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BoB AINSWORTH
The University of Manchester, Manchester, UK

Fitness-for-purpose assessments of engineering com-
ponents are required in order to demonstrate defect
tolerance and the ability to continue to operate safely
(Zerbst et al 2003). Such assessments are particularly
required for welded regions as these are susceptible
to flaws and contain residual stresses which may con-
tribute to structural failure (Zerbst et al 2014). The as-
sessments need inputs from both stress analysis and
materials properties.

For the stress analysis, loadings can be both prima-
ry, such as pressure and dead-weight, and secondary,
such as the residual stresses at weldments. In the
elastic region, primary and secondary stresses are
simply added linearly to calculate the total stress in-
tensity factor. However, the relative contributions of
the primary and secondary loads to the total crack
driving force change during the loading sequence as
plasticity develops. In particular, the secondary stress
becomes much less significant when gross yielding oc-
curs (Ainsworth 1986a). However, if the crack tip plas-
tic zone remains surrounded by elastic material at high
remote stresses this can lead to an increase in the con-
tribution of the secondary stresses to the crack driving
force (Ainsworth 2012). Such cases are referred to as
exhibiting elastic follow-up. This paper describes how
the contribution of secondary stresses can be included
in fitness-for-purpose assessments, including recent
developments which allow the treatment of cases ex-
hibiting elastic follow-up.

Weldments are not only regions of high residual stress-
es but are also often regions of low fracture toughness
properties. The paper therefore also addresses the
fracture toughness input to fitness-for-purpose assess-
ments and specifically how this may be influenced by

W. A. CURTIN
Institute of Mechanical Engineering, Ecole Polytechnique

The application of X-Mechanics (X= quantum, atomis-
tic, statistical, dislocation, mesoscale, and continuum)
to elucidate the mechanistic origins of plasticity phe-
nomena is emerging as a powerful paradigm for predic-
tive metallurgy. In particular, the structure of disloca-
tions and the interactions of dislocations with solutes,
precipitates, other dislocations, and grain boundaries,
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the prior plastic straining which occurs either during
the welding process or as a result of subsequent load-
ing, such as during pre-service proof loading. Consid-
eration is limited to the influence of prestrain on duc-
tile fracture. Both uniform plastic straining (Ainsworth
1986b) and recent studies on highly non-uniform
straining, such as occurs if a defect is present during
the proof loading for example, are addressed. It is
shown that non-uniform prestrain may significantly
complicate the measurement of representative frac-
ture toughness values.
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requires application of X-Mechanics for both qualita-
tive and quantitative models of plastic flow as a func-
tion of alloying, temperature, strain-rate, grain size,
and including size effects in plasticity.

Here, we start with a brief overview of recent work at
the quantum, atomistic, and statistical scales aimed at
guantitative prediction of yield strength in Al and Mg
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alloys. The onset of macroscopic plastic flow can be
predicted without recourse to higher-level modeling.
Such studies also provide “inputs” to higher-level mod-
els, and can guide the formal structure of such models.
We then move to mesoscale dislocation dynamics in
2d plane strain, but in the presence of pinning obsta-
cles typical of metal alloys. We present a new concept,
“stress gradient plasticity”, that emerges naturally
from the analysis of dislocation pile-ups under a spatial
stress gradient.! The analysis shows that the spacing
between pinning obstacles is a material length scale
that can give rise to size-scale effects in the presence
of stress gradients. Discrete dislocation models clearly
demonstrate the stress gradient plasticity phenome-
non and the role of obstacle spacing. “Stress gradient
plasticity” is then implanted within a low-order con-
tinuum plasticity framework and is shown to predict
size effects in bending, torsion, indentation, and void
expansion. The model is applied to explain experimen-
tal size effects — both strengthening and hardening —in
recent bending and torsion experiments in pure poly-
crystalline metals.

We have recently extended the 2d mesoscale disloca-
tion dynamics models to include elements of 3d “forest
hardening” and, thus, strain hardening phenomena.
This yields model systems with tunable yield strength
and work-hardening, to enable study of the interplay
of these mechanisms in mesoscale deformation. How-
ever, this method will not be discussed in detail in this
talk.

We conclude with discussion on how to bridge be-
tween the smaller- and larger-scale X-Mechanics meth-
ods. The key issue is whether smaller-scale X-Mechan-
ics simply provides inputs into existing higher-scale
X-Mechanics models or provides guidance for entirely
new higher-scale X-Mechanics models.

References
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There are various applications for structural materials
used at high and ultra-high temperatures. Of these
applications, turbines for land-based power genera-
tion and aircraft jet engines may be one of the typical
examples. For these applications, there is an ever-in-
creasing demand for efficiency improvement, in order
to reduce fuel consumption and CO2 gas emission. The
efficiency of a gas turbine combined cycle power plant
can be improved by increasing the turbine inlet tem-
perature. There is, therefore, a very strong demand for
structural materials that can withstand for these very
high temperatures. The turbine inlet temperature has
increased year by year so that gas inlet temperature is
always higher than the temperature capability of ma-
terial, indicating that the materials cooling is essential.
Material cooling usually leads to the efficiency loss of
a combined cycle engines by a few to several %. So,
materials that can be used without cooling is badly de-
sired. New high-temperature materials that can with-
stand very high temperatures exceeding the upper lim-
it of Ni-base superalloys are strongly demanded.

Generally speaking, high strength and high tough-
ness is a primary concern as the properties required
for high-temperature structural materials, although
these two are in the pay-off relation. Light weight is
sometimes very important especially when used in a
rotating part, since the centrifugal force is proportional
to the weight. High oxidation resistance is another pri-
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mary concern. The material should not lose the body
by oxidation in a severe oxidizing environment at very
high temperatures. That means the material should
form protective oxide scales during oxidation. When
judged from the so-called Ellingham diagram, Al and
Si are known to readily form thermodynamically very
stable oxides with a slow growth rate. This means that
alumina and silica can be a protective oxide scale and
that the material of our concern should contain either
Al or Si in a good quantity for better oxidation resist-
ance. On top of that, the material should have some
dislocation activity to achieve some allowable value
of toughness. Dislocation properties are obviously in-
fluenced by the lattice periodicity, as Peierls evaluated
the stress required for dislocation to overcome the po-
tential barrier a long time ago. The lower Peierls stress
may lead to a higher dislocation mobility, and hence
the higher fracture toughness. Then, simple crystal
structures are naturally beneficial to high dislocation
mobility, and hence the higher fracture toughness.
In that sense, intermetallics with superlattices based
on either FCC, BCC or HCP structures, especially alu-
minides and silicides formed with transition-metal can
be strong candidates.

In the presentation, the current status for the devel-
opment of high-temperature structural silicide and
aluminides will be reviewed, after the introduction to
high-temperature structural materials.
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Materials development is essential for realization of
advanced nuclear fission reactors as well as fusion
DEMO reactors and beyond. High performance struc-
tural materials R&D has been conducted for the last
several decades and there have been made some re-
markable technology innovations of nuclear structural
materials [1].

Among the candidate nuclear and blanket structural
materials, oxide dispersion strengthened (ODS) steels,
which have been produced by means of “mechanical
alloying”, are considered to be promising for advanced
nuclear systems with high thermal efficiency, because
the ODS steels have high-strength at elevated temper-
atures and good resistance to corrosion and irradiation
degradation. The operation temperature can be elevat-
ed up to 700 °C. Radiation tolerance was considerably
improved by a dispersion of nano-scaled oxide parti-
cles.

There are several sorts of ODS steels with different
Cr contents: (9-12)Cr-ODS ferritic/martensitic steels
[2] and (14-16)Cr-ODS ferritic steels with and without
Al addition [3]. The former two groups of ODS steels
were developed for application to sodium cooled fast
reactors and fusion reactors, and the last group of ODS
steels were for so-called Generation IV fission nuclear
reactors. More recently, accident tolerant fuel R&D is
progressing to apply high Cr-high Al ferritic steels to fuel
cladding of light water reactor because of “Fukushima
Incident”. It has been considered that the replacement
of Zirconium alloys cladding with high-performance
ferritic steels cladding may retard the hydrogen gen-
eration at a severer accident (SA) of nuclear reactors,
resulting in a large time lag up to hydrogen explosion.
High performance of ODS steels stems from the fine
nano-scaled oxide particle dispersion. Dispersion mor-
phology of the oxide particles, such as size, number
density, chemical compositions and coherency be-
tween matrix and particles, are characterized by FE-
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TEM/EDS observations, high temperature XRD meas-
urements and analyses by FE-EPMA and FE-AES. Chem-
ical compositions of the main particles in Al-added ODS
steel were influenced by addition of small amount of
Zr, which resulted in the formation of (Y, Zr) oxide parti-
cles rather than (Y, Al) oxide particles. The size and the
number density of Zr-added steel was reduced and in-
creased, respectively. The coherency of the (Zr, Y) oxide
particles depended on the size of the particle. Charac-
teristic features of the oxide particles in strengthening
mechanism is summarized for the ODS steels.

In this presentation, current status of ODS steels R&D
in Japan is also summarized and the impacts of some
material innovations on the safety issue of nuclear
technologies are addressed. Radiation tolerance mech-
anism of advanced ferritic steels is introduced in terms
of trapping capacity for radiation defects caused by
nano-scaled ultra-fine oxide particles dispersion. Fur-
thermore, the recent experimental results on mechan-
ical properties at elevated temperatures, corrosion be-
havior in SCW and LBE and phase stability under ion
irradiation of ODS steel are shown to demonstrate that
the ODS steels with nano-scaled oxide particles in high
number density are promising for the fuel cladding ma-
terial of next generation nuclear systems.
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In preparation for the forthcoming commercializa-
tion and subsequent world-wide adoption of fuel-cell
vehicles and hydrogen stations, a specialized set of
components (e.g., vessels, valves, regulators and me-
tering devices) is being developed for the handling of
high-pressure hydrogen gas. The degree of susceptibil-
ity of materials to hydrogen embrittlement (HE) greatly
influences their possible selection and qualification for
use with high-pressure hydrogen gas. This is because
HE is a potentially dangerous phenomenon known to
be dependent on various factors such as material type,
hydrogen gas pressure, temperature and loading con-
ditions.

NASA categorized numerous metallic materials into
four specific grades according to their individual sus-
ceptibility to high-pressure hydrogen (NASA 2005).
For instance, austenitic stainless steels with FCC struc-
ture (e.g., types 316, 310 and 304ELC) are categorized
in the guidelines as being “negligibly-embrittled” or
“slightly-embrittled” and, therefore, are widely used
for various components exposed to hydrogen gas. On
the other hand, martensitic and ferrite-pearlite steels
with BCT/BCC structure (e.g., AISI 1042 and AISI 1020)
are categorized as being “severely-embrittled” or
“extremely-embrittled”, due to such a high degree of
susceptibility. Therefore, the use of BCT/BCC steels in
high-pressure hydrogen gas environments is highly re-
stricted under current regulations and standards. How-
ever, with the widespread commercialization of hydro-
gen energy systems, BCT/BCC steels are also likely to be
used extensively for hydrogen service so as to reduce
production costs.

A. HOHENWARTER?, T. LEITNER?, O. RENK?, C. B. YANG, M. KAPP?, L. KRAMER?, P. GUPTA!, V. MAIER?, R

PiPPANY?,

In this study, the following tests were conducted on a
variety of steels; austenitic stainless steels with various
austenitic stabilities, a quenched-and-tempered Cr-Mo
steel and an annealed carbon steel, in high-pressure
hydrogen gas up to 115 MPa.

1. Slow strain rate tensile (SSRT) tests

2. Tension-compression fatigue tests using smooth
specimens

3. Fatigue crack growth tests using compact tension

(CT) specimens

The experimental results manifest the susceptibility of
the strength properties of these steels to high-pressure
hydrogen gas, as well as the microscopic mechanism of
degradation associated with hydrogen-enhanced crack
growth. Finally, simple requirements are proposed for
the qualification of metallic materials used under de-
sign by rule (fatigue limit design) and design by analysis
(fatigue life design) for hydrogen service.
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Tensile, fatigue and fracture mechanics properties of
nanocrystalline materials are rare, because the avail-
able material volume is usually very small. Severe
plastic deformation (SPD) is a new method to produce
ultrafine grained or nanocrystalline materials in larger
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guantities. This enables us to determine the fatigue
properties, ductility and fracture toughness of these
types of materials. High pressure torsion allows SPD of
most metallic materials. Hence, it allows to transform
the typical microcrystalline materials to an ultrafine or
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nanocrystalline state. The large HPT equipment at our
institute permits now to determine standard tension
and fracture mechanic tests on a large variety of metals
and alloys. The paper will give an overview of the ob-
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The attainment of both strength and toughness, i.e.,
damage tolerance, is invariably a vital requirement
for structural materials; unfortunately in many mate-
rial classes these properties can be mutually exclusive
(Ritchie 2011). Accordingly, the development of dam-
age-tolerant engineering materials has traditionally
been a compromise between hardness vs. ductility.
Natural materials often display excellent strength and
toughness (in relative terms) even though they are syn-
thesized at ambient temperatures from a fairly limited
palette of constituents, often with relatively meagre
properties. Nature’s structures, however, usually com-
prise both hard and soft phases arranged in complex hi-
erarchical composite architectures, with characteristic
dimensions spanning from the nanoscale to the macro-
scale. The result can be materials that are lightweight
and often multi-functional, which can display unique
combinations of mechanical properties that are gener-
ally far superior to those of their constituents, but are
difficult to replicate synthetically (Wegst et al. 2015).
In this work, we seek the inspiration of biology to
discern strategies for the development of new engi-
neering structural materials with enhanced damage
tolerance. We focus on the interplay between the in-
dividual nano/micro-mechanisms that contribute to
strength and toughness, that of plasticity and crack-tip
shielding, noting that these phenomena originate at
very different structural length-scales — strength at the
nano to micro scales, toughness primarily at the micro
to macro scales. The lessons from Nature are particu-
larly relevant as natural materials can display unusual
combinations of properties that derive from these dif-
fering length-scales because of their multi-dimensional
hierarchical architectures with precisely engineered
interfaces. Our objective is that by mimicking these
natural structural architectures, identifying the salient
strengthening and toughening mechanisms over mul-
tiple length-scales, and most importantly finding ways
to actually make these bioinspired materials in bulk
form, that we can develop new lightweight structural
materials where the strength vs. toughness “conflict”
has been solved to achieve exceptional levels of dam-
age-tolerance.
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tained results in pure metals, alloys, and nanocompos-
ites. Special attention will be devoted to the developed
anisotropy of the fracture toughness, which is in some
materials extremely pronounced.

Here we focus on the mechanistic basis for the me-
chanical properties of several natural materials, name-
ly bone, tooth dentin and nacre in seashells which
are prime examples of natural materials that are truly
damage-tolerant (Launey et al. 2011), fish scales which
are designed as natural flexible dermal armors combin-
ing hard surface layers with a tough (and adaptable)
subsurface region (Yang et al. 2013), and skin with its
remarkable resistance to tearing and fracture. (Yang et
al. 2015).

We further examine attempts to make synthetic com-
posites in the image of such natural materials, though
in general the large span in length-scales and overall
complexity of most biological materials impose combi-
nations of requirements and design motifs that make
the development of new biomimetic materials gen-
erally well beyond the reach of present technologies.
We do describe, however, several examples where
one technique, freeze-casting has been used to make
“compliant-phase” ceramic composites in the image of
nacre with exceptional damage tolerance (Munch et al.
2008), although this and most of the other current pro-
cessing techniques are still not feasible for large-scale
materials production.
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To study the mechanical properties of a specific ma-
terial or class of materials, mesoscale models like dis-
location dynamics (DD) or phase field simulations re-
quire quantitative information on the properties of the
defects of interest. While some information like the
shape and arrangement of precipitates are readily ob-
tained by experiments, other properties like dislocation
mobilities or interface energies require more involved
experiments and analysis. Some material parameters
like unstable stacking fault energies, however, can not
be determined experimentally. Atomistic simulations,
either based on density functional theory (DFT) or on
semi-empirical potentials, are ideally suited to calcu-
late many of these material parameters. Yet, the sim-
ulation setups used to study atomic scale deformation
processes are in most cases highly idealized. While
this is often necessary in order to quantitatively deter-
mine certain material properties, overly simplified or
constricted setups might artificially supress important
deformation mechanisms.

Here we present an example of how using atom probe
tomography (APT) data can lead to more realistic at-
omistic samples which show significantly different
properties and deformation processes compared to
the usually used simulation setups. The atom probe
informed atomistic simulations in turn provide impor-
tant insights and material parameters for DD models.
The present example is centered on the study of dis-
location processes in the y/y’ microstructure of single
crystalline Ni-base superalloys. The superior high-tem-
perature mechanical properties of these superalloys
is a direct consequence of this microstructure which
consists of a high volume fraction of the cuboidal
L1, ordered y’-phase that is precipitated in a disor-
dered face-centered cubic y-matrix. Such precipitate
strengthened alloys are much stronger than the indi-
vidual phases, and the strengthening effect is believed
to mainly arise from the difficulty of channel disloca-
tions in the y-phase to cut into the y’-precipitate.
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A novel technique was developed to reconstruct an at-
omistic sample from an APT experiment on the alloy
ERBO/1. The curvature of the reconstructed precipi-
tate leads to the formation of a misfit dislocation net-
work (MFDN), which is significantly different from the
MFDN obtained for a planar interface. Unlike the con-
stricted misfit dislocation cores obtained in the usual
2D setups, the misfit dislocations can dissociate, and
the overall network structure is reminiscent of the in-
terfacial dislocation network formed during the initial
stages of creep, see e.g. (Agudo Jacome et al. 2013),
and contains the same Burgers vectors and line direc-
tions. Simulations of the interaction of one and two 60°
channel dislocations with the MFDN reveal typical pro-
cesses also observed in experiments like the knitting
out of dislocations from the MFDN and the cutting of
the precipitate by a pair of channel dislocations. These
results cannot be obtained with simulation setups that
were previously used in the literature. As APT does not
only provide information on the sample morphology
but also on its chemical composition, the simulations
were performed using stoichiometric Ni/Ni Al as well
as with representative local concentrations of Ni, Al
and Re, thus allowing to asses the role of chemical
composition on the dislocation — precipitate interac-
tions. In addition to the qualitative information gleaned
from the simulation on the reconstructed APT sample,
guantitative information on dislocation mobility and
the critical cutting stress necessary for dislocations to
penetrate the y’-phase was obtained on 2D samples
with representative local chemical compositions and
passed on to DD simulations.
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Grain boundary motion and dislocation nucleation
from grain boundary are key deformation units to un-
derstand plastic deformation properties of nano-crys-
talline metals because of the less intra-grain dislocation
activities in the nano-grains. Since these deformation
units are atomistic scale events and consist of ther-
mally-activated processes at finite temperature, we
need to perform an atomistic simulation, like molecu-
lar dynamics (MD) simulation, at finite temperature to
obtain atomistic, kinetic and energetic details of these
events. However, it is difficult to find and analyze them
at finite temperature and at usual experimental strain
rates using conventional MD simulation method, be-
cause these are rare events in a typical MD time-scale.
Recently, we have developed an accelerated MD simu-
lation method (Ishii et al. 2012), that is called adaptive
boost MD method, and we have applied this method
to investigate a carbon diffusion (Ishii et al. 2012) and
dislocation motion with solute atom (Ishii et al. 2013)
in iron, and demonstrated that the adaptive boost MD
method can successfully accelerate these rare events
and provide atomistic event details, kinetics and ener-
getics.

