sequence, make the
prediction of fatigue life under VA loading more complex than under constant amplitude
(CA) loading. The prediction of life is a challenging job for the engineering community
because of two reasons. Firstly, it involves a robust integration scheme; secondly, no single
universal method is available as far as the different load interaction mechanisms are
concerned.

Many models have been developed to predict the fatigue lives of components subjected to
VA loadings [James & Petrson, 1997; Paris, et al., 1999; Sadananda & Vasndern, 1999; Taheri,
et al., 2003]. These models can be generally divided into global analysis and cycle-by-cycle
analysis (see Fig.1). In particular, the global analysis concept predicts the FCG, considering
the average of the applied loading cycles, while the cycle-by-cycle analysis evaluates the
crack growth for each load cycle and determines the crack growth life by accumulation. The
cycle-by-cycle analysis can be performed with or without involving the interaction effects,
i.e. the effect of a load cycle on the crack growth in later cycles. A well-known interaction
effect is caused by an overload on crack growth in the subsequent load cycle. The models
that take interaction effects into account can be divided into three main categories namely
yield zone models, crack closure models and strip yield models [Murthy, et al., 2004].

The earliest of these are based on calculations of the yield zone size ahead of the crack tip,
and they are still widely used in many applications and research. The Wheeler model [1972]
and Willenborg et al. model [1971], for example, both fall into this category. The Willenborg
model, on the other hand, does not incorporate any empirical parameters, but it uses the
material yield stress to give a plastic zone size [Corbly & Packman, 1973; Rudd & Engle,
1981; Chang, et al., 1981]. The amount of retardation is determined as a function of the stress
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Fatigue Crack Growth Concepts

Global Cycle-by-cycle Analysis
Linear Damage Accumulation Considering Interaction
Root Mean Yield Zone Crack Closure Strip Yield
Square Models Models Models

Fig. 1. Classification of the fatigue crack growth concepts

intensity factor necessary to cancel the effect of the overload plastic zone. The model
computes an effective stress intensity factor that is being reduced by the compressive
residual stress. However, the Willenborg model was found to be not reliable for predicting
the overload retardation [Taheri, et al., 2003].

The second main category of retardation models, known as the crack closure models, is
based on Elber’s experimental observation [Elber, 1971], which used to model crack growth
rates under VA loadings [Schijve, 1981; Newman, 1984; Ray & Patanker, 2001a; Ray &
Patanker, 2001b]. As a result of the tensile plastic deformation left in the wake of a fatigue
crack, a partial closure of the crack faces occurs during part of a fatigue load cycle. Since
crack propagation can only occur during the time for which the crack is fully open, the
formation of crack closure reduces the range of the applied stress that is effective for crack
propagation. In addition, the magnitude of stress required for the crack to be fully open, i.e.,
the crack opening stress, depends on the previous load history. As a crack propagates
through an overload plastic zone, the residual stresses in the zone increase the load required
to open the crack and cause crack growth retardation. Thus, the use of the crack closure
models required the crack opening stress to be determined throughout the load history. This
is accomplished either by direct experimental measurements [Kim & Song, 1994;
Dominguez, et al., 1999; Jono, et al.,, 1999] or by finite element computations [Lee, 2003;
Sander & Richard, 2005; Ljustell & Nilsson, 2005]. However, the major drawback to using
crack closure models is that measuring the crack opening stress under VA loading is very
difficult and the magnitude and the precision might depend on the measuring techniques,
while the finite element analysis for computing the crack opening stress is often complicated
and relatively time consuming. More recent proposals include combinations of the Wheeler
model with the Newman crack closure model [Huang, et al., 2005a] and model based on the
strain energy density factor [Huang, et al., 2005b]. The most advance category is the strip
yield models, which are based on the Dugdale model [Newman 1981]. The Dugdale model
was used to estimate the size of the plastic zone at the tip of the crack. Dug- dale assumes
that yielding occurs in a narrow strip ahead of the crack tip.
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Each of these models has its own capabilities and limitations as discussed in several
literatures [Sadananda, et al., 1999; Kujawski, 2003; Murthy, et al., 2004]. Because of the
complexity, large ambiguities and disagreements, and also lack of proper understanding of
the mechanism of retardation, no fundamental and universally accepted model is available
that would include all the mechanisms and could be applied to all materials.

With respect to the continuity information between this study and the available literature,
the purpose of this work is two characterise the effects of load sequence on fatigue crack
propagation under the spectrum loading. For that reason, a feasible study towards the crack
propagation model under various spectra loading has been carried out based on the Austen,
modified Forman and NASGRO models. These models are compared to FASTRN and
AFGROW codes as well as test data under various VA and spectrum loading from previous
literature. One of the aims of the analysis is to show the effect of using different FCG models
with various load sequences. Every single FCG model developed so far attempts to correlate
the crack growth information with different crack driving forces and several other
parameters to predict the residual fatigue life. In the present work, the FCG rate has been
correlated with crack length by correlations with the high percentage of a correction factor.

3. Fatigue crack growth models

The reason for building FCG models is to link theoretical ideas with the observed data.
Modelling of FCG rate data has enhanced the ability to create damage tolerant design
philosophies [Kassim, et al., 2008]. The influence of the mean stress is probably the most
significant, and it usually results in closely spaced lines parallel to each other. Region I,
which is shown in Fig. 2, represents the early development of a fatigue crack and the crack
growth rate, for which da/dN is typically in the order 106 mm/cycle or smaller of the test
data results from ASTM E647 [2002]. This region is extremely sensitive, and it is largely
influenced by the microstructure features of the material such as grain size, the mean stress
of the applied load. The most important feature of this region is the existence of a stress
intensity factor range below which fatigue crack should not propagate. This value is defined
as the FCG threshold and is represented by the symbol Ky.. The limitation of the Paris law is
that it is only capable of describing data in region II. If the data exhibits a threshold (region
I) or an accelerated growth (region III) Paris law cannot adequately describe these regions.
Region III represents the FCG at the very high rate, da/dN > 10 mm/cycle due to rapid and
unstable crack growth just prior to final failure. The da/dN versus AK curve becomes steep
and asymptotically approaches the fracture toughness K. for the material.

The common approach for FCG analysis is to describe the data using a deferential equation,
which is referred to as a FCG law or model. Modelling of FCG data has enhanced the ability
to create damage tolerant design philosophies. Paris and Erdogan [1963] proposed the most
important and popular work. In fact, they were the first to correlate FCG with the fracture
mechanic's parameters (Kyuin and Kyax), and describe the loading conditions in the region of
the crack front. In addition, they also observed a linear relationship between the FCG rate
(da/dN) and AK, when plotted on a log-log scale. Consequently, Paris and Erdogan [1963]
proposed the power law relationship, as follows:

da_ cagr Q)
dN
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Fig. 2. Typical da/dN versus dK curve

where C and n are the material parameters that are determined experimentally. The Paris-
Erdogan equation does not consider: (a) the effect of the stress ratio, (b) the existence of
fatigue threshold, and (c) the accelerated FCG rate when the maximum stress intensity
factor (Kyu.x) approaches the material fracture toughness (K. Moreover, it does not
adequately describe the region, I or III FCG rates, and it tends to overestimate region I, but
underestimates region III FCG rates. Although the Paris-Erdogan equation is a
simplification of a very complex phenomenon, it is still very popular on the account of
significant engineering interest.

It is practically impossible to discuss every available model because of their large number in
the literature. Therefore, the remainder of this section discusses about the models which are
rather promising and/or commonly used. The fact that all used different FCG models
reconfirms the fact that there is no standard methodology used to perform the FCG life
predictions for structures under random loading.

The main goal of the crack propagation models is to relate the material damage to the cyclic
loads applied. However, due to the number and complexity of the mechanisms involved in
this problem, there are probably as many equations as there are researchers in the field.
Though many models have been developed, none of them enjoys universal acceptance. In
more specific, each model can only account for one or several phenomenological factors.
Moreover, the applicability of each model varies from case to case, there is no general
agreement among the researchers to select any FCG model in relation to the concept of
fatigue crack behaviour [Kujawski, 2001; Hamam, et al., 2007; Richard, et al., 2008; Mohanty,
et al,, 2009]. Hence, three different models, namely, the Austen, modified Forman and
NASGRO models, were selected in this study. Each model has its own capabilities and
limitations as discussed in several literatures [Sadanada & Vasndevan, 1999; Murthy, et al.,
2004; Mohanty, et al., 2009], which they belong to three categories. These models take into
account the main properties, such as the crack closure, plane stress and plain strain,
threshold, mean stress and region III. A comparison of the three models is shown in Table 1.