In this study, we applied this method to investigate the
grain boundary motion and dislocation nucleation from
a grain boundary. First we analyzed a behavior of sever-
al grain boundaries in copper crystal under shear strain
along the grain boundaries. Actually grain boundary

YOSHITAKA UMENQO?, ATSUSHI KUBO?, SHII0 NAGAQO?

motion was successfully accelerated, and we found a
sharp mechanism transition from displacive to diffu-
sive motions with increasing temperature in several
grain boundaries, such as a sliding and migration cou-
pled grain boundary motion at low temperatures less
than ~500K and a decoupled motion above ~500K. The
latter was mainly driven by local atomic diffusion in the
grain boundary. We estimated temperature dependent
activation volume of the grain boundary motion and
found that the activation volume sharply changed at
the mechanism transition temperature. Next, we ap-
plied this method to dislocation nucleation from grain
boundary. Again, dislocation nucleation event from
grain boundaries was successfully accelerated and ob-
served in the MD simulation. Then, we analyzed tem-
perature and stress dependent activation free energy
and activation volume, and based on them, we also
studied temperature and strain rate dependencies of a
critical stress of the dislocation nucleation.
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SiC, which is semiconducting crystal having wider
bandgap than that of Si, is one of the most promis-
ing materials for power semiconductor device. Major
challenges toward application include cracking dur-
ing manufacturing process due to thermal stress and
stacking fault growth brought by migration of Shockley
partial dislocations around PN junction in operation. It
is therefore required to perform atomistic model sim-
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ulations to reveal the mechanism behind such defor-
mation.

In fact, there have been some studies on the deforma-
tion in SiC using atomistic model simulation such as
molecular dynamics. However, interatomic potentials
suggested thus far for SiC were constructed without
taking into account the strong anisotropy of the crys-
tal strength and the effect of multiaxial loading condi-
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tions. To perform reliable atomistic-model simulations,
it is necessary to construct an interatomic potential
that can describe such aspects.

In this study, we firstly performed ab initio density
functional theory (DFT) calculations to obtain ideal
shear and tensile strength of SiC to develop an inter-
atomic potential function based on the obtained DFT
data. Then, we carried out molecular dynamics simu-
lations of deformation of SiC crystal under mechanical
loading using the develped interatomic potential.

We employed the Angular-Dependent Potential (ADP)
model for the interatomic potential function. An ad-
ditional term for pairwise interaction is include in the
model to describe the Coulomb interaction, which
should play an important role in SiC. Potential param-
eters are fitted using the Force-Matching method for
better transferability. The developed potential can
successfully reproduce the ideal strength, the effect of
superimposed multiaxial loading on the strength and
phase transition under compression.

Our molecular dynamics simulations of tension of
thin film models of 3C-SiC and 4H-SiC showed that dif-
ferent deformation modes appear in the two models
because the crystallographic plane that possesses the
lowest strength against tension, (0001) in 4H and (111)

XIANGWEI KONG?, WENRAN GENG?, CHUNLIN QIuU3

in 3C, has different arrangement according to the crys-
tal structure. Our simulations also demonstrated that
both cleavage and slip can occur at the atomistic scale
although SiC is macroscopically brittle.

An analysis of shear deformation of a model contain-
ing Shockley partial dislocations revealed that electric
environment can alter the mobility of the two kinds
of dislocation core (Si- and C-cores). When negatively
charged, the order of their mobilities can be reversed.
This result explains the contradiction between a cal-
culation with the Tight-Binding method (where C-core
moved) and an experimental observation (where Si-
core moved) and provides an important insight to the
mechanism of expansion of stacking faults under elec-
tric current.

This work was supported in part by the Network Joint
Research Center for Materials and Devices.
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In recent years, cold rolling as a new technology has
been widely applied in the field of aviation blade manu-
facture because it has many advantages, such as stable
working process, small equipment tonnage, fine work-
piece mechanical properties and high production effi-
ciency (Chaboche 2008). However, very few researches
are focused on the blade rolling process because of the
complexity of blade shape and the difficult-to- defor-
mation of blade superalloys. The control of technical
schedule and mould shape of blade rolling process is
totally dependence on the experiences. The blasd pol-
ishing method and mould adjustment also mainly de-
pend on the manual operation. Under such condition
the production efficiency and the product quality are
not guaranteed. Therefore, the material flow behav-
ior and forming mechanism of blade rolling process
should be further investigated to optimize the design
of mould and the selection of technical parameters. In
this working, the constitutive model of superalloy was
estabished according to the flow stress of materials.
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Then, the numerical simulation of blade rolling process
was implemented using the software DEFORM-3D em-
bedded with the established constitutive model.

In order to descript severe plastic deformation accu-
rately, the Yoshida-Uemori constitutive model (Yoshi-
da 2002 and 2003) was employed in our study. The me-
chanical properties of nickel-based superalloy GH4169
was performed under different conditions at ambient
temperature to obtain the material parameters of the
constitutive model. The secondary development of DE-
FORM is carried out using the established constitutive
model o GH4169. Comparing the numerical simulation
results with the results of cuboid compression test, the
maximum error is lower than 1.1% for the GH4169. This
verifies that the new constitutive model for GH4169 is
suitable for simulating the blade rolling process. The
flow rule of blade metal during the process is that the
forward and back slip zones is not homogeous along
the transverse direction of blade.

This work exhibits a new idea for the study on the form-
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ing law, the optimization of moulds and the selection
of technique parameters during variable cross-section
rolling process.
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The key to predicting, and therefore optimizing, prop-
erties of materials is the knowledge of the state of
microstructure. Figure 1 shows a typical example of
dramatic change in creep mechanism from disloca-
tion-based creep in the bore region to the remarkable
microtwinning process in the rim region observed in
an ME3 turbine disk for identical deformation condi-
tions (Kovarik2009). The sensitivity of creep response
to subtle changes in microstructure and the need for
location-specific microstructure optimization in a tur-
bine disk are quite obvious.

Fig. 1: Strong dependence of monotonic creep response as
a function a subtle microstructure differences between the
bore and rim of an actual disk forging for ME3.

In the past decade, unprecedented methods to quan-
tify, use and explore grain- and precipitate-scale mi-
crostructures have been developed. However, most
modeling approaches to microstructure-property re-
lationship utilize highly simplistic descriptors of micro-
structures (such as average particle size and volume
fraction) that are empirically correlated to the prop-
erties (e.g., cutting vs. looping). Such approaches are
utterly inadequate for addressing the design needs. To
enable location-specific design where the designers
strive to move away from using a uniform (usually the
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most conservative) property set over an entire compo-
nent, next generation modeling tools that incorporate
specific deformation mechanisms operating in specific
alloy systems under a given set of processing parame-
ters, microstructure states and service conditions are
desperately needed.

In this presentation, using plastic deformation in Ni-
base superalloys as an example, we show how to in-
tegrate mesoscale modeling (phase field (Wang2010))
with experimental characterization to bridge ab initio
calculations and image-based crystal plasticity (CP)
simulations to (a) identify deformation mechanisms,
guantify activation pathways, and provide deformation
mechanism maps (DMMs) as function of alloy composi-
tion, processing, microstructure and loading condition
(Unocic2011; Zhou2011), (b) develop a fully integrated
phase-field + FFT-CP modeling approach to simultane-
ous polycrystalline and precipitate microstructure evo-
lution and dislocation density evolution during creep,
which incorporates the DMMs obtained from (a), and
(c) develop a continuum level FEM for macroscopic re-
sponse, which incorporates the deformation behavior
of individual RVEs obtained from (b).
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It is well established that materials can drastically
change mechanical properties when their size is re-
duced to the nanoscale, mainly because of an increase
in surface to volume ratio and of lowering the amount
of defects in the lattice. In particular, defect-free crys-
talline nanostructures reach strengths which are close
to their ultimate shear strength, since their deforma-
tion is controlled by dislocation nucleation from the
surfaces. In this talk we examine how the size and
shape of defect-free nanoparticles affect the mechani-
cal response to compression and indentation.

Earlier experiments on Au nanoparticles showed that
they become easier to indent as they are smaller, but
a reduction of their size increases their strength under
compression. With large scale Molecular Dynamics
(MD) simulations, we show how the lateral dimensions
give rise to size effect in indentation through the com-
petition between dislocation storage and depletion on
free surfaces. On the other hand, under compression,
the size effect arises from a size-dependent dislocation
nucleation threshold at the nanoparticle’s vertices. A
dislocation nucleation model is employed to study how
stress at which FCC nanoparticles yield depends on ma-

terial properties, such as the stacking fault energy and
elastic constants.

In contrast, Fe nanoparticles (BCC) exhibit a much less
profound size effect due to strong dislocation pining at
their nucleation sites. We denote this type of deforma-
tion as depinning-controlled mechanisms. Under com-
pression, the deformation of Fe nanoparticles exhibit
a size effect, similarily to FCC nanoparticles. However,
they differ in the governing dislocation mechanism.
While dislocations are nucleated at the vertices of
both Fe and FCC nanoparticles, these are accumulated
within the Fe nanoparticle instead of escaping from the
free surfaces, as in the FCC nanoparticles.

Further more, the size effect is shown to be suppressed
in Ni_Al intermetallic nanocubes under compression,
since the stress concentration vanishes in this geom-
etry. An analysis of the dislocation evolution in Ni Al
nanoparticles shows that partial dislocations are nu-
cleated at the vertices, shearing the nanoparticle with
large complex stacking faults planes.

This combined computational-experimental study pro-
vides us with insights on how to model dislocation-nu-
cleation controlled deformation at the nanoscale.
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Nanostructures hold very important potential techno-
logical applications nowadays. Besides their reduced
dimensionality (spatial dimensions) these structures
exhibit peculiar electronic, optical and mechanical
properties. Recent experiments conducted on nickel
nanowires have revealed elastic limits many orders of
magnitude greater than their corresponding values in
bulk nickel [1]. This disparity has been attributed to
differing concentrations of defects (point or extend-
ed) present in both systems: nanowire and bulk. To
simulate these systems care must be taken in tuning
parameters structure size, temperature, strain/stress
rate, presence of defects to ensure that the simulation
conditions are as close as possible to the experimental
setup. Although many researchers [2, 3] have studied
the influence of the system size, temperature as well as
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strain rate on the elastic limit of nickel nanowires, the
role of defects has not yet been explored to our knowl-
edge. In this work we will present the results of our
simulations of nickel nanowires with defects in them.
The calculations have been carried out using molecu-
lar dynamics as implemented in the Lammps[4] code,
where Ni-Ni interactions are modeled by an embedded
atom model (EAM) kind of semi-empirical potential.
Our results show that the elastic limit decreases with
increasing temperature and/or increasing strain rate
(frequency). We have found that the elastic limit (yield
strain) decreases by a half when the strain rate (fre-
quency) varies from 10 S* to 10% S,

Moreover, we have found that presence of a small
cluster of defects (three, six or thirteen monovacan-
cies) in the nanowire leads to a substantial decrease in
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the elastic limit. Additionally, our results point to the
important role played by the initial location, of the de-
fect cluster, in the occurrence of the yield point in the
nanowire.
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While the plastic deformation characteristics of coarse-
grained metals is generally determined by the aver-
age quantity of collective motion of dislocations, the
mechanical properties of nanocrystalline metals (d <
100 nm, d is the grain size) cannot be simply predict-
ed based on assumptions of the average quantity of
collective motion of dislocations. Recently, it has been
possible to produce ultrafine-grained metals (100
nm < d < 1 um) in bulk by severe plastic deformation
process *? and it has been known these UFG metals
achieve unique and excellent mechanical properties.
34 As well as this strengthening mechanism, the anom-
alous tension/compession deformation characteristics
and the Bauschinger effect have been observed in UFG
metals ). Dislocation emission from grain boundaries
becomes more important deformation mechanism to
describe the plastic deformation because it is difficult
to construct any intragranular dislocation source due
to the very limited individual grain’s space in UFG met-
als. However it is difficult to express these unique me-
chanical properties in UFG metals using conventional
theories .

In this study, the plastic deromation characteristics
of UFG metals were investigated by huge scale atom-
istic simulations. Some polycrystalline models with
intragulanular Frank-Read sources were constructed
to elucidate the relationship between the inter- and
intra-granular plastic deformation processes and the
mechanical properties. Then the uniaxial tension and
compression were applied to the polycrystalline alumi-
num and copper models. It is found that yield stress
is strongly influenced by the number of intragranular
dislocation sources, i.e., dislocation density. Frank-
Read sources were activated prior to intergranular
dislocation emission, and the yield event of the whole
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system seems to occur when some dislocaton sourc-
es activated. The Bauschinger effect of UFG metals is
caused by the change in dislocation density in the pro-
cess of fowarding and backwarding deformation. Ad-
ditionaly, the yield stresses of tensile and compressive
deformation have some sort of plastic anisotropy. UFG
aluminum shows more significant anisotropy than UFG
copper. It would be illustrated well by comparing two
materials that the intergranular dislocation nucleation
plays more important role in tension/compression an-
isotropy.
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During quenching of age-hardenable aluminium alloys
thermal gradients can occur, which generate residual
stresses and distortion. Heat treatment simulation is a
powerful tool for the prediction of their extent. How-
ever, mechanical properties of the simulated alloy are
required depending on temperature, strain rate and its
microstructure, which is strongly affected by the cool-
ing condition. Approaches to model flow curves with
appropriate state variables have therefore been devel-
oped in the past, but influences of microstructural ele-
ments such as solutes and second-phase particles need
further investigation. This study presents an approach
to generate reliable experimental data on mechanical
properties of well-defined microstructural states for
the calibration and validation of a simulation model.

Pure binary Al-Si alloys were analysed as Al-Si is an ideal
model system and Si is an important alloying element
in commercial age-harenable 6xxx alloys. During cool-
ing from solution annealing of Al-Si alloys two different
types of precipitates occur in certain cooling rate and
temperature ranges. Their microstructure was inves-
tigated by light optical, scanning electron, and trans-
mission electron microscopy, as well as by atom probe
tomography. The precipitation enthalpy during cooling
was investigated with advanced DSC techniques in a
wide cooling rate range of 0.0001 K/s to 2 K/s. Hence,
the whole range of physical interest — from slow cool-
ing close to thermodynamic equilibrium up to faster
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cooling than the upper critical cooling rate —is covered.
To analyse this wide dynamic range three different
types of DSC devices were utilised. The dependence of
formation enthalpy on cooling rate and temperature is
modelled, providing a consistent physical description
of precipitated volume fraction and amount of Si re-
maining in solid solution during cooling. This allows the
generation of well-defined microstructural states with
application of controlled heat treatments. Compres-
sion tests in a quenching and deformation dilatometer
were carried out on specific states to investigate the
strengthening effect of Si in solid solution and different
types of coarse quench-induced precipitates. Thereby,
samples possessing an equal amount of Si in solution
but different types of precipitates with same precipi-
tate volume fractions were produced and tested. The
flow characteristics of these states were compared to
precipitate-free conditions having the same amount of
solute Si. A big advantage of this method is that the
strengthening contribution of precipitates can be de-
termined without the need to assume any - potentially
inaccurate - superposition law between particle and
solute strengthening. The fundemental ideas of this
technique can be transferred to other precipitation
hardening alloys. The flow behaviour was modelled.
The modelling will be presented in part two of this
work.
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Through-process modelling (TPM) has been estab-
lished in recent years to simulate and predict the
microstructure and the resulting material properties
in the production of aluminium sheet. One core ingre-
dient of such a simulation set-up is a statistical work
hardening and recovery model that predicts the evo-
lution of dislocation densities and the subgrain sizes
during hot and cold rolling. These quantities affect the
material strength and thereby the rolling forces imme-
diately, and they influence texture evolution signifi-
cantly. Furthermore, they are also important in subse-
guent processing because they form the driving force
for recrystallisation. One such work hardening model
that had been integrated in a full TPM set-up is 3IVM+
(3 Internal Variables Model). As designed, it allows suc-
cessful TPM for all rolling and annealing steps in many
cases. However, 3IVM+ fails to model those annealing
steps well in which only recovery takes place. The main
reason for this lies in the state variables chosen for
modelling. They enforced that during recovery simula-
tion, the state variables of the model approached the
same values as for a fully recristallised material, mak-
ing a distinction between recovered and recrystallized
states impossible. Moreover, only in a few cases 3IVM+
offers good predictions for the impacts of variations
in alloy composition even though direct strengthen-
ing contributions by particles and by solute atoms had
been considered.

Therefore, a new statistical work hardening and recov-
ery model called 4IVM has been developed recently.
Since this model is expected to cover many more as-
pects of plasticity than 3IVM+, the new model should
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be considered as a work in progress until all new as-
pects can be validated by corresponding experiments.
4IVM describes the material state by the densities, p,,
of four dislocation classes with distinctly different prop-
erties: mobile dislocations (p,_ ), dislocation dipoles
(pdip), dislocation locks (p_,), and subgrain boundary
dislocations (p ). While the mobile dislocations facil-
itate plasticity, the dipole dislocations do not contrib-
ute to slip even though they can move in response to
internal stress gradients. Lock and subgrain boundary
dislocations are considered entirely immobile for now.
For all dislocation densities p, generation and anni-
hilation rates are defined in dependence of all other
variables as well as the initial grain size (and eventually
other influences like solute concentrations). By inte-
gration over time, these rates determine the coupled
evolution of all p . From these, the work hardening
stress is derived by application of the Taylor formula.
The total flow stress is calculated as a superposition of
this Taylor stress and models for precipitate and solute
strengthening.

The new model is validated by comparing simulated
flow curves to measured ones. For this, binary Al-Si
and Al-Mg alloys have been prepared and compression
tested in varying precipitation states as described. This
is described in the accompanying paper titled “Particle
and solid solution strengthening. Part 1: experiments
to control microstructure” by Schumacher, Pogatscher,
Starink, Schick, KeRler, Mohles, and Milkereit. Com-
pared to its predecessor, 4IVM offers improved flow
curve predictions.
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In microheterogeneous materials, the effective ma-
terial response is influenced by the underlying micro-
structure morphology, the behavior of the individual
phases and the interaction at the interface. In order
to take into account these microstructural effects, ho-
mogenization approaches, such as the FE2-method, see
e. g. Smit et al. (1998), Miehe et al.(1999) & Schroder
(2014) are suitable tools. Herein, at every macroscopic
Gauss point, an additional microscopic boundary val-
ue problem is solved, which typically incorporates a
representative volume element (RVE) to represent the
microstructure. As the microstructure of a real mate-
rial is governed by a highly complex morphology, the
consideration of such structures involves large compu-
tational efforts which pose a serious drawback to the
homogenization method. The use of statistically simi-
lar RVEs (SSRVEs) is an alternative which involves much
lower computational costs. SSRVEs have a statistically
similar artificial inclusion morphology as well as a sim-
ilar mechanical behavior as the real microstructure.
SSRVEs are constructed by minimizing a least-square
functional taking into account the difference of statis-
tical measures computed for the real microstructure
and the SSRVE. This approach was proposed by Balzani
et al. (2009) for two-dimensional SSRVEs and extend-
ed to 3D in Balzani et al. (2014). For the construction
of SSRVEs, the statistical measures used play a crucial
role. Balzani et al. (2010) showed the importance of
considering statistical measures of higher order, such
as spectral density, Yeong & Torquato (1998) point out
that hybrid approaches lead to improved results when
reconstructing microstructures based on statistical
measures. Statistical descriptors based on Minkowski
functionals, a class of integral measures which can be
used to describe geometrical objects, cf. Schroder-Turk
et al. (2013), offer a possibility to increase the efficien-
cy of construction compared with the lineal-path func-
tion. This contribution focusses on the comparison of
SSRVEs obtained from different sets of statistical meas-
ures. Namely, SSRVEs based on volume fraction, spec-
tral density and lineal-path function will be compared
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to ones constructed using probability density functions
based on Minkowski functionals to replace the line-
al-path function.
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Pyramidal and conical (as do spherical) indentation
loading curves strictly follow the F, = k h*? law for all
uniform materials under all thinkable conditions of
constant normal force increase. This has been shown
by analysis of experimental loading curves from all over
the world, giving linear correlation coefficients of r >
0.999 and often r > 0.9999. It does not matter whether
the materials are elastic, plastic, hard, ductile, brittle,
viscous, adhesive, soft, etc. Undeniable surface effects
are revealed and directly corrected. The penetration
resistance k has the dimension [N/m*2]. Elementary
mathematics derives the applied work (Wapp"ed) and
the indentation work (W, ) relating with 5 : 4 for all
uniform materials. The F, = k h*? parabola enables the
simplest determination of the indentation work that
is precisely 80% of the applied work. The remaining
20% produce all long range processes away from the
indentation volume, be these reversible or irreversible,
including local phase transitions, if they occur.

This quantitative analysis of indentations is of impor-
tance for the identification and energetic of pressure
induced phase transitions (W, ). When these occur
the F -h**-plot yields a linear branch before (slope k)
and after the onset of the phase transition (slope k,)
with sharp intersection at a kink point, both with the
above correlation coefficients. Clearly, the transformed
material exhibits different mechanical properties in-
cluding the penetration resistance k. This is observed
for structural transitions and all other types of phase
transformation, simply by the energy balance: W,_
= full ——— (W1applied + WZapp“ed). Phase transforma-
tion energies can thus be positive (endothermic) or
negative (exothermic). Basic arithmetic using the F =
k h*? law allows for their calculation at freely chosen
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loading ranges. Examples with Berkovich pyramid are
compared for different types of materials.

The precision of the new analytic technique without
approximations and without iterations allows also for
the determination of the activation energy of phase
transitions by indentations at variable temperatures.
These are available with reliable temperature control
by various commercial nanoindentation instruments.
But activation energy for pressure induced phase
transformations is unprecedented in materials re-
search. Its measurement under the Berkovich pyramid
will be exemplified with the phase transition of NaCl
(001), where the B1 and B2 states are most precisely
known, and where the transition is used as a pressure
standard. The k, and k, values change with indenta-
tion temperature, here from room temperature to
400°C, with correlation coefficients of r > 0.9999. The
normalized transition work (W, __ /mN) rises with tem-
perature, due to deeper immersion h. The semi-loga-
rithmic plot of W /mN against temperature is linear
and the slope provides the normalized phase transi-
tion activation energy (Ea/mN) for the calculation of
the transition work for all interesting temperatures and
pressures. Ea/mN proves insensitive to creep-on-load.
It yields valuable new material’s property of practical
importance for adjustments of compatibility within
composite materials under mechanical impact, or for
the interpretation of shearing interactions at elevated
temperatures, etc.
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The TRansformation Induced Plasticity (TRIP) in steels
is a permanent strain which is achieved under the com-
bination of a phase transformation at elevated tem-
perature and small external loading. This phenomenon
can be interpreted from the elastoplastic interactions
that occur locally between the growing particles and
a parent matrix and which preferentially develop in
the loading direction. This model mechanism enables
to obtain a first-order agreement on TRIP, as shown by
the model of [Leblond, 89] or by numerical simulations
[Tahimi et al., 2012] for displacive as well as diffusive
transformations.

However, in most modelling approaches (e.g. Leb-
lond, Taleb-Sidoroff, Fischer et al. ; see [Barbe & Quey,
2011] for references), viscous strains are neglected. By
contrast, on an experimental basis, for 100C6 steel at
700°C, both phases show high strain-rate sensitivity
[Tahimi et al., 2012]. The analytical model presented
in [Vincent et al., 2003] is one of the few accounting
for viscous effects but relies on strong hypotheses con-
cerning the distribution of plasticity between phases.
In this work, the problem of viscoplastic interactions
between diffusively growing phases is introduced ex-
plicitly in the constitutive laws of a phase transforming
RVE; the mechanical problem is solved by means of the
finite element method [Tahimi et al, 2012, Barbe and
Quey, 2011]. A particular processing of the total ine-
lastic deformation induced during a classical TRIP test
(consisting in imposing a small constant stress imposed
during the phase transformation) enables to distin-
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guish between creep deformation and transformation
plasticity.

It is found that not only viscosity can be very influen-
tial on the prediction of the transformation induced
plasticity, but also the final properties of the product
phase could be considerably affected due to the phase
transformation history. The FE Modelling is also used
for other objectives: (i) to evaluate the contribution
of viscosity to predict Transformation visco-plasticity
at different strain-rate sensitivities and (ii) to analyse
particular cases of model TRIP tests which could help
improving a simple rate-sensitive analytical model.
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The ductility of metallic materials is determined to
large extent by the kinetics of void growth. The growth
mechanisms depend on the size of the initial voids. In
the case of very small voids (<100 nm), void growth is
triggered by the emission of shear dislocation loops
from the void surface when the stress approaches
the strength of the perfect crystal. For voids with
sizes >1 um, void growth is controlled by dislocations
nucleated in the bulk, that shear the void upon slip.
For a correct description of nano-sized void growth,
the discrete nature of the crystal has to be accounted
to accurately represent the nucleation process [1].
However, for micron-sized voids the volume of material
and the number of dislocations involved prevents the
use of a pure discrete study. In this case, Discrete
Dislocation Dynamics (DDD) arises as an ideal technique
because it allows the use of larger simulation volumes
by considering a continuum framework with an explicit
representation of the individual dislocations and
their interactions. Moreover, size effects are naturally
reproduced by DDD simulations [2-3]

In this work, simulation of the void growth process
at different length scales (from 1 nm to microns) will
be presented for an ideal FCC material with special
emphasis on void size effects.

At the nano-scale, the void growth process has been
studied first by means of a 2D model of a periodic array
of circular voids [1]. The simplicity of the model allowed
to cover a wide range of void sizes (<0.1microns).
In addition, 3D models with cilindrical holes were
used at smaller sizes to confirm the similarity of the
mechanisms in the two cases : dislocation nucleation
at the void surface. The level of stresses necessary
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to nucleate the dislocations were in the order of GPa,
much larger than typical yield of these materials.

For micron sized voids, DDD simulations were
performed. In this case both 2D models representing
cylindrical holes [2,3] and 3D models [4] with
spherical voids were employed. The interaction of
the dislocations with the void surface was accounted
coupling the DDD simulations with finite element
models using the Needleman and Van-der-Giessen
approach.

This study using different models and covering a void
size range of several orders of magnitude allow to have
a general picture of the mechanisms at each scale and
the size effects in void growth process.
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The plasticity of polycrystalline samples is strongly re-
lated to the effective resistance of grain boundaries
(GBs) against plastic flow. Depending on the crystallo-
graphic misorientaion of adjacent grains, a dislocation
from one grain is either blocked by the GB, transmitted
completely into the next grain or transmitted leaving
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a residual Burgers vector'. Recent strain gradient plas-
ticity models describe this process phenomenological-
ly?, but the underlying physical picture is unclear. This
work revisites GB yielding from a DDD point of view, fo-
cusing on the elastic interaction of discrete dislocations
across GBs modelled as impenetrable for dislocations
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and adresses the question how the effective resist-
ance to plastic slip of a GB can be quantified within this
framework. A systematic study of bicrystalline samples
containing tilt GBs is done, where the misorientation
between the grains is varied between 0° to 45°. A sim-
ple shear loading is applied and the strain profiles per-
pendicular to the GB and the strain gradients at the GB
are evaluated: Although the GBs are physically impen-
etrable for dislocations within this framework?, yield-
ing of the GB is observed due to transparency of the
GB to the corresponding stress and strain fields. The
results show that with an increasing misorientation
angle, the effective transmission of plastic slip across
a GB decreases due to the effective residual Burgers
vector left at the GB and the strain gradients reflect
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Alignment tensors are well known measures for the
characterization of directional distributions of line like
structures. They have recently been introduced to dis-
location theory (Hochrainer 2015). The series of align-
ment tensors of increasing order recovers the total
dislocation density as zeroth order tensor and the dis-
location density tensor is connected to the alignment
tensor of first order. The second order dislocation den-
sity tensor is a tensorial generalization of the occasion-
ally used decomposition of the total dislocation dnesity
in edge and screw character (e.g., Reuber et al. 2014).
Besides the dislocation alignment tensors we also in-
troduce density measures of dislocation curvature, the
scalar measure of which is closely related to the num-
ber of dislocations. In the current talk we show how
the alignment tensors and the curvature tensors may
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the mismatch between otherwise cancelling stress and
displacement fields of dislocations in the vicinity of the
GB. This work discusses the (continuum) definition of
GB yielding and shows insights from DDD to bridge the
gap between molecular dynamics findings* to continu-
um level frameworks.
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be obtained from DD simulations or from TEM pictures
of dislocations. In light of these discrete definitions we
also review the evolution equations of the alignment
tensors, as introduced in Hochrainer 2015, and clarify
their interpretation as conservation laws.
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Even though many phenomenological models have
been developed for the description of dislocation
based plasticity incorporating the underlying effects
due to the internal length scale, there has always been

47

a drive to derive models containing physically moti-
vated formulations. Multiscale material modeling is
inevitable to bring the effect of length and time scales
of smaller scales to regimes where they are relevant
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for the prediction of macroscopic material properties.
Multiscale material modeling aims to either couple the
simulation of different scales at the prize of high com-
putational costs or to reduce the number of unknowns
of a system by incorporating information about the
physical behavior gained on small scales onto larger
scales. The latter approach presumes a deep under-
standing of the underlying physical effects and the
application of homogenization techniques to translate
discrete phenomena to a continuous representations.

In recent years, different approaches for physically
based continuum theories have been introduced. Al-
lowing for different dislocation orientations, the Con-
tinuum Dislocation Dynamics Theory was formulated
in order to introduce a kinematic description of the
evolution of dislocations displayed in a density field
theory [1]. Based on this theory, we focus on devel-
oping methods for incorporating the physical behavior
of dislocations and their stress interactions into the
dislocation density field theory. The understanding of
these processes is gained on the scale of discrete dis-
location dynamics and analytical descriptions available
for simplified 2d systems [2]. By homogenizing the ef-
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fects of the discrete scale, we derive a formulation of
the internal stress caused by plastic distortion due to
dislocation motion and the interaction of dislocations
on a slip system.

We discuss the method for the computation of the
internal stresses derived for a 2d dislocation configu-
ration and compare our results with discrete disloca-
tion dynamics and results from statistical physics [3].
Furthermore we demonstrate how these results can
be generalized and applied to a 3d dislocation density
field theory.
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Continuum modeling of dislocation microstructures
started with the early works of Kroner and Nye [1].
They envisaged the geometrically necessary disloca-
tion (GND) density tensor (a) as the curl of the plastic
distortion in the crystal. The Kréner-Nye tensor, how-
ever, cannot represent the statistically stored disloca-
tions (SSD) which become relevant when the plastic
distortion is resolved on a larger scale than the scale
of single dislocations. Various continuum dislocation
models have approached this problem from different
perspectives: (1) complementing the evolution equa-
tion of a by semi- phenomenological terms (A. Achar-
ya [2]); (1) representing fluxes of positive and negative
edge dislocations which automatically can represent
GNDs and SSDs and their mutual conversion (I. Gro-
ma [3]); generalizing this approach one step further
by distinguishing edge and screw dislocations forming
systems of rectangular loops as done by A. Arsenlis [4].
Recently, also theory that allows for arbitrary disloca-
tion orientations was proposed in the form of the high-
er-dimensional continuum dislocation dynamics theory
(hdCDD) introduced by T. Hochrainer [5]. Subsequent-
ly, Hochrainer et al. derived a systematic framework
for constructing numerically efficient models based on
Fourier expansions of the hdCDD density tensor [5,6]
which, however, require closure assumptions in order
to arrive at finite systems of continuum dislocation dy-
namics (CDD) equations.

In this paper we use the maximum entropy principle
to derive closure assumptions for the two lowest order
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CDD models, CDD™ and CDD® [7]. We then discuss in
detail the advantages and the deficiencies of the two
CDD variants in comparison with the initially men-
tioned models of Acharya, Groma and Arsenlis. As a
benchmark test we compare the performance of these
models by studying the evolution of dislocation micro-
structure in a velocity field which idealizes the situa-
tion found in persistent slip bands (PSB). This is a very
challenging model system because a continuum theory
needs to be able to represent the formation of edge
dipoles in regions of low velocity and the threading
screw dislocations in the channels —a complex interac-
tion of two types of SSDs and their (partial) conversion
into GND fields all of which has been directly observed
in experiments.
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When using molecular dynamics (MD) to study, for ex-
ample, soft materials or stress-induced phase transfor-
mations of crystals, we are confronted with the need to
describe the material behaviour from the perspective
of finite deformation mechanics. Perhaps the most
important consequence of this is the correct definition
and interpretation of what we nominally refer to as the
“stress” on a system.

It is common in MD simulations to want to control the
applied stress. In some MD codes, this control is limit-
ed to control of only the hydrostatic pressure, or only
the direct (axial) stresses. In order to control the full
stress tensor including shear stress, MD codes almost
universally use the Parrinello-Rahman technique (Par-
rinello & Rahman 1981) or some related variation (e.g.
Martyna et al. 1994, Wentzcovitch 1991). However,
none of the these techniques are able to control the
true (Cauchy) stress applied to the system. Instead,
they apply an approximation to the second Piola-Kirch-
hoff stress (related to the “engineering” stress). The
true Cauchy stress that results during such a simula-
tion is dependent on the deformation of the simulation
cell, and it cannot be known a priori. In fact, it can be
significantly different from the nominally applied stress
when the deformation is large.

In this presentation, | will discuss an alternative MD
algorithm that controls the true Cauchy stress applied

MASATO WAKEDA!, SHIGENOBU OGATA'?

10saka University, Japan
2Kyoto University, Japan

Solute atom changes mechanical properties of bcc Fe;
critical resolved shear stress (CRSS) and work harden-
ing coefficient increase with increasing solute atom
concentration at room temperature [1]. In bcc Fe al-
loys, screw dislocation is a dominant plastic deforma-
tion unit, since the energy barrier for screw dislocation
motion is much higher than that of edge dislocation.
Therefore, understanding of the effect of solute atom
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to the system. The “Cauchystat” is based on the con-
stant stress ensemble presented by Tadmor and Mill-
er (2011), but with modified equations of motion that
update the system boundary conditions in response
to the resulting deformation of the simulation cell. As
a clear example of the method’s usefulness, we show
that the correct stress control is important in the case
of martensitic phase transformations, where the pre-
dicted martensitic start temperature and austenitic fin-
ish temperature are significantly altered as compared
to the Parrinello-Rahman result. We also examine the
effects of shear stress on the mechanism of the phase
transformation.
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on screw dislocation is a key to design and control plas-
tic properties of Fe alloys. In this study, we predict CRSS
of Fe-Si alloys using a multiscale modelling framework,
which includes from density functional theories (DFT)
calculation of atomistic scale to kinetic Monte Carlo
model for screw dislocation dynamics.

First we investigated the interaction between solute
Si and screw dislocation in bcc Fe using DFT calcula-
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tion method [2]. In the calculation models, of which
crystal structure is bcc Fe, there are substitutional Si
atoms and two screw dislocations with opposite helici-
ties. It is found that the substitutional Si atoms change
the stable screw dislocation core structure, which is a
six-fold symmetry in the case of pure Fe [3]. Moreover,
interaction between screw dislocation and solute Si is
found to be attractive, and the interaction becomes
larger if the screw dislocation approaches to the sol-
ute Si. Based on charge density distribution, we show
origin of the interaction from an electronic viewpoint.
Using empirical Fe-Fe [4] and Fe-Si [5] interatomic po-
tentials, which can quantitatively reproduce attractive
interaction between solute Si and screw dislocation,
we next evaluated the energy barriers for screw dis-
location motion. In this calculation, we use a larger
scale atomic model with more than 100,000 atoms,
and there is one screw dislocation in the model. The
energy barriers for screw dislocation motion via kink
mechanism are evaluated for a pure Fe model and Fe-
Si alloy models. It is observed that energy barrier for
kink nucleation decreases if the screw dislocation ap-
proaches to solute Si, while increases if the screw dislo-
cation moves away from solute Si because of attractive
interaction between solute Si and screw dislocation.
Moreover, it is found that solute Si increases energy
barrier for kink migration.

We finally evaluated the CRSS at give temperature, Si
concentration and strain rate using the calculated en-
ergy barriers and kinetic Mote Carl model for screw dis-

location motion. The kinetic Mote Carl model can eval-
uate the screw dislocation dynamics with considering
kink nucleation and migration and cross-kink mecha-
nism. Based on the obtained screw dislocation velocity,
we evaluated CRSS using a relationship between plastic
strain rate and dislocation velocity, so called Orowan’s
equation. The CRSS of Fe-Si alloys is smaller than that
of pure Fe at low temperature because of the reduc-
tion of energy barrier for kink nucleation due to solute
Si. In contrast CRSS of Fe-Si alloys is larger than that of
Pure Fe at high temperature because of the increase
of energy barrier for kink migration due to solute Si.
These results agree well with experimental reports of
Fe-Si alloys, where solute softening at low temperature
and solute strengthening at high temperature are ob-
served.
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Plasticity in crystalline materials is due to the motion
of crystal defects known as dislocations. Dislocations
create an anisotropic stress field around themselves
which can be quite complex, giving rise to a rich varie-
ty of possible interactions. Discrete Dislocation Dynam-
ics (DDD) is a method where the dislocation lines are
taken to consist of straight segments. The dislocation
stress fields are obtained from linear elasticity theory.
Reactions related to the dislocation core, such as junc-
tion formation and pinning to defects, are beyond the
reach of linear elasticity theory and thus require input
from more microscopic approaches.

Here we combine molecular dynamics (MD) with DDD
in order to model carbide precipitate interactions with
edge dislocations in BCC-iron. We have implemented
immobile spherical precipitates into the ParaDis[1] si-
mulation code, interacting with the dislocations via a
Gaussian potential which generates a normal force to
the dislocation segments. The parameters for the pre-

52

cipitate potential and the dislocation mobility are ob-
tained from a molecular dynamics simulations. When
dislocation encounters an impenetrable obstacle, eg.
precipitate, it will become pinned. If the external stress
is high enough, the dislocation bypasses the obstacle
by bending around it, leaving behind an Orowan loop.
New dislocations need more stress to get depinned be-
cause they must overcome the old loop in addition to
the obstacle. This leads to work hardening of the metal
which is an important phenomenon to understand eg.
in the context of building structural parts for nuclear
reactors.
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It is well known that the motion of screw dislocations
is the key feature of plastic deformation in body-cen-
tered-cubic materials at low temperature. In spite of
the large number of associated investigations reported
in the literature, some important issues are still un-
clear.