3.1 The austen model
The Austen growth model [nCode, 2003] is known as the implicitly model threshold and it
is expressed in the following equation:

da/dN =C(AK ;)" @)
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Models
Property Austen | Modified Forman | NASGRO
Crack closure | L
Plain strain v |
Plain stress “ L
Threshold e [
Mean stress effect (R-ratio) | [
Region III | |

Table 1. A comparison between the three FCG models

Where/ AKeﬁ‘ = AKmux,eff - AKmin,eﬁ‘/ Kmux,eﬁ‘ = Kpax + Kgr ’ Kmin,eﬁ‘ = max (Kmin/KCL)/ and Ksr is
defined as the modification for static fracture and K¢ is known as the stress intensity at the
crack closure. Furthermore, Austen modelled the onset of fast fracture using the following
expression:

K

Kgp = —"— ®)
KIC - Kmax

Austen also took into account the threshold and short cracks by applying a crack closure
stress Kcr, which is expressed as follows:

a+l, AK
KCL = Kmax _Kmax -+ - (4)
a 1-R

I, is the smallest crack size that will propagate and is given by:

1
ly= ©
ﬂ'( Kth

AGO)Z

where, Ao, is the un-notched fatigue strength and AKjy, is the threshold stress intensity.
The threshold stress intensity is expressed as a bilinear function of the mean stress and the
Austen model does not possess any explicit mean stress correction. Austen argued the
irrelevance of this and attributed it to a manifestation of crack closure and retardation.

3.2 The modified forman model

Although Walker improved the Paris model by taking account of the stress ratio, neither of
the models could account for the instability of the crack growth when the stress intensity
factor approaches its critical value [Forman, 1972]. However, Forman improved the Walker
model by suggesting a new model which is capable of describing Region III of the fatigue
rate curve and includes the stress ratio effect. The Forman model is therefore given by the
following mathematical relationship:

da _ Cp(AK)™  Cp(AK)™ ©)
dN (I—R)KC—AK (I_R)(KC_Kmax)
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where, Kc is the fracture toughness for the material and thickness of interest. Eq. (6)
indicates that as K. approaches Kc¢ & da/dN tends to infinity. Therefore, the Forman
equation is capable of representing stable intermediate growth (region II) and the
accelerated growth rates (region III). The Forman equation is capable of representing data
for various stress ratios by computing the following quantity for each data point, i.e.:

Q:j—; (1-R)K. - AK | @)

If the various A K and R combinations fall together on a straight line on a log-log plot of Q
versus A K, the Forman equation is applicable and may therefore be used. Comparing Eqs.
(6 and 7), the Forman equation can be represented as:

0=Cr(AK)™ ®)

A more simplified model, which does not include crack closure effects, is given by the
following Forman equation:

da C(AK)"

e Sl A 9

N Ak ©
(1-R)K,

for0< R<1
Forman proposed its modified model [Carlson & Kardomateas, 1996; Kassim, et al., 2006] as:

da _ C(1-R)"AK"(AK - AK )"
dN (1-R)K, - AK)?

(10)

Certain values of the exponents m, p, and q of Eq. (10) give other forms of the crack growth
equation, as indicated in Table 2.

Exponent value FCG Model
m=p=q=0 Paris
m=p=0,g=1 Forman
P=g=0,m=(mw-1)n Walker

Table 2. Exponent values for crack growth laws

The Forman equation is capable of representing data of various stress ratios for regions II
and III. Further modifications of the Forman's expression to represent regions I, II and III
have been accomplished by including the threshold stress intensity parameter, AK. Thus,
Hartman and Schijve [1970] proposed the following equation which is the continuation of
Forman’s work:

da _ Cyg(AK —AK,)"
AN (I-R)Kp—AK

(11)

Another version of the Forman equation is given as follows:
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ﬂ B CMOD (AK)mMOD (AK _ AKth )05
dN (1-R)K,. - AK

(12)