One of the most important of these issues is the abili-
ty of screw and other dislocations to move on specific
crystallographic planes, which determines their availa-
bility as active slip planes.

In this work, we first present new molecular dynamics
results of dislocation motion in iron. Simulations con-
ditions were varied in order to cover a large spectrum
of factors affecting the dislocation motion, such as the
dislocation length, temperature, strain rate and the
state of the applied stress.

ROMAN KosITSKI, DAN MORDEHAI

Then, simulation results are stochastically analyzed fol-
lowing a recently reported theory [Monnet 2011]. The
analysis results allow for the determination of parame-
ters of thermal activation, such as the activation ener-
gy and volume. The identification of these parameters
allows for the establishment of constitutive equations,
necessary for the description of the dislocation mobili-
ty over the different slip planes at the continuum scale.
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The strength of a dislocation-free specimen at the
sub-micrometer scale focuses great attention in recent
years. One of the techniques commonly employed to
study mechanical properties at this scale is nanoin-
dentation. Nanoindentation of Au (FCC structure) na-
noparticles revealed that the indentation forces de-
crease as the particle size increases and that thin-films
of the same height are substantially harder [1]. Based
on Molecular Dynamics (MD) simulations, it was sug-
gested that the deformation commences with disloca-
tion nucleation and that the size effect arises from the
competition between accumulating the nucleated dis-
locations and the efficiency of depleting them on the
lateral surfaces.

In this work we present MD simulations of nanoin-
dentation a-Fe (BCC phase) thin films and nanoparti-
cles in order to better understand how dimensionali-
ty effect their mechanical response and the effect of
size on the strength of BCC samples. After an elastic
regime, which corresponded well to a Hertzian curve,
plastic deformation was accompanied with small load
drops. A detailed analysis revealed that 7%<111>(110)
edge dislocations are nucleated beneath the top facet
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on the periphery of the indenter. The dislocations are
nucleated on six possible slip systems: 4 in-plane and
2 out-of-plane directions. However, as opposed to FCC
metals, the dislocations remain pinned after nucleation
on both ends to the contact area with the indenter. A
drop in the load, which in turn corresponds to strain
bursts, is observed only when these dislocations depin
from around the indent and not with the nucleation
of a new dislocation [2]. Thus, we denote this type of
deformation as depinning-controlled.

Two depinning mechanisms are identified in thin films.
The out-of-plane dislocations detaches from the indent
by turning into prismatic loops via double cross-slip
and annihilation of their screw components. The in-
plane dislocations, which are half prismatic loops, de-
pin from their nucleation site on both ends and glided
away from the indenter.

Indentation of faceted nanoparticles demonstrates
similar dislocation mechanism. In addition to the
mechanisms found in thin-films, the in-plane disloca-
tions depin only on one end at a time, resulting in pure
screw dislocation that reaches the lateral surfaces.
Glide of these screw dislocations to upper facets pro-
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vides an additional route for dislocations to escape the
crystal, as well as depinning of the second end.

Due to the locality of the depinning-controlled defor-
mation, an indentation size effect was not identified in
the simulations, nor was a difference found between
thin films and nanoparticles of the same height, in
contrast with the observations in FCC metals. Finally,
we relate the dislocation mechanisms during the de-
pinning-controlled deformation to the frequency and
extent of strain bursts during nanoindentation of BCC
specimens.
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Nanocrystalline materials are polycrystalline materials
with an average grain size below 100 nm. Their me-
chanical properties are distinctly different from those
of coarse grained materials. Therefore, bulk nanocrys-
talline materials have received great attention of the
materials research community.

A modeling approach for nanocrystalline materials
adopted here is based on the phase-mixture model in-
troduced by Kim et al. (2000a). In this model, different
deformation mechanisms are assumed to operate in
the grain interior and the grain boundaries. It is fur-
ther assumed that the strain and the strain rate are the
same in both phases. For simplicity, the nanocrystal-
line grain shape is approximated as cube-shaped. The
stress is determined additively by a rule of mixtures.
The deformation mechanism in the grain bounda-
ries is associated with the diffusional mass transport
along the boundaries; the maximum stress that can be
supported by the boundary phase is set to be equal
to the yield strength of the amorphous state (Kim et
al., 2000b). As the model should be valid over several
length scales, from coarse grained material to nanom-
eter grain sizes, Kim et al. (2000a) considered in the
grain interior dislocation glide mechanism as well as
diffusion mechanisms, namely Nabarro-Herring creep
and Coble creep. The studies by Kim and Estrin (Kim
and Estrin, 2005, 2008) showed that the model is ca-
pable of correctly predicting the transition of the flow
stress from the Hall-Petch behavior in the conventional
grain size range to an inverse Hall-Petch relation for na-
nocrystalline materials. Especially for small grain size
and low strain rates, the material behavior is controlled
by diffusion mechanisms. Additionally, their studies
showed an increase of the strain rate sensitivity with
decreasing grain size. However, this type of behavior
is only observed in face-centered cubic (fcc) materials.
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By contrast, nanocrystalline body-centered cubic (bcc)
materials show a decrease of the strain rate sensitivity
with decreasing grain size. To account for experimen-
tal observations for bcc materials, we have modified
the original phase-mixture model to capture this in-
verese strain rate dependency. We assume that plastic
deformation in bcc materials is governed by the Peierls
mechanism, while the constraints put on the disloca-
tion kink formation by the small grain size are consid-
ered to be responsible for a decrease of the strain rate
sensitivity with grain refinement. The model for dislo-
cation glide is modified accordingly.

Additionally, we look into the effect of strain gradients
on the mechanical response of nanocrystalline materi-
als. The phase mixture model is augmented with gra-
dient terms. Differences in the mechanical behavior of
fcc and bce nanomaterials will be discussed in terms of
the numerical results obtained with this gradient en-
hanced model.
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Classical plasticity models, being scale independent,
cannot capture any size depedent behavior. A remedy
is to adopt a gradient plasticity model at the sub-granu-
lar (meso) scale to account for the different micro-pro-
cesses leading to the various size effects. In this contri-
bution, we adopt, at the meso scale, an isotropic gradi-
ent plasticity model (Gurtin, 2004) which incorporated
the plasticity rotation effect to mimic the behavior of
an analogous crystal plasticity model with multiple slip
systems (Bardella and Giacomini, 2008).

For a generic problem, the interaction and competition
between the different processes are captured through
three length scale parameters: a microstructural length
scale characterizing the rapid intra-granular fluctua-
tions, the grain size describing the direct grain bound-
ary effect, and a structural length scale accounting for
the overall structural effect (Poh et al., 2013). Such a
high resolution approach, however, is computationally
expensive for a large problem since the FE discretiza-
tion has to be done at a sub-granular level.

This motivates a novel homogenization theory (Poh,
2013) that translates the isotropic plasticity model
from meso to macro. First, we introduce an additional
kinematic field that characterizes the average surface
deformation of a unit grain. Next the Hill-Mandel con-
dition is applied to extract the homogenized govern-
ing equations at the macro scale. Departing from most
homogenization approaches, we furthermore impose
the equivalence of energy and dissipation across the
two scales in order to determine the macroscop-
ic constitutive relations and plasticity flow rules. The
scale translation framework is thus thermodynamical-
ly consistent, with the three length scale parameters
— the microstructural length scale, the grain size and
the characteristic structural length scale — manifesting
themselves in the homogenized solutions. This allows
for a direct study on the interaction and competition
between the different micro-processes, with a low-
er computational cost compared to a detailed crystal
plasticity model.
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Considering an idealized bending problem, we illus-
trate the excellent match between the homogenized
solutions and meso solutions for the two limiting cas-
es — microfree and microhard conditions at the grain
boundaries. It is also highlighted that through the ho-
mogenization framework, the strain gradient plasticity
model at the meso scale translates into a micromorphic
continuum at the macro scale.

The homogenized plasticity model is next implement-
ed numerically, and its predictive capabilities further-
more demonstrated through a plane indentation prob-
lem. For the aforementioned two limiting cases, the
homogenized solutions resemble closely the reference
meso solutions, both in terms of the load displacement
graphs and the plastic strain profiles. It is noteworthy
that the excellent predictions are obtained with a sig-
nificantly lower computational cost.
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The spectral method has emerged as a powerful nu-
merical tool to predict the mechanical response of
polycrystalline materials (Lebensohn et al. 2011) and
its efficiency over finite flement methods has been
demonstrated (Eisenlohr et al. 2013). Applications to
heterogeneous materials with a large stiffness are,
however, limited by the slow convergence of the it-
erative scheme. Various ideas have been proposed to
overcome this issue, and we recently formulated di-
rect and mixed variational conditions for mechanical
equilibrium and strain compatibility in a framework
that couples them to a general class of non-linear solu-
tion methods (Shanthraj et al. 2014). These formula-
tions are implemented in DAMASK, the Disseldorf
Advanced Material Simulation Kit (Roters et al. 2012).
A comparison on benchmark examples show, that the
solution method has a dominant influence on perfor-
mance and stability at large material heterogeneities,
and improvements are obtained when higher-order
solution methods are employed over the conventional
approach.

Optimal solution strategies are devised based on this
and applied to a dual phase (DP) steel microstructure,
created from an electron backscatter diffraction (EBSD)
based phase and orientation map. DP steels are used
as an application example to show, how the mechan-
ical response of multi-phase alloys is governed by the
microscopic strain and stress partitioning behavior
among the various phases, crystals and subgrains. Due
to the limitations that are inherent in the experimental
characterization of the stress-strain partitioning that
takes place at the microscale, microstructure optimi-
zation of such alloys is typically based on the averaged
macroscale response (e.g. engineering stress-strain
curve). To strengthen the connection between micro-
structure and mechanical properties, a novel method-
ology is presented, that enables the joint experimental
and simulation-based analysis of the deformation-in-
duced evolution of heterogeneous materials with mul-
tiphase microstructures.

This is achieved through a combined experimental-nu-
merical approach, i.e. relying on in-situ deformation
experiments and crystal plasticity simulations both in-
itiated from the same microstructural area of interest.
For the experiments, deformation induced microstruc-
ture evolution is tracked to increasing strain levels. To
map local strains free of surface roughening effects,
a recently developed, digital image correlatiobased,
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high-resolution, 2D strain mapping methodology is
employed, in which 3D effects are considered by a
post-mortem serial sectioning procedure. A promising
correlation between the experiments and simulations
is achieved, despite the complex micro-mechanics of
this material. Obtained strain maps reveal significant
strain heterogeneity arising from martensite disper-
sion, ferrite grain size, and defect densities effects; and
early damage nucleation at notch-like irregularities in
martensitic zones that cause high stress triaxiality. De-
viations between experiments and simulations can be
explained in terms of limitations of the involved tech-
niques.

The presented integrated engineering approach pro-
vides a high dimensional set of micro-mechanical out-
put information that can enhance the understanding
and further development of complex bulk multiphase
alloys (Tasan et al. 2014, Tasan et al. 2014).
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Growing demands on performance and durability of
integrated circuits (ICs) require an understanding of
possible failure mechanisms. One main cause for dam-
age of ICs arises from thermo-mechanical loads of the
involved materials as a result of current pulses. The
mismatch in thermal expansion leads to stresses which
cause crack initiation and, in consequence, short cir-
cuits and the loss of functionality of the assembly.

This study presents a series of numerical simulations
using a three dimensional model considering alumin-
ium conductor paths sputtered on a silicon substrate
and surrounded by a passivation layer. The ther-
mo-mechanical problem is solved utilizing the Abaqus/
Standard solver in combination with an user-defined
material subroutine which takes into account the mi-
crostructure, the grain orientation and size and the
temperature dependent anisotropic visco-plastic ma-
terial behaviour of aluminium. Voronoi tessellation is
used to model a realistic microstructure. The passiva-

tion layer and the silicon substrate are supposed to be-
have elastically and temperature dependent.

We investigate the influence of the microstructure on
the stress and strain distribution within the model by
changing the grains’ orientation, distribution and es-
pecially size. Where possible, the simulation results are
compared with experimental results taken from litera-
ture. Observations like surface roughening, crack initia-
tion and life extension when decreasing the aluminium
film thickness can be predicted qualitatively correct.
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Materials processed by surface mechanical attrition
treatment (SMAT) are attracting considerable inter-
est. They possess extremely fine grain structure in a
near-surface layer, while retaining a coarse grained
(CG) interior. The experimental observations by various
groups (Wu et. al 2014, Lu 2014) have demonstrated
that such materials exhibit a favorable combination of
strength and ductility. Computational models are re-
quired to accelerate the design of such materials with
microstructure architectured for better performance.
This study aims at investigating the deformation behav-
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ior of IF steel with a gradient microstructure produced
by SMAT through use of computational modelling.

The proposed model is based on a microstructure-re-
lated constitutive description in which the dislocation
density is considered as a scalar internal variable (Es-
trin, 1996). The model accounts for the grain size de-
pendent dislocation density evolution and also incor-
porates the Kachanov-type damage model to predict
failure. The model parameters were obtained using
uniaxial tensile test data for CG material and a nanos-
tructured strip as the two extremes.
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The average grain size variation with the distance from
the surface was used as input for one-dimensional cal-
culations of different SMAT-processed IF steels. Under
the Taylor (iso-strain) assumption, calculations were
carried out and validated against experimental uniax-
ial tension data for different SMAT processing times.
A good predictive capability of the model was thus
demonstrated.
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During the forming process of metals, heat is released
due to the dissipative nature of plastic deformations.
This heat leads to an increase of the temperature with-
in the material. Depending on the speed of the forming
process the rising temperature can be significant and
may cause undesired effects such as residual stresses
or additional distortions. Depending on the speed of
the forming process the heat conduction may lead to
larger or smaller increase of the temperature. Thermal
strains may also lead to a loss of geometrical accuracy
of the formed part. It is thus essential to consider tem-
perature effects and the strong coupling between the
mechanical and the thermal part of the metal forming
process.

To motivate the development of an effective, homoge-
nized macroscopic material model that can be used in
macroscopic metal forming simulations, the polycrys-
talline microstructure of the material is considered.
This necessitates the thermo-mechanical extension
of the available purely mechanical crystal plasticity
models. This extension of this crystal plasticity model
helps to explain macroscopically observable effects like
a temperature dependent yield stress or a storage of
energy that cannot be retrieved by mechanical unload-
ing. In this contribution we focus on dual phase steels
like the DP600. For the different constituents of the mi-
crostructure different thermal effects can be observed
leading to the requirement of different thermo-me-
chanical crystal plasticity models for each constituent.
The evolution of the dislocation density in the ferritic
part of the microstructure is temperature dependent

MARIO METZGERY?, THOMAS SEIFERT?
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which leads to a significant temperature dependence
of the hardening.

The three dimensional geometry of the polycrystal-
line microstructure is modelled by means of randomly
generated Voronoi-cells of different sizes. To each cell
a random crystal orientation is assigned. The fully cou-
pled initial boundary value problem is solved for differ-
ent boundary conditions applied on the outer bound-
ary of a representative volume element of the poly-
crystal. In contrast to the commonly used staggered
schemes here the coupled problem is solved directly
leading to a more robust numerical behaviour and fast-
er convergence.

From the results of the microstructural simulations
eventually the effective material behaviour can be
computed by means of a homogenization procedure.
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This work focuses on the microstructure-dependent
inelastic behavior of lamellar gray cast iron. It com-
prises the reconstruction of three dimensional volume
elements by use of the serial sectioning method for
the materials GJL-150, GJL-250 and GJL-350. The ob-
tained volume elements are prepared for the numeri-
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cal analyses by means of finite-element method. In the
finite-element analysis, the metallic matrix is modeled
with an elastic-plastic deformation law. The graphite
inclusions are modeled nonlinear elastic in order to de-
scribe the typical tension-compression asymmetry for
this material class. The stress-strain curves obtained
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with the microstructure-based finite-element models
agree well with experimental curves of tension and
compression tests. Besides the analysis of the whole
volume element, the scatter of the stress-strain re-
sponse in smaller statistical volume elements is inves-
tigated. Numerical studies are performed to reduce
computational costs.

Furthermore, the initial multiaxial yield behavior is
analyzed. Therefore, the reconstructed volume ele-
ments are loaded bi- and triaxially beyond macroscop-
ic yield. The shape of the obtained yield surfaces are
compared to the surfaces of four continuum models
which, amongst others, are proposed in literature to
describe the inelastic behavior of gray cast iron with
lamellar shaped graphite inclusions. It is found that
none of these models is able to describe all features
of the macroscopic yield surfaces obtained with the

microstructure-based finite-element models correctly.
The initial inelastic flow direction is also computed at
the onset of macroscopic yielding. The analysis show
that the inelastic flow is not normal the yield surface.
Therefore, a new yield function is proposed that is able
to recompute the microstructure-dependent yield sur-
faces properly.

Besides the monotonic loading of the volume ele-
ments, also cyclic loading conditions are applied.
Therefore, the isotropic elastic-plastic deformation law
of the matrix material is substituted with a kinematic
hardening law.

The obtained stress-strain hysteresis of the microstruc-
ture-dependent volume elements describe the experi-
mental data very well.

Subsequently the macroscopic yield surfaces of the
volume elements are analyzed after cyclic preloading.
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This talk presents a multiscale approach for the simu-
lation of coupled heat and stress evolution induced by
different loading courses in grey cast iron brake discs.
The concept integrates the microstructural properties
as homogenized material laws into the macroscopic
computations. Extensive experimental testing is re-
quired to establish a complete set of material param-
eters required to conduct thermo-mechanical simula-
tions on a macroscopic length scale. In addition, the
microstructure can vary within the disc due to differ-
ences in wall thicknesses and cooling rates.

In order to reduce the experimental effort and to esti-
mate the influence of microstructure characteristics on
macroscopic heat and stress distributions, simulations
on the mesoscopic scale resolving the heterogeneous
microstructure with graphite flakes in a cast iron matrix
are conducted. The workflow to derive the elasto-plas-
tic properties according to its microstructure is demon-
strated for a typical cast iron material. Geometrical pa-
rameters of the graphite phase distributions and shape
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factors composed from micrographic analysis are used
to generate three-dimensional representative volume
elements (RVE) and to define the metallographic con-
stituents. The information serves as input parameters
to algorithmically construct cast iron microstructure.
The elastic and elasto-plastic material models of the
constituents are briefly elucidated. In order to sim-
ulate the different material behaviour in tension and
compression, a crack opening and crack closure mech-
anism is included. The potential of complementing
and substituting experimental testing is shown by a
guantitative comparison of the simulation results with
experimental data at ambient temperature. Both, vir-
tual tension and compression tests are executed as
well as a tension-compression cycle. The presented
approach provides a first step into a versatile range of
applications and illustrates a broad potential for future
challenges of multiscale modelling in the field of ther-
mo-mechanical failure analysis.
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Plasma-facing components (PFCs) are exposed to un-
precedented operational environments, thus requiring
extraordinary research and development efforts. Phys-
ics-based models of material behavior are urgently
needed to design new alloys or material architectures
that can withstand the challenging and punishing con-
ditions of high heat flux, neutron irradiation, plasma
ion bombardment and thermomechanical transients.
Advances in fundamental research on structural ma-
terial degradation in a fusion environment serve two
distinct purposes: (1) enable a rational process of al-
loy design and optimization for service life and per-
formance, and (2) have a connection with mechanical
design of fusion components. We present here a “Mul-
tiscale Modeling” strategy for determination of plastic
deformation and damage in large-scale plasma-facing
components. We focus on two main components: (1)
the blanket and first wall structure of a fusion energy
system (the ACT-2 Tokamak design), and (2) a test ar-
ticle representative of an element of a plasma diver-
tor facing high heat flux. The method relies on the
creation of successive coarse-grained elasto-plasticity
models, with increased levels of spatial resolution and
accuracy. At the largest scale, an elastic model with
several millions degrees of freedom is used to deter-
mine the global stress and deformation, where the
structural model is coupled with heat transfer and flu-
id flow models. Critical Regions (CRs), where failure is
likely to occur are identified. Each CR is then modeled
with a dislocation-density based, viscoplastic model
that describes the evolution of plastic strain and asso-
ciated dislocation densities, where the polycrystalline
nature of the structure is smeared out. A region of the
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structure is then represented as a polycrystal, and the
viscoplasticity model is used to describe plastic flow
and reveal damage accumulation at grain boundaries.
Experimental results will also be presented for the de-
pendence of the thermomechanical damage in tung-
sten test articles on the intensity and duration of the
plasma heat flux, from plasma exposure experiments
in an arcjet facility at UCLA. These results are presented
in the context of an advanced Tokamak design with ag-
gressive physics assumptions. The paper will conclude
with an assessment of the viability of these structures
in a typical Fusion Nuclear Science Facility (FNSF).

a) This material is based upon work supported by the
U.S. Department of Energy, Office of Science, Office
of Fusion Energy Sciences, under Award Number DE-
FG02-03ER54708 with UCLA, and DE-FG02-98ER-54462
with the University of Wisconsin, Madison.
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With the development of the micro-technology, an ef-
fective model, which properly describes the mechani-
cal properties of crystals of size from the order of mi-
crons to sub-millimeters is highly expected. This is be-
cause for crystals at such physical length scales, there
is still limitation in applying the existing plasticity the-
ories, such as the discrete dislocation dynamical (DDD)
models or the phenomenological continuum plasticity
theories. Here a three-dimensional continuum model
homogenized from the underlying dynamics of the dis-
location substructures is derived by representing the
existing dislocation ensembles with two dislocation
density potential functions (DDPFs), denoted by { and
¢ as shown in the figure. This piece of work is general-
ized from the continuum model for dislocation dynam-
ics in a single slip plane [1-3].

With the DDPFs defined, the slip planes of dislocations
are characterized by the contour surfaces of |, while
the dislocation curves on each slip plane are identified
by the contours of ¢ on that plane. Some advantages
in adopting such way in representating the dislocation
substructures are straightforward: the geometries and
the density distribution of the dislocation ensembles
can be simply expressed in terms of the spatial deriva-
tives of the two DDPFs. More importantly, one is able
to summarize the underlying dislocation dynamics to
explicitly write down an evolutionary system of consti-
tutive equations, which include i) a stress rule, which
describes how the internal stress field is determined
in the presence of dislocation networks and applied
loads; ii) a plastic flow rule, which describes how exis-

ting stress field drives the motion of the dislocation
ensembles. The derived continuum model using the
DDPFs are validated through comparisons with the
DDD simulation and experimental observation. As
an application of the derived continuum model, the
“smaller-being-stronger”’ size effect on crystal stren-
gth observed in the uniaxial compression tests of mi-
cropillars is studied and an explicit formula between
the yield stress o, and the pillar size D is derived.
The obtained formula shows excellent agreement with
the experimental observations and it is found that o,
scales with log(D)/D, which is not far from the empiri-
cal power law o, ~D™ with 0<m<1.

Acknowledgement

This work was partially supported by the Hong Kong
Research Grants Council General Research Fund grants
606313.

References

Xiang, Y. (2009): Continuum approximation of the
Peach-Koelher force on dislocations in a slip plane,
J. Mech. Phys. Solids, 57:728-743.

Zhu, X. H. and Xiang, Y. (2010): Continuum model for
dislocaiton dynamics in a slip plane, Philos. Mag.,
90:4409-4428.

Zhu, Y. C., Wang, H. Q., Zhu, X. H. and Xiang, Y. (2014):
A continuum model for dislocation dynamics incor-
porating Frank-Read sources and Hall-Petch relation
in two dimensions, Int. J. Plast., 61:1835-1853.

DOMINIK STEINBERGER, STEFAN SANDFELD, MICHAEL ZAISER

Friedrich-Alexander-Universitat Erlangen-Nlirnberg, Institut fiir Werkstoffsimulation, Fiirth, Germany

Failure in fatigue experiments is linked to the emer-
gence of meta-stable dislocation patterns. Up to now
the underlying mechanisms of their formation have
not been understood entirely. Besides the desire to
unravel these mechanisms from a materials research
point of view, their knowledge would enable the devel-
opment of countermeasures prolonging the lifetime of
materials subjected to cyclic strain.

66

A prominent dislocation pattern is the so-called vein
structure that arises during the initial cycles in fatigue
experiments. It is characterized by bundles of edge dis-
locations that are separated by quasi dislocation free
channels and is able to accommodate large plastic
strains. Due to the limits of modern computers discrete
simulations are not sufficient for the description of the
formation of these patterns that involve the interaction
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of a lot of dislocations in a large sample over long time
spans. A remedy to those limitations are continuum
models representing ensemble averages of disloca-
tions.

In the present study, the formation of dislocation
patterns during the first cycles of deformation under
multislip conditions is investigated using a minimalistic
quasi-2D continuum model [1] that a priori complies
with the “similitude principle”. Instead of describing
individual edge dislocations the model represents con-
tinuous ensemble averages of discrete edge dislocation
systems. The driving force for the system of a positive
and a negative edge dislocation density is an externally
applied stress. A linear velocity law with a flow stress

is employed in order to take short-range interactions
into account.

Using this model we analyze the underlying mecha-
nisms of the dislocation structure formation under
monotonic and under cyclic deformation. The influ-
ence of the stress amplitude and in the latter case the
frequency on the evolution and shape of the patterns
is investigated.
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In the long march that leads from dislocation theory to
the mechanical response of real materials, one finds
collective dislocation processes and the formation of
dislocation-patterned microstructures. Despite many
years of investigations, dislocation patterning is an un-
solved problem and a challenging issue since hetero-
geneities of the dislocation density cause strain incom-
patibilities in deformed crystals and therefore control
kinematic hardening.

Dislocation-dislocation forest interactions are known
to control plastic strengthening in FCC crystals. For this
reason, details investigations have been made in the
past years with Dislocation Dynamics (DD) simulations
to improve the equation initially proposed by Taylor
and linking the plastic critical resolved shear stress to
the dislocation density accumulated in a material [1].
Today, tensorial forms of the “forest” or “Taylor” equa-
tion exist and provide to the continuous models (like
crystal plasticity codes) the possibility to account for
different strength level in the slip systems interactions.
Nevertheless, such equations are physically justified
only for simple loading conditions since they suppose
a homogeneous distribution of the dislocation density
[2-3].

In the present study, the concept of slip system inter-
action coefficients is now extended to calculate the ef-
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fect of the dislocation density orientation (character)
on the forest mechanism. From 3D-DD simulations,
direction-dependent strengthening coefficients are de-
termined. These new forest coefficients are thought to
be essential parameters of the continuum dislocation
dynamics (CDD) theory recently proposed by Hochrain-
er et al. [4-5] since they represent short range and ori-
entation dependent driving forces for the formation of
dislocation patterns.

References

[1] B. Devincre, L. Kubin, and T. Hoc. (2006) Physical
analyses of crystal plasticity by DD simulations.
Scripta Materialia, 54:741-746, 2006.

[2] B. Devincre, T. Hoc, and L. Kubin. (2008) Disloca-
tion mean free paths and strain hardening of crys-
tals. Science, 320:1745-1748.

[3] L. Kubin, B. Devincre, and T. Hoc. (2008) Mode-
ling dislocation storage rates and mean free paths
in face- centered cubic crystals. Acta Materialia,
56(20):6040-6049.

[4] T. Hochrainer, M. Zaiser, and P. Gumbsch. (2007)
Phil. Mag., 87(8-9):1261—1282.

[5] S. Sandfeld, T. Hochrainer, P. Gumbsch, and M.
Zaiser. (2010) Phil. Mag., 90:3697-3728.



ICM 12 — 12t International Conference on the Mechanical Behavior of Materials, Karlsruhe, 10-14 May 2015

STEFAN SANDFELD, MICHAEL ZAISER

Institute for Materials Simulation (WWS8), Friedrich-Alexander-University Erlangen-Nirnberg, Germany

Work hardening during plastic deformation of crys-
talline solids is associated with significant changes in
dislocation microstructure. The increase in dislocation
density on the specimen scale is accompanied by the
quasi spontaneous emergence of regions of low dislo-
cation density and clusters of high dislocation density
which to a large extent persist upon unloading. These
metastable structures are denoted as “dislocation
patterns”. Despite a significant degree of morpholog-
ical variation depending on slip geometry and loading
mode (e.g. cell or labyrinth structures, dislocation ac-
cumulation in veins or walls), these patterns are char-
acterized by some fairly universal scaling relationships.
These relationships are commonly referred to as ‘law
of similitude’ or ‘similitude principle’ [1]. They relate
the characteristic length of deformation-induced dis-
location patterns to the applied stress at which they
have formed, and to their average dislocation density
- which is interesting and also a useful fact that can be
applied to expose models that generate ‘unphysical’
patterns, i.e. patterns that can not possibly be formed
by dislocations. Despite long-standing efforts in the
materials science and physics of defect communities,
there is no general consensus regarding the physical
mechanism which leads to the formation of dislocation
patterns.

We present for the first time dislocation patterning
results from a continuum theory that (i) captures the
coupled dynamics of statistically stored and geomet-
rically necessary dislocations while accounting for the
specific kinematics of curved dislocation lines and (ii)

produces patterns that are consistent with the simili-
tude principle. We show that already a minimum set of
‘ingredients’ is sufficient to create patterns - given that
our set of continuum evolution equations are indeed
able to represent fluxes of curved dislocations [2]. We
start with a minimal model of dislocation patterning in
a single slip configuration, which allows to comprehend
the basic mechanisms that leads to pattern formation
[3]. We then turn to more elaborate and realistic 3D
models with multislip systems where latent harden-
ing terms couple the dislocation densities on different
slip systems through short-range interaction stresses.
Our simulations explain how complex dislocation cell
structures form which match those experimentally
observed. Furthermore, we discuss which types of dis-
location interactions are indispensable and which are
not - explaining why some materials seem to form pat-
terns more easily than others.
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We present a structural model of plasticity describing
the coupled evolution of dislocations and microtwins in
metals. The model is intended for the high-rate defor-
mation conditions, including the high speed impact,
the intensive electron or laser irradiation. It is based
on our theoretical results for the dislocation plasticity
(Krasnikov et al. 2010; Krasnikov et al. 2011; Mayer et
al. 2013; Yanilkin et al. 2014) and twinning (Borodin et
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al. 2014; Borodin & Mayer 2014). We propose the con-
stitutive equation based on the dynamics and kinetics
of defects (dislocations and microtwins), which seems
to be the most natural way of the plasticity description.
It is especially important for the dynamical problems,
where this approach allows one to take into account
the inertness of the plastic relaxation in deformed sub-
stance.
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The model includes equations of the mechanics of
continua for elastic-plastic medium, where the plastic
deformation tensor is determined as a result of the
structural defects evolution in the material. The next
processes are accounted: a) motion, generation and
immobilization of dislocations; b) formation, growth
and immobilization of twins. Interaction of the defect
subsystems is accounted through their barrier stress-
es. All possible crystallographic orientations of disloca-
tions and twins are considered in the general model,
while only active ones are accounted in the simplified
version of the model.

The structural approach demands a little bit more pa-
rameters than the empirical model, but this disadvan-
tage can be overcome, partially due to involvement of
the molecular dynamics simulation results (Krasnikov
et al. 2010; Yanilkin et al. 2014), and partially due to an
appropriate theoretical consideration. Resulting mod-
el is a self-consistent and allows one to determine the
mechanical properties in a wide range of strain rates
and thermodynamic conditions and investigate the de-
fect subsystems modification.

Complete equations system and numerical method for
its solution are developed for 1D and 2D cases. Ver-
ification of the model on the basis of experimental
data from literature is presented. Attenuation of the
elastic precursor in thin metal foils, change of shape
of samples in the Taylor impact tests, modification of
the defects density in the course of deformation, and
localization of plastic deformation are discussed on the
basis of our structural model.
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In this study we investigate spatial fluctuations of stress
and strain in plastic deformation of crystals with disor-
dered (dislocation) microstructure. For this purpose we
combine theoretical arguments with plasticity simula-
tion results. More specifically we obtain results from
three different models and subsequently we investi-
gate the statistical properties of these fluctuations.
The first model is a 2D generic model of bulk crystal
plasticity with stochastic evolution of the local micro-
structure which was used, proposed by Zaiser and
Morreti [1]. Internal stresses in a system with period-
ic boundary conditions are calculated using a Greens
function method. Space is discretized into a lattice and
local flow stresses in the lattice cells evolve random-
ly with local strain according to a stationary stochastic
process. The second model is a 2D discrete dislocation
simulation in a bulk crystal with periodic boundary
conditions [2] where dislocations are initially distrib-
uted at random on a grid and then move under the
combined action of a remotely applied stress and of
their mutual interactions. In this case dislocations are
allowed to move to a neighbouring grid point if such a
move decreases the elastic energy of the system. Both
models consider deformation to occur on a single slip
system. To reduce artefacts associated with the period-
ic boundary conditions, the simulation lattice is tilted
by a generic angle ¢ with respect to the slip direction
such as to avoid wrapping slip planes onto themselves.
The last model is a 3D discrete dislocation dynamics
model which simulates micro pillars with free side sur-
faces under strain controlled compression. The meth-
od superimposes a finite element method to evaluate
the stresses due to surface tractions and boundary
constrains with a nodal representation of dislocation
lines to simulate the evolution and interactions of the
dislocations [3].
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For all three models we investigate the scale-depend-
ent magnitude of local fluctuations of internal stress
and plastic strain. We determine the fluctuations of
internal stress and plastic strain as the differences be-
tween the local values of the resolved shear stress and
the plastic slip, and their system-scale averages, then
we coarse grain these variables by averaging over dif-
ferent box sizes and different simulations to investigate
the scale dependency. Finally, we determine the spatial
structure of the respective auto and cross-correlation
functions for the 2D models.

We demonstrate that the spatial structure of stress
and strain fluctuations as well as the respective cross
correlation functions can be evaluated from a single
correlation function which characterizes the pattern of
geometrically necessary dislocations in the deforming
crystal. The investigations show that, after an initial
transient characterized by uncorrelated initiation of
plasticity in different sample locations, nontrivial long
range correlations emerge in this pattern. We investi-
gate the influence of boundary conditions on the ob-
served spatial patterns of stress and strain and discuss
implications of our findings for larger-scale plasticity
models.
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A key challenge for understanding plasticity in amor-
phous materials is the link between microscopic (i.e.,
atomistic) and macro-scale behaviour (i.e., the scale
of the sample). To establish this link, it is useful to
coarse-grain the microscopic details and construct a
mesoscopic model that captures important aspects
from the atomistic scale without fully resolving the
atomic motions, being thus computationally more ef-
ficient. The common approach taken in mesoscale de-
scriptions of amorphous plasticity is to consider plastic
activity as a sequence of spatially and temporally lo-
calized events, known as shear transformations (Argon
1983), which correspond to local rearrangements of at-
oms within the bulk material in response to the locally
acting shear stress. Amorphous plasticity arises then as
a stochastic phenomenon, consequence of the elastic
interaction of a big number of such individual plastic
events, whose self-organization leads to the emergent
plastic deformation on the specimen scale. Additional-
ly, this process is dependent on the system geometry
and material loading conditions.

Using a finite element-based approach (Sandfeld 2015),
we can account for different boundary conditions and
simulate the deformation process of the sample in a

KiMmIYA HEMMESI', MAJID FARAJIAN?, DIETER SIEGELE?

‘bottom-top’ approach. We present results for differ-
ent 2D and 3D loading scenarios such as pure shear,
simple shear or bending. Depending on the applied
load, the (average) plastic strain patterns are found to
have a shape that resembles the external stress field,
with some additional non-trivial characteristic fea-
tures. We characterize the plastic yield transition of
each loading scenario with statistical measures, such
as critical exponents (Budrikis 2013). We will study the
effects of softening in the localization of the deforma-
tion and failure of the samples, and will find that the
presence of surfaces naturally introduces a position
dependent hardening.
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In order to achieve fatigue resistant welded structures,
it is necessary to manage and control welding process
related factors which affect the fatigue strength. These
factors are sometimes present as welding defects and
sometimes as inevitable residual stresses which are
unwanted byproducts of welding processes. This sub-
ject has been treated in welding research communities
since the 50s. The earliest evidence of detrimental ef-
fect of welding residual stress on fatigue was reported
in 1956 (Kudryavtsev 1956, Trufyakov 1958). The extent of
this effect was however unclear and is still matter of
debate. Having advanced predictive tools for determin-
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ing accurately welding residual stresses will not only
lead to the possibility of considering precise welding
residual stress effects during life estimation, but also
can be useful to have effective measures for the sub-
sequent mitigation or modification processes on the
welding residual stress fields.

Circumferential butt weld is one of the most common
type of joints in tubular welded structures. Compli-
cated welding residual stress field and specially the
through thickness stress variation can be a threat to
the structural integrity. Beside the complexity of the
tubular welded joints, there exists also a number of key
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problems which have not completely solved. For exam-
ple, in the context of carbon steel weld, it has been rec-
ognized that solid-state phase transformation should
be taken into account in the welding simulation (Leb-
lond & Devaux 1984). During welding, the thermal stress
caused by the non-uniform plastic deformation field
leads to the formation of welding residual stresses. In
the materials with solid-state phase transformations
during cooling, other factors like phase volume chang-
es, mechanical properties variation due to microstruc-
ture change and transformation induced plasticity, also
influence the development of welding residual stress-
es. However, limited studies have been conducted in
the field of welding residual stresses in steel pipes con-
sidering the metallurgical transformations. Chin-Hyung
and Kyong-Ho have simulated the residual stresses in
tubular welded joints of high strength carbon steels,
considering the effects of phase transformation (Chin-
Hyung & Kyong-Ho 2011). Deng and Murakawa have
studied the different factors related to the solid-state
phase transformations in formation of residual stress-
es in carbon steel welded joints. Based on the results,
transformation plasticity has the minor effect rather
than the other parameters in Austenite-Martensite
phase transformation of medium carbon steels (Deng
& Murakawa 2013).