Both Egs. (11 and 12) produce a sigmoid shaped curve; in this case, an asymptote does not
only occur as Ky approaches, K, but it also occurs when AK approaches AKy. One
disadvantage of using these equations is that the value of AKj, is sensitive to R and a specific
value of this parameter in the equation is generally needed for any given R value [Dowling,
1993]. In addition, the correct value of K. for the given thickness should be used.
Technically, the FCG rate da/dN can be described, for instance, by the modified Forman-
Mettu equation [Richard, et al., 2008]:

P
(1 ) AK[h ]
_ " AK
da =C -f AK, N ) (13)
dN 1-R I K\
1 — max
[ Ke j
In this equation, C, 1, p and g are the material parameters, whereas R = Ryuin / Rinax OF
R = Kyin/ Kinax is the R-ratio of the load and f denotes the crack opening function [Forman &
Mettu, 1992; Sandar & Richard, 2006]. Despite the fact that the influence of single loading
change events likes over or blocks loads which are well-known [Sandar & Richard, 2006],

extensive research for the arbitrary VA loadings is still necessary not only for the amplitude,
but also the direction of the load (Mixed-Mode-loading) changes.

3.3 The NASGRO model

The Willenborg model is based on the yield zone concept. Meanwhile, retardation is
accounted for the tensile overloads by a reduction in SIF and truncating the minimum
effective SIF at zero. In this method, both the effective SIF and apparent SIF are the same
and this method is effective in computing the crack growth only when the crack growth
equation contains the stress ratio R. However, this method is not applicable for overloads as
it does not predict acceleration which is caused by compressive overloads or underloads as
well as the combination of both.

Another related development has lead NASGRO to extend the generalized Willenborg
model [Forman, 1972; Maymon, 2005; Kassim, et al., 2008] by taking into account the
reduction of retardation due to underloads. The NASGRO equation represents the most
comprehensive growth law formulation comprising the mean stress effect, threshold, the
honest of fast fracture and crack closure [nCode, 2003]. The NASGRO formula is expressed
as:

da__ COKy)
dN  (1-Ry)Ko— MK,

(14)

where

AKe/f = (Kmax)eff - (AKmin)eff (15)
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Kmax,eﬂ = Kmax - Kred (16)
Kmin,eﬁ' = maX{(Kmm - K,,ed),O} N fOI‘ Kmin > O (17)
= Kmin fOI‘ Kmm < 0
1/2
Kred = ¢ (KOL )max 1- (Mj - Kmax (18)
7/P()l

¢ =2523¢,/(1.0+3.5(2.5- Ry))0.6), R, <0.25
=10  R,>025

Ry =0y | Opax.ors 9p=02 to 0.8

K inefr = max{(Kmin - Kred)’o}’
AKX
max (I—R)

and AK is the stress intensity factor (depends on the stress, crack length, geometry factor),
AKy, is the threshold stress intensity range, K. is the critical stress intensity factor, C, n, p and
q are the empirically derived coefficients from the measured data. The other parameters,
such as the crack tip opening function f, are determined using the following formulation:

max{(}a),(A0 F AR+ AR + A R) |

fe if (R20) (19)
Ay+ AR if (-2<R<0)

A =24 if  (R<-2)

where

4y =(0.825-034+0.050* [ cos(SR / 2) ]

4,=(0.415-0.071) SR (20)
Ay =1—Ay— 4 — 4
Ay =24+ 4 —1

o is the plain stress/strain constraint factor and SR is the ratio of the maximum applied
stress to the flow stress. These values are all empirically derived. Meanwhile, the threshold
stress intensity is obtained from the following equation:
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AKth = ()]‘*'Cth (21)
(1-R)
|:(1_A0)(1_R):|

where, AK, is the threshold stress intensity range at R = 0 obtained from the test results, a is
the crack length, g, is the intrinsic crack length given as the constant, and Cy, is the threshold
coefficient obtained from the test results.