The objective of this study is to investigate the effects
of phase transformations on the residual stress field in
welded tubular joints made of structural steel S355J2.
SYSWELD software is used to calculate the welding re-

sidual stresses by integrating the metallurgical trans-
formation effects in order to compute the link between
material microstructure and residual stresses. Thermal
and metallurgical calculations, couple temperatures
and phase Proportions by considering the latent heat
of fusion/solidification and the transformations in the
transient heat conduction equation. Obtained results
from this early stage which include both thermal and
metallurgical history, are used as input data for me-
chanical calculations afterward.
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The standard heat treatment process of turbine disks
from Inconel 718 starts with air cooling from the forg-
ing temperature of approximately 1000 °C to room
temperature. Afterwards the turbine disks are reheat-
ed in a furnace for the two-step ageing sequence at the
temperatures 720 °C and 620 °C for 8 hours each. The
viscoplastic deformation of the turbine disks during the
full heat treatment process is caused by the inhomo-
geneous initial temperature field and the thermal gra-
dients during air cooling and heating. In the end there
are considerable residual stresses inside the disks,
which may influence the lifetime markedly.

The main aim of the present work is to study the visco-
plastic material behaviour in the relevant temperature
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range of the heat treatment process. This includes also
the temperature regime below 900°C, in which precip-
itates are formed. Viscoplastic material behaviour in
the high temperature regime includes climb controlled
and glide controlled deformation. Climb and glide as
well as the transition between these two mechanisms
are described by a phenomenological sinhyp function.
The transition stress depends on the volumes and radii
of GP and GDP precipitates. This dependence is incor-
porated into the sinhyp function.

For the mechanical characterisation of the viscoplastic
material behaviour, creep tests are performed at differ-
ent stresses and temperatures. Stress and temperature
ranges are estimated in advance using finite element
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simulations. The measured time-temperature curve of
each specimen is linearly fitted and used as an input
for the precipitation kinetics simulation software Mat-
Calc. The MatCalc software provides information about
the evolution of the mean radius and volume fraction
of the GP and GDP precipitates during the creep mea-
surements. For this purpose a user-written MatCalc soft-
ware routine is provided by Béhler Schmiedetechnik.
The MatCalc predictions are validated with the results
of tensile tests and neutron measurements.

The understanding of the influence of GP and GDP pre-
cipitates on the viscoplastic material behaviour is used
to develop a material model. The model can be used
for time and cost efficient and yet accurate finite el-
ement simulations of the residual stress evolution in
turbine disks from Inconel 718 during the heat treat-
ment process.
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Biological materials (biomaterials) often contain a
more structured hierarchy from macro- to nanoscale
(Gao & Ji 2004) that is not currently possible with to-
day’s engineering composites. The robust mechanical
behavior has caused an increasing interest in bioma-
terial modeling and bio-inspired design of advanced
material systems (Wu 2011). With this comes a need
for the development of theoretical mechanics and the
computational methods that aid in the understanding
of such diverse biomaterials that otherwise cannot be
determined from physical experiments.

Atractosteus spatulas (Alligator gar) possess a flex-
ible dermal armor consisting of overlapping ganoid
scales. Each scale is a bilayer hydroxyapatite and colla-
gen-based biocomposite for defense against predation.
The fish scale is defined by a stiff outer ganoine layer, a
characteristic “sawtooth” pattern at the interface and
a soft bone inner layer with all materials exhibiting a
decreasing elastic modulus, yield strength and density
through the thickness. Experimental testing of the fish
scales display properties such as damage localization,
tortuous crack path propagation and energy dissipa-
tion that are unique to biological dermal armor. The
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main objective of this investigation is to quantify the
effects of the material grading as a function of depth as
well as the influence of the geometrically anisotropic
interface between the ganoine and inner bone layers
on the elastic properties. The fish scale was modeled
with a high resolution (over one million elements) rep-
resentative volume element (RVE) using the ABAQUS®
finite element software. The effective properties of the
RVE have been determined for both kinematics and
periodic boundary conditions. Preliminary results with
an idealized elastic-perfectly plastic description has
revealed that the effect of microscopic archistructure
and the nonlinear material response on the dissipative
energy and stress redistribution is to significantly to re-
duce von-Mises stresses (84-91% of effective stress) at
the bone interfaces.

The main objective of this investigation is to quanti-
fy the effects of the material grading as a function of
depth as well as the influence of the geometrically
anisotropic interface between the ganoine and bone
layers on the elastic properties. The fish scale interface
was modeled using the finite element method. The re-
sults were based on an idealized elastic-perfectly plas-
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tic mathematical model. The mathematical model was
used to infer the effects of the nonlinear material re-
sponse in terms of energy dissipation and stress redis-
tribution at the ganoine-bone interfaces. The fish scale
was modeled with a high resolution (over one million
elements) representative volume element (RVE) using
the ABAQUS® finite element software. The effective
properties of the RVE have been determined for both
kinematics and periodic boundary conditions. Prelim-
inary results with an idealized elastic-perfectly plastic
description has revealed that the effect of microscopic
archistructure and the nonlinear material response on
the dissipative energy and stress redistribution is to
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High-strength, light-weight metal materials are re-
quired to improve safety and reduce transportation
cost. Ultrafine-grained (UFG) metals produced by se-
vere plastic deformation have attracted interest as
high-strength materials. UFG metals with a grain size
of less than 1 um exhibit remarkable mechanical prop-
erties (e.g., increased yield stress, decreased harden-
ing ratio, yield point drop of FCC metal, temperature
dependency, tension-compression asymmetry, and in-
creased strain-rate sensitivity). A computational mod-
el predicting these properties is desired in the field of
materials science and engineering. Multiscale crystal
plasticity models expressing a size effect on grain size
have been proposed by introducing information on
grain size as a material parameter (Ohashi, Kawamukai
& Zbib 2007, Ohno & Okumura 2007). However, con-
ventional theory cannot express the effect of the grain
boundary precisely and directly. It is assumed that
such unusual mechanical properties originate from
the enormous volume fraction of the grain boundary.
Grain boundaries play important roles in dislocation
dynamics. Recently, the effect of the grain boundary
has attracted the attention of many researchers as an
important factor determining the mechanical proper-
ties of UFGM. The authors propose a reaction-diffusion
system expressing dislocation patterning in order to
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significantly to reduce von-Mises stresses (84-91% of
effective stress) at the bone interfaces.
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reproduce the fine graining caused by severe plastic
deformation (Aoyagi, Tsuru & Shimokawa).

In our previous work, we proposed a crystal plastici-
ty model considering the behavior of the dislocation
source and the grain boundary as a dislocation source.
In order to predict the variation of critical resolved
shear stress due to grain boundaries, mobile dislo-
cations, or dislocation sources, information on these
crystal defects is introduced into a hardening law of
crystal plasticity. In this study, information on crystal
orientation and shape are introduced into a computa-
tional model for multiscale crystal plasticity simulation
considering the effects of grain boundaries and disloca-
tion sources. We perform FE simulation for Al polycrys-
tal to investigate the effects of dislocation behavior and
crystal orientation on anisotropic yielding behavior of
the UFG material. The validity of this model is investi-
gated by comparing experimental and numerical data.
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In aircraft design, each component presents a group of
mechanical properties according to the application. As
an example, for landing gear considering these charac-
teristics and cyclic loadings, high strength and fatigue
resistance are fundamental design criteria. In alumi-
num alloys, the 7xxx series are predominating alloys
when strength is the primary requirement.

Several corrosive environmental friction forces im-
posed to structural components usually reduce the
service life. Therefore wear and corrosion control of
several components is accomplished by surface treat-
ments. In the case of aluminum alloys, sealed anodic
layers confers protective efficiency against corrosion
which; on the other hand, degrade the fatigue life per-
formance of the base material.

Tensile residual stresses and cracks noticed at the in-
terface coating/substrate are associated to reduction
in the fatigue strength of anodized base material. In
the case of tensile residual stresses, the initiation and
propagation phases of the fatigue process are acceler-
ated; whereas compressive stresses close to the sur-
face may increase fatigue life.

The technique to improve the coated materials fatigue
strength, is the shot peening process, which induce
compressive residual stresses on the surface, in order
to delay or even avoid nucleation and propagation
phases.

The objective of this research is to evaluate the influ-
ence of anodic films grown on Al 7050-T7451 alumi-
num alloy, by sulfuric acid anodizing, chromic acid an-
odizing and hard anodizing, on the rotating bending fa-
tigue strength. As already mentioned, the influence of
anodic films grown on Al 7050-T7451 aluminum alloy is
to degrade the stress life fatigue performance of base
material. A significant improvement in the fatigue life
in comparison to anodic surface coated and base ma-
terial was obtained for shot peened coated specimens.
The base material used in the investigation was the
Al7050-T7451 aluminum alloy. Mechanical properties
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are: elastic modules 65GPa, yield strength 429MPa
ultimate tensile strength. 502MPa and elongation
10%. Specimens were prepared from a 19x103m thick
Al7050-T7451 aluminum alloy rolled plate with the
rolling axis parallel and perpendicular to the loading
axis. Aluminum alloy specimens were obtained by
grind machining, which represents surface roughness
Ra= 0,89 + 0,32um. S-N curves were obtained for the
aluminum alloy treated with shot peening intensity of
0,013N (30psi), using glass shot (@ 0,4mm) with cov-
erage of 120%, carried out on an air-blast machine
according to standard MIL-13165. The residual stress
field induzed by shot peening and anodizing, was de-
termined by X-Ray diffraction method. Coating thick-
ness for chromic acid anodizing, sulfuric acid anodizing
and hard anodizing was, respectively, 3,8um; 14,2um
and 65,0um. Rotating bending fatigue test parameters
were: stress ratio equal -1,0; frequency of 50Hz and
room temperature.

Scanning electron microscopy technique and optical
microscopy were used to observe crack origin sites
thickness and coating/substrate adhesion.
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Thermal barrier coatings (TBC) are applied to compo-
nents working at elevated temperatures. These are ap-
plied in combination with the internal cooling, so that
a thermal gradient is generated through the thickness
of the ceramic layer to sustain an appreciable tempera-
ture difference between the hot working media and the
surface of the superalloy component. A thermal barrier
coating system normally consists of three layers: (i) an
outer ceramic coating, the TBC, to insulate the super-
alloy substrate from the high temperature gas flow; (ii)
a metallic bond coat (BC) to provide good adherence
for the TBC to the substrate as well as oxidation and/or
corrosion protection for the underlying superalloy, and
(iii) a thermally grown oxide (TGO) layer predominately
a-Al203 that is formed at the TBC/BC interface at tem-
perature during service. The durability, stability and
integrity of the coatings are of significant importance,
yet the failure of TBC systems in-service is a complex
and not fully-understood process (Evans et al 2001).
Failure normally occurs in the form of local detach-
ment and spallation of the TBC layer (Miller et al 1982).
The stored strain energy in the system is recognised as
a main driving force for the failure (Padture et al 2002).
Hence, residual stresses are acknowledged to contrib-
ute to potential failure in this multi-layer system. These
stresses arise from mainly the growth of the TGO, and
the mismatch stresses due to the different expansion
coefficients between the constituent layers (Padture et
al 2002). The failure of these multi-layered systems is
also dependent on component geometry.

In the present work, a typical thermal barrier coating
produced by electron physical vapour deposition (EPB-
VD) that usually applied on rotatory components such

as turbine blades in jet engines is studied. This EBPVD
TBC is applied to a Ni-based single crystal superalloy
aero-blade substrate with changing curvature, and the
intermediate coating is platinum aluminide BC. The re-
sidual stresses generated in the outer ceramic thermal
barrier coating (TBC) and the thermally grown oxides
(TGO) have been evaluated non-destructively by Ra-
man spectroscopy (RS) and photo-stimulated lumines-
cence piezo-spectroscopy (PLPS) respectively. It has
been found that there were tensile residual stresses
in the as-fabricated TBCs, and these stresses became
compressive with extended thermal exposure. For the
TGO, the residual stresses were measured using a Re-
nishaw Raman system, model 2000 (Bristol University)
and an in-house built PLPS system developed at RSE,
Italy which has automatic mapping for large areas.
These residual stresses are analysed as a function of
the thermal exposure and the substrate curvature. The
discussion focuses on understanding the role of sub-
strate curvature on microstructural degradation of the
TBCs, and the magnitudes/distribution of the residual
stresses in the TBCs and TGO. The results are consid-
ered with respect to overall coating integrity.
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Most models that describe or predict fatigue failure
and fatigue crack propagation are based on the simpli-
fication that materials are subjected to constant am-
plitude loadings. However, in-service loadings usually
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do not fulfill this assumption which causes the calcu-
lations and predictions to become complex or even
wrong. One important effect which is responsible for
some divergences in the models is the so called over-
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load effect. This well known phenomenon describes
the behaviour of a growing fatigue crack that was sub-
jected to an overload at least for one cycle: the result-
ing effect is a strong crack growth deceleration.
Althought the phenomenom of the overload effect
has been known for many years now, it has been the
subject of multiple discussions regarding the under-
lying mechanisms. Actually, two reasons have been
discussed: Plasticity induced crack closure (PICC) be-
hind the crack tip or residual stresses (RS) in front of
it. Whereas PICC is said to delay the crack opening to
higher loads and therefore to a reduced AK due to a
reduced K _, RS prevent the crack to open completely
which causes a AK reduction through K __ .

One major point which hindered the solution of the
discussion, was the lack of possibilities to measure
local RS fields and strain fields resulting from applied
forces. However, last year’s developments of high res-
olution synchrotron XRD strain field mapping have lead
to several publications regarding this topic. Neverthe-
less, as the requirements for these measurements are
high, results have so far been obtained by third gener-
ation synchrotron radiation with quite limited availabil-
ity. Accordingly, there are hardly any extensive studies
on this topic that allow a proper model development.
Starting from this point, we chose two different tech-

niques to investigate the aforementioned effects. The
induced RS fields in front of and behind the crack tip
were analyzed using a Barkhausen Noise and Eddy Cur-
rent Microscope (BEMI). It was also analysed how they
change with the overload and with the crack growth
through the stress field. After a custom calibration
based on the application of defined plastified samples
in situ under well known loading states we have been
able to measure the residual stresses quantitatively
and with a spatial resolution of 10um. The RS distribu-
tion showed a strong correlation with the local crack
grow rate.

The second technique, high resolution Digital Image
Correlation in the scanning electron microscope was
used to investigate the strain field in situ due to ap-
plied forces and crack tip opening displacement and
its change with changing RS. We were able to measure
the strain fields up to elastic strains that could be as-
signed to the RS effect, whereas the opening behaviour
(PICC) did not show a significant contribution.

The good accessibility of these techniques allows fur-
ther studies of different loading cases to develop a
model to improve the description of variable amplitude
loading effects. Furthermore it can be used to measure
local RS and its influence on fatigue crack growth.
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Surface enhancement methods, such as shot peening,
are widely used in the aerospace industry to improve
the fatigue life of critical component. Such process
generates residual compression stresses which tend to
delay fatigue crack initiation and prevent small crack
propagation.

However, surface enhancement methods are efficient
only if the thermo-mechanical relaxation of residual
stresses at operating temperatures is moderate.

In order to assess the benefit of shot peening on the fa-
tigue life of IN718 turbine disk, a whole understanding
of the microstructure modifications induced by shot
peening is needed. The critical point is to evaluate how
fast the residual stresses relax at high temperature.

As detailed in [1], the effect of work hardening is pre-
ponderant. There is a strong dependence of the degree
of work hardening induced by creation of the compres-

79

sive layer on the amount of relaxation during thermal
loadings.

Furthermore, work hardening is strongly related to the
microstructure. The microstructural state of the com-
ponent part before shot peening can then significantly
modify the effect of this surface enhancement method.
This study aims to investigate the impact of the initial
microstructure on the residual stresses and the work
hardening induced by shot peening. Assessment of
initial hardening, grain size and strengthening precip-
itates, which are specific parameters of the turbine
disk, is needed.

Different initial hardening states are obtained by tak-
ing samples from different parts of the disk (bore, rime
and web samples). Effect of grain size and strengthen-
ing precipitates are specifically investigated through
model microstructures. These extreme microstruc-
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tures, which are achieved by performing specific heat
treatments, make it possible to discriminate the im-
pact of relevant microstructural parameters. Two grain
sizes and two strengthening precipitate sizes are con-
sidered.

Microstructure evolution is followed by SEM obser-
vations and Backscatter analysis. The X-ray diffraction
method is both used to assess the residual stresses
by measuring the peak shift and to evaluate the work
hardening through diffraction peak width determina-
tion [2]-[4]. This method requires calibration meas-
urements, which are performed on tensile specimens
in which a specific amount of work hardening is intro-
duced.

Finally, the impact on the shot peening efficiency is
evaluated by comparing the thermal relaxation of a va-
riety of initial microstructures.
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The need for light weight design while maintaining a
high safety is essential for many components, espe-
cially in the aircraft industry. Therefore, it’s of utmost
importance to consider every aspect to reduce weight,
improve fatigue life and maintain safety of crucial com-
ponents. Residual stresses are an important factor
which can positively influence components and fulfil
all three requirements. However, due to the inconstan-
cy of the behaviour of residual stresses during the life
time of a component, residual stresses are often ne-
glected.

If the behaviour of residual stresses could be described
reliably over the entire life time of a component, re-
sidual stresses could be taken into account and com-
ponents could be optimized even further. Mechanical
and thermal loads are the main reason for relaxation
of residual stresses.
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This work covers the thermal stability of residual stress-
es in Ti-6Al-4V components. Therefore, exposure tests
at raised temperatures were performed on specimens
with different surface conditions. The residual stress-
es were measured by x-ray diffraction before and after
testing. Creep tests were also carried out to describe
the creep behaviour and thereby the ability for resid-
ual stress relaxation. A correlation between the creep
rate and amount of relaxed stress was found.

The creep behaviour of the material was described
by using a combination of the Norton Power law and
the Arrhenius equation. The Zener-Wert-Avrami mod-
el was used to describe the residual stress relaxation.
With these models a satisfying correlation between
measured and calculated data was found. Hence, the
relaxation of residual stresses due to thermal load was
described reliably.
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In a jointed project, which is carried out in the frame-
work of the priority programme Life~ (SPP 1466), the
fatigue behavior of an austenitic-ferritic duplex steel
is investigated in detail in the very high cycle fatigue
regime. A variety of factors, such as crystallograph-
ic grain orientations, slip band formation, barrier
strength of grain and/or phase boundaries against
slip band expansion and microcrack propagation, and
residual stress distribution are considered, in oder to
develop a mechanism-based model representing the
relevant crack initiation and propagation mechanisms.
The study presented is focusing on the determination
of the residual stresses and their evolution caused by
the heat treatment prior to cyclic loading and and the
fatigue process, respectively. The measurements were
performed by means of in-situ ultrasonic fatigue test-
ing applying high energy synchrotron radiation in PE-
TRAIIl Hamburg. It was observed that the initial micro
residual stress in austenite is approximately 186 MPa
in the longitudinal direction (parallel to the stress axis)
and 137 MPa in the transversal direction. The ferritic
phase contains very similar absolute values of internal
stresses, however as negative values, i.e., compressive
stresses, fulfilling the mechanical equilibrium condi-
tion. A redistrubution of the residual stresses in terms
of an increase of the tensile micro residual stresses in
the austenitic phase and a decrease of the compressive
residual stresses in the ferritic phase was found after
107 cycles under symmetric push-pull condition at an
external stress amplitude of 380MPa. At 5-107 cycles,
the micro residual stresses were observed to reach a
maximum and a minimum in austentite and ferrite,
respectively. Further fatigue loading seems to lead to
a internal stress relaxation. The development of the
residual stresses can be understood by the localized
plastic deformation caused by dislocation motion and
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multiplication. The evolution of slip markings provides
a clear indication of such changes, taking place despite
the very low stress amplitude typical of the very high
cycle fatigue conditions. A separate experiment to in-
vestigate the change of slip markings was executed at
a stress amplitude of 350 MPa. Due to this low stress
amplitude, only few austenitic grains undergo notice-
able plastic deformation. The growth of slip markings
(width and length) in all plastically deforming grains
was monitored up to 2:109 cycles. The results showed
that the slip markings exhibit similar growth character-
istics. All slip markings become continuously broader
up to 108 cycles and subsequently stay stable, indicat-
ing working hardening which occurs in these grains
because of dislocation motion and multiplication. TEM
examination showed that the dislocations in austenite
pile up against the phase boundary, which form obvi-
ously strong obstacles, leading to local residual stress
concentrations. As a consequence, a high dislocation
density forms in the adjacent ferritic grains. When cy-
clic plasticity proceeds into the neighboring grain, the
localized residual stress can release, and an a second
stage of an increase of the width and length of the slip
markings was experimentally observed in the regime
between 108 and 2:108 cycles. The modified William-
son plot of the dislocation density also presents the
two transition stages, during which the dislocation
density increases/decreases. In the final part of fatigue
life (more than 90% of the number of cycles until fail-
ure), the dislocation density increases steadily until
crack nuclei can exceed the barrier strength of grain
and phase boundaries. FEM simulation showed that
residual stress changes not only strongly affect the
stress distribution but also play an significant role for
the crack initiation and propagation processes.
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Specific properties of the so-called shape memory al-
loys are based on the martensitic transformation that
can occur in the austenite phase. This stress-induced
transformation is reversible during unloading, the re-
versible strain being around 3%; this phenomenon is
knowm as superelasticity. At the microstructure scale,
during loading, austenite grains rotate and deform;
when martensite appears, a stress redistribution oc-
curs between both phases.