3.4 The FASTRAN model
The crack-growth relation used in FASTRAN was:

da _ Ci(AKy)"
dN o K
1— max 9
[1-( X, )]

e

(22)

where Ci and ni are the coefficient and power for each linear segment, K is the maximum
stress-intensity factor, Kr. is the elastic fracture toughness (which is, generally, a function of
crack length, specimen width, and specimen type), and g was set to 2. The table-lookup form
is used because many materials, especially aluminum alloys, show sharp changes in the
crack-growth-rate curves at unique values of rates. These sharp changes have been
associated with monotonic and cyclic-plastic-zone sizes, grain sizes, and environments
[Yoder, et al., 1982]. The Functional relations for geometry factors (F (a, w)) are given in the
FASTRAN manual [Newman, 1992] as:

F(a,w)= /sec({%}{%}) (23)
3.5 The AFGROW model

AFGROW model is the Walker equation with Willenborg retardation model [Ray &
Patankar, 2001b], which is a cycle-by-cycle structural crack growth fracture mechanics
computer program developed at the Air Vehicles Directorate of the United States Air Force
Research Laboratory (AFRL), and is widely used to predict the fatigue life of components
[Harter, 2003].

4. Simulation and experiments

For many years, fatigue analysis has been thought of as following the logic as illustrated in
Fig. 3. In this overview, the three main input parameters, namely geometry, material and
loading, are regarded to have similar functions. These parameters seem to be the main input
to any software for modelling and simulation. The details of these inputs are as follows:

In this application centre-cracked specimen geometry described in ASTM E647 [2002] is
used with a width of 229 mm, thickness of 4.1 mm and 610 mm in length, while the initial
crack size is 12.7 mm, for which E = 71750 MPa. Aluminium alloys are widely used in the
design of many engineering application, due to their good mechanical properties and low
densities. The chemical composition and mechanical and fatigue properties of this material
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Fig. 3. A conventional schematic flow of the fatigue analysis process (the general durability

process)

are shown in Table 3 and Table 4, respectively [ASM Handbook, 1985; 1990; ASM Metal
Refrence, 1993].
Components and structures that are subjected to quite diverse load histories, their histories
may be rather simple and repetitive and at the other extreme, they may be completely
random. The cycle-by-cycle analysis can be performed with or without involving the
interaction effects, i.e. the effect of a load cycle on crack growth in later cycles.

Component Wt% Component Wt%
Al 90.7-94.7 Cr Max. 0.1
Cu 3.8-4.9 Fe Max. 0.5
Mg 1.2-1.8 Mn 0.3-0.9
Si Max. 0.5 Ti Max. 0.15
/n Max. 0.25 Other, each Max. 0.05
Other, total Max. 0.15
Table 3. Chemical composition of aluminium alloy 2024 T3
Titles Symbols Values
Yield Stress (MPa) 345
Ultimate Tensile Strength (MPa) 483
Plane Strain Fracture Toughness (MPa.\Vm) 36.262
Plane Stress Fracture Toughness (MPa Vm) 72.524
Part Through Fracture Toughness (MPa Vm) 50.547
3.284

Forman Exponent

Forman Co-efficient (m/MPa(m”1/2)"(n-1)

1.5451 x 10-10

EISIEIIE §§§QQ

NASGRO Exponent 0.5
NASGRO Exponent 1
Modulus of Elasticity  (GPa) 71.75
Fatigue Strength coefficient (MPa) 130
18

Elongation at Break (%)

Table 4. Mechanical and fatigue properties of aluminium alloy 2024 T3
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The programmable and VA load histories given by Ray and Patanker [2001b] and Huang et
al.[2005b] are used in this analysis with different load sequences from high to low or low to
high shown in Fig. 4 (load cases 1 to 5). These types of loading represent the load
sequencing and spectrum loading in most of the application. To account load ranges and
mean of the used load history, the rainflow counting method was then used. In this
overview, as mentioned before, the three main input parameters are geometry, material and
loading. The process proceeds by selection of the FCG model to show the behaviour of the
geometry. The results of the previous process predict the fatigue life and FCG rate. At each
cycle, to get a new result it is possible to change any of the factors (FCG model, geometry,
material, loading and stress ratio), which mean the ability to make a new prediction. The
detail flow of such process is shown in Fig. 5.
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Fig. 4. Display of load histories with different sequences
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Fig. 5. Flow chart of the simulation process

5. Results and discussion

Many engineering structures are subjected to random loading in service and the fatigue life
will be affected by load sequence. However, for design purposes it is particularly difficult to
generate an algorithm to quantify these sequence effects on fatigue crack propagation, due
to the number and to the complexity of the mechanisms involved in this problem [Kujawski,
2001]. The presence of interaction effects is always altering the crack growth rate under the
application of VA loading. For correctly predicting the crack growth under VA loading, it is
necessary to involve the interaction effects while developing the prediction models as a part
of cycle-by-cycle analysis using different models. Hence, one of the purposes of this research
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is to address how two characters the effect of VA loading in fatigue crack propagation.
Despite the extensive work on crack growth, there is still a need for a satisfactory and
generally applicable method to predict the fatigue crack propagation to consider various
effects. In the current investigation, systematic crack growth predictions were conducted on
an aluminium alloy. Several existing models were evaluated critically based on the
experimental results [Richard, et al., 2008]. Thus, the fatigue crack propagation models
under VA loading are presented in this section based on the Austen, modified Forman and
NASGRO models. For demonstrating the validation of these models predictions are
compared with test data, FASTRN and AFGROW codes given in Ray and Patanker [2001b].
Figs. 6 and 7 exhibit the results of the comparisons under two types of block loading, one
with decreasing the minimum stresses (load case 1) and the other with increasing them
(load case 2). The changes of a stress ratio related to changing of minimum stress with a
constant maximum stress. The data predicted using the Austen, modified Forman and
NASGRO models are compared with those models performed by previous literatures [Ray
& Patanker, 2001b; Huang, et al., 2005a; Huang, et al., 2005b].

90

80 1 —O— Austen

70 —a— FASTRAN
——mod. Forman

60 1|  —a—NASGRO

50 4 —o— Test Data
—eo— AFGROW

Crack Length (mm)

40
30 A
20 A
10 4 !‘li.n
0 : : : ; ; -
0 20 40 60 80 100 120 140
Cycles x1000

Fig. 6. Comparison of fatigue crack growth with different FCG models under load case 1

The maximum differences in life predicting for the load cases for all models are 40% as a
maximum compared to the test data. The lowest life has been found using the Austen
prediction model, while NASGRO gave the maximum and the others are in between both
the Austen and the NASGRO models. Moreover, the fatigue life predicted under the load
case 2 is higher than the case 1. The results show clearly the effect of changeable stress ratio
and the first block is more effective than others, in other words, the sequence of the loads.
The results indicate that, when the first value of R is high, it is clearly reduce the life,
although this value will be decreased later. In the load cases when the stress ratio is low in
the first block of the load, it has less effect, although its value will be increased later.

The effects of load sequence can be shown clearly in Fig. 8, which represent the comparison
between these load cases based on test data and NASGRO model. The maximum difference
in the test data is 8%, while in NASGRO model is 25%. These differences mainly due to the
effects of load ratios for each load case.
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Fig. 7. Comparison of fatigue crack growth with different FCG models under load case 2

90
80 1
—a—NASGRO (1)

70 —o0—NASGRO (2)
g | —&— Test Data (1
; ——Test Data (2)
5 301
5
= 40
-
2
S 304

20

10

0 T T T T T T T T T

0 20 40 60 80 100 120 140 160 180
Cycles x1000

Fig. 8. Comparison of fatigue crack growth of test data and NASGRO model under load
cases 1 and 2

From previous results mentioned in Figs. 6 and 7, it is possible to draw the FCG rate curve
relating to crack length as shown in Fig. 9. The power equation gave a correction factor of
97.8% for load case 1 and 99.5% for load case 2. The two equations indicate that the rate of
crack versus crack length approximately same with small difference in linear relationship.
Tests on SM520B steel using CCT test specimens under four different variable amplitude
block loading spectra were reported by Yamadaa et al. [2000] and presented in Fig. 10, while
Pell et al. [2004] reported on Aluminum alloy by the same indication. Fig. 10 again reveals a
near linear relationship between da/dN and the crack length, which introduce the same
conclusion presented by this research (Fig. 9).
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Fig. 9. Fatigue crack growth rate versus crack length of test data under load cases 1 and 2

For the load cases 3 and 4, the stress ratios are changeable either in a decreasing way (case 3)
or increasing (case 4) due to the changes in both stresses (maximum and minimum), which
differ from the cases 1 and 2. The results in Figs. 11 and 12 show good agreement to the
predicted life for all models with a difference range from 17% to 30% related to experimental
results for the two load cases (3 and 4), except the results of the Austen model, which are
less by more than 50% for the load case 3 compared to load case 4.
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Fig. 10. Fatigue crack growth versus crack length for SM520B steel using CCT specimens
adapted from Yamadaa et al., [2000]
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Fig. 11. Comparison of fatigue crack growth with different FCG models under load case 3