The bulk properties of Shape Memory Alloys (SMA)
such as the macroscopic stress-strain and the super-
elasticity depend strongly on the orientation of the
embedded grains and their interactions within the
polycrystal. Therefore experimental data obtained on
single crystals can not be easily extended to polycrys-
tals. So it is necessary to perform measurements at dif-
ferent scales directly in the polycrystal. The Three-di-
mensional X-Ray diffraction technique (3DXRD), devel-
oped with synchrotron radiation, allows determination
of strain tensor and crystallographic orientation distri-
bution in individual embedded grains of a polycrystal
(Margulies 2002). We had applied this technique previ-
oussly to study the behaviour of four grains of 1 mm3in
a Cu-Al-Be SMA alloy (Berveiller et al. 2011).

In this work, in-situ 3DXRD technique was used to
study about one hundred grains of 10 mm? during a
superelastic loading test on a Cu-Al-Be alloy. 3DXRD
was performed on the ESRF ID11 beamline and the
resulting data were analyzed using the software Im-
ageD11. The improvements made on the software to

process a large number of micrometric grains lead to
more efficient quantification of intra/inter granular
rotations and internal stress. The stress tensor of 101
grains were then determined as well as their crystallo-
graphic orientation and their spatial localization inside
the sample. Due to the high anisotropy of the Cu-Al-Be
alloy (a = 13), a strong heterogeneity was obtained in
the stress state of the grains, depending on their orien-
tation. A factor higher than 3 was measured between
the minimum and the maximum value. During loading
and unloading, a reversible rotation of each austenite
grain is observed, the magnitude of the rotation being
also dependant on the grain orientation. Last, we ob-
serve that for a given orientation, the stress state of
the grains is not the same if it is located at the surface
or in the bulk material, pointing out the effect of inter-
ganular interactions on local behaviour.
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Residual stresses are expected in monolithic, alumi-
num clad uranium 10 weight percent molybdenum
(U-10Mo) nuclear fuel plates because of the large mis-
match in thermal expansion between the bonded ma-
terials.
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Previous high energy x-ray diffraction measurements
successfully profiled the residual stresses in the
U-10Mo (Brown et al. 2013), but were unable to probe
either the Al cladding or the 15 micron Zr diffusion pre-
vention barrier due to poor grain statistics. Neutron
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diffraction, with its inherently more divergent incident
beam alleviates this problem and, moreover, allowed
for the determination of the dislocation density and
texture in all three phases.

Measurements of thin foil samples using neutron dif-
fraction is not straight forward due to partially filled
gauge volumes which can give rise to significant ge-
ometrical pseudo-strains if not addressed properly
(Fitzpatrick & Lodini 2003). In the present case we used
annealed copper foils attached to both sides of the
fuel foils as an ‘on-board’ calibrant. By using multiple
sequential measurements of the same strain compo-
nents in both banks of the SMARTS instrument it was
possible to validate the approach and determine an ef-
fective error bar for the technique.

Several samples were examined as a function of pro-

cessing step and the phase stresses, dislocation density
and texture are monitored with respect to the process-
ing conditions.
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Fe-Ga alloys reveal the large magnetostriction, com-
pared to that of pure metals, such as Fe and Ni (Sum-
mers, 2007). Although the magnetostriction of the
alloys is smaller than those of TbFe, and CoFe,O,, the
Fe-Ga alloys cane be machined into desired shapes
because of the relatively good mechanical property.
Thus, the Fe-Ga alloys are considered to be candidate
materials for application to vibration power generators
and actuators (Ueno, 2011). On the other hand, it has
been known that magnetostrictive and elastic proper-
ties of the Fe-Ga alloy strongly depend on crystal orien-
tation (Clark, 2003; Kellogg, 2004). If the polycrystalline
Fe-Ga alloys are used for the magnetostrictive materi-
als, this anisotropy of these properties is important in
their application(). Therefore, the elastic properties of
the Fe-Ga alloys are essential in their application. The
objective of this study is to investigate the microscopic
stress evolved in the polycrystalline Fe-Ga alloys by the
external elastic stress.

In order to analyze the microscopic stresses in crystal-
line materials, an analytical method using white X-ray
diffraction with micro-beam synchrotron radiation has
been developed (Kajiwara, 2009). In this study, this
method was applied to obtain information on micro-
scopic stress evolved in coarse grains of the Fe-Ga al-
loys. Besides this technique, electron backscatter dif-
fraction (EBSD) was also used to determine the crystal
orientation of grains in the polycrystalline Fe-Ga alloys.
Based on these orientation data, the stress and strain
distribution in the microstructure of the steel under

84

loading and unloading was estimated using an FEM
simulation where the elastic anisotropy or the crystal
orientation dependence of the elasticity was taken into
account.

The results by micro-beam synchrotron radiation
showed that the microscopic stresses are distributed
to the polycrystalline Fe-Ga alloys, which may play
important role in the magnetostrictive properties of
the polycrystalline Fe-Ga alloys. The FEM simulation
showed that the strain distribution in the microstruc-
ture depends on the crystal orientation of each grain
and is influenced by grain boundaries. In addition, the
stress analysis by the white X-ray diffraction indicated
that the direction of the maximum principal stresses at
measured points in the steel under tensile loading are
mostly oriented to the tensile direction. This is qualita-
tively consistent with the results of by the FEM simula-
tion, although absolute values of the principal stresses
may contain the effect of heterogeneous plastic defor-
mation on the stress distribution. In this presentation,
the characteristic stress distribution in Fe-Ga alloys
with large anisotropic elasticity will be discussed in the
basis of these different results.
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Near surface alterations of the materials microstruc- of further measurements are outlined where special
ture and induced residual stress states are very impor- methods were applied for the nondestuctive analysis
tant consequences of grinding processes, which may of the steep residual stress gradients. Different types
have a pronounced impact on the behavior of the man-  of radiations including white X-rays were used. The
ufactured components. As a consequence, there is a results of these measurements are presented and the
great interest in the potential of existing methods for potentials and the limitations of the methods are dis-
the quantitative analysis of residual stress depth distri- cussed.

butions. Due to the steep microstructural and residual

stress gradients in ground surface layers, this is a chal-  References
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Technical progress in many areas critically depends 10ms to minutes.

on knowing how complex materials behave in - often Dedicated instrumentation is regularly improved ex-
extreme - service conditions combining high tempera- tending experimental conditions for a maximum range
tures with strong mechanical forces. of applications responding to the demand of materials
Facilities like ESRF and ILL, located on the European and engineering science. On the ILL side SALSA (Stress
Photon and Neutron campus (EPN) in Grenoble, pro- Analyzer for Large scaled Engineering Applications) has
vide high energy synchrotron X-rays and neutron beams recently been upgraded with a larger and more effi-
of high intensity and high penetration power enabling cient detector, providing three times faster acquisition.
non-destructive diffraction studies to assess material New beam optics allow in-situ studies with time reso-
properties over different time and length scales. Espe- lution of 1 s or measurements in very large samples. At
cially the non-destructive character of these diffraction  the same time near-surface/interface measurements
methods turns them into powerful and unique tools  with 40um resolution are possible.

for residual stress determination and in-situ studies. At the ESRF several experimental stations (ID11, ID15,
The combination of synchrotron X-ray and neutron 1D22, BM32) with specialized instrumentation are
experiments provides comprehensive analyses from made available to respond to a wide range of quite dif-
micrometre to metre scales and time resolution from  ferent materials science problems.
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Both institutes share sample environments, such as
dedicated stress rigs and high temperature furnaces
providing unique experimental conditions to evaluate
physical properties of matter in situ while varying the
thermo-mechanical parameters.

This equipment is delivered by the Materials Science
Support Laboratory (MSSL) on site, which also provides
tools for sample preparation.
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The paper presents new developments on the EPN
campus, with an outlook on future projects. Exam-
ples, comprising microstructural analysis, solidification
studies on in-situ casting, and imaging techniques,
demonstrate the potential of the photon and neutron
techniques especially when taking advantage of their
complementarity.
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Polyethylene is one of the most frequently used mate-
rials for piping applications. Polyethylene pipes, thanks
to their qualities such as durability, simple and quick
production and installation and also their significant-
ly long lifetime, have been replacing the conventional
pipes in various fields of use in the last couple of dec-
ades. (Janson 1999)

With that, a correct estimation of the lifetime of pol-
yethylene pressure pipes has become important and
several methods has been designed for the purpose.
A common method is to measure the time to failure of
a pipe segment under the load of hydrostatic pressure
— the so called hydrostatic pressure test. By extrapola-
tion of the results of such tests, lifetime of an actual
pipe can be calculated. However, it is not the most ef-
fective test, because with the increasing quality of the
material the lifetime of the pipe also rises and the tests
can take a very long time to achieve the desired failure.
Based on the fact, that most of the failures in working
conditions is the result of a slow crack growth mecha-
nism or quasi-brittle fracture, tests like PENT, FNCT and
CRB test have been developed, that measure the crack
growth rate on notched specimens and the lifetime can
then be calculated using these data and the linear elas-
tic fracture mechanics approach (Hutar et al. 2011).
There are several factors that influence the crack
growth and have to be included in the mentioned
lifetime calculations. Besides the hoop stress that is
caused by the internal pressure inside the pipe, it is the
residual hoop and axial stress that influence the life-
time negatively, because, due to the character of their
distribution, they help the cracks grow (Hutar et al.
2013). In this contribution, an experimental procedure
of obtaining the residual hoop and axial stress in a pol-
yethylene pipes is described. For the experiment a sim-
ple ring slitting method is used, where ring specimen

88

are cut off of the pipe, their wall thickness is modified
on a lathe and then they are axially slit, which causes
the relaxation of residual hoop stress, and change in
their diameter that is measured. Further evaluation of
the results then shows, that the residual hoop stress
is independent on dimensions and one general equa-
tion, that describes the distribution of residual stress in
polypropylene and polyethylene pipes is derived. The
number of specimen, that has to be made for the ex-
periment to be successful, is still quite high. That’s why,
the method of evaluating the experiment is altered,
so that just one specimen is needed for a satisfactory
estimation of the residual stress distribution. This al-
lows us then to revisit older data and compare results
of similar measurements from different sources (e.g.
Clutton & Williams 1995) and see, if the magnitudes
of residual stress are really similar for different pipes.
Also, the magnitude and distribution of the axial resid-
ual stress in the pipe wall is covered in this contribution
and the influence on the total residual stress in an ac-
tual polyethylene pipe is studied.
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This paper reports selected findings from a combined
experimental and numerical analyses of the influence
of geometry on residual stresses in commercially-avail-
able float and tempered glass. The effect of residual
stresses is critical for the performance of structures;
unexpected premature failure may occur because re-
sidual stresses can critically combined with applied
stresses [1]. Despite the potential consequences of ig-
noring the effects of residual stresses, the current de-
sign guidelines of glass structures [2] do not explicitly
take into account the effect of residual stresses.

The misfit strains (i.e. eigenstrains) developed due to
the cooling of glass during the manufacturing process
generate residual stresses. The authors have previous-
ly [3] developed a contour method—eigenstrains hybrid
model to predict the residual stresses present in com-
mercially available float glass. This paper extends the
hybrid model to investigate the interaction between
the geometry and residual stress in both float and tem-
pered glasses.

Contour method experiments have been used to con-
struct the residual stress depth profile, and then the
results validated using scattered-light-polariscopic ex-
periments are used to devise eigenstrains — i.e. the
misfit strains that generated due to differential cooling
during the manufacturing process. The full 3D residual
stress distribution is then devised by incorporating the
eigenstrain as a misfit strain in an appropriate finite el-
ement (FE) model. The results show that in both float
and tempered glass, the residual stress depth profile
has a parabolic distribution with ~20 % of thickness
surface compression zone on each side balanced by
a mid-thickness tension zone. The model predictions
agree well with residual stresses measured using scat-
tered-light-polariscopic experiments. Surface compres-
sive stress of ~100 MPa has been determined in tem-
pered glass, while that in float glass is ~8 MPa.

Once the underlying eigenstrain depth profile has been
determined residual stress in new geometries (e.g.
stress concentrations features) and/or during subse-
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quent loading applications, are determined from FE
models by simply using the knowledge of eigenstrain
depth profile. For instance, results of a glass plate with
a central hole shows that the presence of the hole af-
fects the stress distribution, and the results also sug-
gest that change in stress is not proportional to the
magnitude of applied stresses. Furthermore, investiga-
tions have shown that the negligence of the effect of
residual stress can significantly underestimate critical
design stresses.

A further application of the eigenstrain method has
been explored. Eigenstrains generated in float glass
depends on differential cooling that takes place during
manufacturing, and this means that eigenstrain depth
profiles in glass of different thickness are different. The
results show that by combining the knowledge of ei-
genstrain depth profile in float glass of known thick-
ness and a “thickness effect”, which indirectly takes
into account of different rates of cooling experienced
by glasses of different thicknesses, eigenstrains in oth-
er thicknesses and subsequently the stress distribu-
tions can be determined.

The study suggests that the hybrid contour method/
eigenstrain approach is particularly effective in pre-
dicting residual stress distribution in different glass ge-
ometries. The approach has been used to model the
interaction between the geometry and the residual
stresses.

References

[1] Withers, PJ. (2007): Residual stress and its role
in failure. — Reports on progress in physics, 70:
2211-2264.

[2] IStructE. (2014): Structural use of glass in build-
ings, (2™ ed.). — Institution of Structural Engineers.
London, UK.

[3] Balan, B. & Achintha, M. (2014): hybrid contour
method/eigenstrain model to predict residual stress
in glass. Proceedings of ICCM2014, Cambridge, UK.



ICM 12 — 12t International Conference on the Mechanical Behavior of Materials, Karlsruhe, 10-14 May 2015

HUGUES GUéRAULT, JENS BRECHBUEHL
BRUKER AXS GmbH, Karlsruhe, Germany

In multiphase materials or multilayer coatings, the de-
termination of residual stress may become unworkable
due to strong overlap between the diffraction patterns
originating from the different crystalline phases. Whole
powder pattern decomposition is an efficient method
for resolving the convolution of diffraction peaks and
gives the opportunity to use all (hkl) reflections during
evaluation. It offers in particular a chance to simulta-
neously refine structural parameters (i.e. stress free
lattice parameter) together with additional peak shifts
due to the presence of residual stress.

Wide diffraction patterns (up to 150°) have been col-
lected on different types of materials (single and mul-
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tiphase) using fixed angles of incidence. For a given
penetration depth, the depth averaged residual stress-
es (Laplace space) of each crystalline phase could be
evaluated using the grazing incident sin?({)) method.
Further angles of incidence have been used in order
to investigate individual stress gradients. The whole set
of diffraction patterns were treated either sequentially
or using a parametric refinement through an analyti-
cal function for the real space residual stress profile.
An approach based on spherical harmonics is also pro-
posed for the accounting of the anisotropic elastic be-
havior for the different (hkl) planes.
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For the analysis of residual stresses in the outer layers
of components the incremental hole-drilling method
is often used in industrial applications. This standard-
ized mechanical measurement method is partial de-
structive because a small hole has to be drilled into the
material. The evaluation of the strains surrounding the
hole allows to calculate the residual stresses. By subdi-
viding the depth of the hole into different substeps the
analysis of the residual stresses can be applied at every
depth step. This information leads to the evaluation
of stress gradients arising from various manufacturing
processes.

One of the shortcomings of the method is that no fur-
ther information about the measurement process and
its accuracy can be acquired from the measurement
data. This can be achieved if the hole-drilling is also
subdivided into different steps in radial direction of the
hole. From this extended data basis a statistical inter-
pretation of the process and a quantitive evaluation of
the measurement accuracy can be obtained.

The additional subdivision of the measurement steps
in both depth and radial direction leads to a large num-
ber of required drilling steps and very long measure-
ment times. Therefore the drilling procedure has to be
optimized.
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It will be shown that with the use of an optimization
framework coupled with a Finite Element Simulation of
the drilling process the sizes of drilling steps into depth
and radial direction can be optimized.

The Finite Element model is also used to determine
calibration functions for the inverse calculation of re-
sidual stresses from the measured strains surrounding
the hole. These have to be adapted, because the sub-
division of drilling steps does not meet the standard
drilling case and also these functions have to be inter-
polated in the optimization procedure.

The method of multiple incremental hole-drilling with
and without optimization is experimentally evaluated
by using real components with known stress states. As
a result the residual stresses in the material and the
measurement accuracy for every depth step of the
measurement can be assessed simultaneously. Thus
different shortcomings and failures in the measure-
ment procedure can be evaluated from the extended
measurement data.

An outlook will be derived which focusses on further
simulation capabilites which may lead to an in-situ op-
timization of drilling steps using the standard as well as
the multiple incremental hole-drilling method.
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Residual stress gradients occur in thin films and pro-
tective coatings during deposition process or as result
of intended treatment, e.g. blasting. The resulting dis-
tribution of residual stress has significant influence on
the physical properties of the film and on the perfor-
mance of the coated tool.

The depth profile of the residual stress can be analysed
by the X-ray diffraction methods, and a number of ap-
proaches to do this exists. Each approach has its pros
and cons and applicability range. In this contribution
we propose a new method (Benediktovitch 2014a) that
takes the advantage of the in-plane arm rotation pro-
vided by several modern diffractometers and facilities.
The basic idea of the method is to perform the sin?y
plots, i.e. to measure the Bragg peak posistion at
changed angle y between sample normal and trans-
ferred wavevector, by means of combination of source
and detector arm movements keeping the penetration
depth constant. Compared to a similar method applied
to conventional four-circle diffractometers (Kumar
2006), the additional degree of movement provided
by in-plane detector arm rotations enables to get sin*y
plots at fixed penetration depth without sample tilting,
which may be advantageous at the conditions when
sample movement is undesirable, e.g. like during in-si-
tu high temperature studies.