The comparison of test data and results predicted based on the NASGRO model for the two
load cases (load cases 3 and 4) are shown in Fig. 13. The life predicted based on NASGRO
model is 168 x 103 cycles, while for load case 4 is 160 x 103 cycles. The difference between the
lives based on test data is 9%. These differences are due to the different load ratios and load
sequence effects for the load cases.
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Fig. 12. Comparison of fatigue crack growth with different FCG models under load case 4

The FCG rate versus the crack length for the two load cases 3 and 4 shown in Fig. 14. The
two power equations are approximately same (da/dN= 0.0019 (a)1¢328) and the correction
factor for these cases is 97.8%. This relation is a linear, which is in a good agreement with
results published in literature [Molent, et al., 2006]. The crack growth results obtained by
Roach [2002] as part of the FAA Aging Aircraft program are analysed in Fig. 15. We again
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Fig. 13. Comparison of fatigue crack growth of test data and NASGRO model under load
cases 3 and 4

see that there is a near linear relationship between the apparent growth rate and the crack
length [Baker, 2002]. Although, the differences in the types of specimens and load
magnitudes, it showed the same behaviour.

For the random loading case, i.e. case 5, the results show a good agreement of AFGROW
model with experiment values and 10% difference with the modified Forman and NASGRO
models, while for the FASTRAN and the Austen models are 30% and 50%, respectively.
These results are clearly shown in Fig. 16. The correlation between the FCG rate and crack
length for this load case is (da/dN = 0.0387 (a)1.9051) and the correction factor is 98%, which
shown in Fig. 17 in a linear relationship. The linear relationship between crack growth rate
and crack length is in a good agreement in behaviour with the further test results illustrated
and presented by Brot and Matias [2002]
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Fig. 14. Comparison of fatigue crack growth rate versus crack length of test data under load
case 3 and 4

The above results indicates that, using VA loading in practice, the fatigue life is often
affected by load or cycle sequences, although, the values of the load are same for each block.
Neglecting the cyclic interaction effects in fatigue calculations lead to inaccurate life
predictions [Kassim, et al., 2008]. These load cases, the load ranging from 4.14 to 82.8 MPa
for the first two cases, while for the second two cases ranged from 6.9 to 96.6 MPa.
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Fig. 15. Fatigue crack growth versus crack length in Al 2024-T3 adapted from Roach et al.
[2002]
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Fig. 16. Comparison of fatigue crack growth with different FCG models under load case 5

With reference to load cases 1 and 2, the changing in R ratio due to changing in the
minimum stresses only, while for the load cases 3 and 4 the changes due to variability of
both maximum and minimum stresses. For these cases (1, 2, 3 and 4) the results indicate that
the value of stress ratio in the first block of the load had much effect on the crack growth.
From the overall findings, therefore, the effect of load sequences on the fatigue life
prediction is necessary to involve the interaction effects and neglecting the sequences effect
lead to inaccurate results.

6. Conclusions

The application of multiple over and under loads can interact with each other, and as a
result they could either accelerate or decelerate the overall crack growth retardation
depending on the frequency of the overload. Three different models namely, the Austen,
modified Forman and NASGRO have been used to predict the fatigue life on centre-cracked
2024-T3 aluminium alloy specimens under several program loadings. The load spectra and

the schematic comparisons of predicted values with test data and those of FASTRN and
AFGROW codes are compared. All the findings obtained from the comparisons with the
five different program loadings agree with some discrepancies relating to the test data. It is
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Fig. 17. Fatigue crack growth rate versus crack length of test data under load case 5

obvious that neglecting the effect of load sequence in fatigue calculations under VA loading
can lead to inaccurate life predictions.

This work reveals that under the spectrum loading; there is a near linear relationship
between the fatigue crack growth rate and the crack length when plotted on a log-log scale.
These findings offer the potential to assess the effect on durability of an increase in the
loading level due to different load ratios.

Finally, the present models have been proving applicable to crack propagation under VA
loading with different approaches and the NASGRO model is the most proper model for VA
loading fatigue life prediction.
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