The explicit analytical expressions were derived that
enable to calculate the position of source and detec-
tors arms corresponding to given hkl, sin?y, and pen-
etraion depth. In this way, the series of sin*y plots at
a number of fixed penetration depth values can be
measured. Traditional processing of these sin*y plots
directly gives the values of residual stress tensor versus
the information depth. We have also found that it is
advantageous to combine the results from several hkl
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values to broaden the available sin>y range at given
penetration depth. The results of residual stress analy-
sis are sensitive to a number of corrections and to peak
search methods. The most important correction in
considered case was found to be the refraction correc-
tion which was considered in detail for the investigated
experimental geometry (Benediktovitch 2014c). The
peak position was obtained by peak fitting accounting
for instrumental funcrion profile specific for consid-
ered experimental geometry (Benediktovitch 2014b).
The method was applied to characterize the residual
stress gradient in wet blasted TiN coating on WC-Co
substrate. The obtained residual stress depth profile
was in good agreement with synchrotron data.
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Friction stir welding (FSW) is especially well suited to
joining aluminium alloys, as it produces welds with ex-
cellent mechanical properties and avoids issues such as
solidification and liquation cracking. However, despite
the solid-state nature of the process, the weld mem-
bers are heated to close to their melting point and as
a result distortion and considerable levels of residual
stress still occur, as has been noted in a number of
studies (e.g. [1, 2]). Although a range of methods, such
as thermal and mechanical tensioning, have been de-
veloped to control the residual stresses in FSW they are
often difficult to apply in practice and it would be de-
sirable to engineer the welding process itself to reduce
their level [3-4].

Recently, a variant to the conventional friction stir
welding technique has been proposed that shows con-
siderable promise in this regard. In stationary shoulder
(SS) FSW, instead of using an integrated tool where
the pin and shoulder both turn at the same rotation-
al speed, the shoulder is fixed to the welding head so
that only the pin rotates. With the SS-FSW process the
amount of heat generated by the tool shoulder is thus
greatly reduced and virtually all the welding power is
controlled by the action of the pin. Consequently, a
more uniform through-thickness heat distribution is
achieved. It has recently been shown that this allows
welds to be produced with a lower net heat input that
have better mechanical properties and lower levels of
distortion than those made by conventional FSW [5].
Furthermore, the sliding shoulder contact also contrib-
utes to better surface quality [5]

To our knowledge no residual stress measurements
have been made on SS-FSW. In this paper we will ex-
plore whether the reduction in heat input and more
uniform temperature distribution seen in SS-FSW also
leads to lower levels of residual stresses compared to
in the conventional FSW process. The residual stress
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measurements have been made using the newly devel-
oped contour technique [6]. In contrast to neutron and
synchrotron stress measurement methods, this tech-
nique is much more cost effective as it can be readily
applied using advanced workshop tools, requiring only
electro-discharge machining and a coordinate meas-
urement machine. The residual stresses produced in
the two processes will be compared using welds made
with identical tool geometries and optimum welding
conditions. Further, we will address an important ques-
tion; can the downforce from the cold shoulder be ex-
ploited to modify the residual stress field?

The magnitude and the location of the peak residual
stresses will be discussed, as a function of the welding
parmaters for each process variant, and in relation to
the observed variation of material properties across
the weld zones and the observed levels of distortion.
Finally the corresponding relative microstructural vari-
ation will be also be presented across the parent, heat
affected (HAZ), thermomechanically affected (TMAZ)
and nugget zones for each set of welds.
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Strategy based on stoichiometry is presented, in the
first part of the present paper on gas nitriding process
under non-equilibrium thermodynamic condition, to
simulate diffused nitrogen, nitrides formation and vol-
umetric dilatation[1-2]. Considering the fact that the
process is limited in the very thin layer near substrate
surface, one dimensional diffusion equation is solved
to know the nitrogen concentration after some incuba-
tion time, where nitrogen atoms diffuse as interstitials
in a-iron followed by the compound formation process.
Some part of diffused nitrogen above the solute limit
produce Y’-Fe4N phase, where molar volume of Fe at-
oms is possible to be evaluated since the number of Fe
atoms in an fcc unit cell is 4 instead of 2 in bcc a-phase.
Similar situation is seen when forming e-Fe3N phase
with 6 Fe number in hcp crystal from Y’-Fe4N phase as
is seen in Fe-N phase diagram. Thus the volume dila-
tation ratios of progressing step of initial to a-phase,
Y’-Fe4N and e-Fe3N with 0.3, 10.0 and 19.5 are suc-
cessively evaluated, and one third of which gives the
intrinsic or initial strain.

In the second part, a conventional stress estimation
method is employed in the framework of incremental
plastic strain theory under the consideration that stress
equilibrium equation and strain compatibility condition
lead to the non-zero stress and strain in plane without
shear stress and strain. If simple elastic-plastic stress-
strain constitutive relation is assumed by introducing
the intrinsic strain derived in the first part, successive
profile along the depth direction is easily obtained to

avoid complicated numerical calculation.

Both results of nitrogen concentration and stress (re-
sidual stress) for some kinds of operating condition are
compared with the experimental data with qualitative
agreement.

More sophisticated discussions will be available [3-4]
considering mixed two phases regions of a-Fe™~ Y’-Fe4N
and Y’-FedN ~ e-Fe2N, which will be presented during
the conference.
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As one of the solid state joining methods, the friction
stir welding (FSW) has been employed for joining the
light materials such as aluminum and magnesium al-
loys industrially and it has many advantages in compar-
ison with the fused junctions. Although a large amount
of researches and developments has been conducted
about this process in order to reveal its mechanism
and to expand its applicability to other materials, there
have been several papers regarding the distortion and
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the residual stress.

The finite element method (FEM) is one of the most
powerful tools for predicting the welding distortion
and the residual stress. Since the welding process is
transient behavior thermally and mechanically, both
the thermal and mechanical analyses should be con-
ducted alternately with increasing the time step. Gen-
erally, however, the transient thermal distributions are
computed at first and then the elastic-plastic analyses
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are conducted using the temperature distributions ob-
tained. So, the transient thermal distributions have to
be accurately computed in order to predict the weld-
ing distortion and the residual stress precisely. As for
FSW, in addition to the thermal stress, the plastic flow
caused by the stir of FSW tool also seems to affect the
distortion and the residual stress. However, there have
been no detailed reports about the influence of plastic
flow on the distortion and the residual stress.

Recently, Yoshikawa et al. developed a new numer-
ical simulation model based on the moving particle
semi-implicit (MPS) method, which is one of the par-
ticle methods, and demonstrated the effectivity of this
method for FSW simulation (Yoshikawa 2012). How-
ever, it is unreasonable to calculate a whole model by
MPS method because the structures are modeled by
the aggregate of particles and the deformations are
represented by the movement of particles. So, the au-
thors has been developed a combined method of MPS
and FEM (Serizawa 2014), where the inhomogeneous
volumetric heat source employing in the thermal anal-
ysis of FEM is defined from the quasi-static tempera-
ture distributions near the tool of FSW computed by
MPS. By using this combined method, the inhomoge-
neous temperature distributions through the thickness

near the joint line could be simulated and the maxi-
mum temperature distributions computed had a good
agreement with the experiments. However, the meth-
od for defining the volumetric heat source for FEM
have not been clearly identified.

Then, in this study, as one of the parameters in FSW,
the rotational speed of FSW were varied during the
butt joining process of Al plates and the influence of
rotational speed on the determination method was
examined. The computational results suggested that
the area for determining the total heat input for FEM
should become larger with increasing the rotational
speed. Also, it was revealed that the diameter of the
heating area might linearly increase with increasing
the rotational speed.
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Increasing operating temperatures in fossil power
plants require better oxidation and corrosion resist-
ances as well as higher creep strength. Especially, the
welded joints in steam boiler tube can be a weak point
for long operating hours. The failed welded joints of
austenitic stainless steel, TP347H were prepared from
the operating facilities. A microstructural investigation
for the welded joints was carried out to find the root
causes. Modeling and experiments for optimization of
welding procedure were also performed in the present
study.

The welded joints of a boiler tube, TP347H were ex-
posed to the steam temperature of 590°C for 3,600hrs.
The cracks were detected at boundaries between fusion
and heat affected zone by non-destructive tests. The
chemical compositions of TP347H tube were 0.072C -
0.32Si - 1.99Mn - 0.03P - 0.012S - 10.1Ni - 18.02Cr -
0.97Nb - Fe(wt.%) and microhardness was measured
along boundaries at heat affected zone using a vickers
hardness tester under 200 g load. Residual stress and
strain analysis for failure analaysis and opitmization of
welding procedure were perfomed using by SYSWELD.
Crack initiated and propagated along grain boundaries
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very next to interface between fusion and heat affect-
ed zone. Oxidized layer was found around crack and its
thickness decrease from 50um at inner steam-side to
20um at outer fire-side. Therefore, it can be thought
that crack initiated steam-side and propagated to fire-
side.

At the opposite heat affected zone, narrow bands were
found especially at steam-side. These bands are deter-
mined as a b.c.t phase by EBSD (Electron Back-Scat-
tered Diffraction) analysis. Heat affected zone next to
fusion zone can be deformed during welding process
and strain-induced martensite can be formed [1]. It
can be assumed that narrow bands were formed in the
accommodation process of plastic deformation during
welding process [2].

Cr-rich carbides are seen along grain-boundaries of
heat affected zone and its density was higher than
grain-boundaries of substrate. On the other hand, Nb-
rich carbides are not seen at grain interior of heat af-
fected zone. Nb-rich carbides next to fusion zone can
be disappeared by the heating and cooling of welding
process. These findings and grain-boundary oxidation
are known as ‘knife line attack’ [3].
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By modeling residual stress, biggest tensile residual
stress occured in inner side at heat affected zone and
it’s location and direction was same with crack initia-
tion site and propagation diection. Also, residual stress
increased greatly after 2nd pass of welding procedure.
To reduce residual stress, preheat, high interpass tem-
perature, low Ar gas flow and narro gap were tested.

The welded joints of a boiler tube, TP347H were failed
by intergrannular cracking at heat affected zone. Based
on microstructural investigation and stress analysis, this
phenomenon can be thounght as a stress relaxation
cracking. Reduction of residual stress and strain after

welding is important to optimize welding procedure.
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The Fukushima Daiichi nuclear disaster has raised sig-
nificant awareness in the nuclear industry of the capa-
bility to cope with extreme operation conditions such
as loss of coolant (LOCA) events. One way to enhance
safety is through the application of accident tolerant
coatings onto the surface of the existing fuel cladding.
For a coating/substrate system, it is crucial to produce
a sound bond at the interface. Hence it is important
to characterise the interfacial shear strength (ISS) be-
tween the coating and the substrate.

One way of analysing the adhesion and fracture be-
haviour between a coating and a ductile substrate is
to employ a model based on a shear-lag approximation
[1-5] to predict the transfer of load between substrate
and coating.

In this paper, a modified shear-lag model has been pro-
posed to estimate the distribution and maximum value
of the interfacial shear strength and the in-plane ten-
sile stress of a potential protective coating (FeCrAl) on
a zirconium alloy (Zircaloy-4) substrate. This model is
based on the approximation previously used for fiber/
matrix composites [6], but it is physically transformed
and mathmatically reformulated to be appropriate for
the coating-substrate system.

This model was employed for the FeCrAl/Zircaloy-4 sys-
tem through the utilisation of uniaxial tensile loading
experiments, giving parallel cracks transverse to the
straining direction (transverse cracks) in the coating.
The fracture strength of the coating was also estimat-
ed using the strain at which transverse cracks first start
to appear. With continued tensile straining the crack
frequency reaches a maximum value, i.e. the number
and spacing of transverse cracks in the oxide saturates.
The interfacial shear strength was then evaluated by
measuring the average crack spacing.
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The parameters critical to this analysis were measured
experimentally; namely, the residual stress in the coat-
ing (~ 800 MPa) was determined by X-ray diffraction;
the elastic modulus of the FeCrAl coating and the Zir-
caloy-4 substrate were measured using nano-indenta-
tion, and the fracture strength of the coating (~ 2 GPa)
was inferred from the onset of transverse cracking at
1.0% strain using in-situ loading experiments. From
these input parameters the interfacial shear strength
between the coating and zirconium substrate was in-
ferred to be around 500 MPa. This bond strength is
benchmarked against the interfacial shear strength
measured previously for the thermally grown zirconi-
um oxide and zirconium alloy system (~ 100 MPa). It is
concluded that after deposition, the newly developed
FeCrAl coating exhibits a 4-5 times higher bonding
strength than the thermally grown ZrO, on a Zircaloy-4
substrate. Our modified shear-lag measurement is easy
to undertake and has the potential to be used as an
assessment tool for other coating/cladding systems.
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In large-sized pipes installed in a power generation
plant, the surface is often cracked by subjecting to
bending loading and cyclic loading. When such cracks
are detected by a non-destructive inspection and
its depth of crack is less than 20% of wall thickness ,
the cracked part is shaved off. After that the repairing
treatment is done by a welding process for instance.
Although weldment-based repair technique has a re-
liability as we know, because the adhesion strength
between weld part and base material is very high, the
residual stress could be as high as hundreds of MPa or-
der. Such a high tensile residual stress brings about a
large distortion in the pipe structure. Thus a post weld
heat treatment has to be performed in order to reduce
such distortion if possible, which eventually makes a
maintenance cost and a maintenance period increase.
We have interested in a plasma spraying process as
one of advanced repairing technique replaced with
weldment technique. As first step in our project, we
tried to repair the notched plate-sample removed the
damage part to the crack depth direction by an atmos-
pheric plasma spraying process(APS) with CoNiCrAlY
alloy powder. Then we conducted a tensile test for
those repaired samples at room temperature in order
to examine about deformation behaviour of the whole
sample and a critical strain up to the repaired part be-
ing spalled completely off. The results revealed that the
repair process can perform on the spot, which is one of
a merit of thermal spray technique, and residual stress
after the repair is quite low, which can reduce a distor-
tion generated in the pipe structure without post-heat
treatment. On the other hand, it also turned out that
the further improvement of the adhesion strength of a
repair part is desired.

In this report, we pay attention to the HVOF thermal
spraying technology in which an improvement of ad-
hesion strength might be expectable compared with
atmospheric plasma thermal spray technology. As fol-
lowing the previous report, tensile test was conducted
for the plate-shaped sample Type 304 stainless steel
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repaired by HVOF in order to investigate improvement
of mechanical property after the HVOF repair. Herein,
supposing that the elliptical crack was detected on the
pipe surface by UT, the sample surface was shaved off
in the shape of an elliptical cone. In this study, CoNi-
CrAlY alloy powder was also sprayed for that removed
area as the same as the previous work. Furthermore,
during tesnile loading, strain distribution in the repair
part based on image processing was measured in addi-
tion to three dimensional finite element analsyis.

The result obtained by this study is as follows. It was
found that the stress-strain curve of the specimen re-
paired in the shape of an elliptical cone is not affected
by the aspect (a/b) identified at the bottom of an ellip-
tical cone. While the residual stress in the repair part
was in compression side, the critical strain up to de-
lamination of the repairing part increases with amount
of residual stress. The critical strain also increased as
an aspect ratio changes, however the aspect ratio in
case (a/b)=1.0 brought about lowest critical strain,
which means the weakest strength. Finally, it can be
recommended that the slender shape as surrounding
the crack face is desired to improve effectively the ad-
hesion strength at the repairing part/base metal.
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The effect of shot-peening is characterized in much
detail by residual stress depth profiles. They are fre-
quently measured by XRD. Hole-drilling is an alterna-
tive, though usually considered less accurate than XRD.
Instead of the traditional hole-drilling method with
strain-gages an optical method, ESPI (Electronic Speck-
le Pattern Interferometry) is used here for the stress
relief analysis. No strain-gages have to be applied
and the whole process is quicker than XRD and strain-
gage hole-drilling. This paper compares residual stress
depth profile measurements made by ESPI hole-drilling
with XRD on shot-peened leaf spring sections and dis-
cusses differences between the two methods.
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Burnishing is a cold working surface treatment process
without removal of metal, in which plastic deformation
of surface irregularities occurs by exerting pressure
through a very hard and smooth ball surface with ade-
quate pressure. As a result all pre-machined peaks gets
compressed into valleys thus giving a finish surface,
also a compressive residual stress is induced during the
process, in order to have a long life (Sirinivasa 2008).
This treatment occurs generally after the machining
process.

In this study, a new combined machining/burnishing
tool is designed, fabricated and used. It allows simulta-
neous turning and ball burnishing of the surface revo-
lution using a CN turning machine.

The goal is to take advantage of the cutting tempera-
ture when the burnishing process is done, in order to
promote crushing peaks and to generate a compres-
sive residual stress (Bouzid Sai 2005) that reaches the
depth of the workpiece.

The combined cutting/burnishing parameters consid-
ered for this study are the common turning/burnishing

parameters (speed, feed rate), burnishing parameters
(burnishing force, burnishing ball dimension), and the
machining parameters (penetration depth). A design of
experiments based on Taguchi technique is employed
in this present investigation in order to identify the op-
timal machining/burnishing parameters, and to find a
compromise between the optimal arithmetic surface
roughness (R ), the compressive residual stress in the
feed direction (o ), and the micro-hardness (H ) ap-
plied to low alloy steel 42CrMo4.
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Gear fatigue failures are widespread in most part of
the machinery industry. The well-established bene-
fits of compressive residual stresses over the fatigue
performance constantly motivate research efforts on
manufacturing processes optimization. Most part of
these studies approach the surface states only through
residual macrostresses assessment. The diffraction
measurement methods are limited to the evaluation
of a small area, hugely reducing the feasibility of the
surface homogeneity analysis. The state uniformity is
often not considered, and an incomplete picture of the
fatigue life prediction is resultant.

But the residual stress state is classified from macro
to microstresses into three levels, depending on the
domain size of analysis. The importance of the mi-
crostrain to the fatigue performance was highlighted

earlier by Delhez, Keijser and Mittemeijer (1987). Re-
cently, the uniformity of the residual stress level and its
influence over fatigue was approached for shot peened
surfaces (Zhan, Jiang & Li, 2013). The importance of a
better stress distribution is emphasized, but an analysis
of microstresses is not considered. And starting from
a macro level, the subsequent microstress levels are
considered a mean deviation from the respective pre-
vious level (Hauk & Nikolin, 1988). Therefore, the resid-
ual stress homogeneity state could be simply assessed
through the micro intensity level: This approach of
linking the residual macrostress heterogeneity and the
intensity of the microstresses is however not explored.
The objective of this study is to define a methodology
for evaluating the homogeneity state of the residual
stresses induced by processes of the gear manufactur-
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ing chain. The main goal is to characterize this uniform-
ity through the microstresses assessed from XRD line
profile analysis.

The proposed methodology validation starts with the
analysis of spur gears’ flank surfaces after the shot
peening process. Different levels of plastic deformation
homogeneity were produced. The specimens analysed
were dual peened and shot peened with different cov-
erage levels. Residual macrostresses were evaluated
along the depth profile with XRD. The first micro lev-
el was assessed through stress measurements of each
phase from the 16MnCr5 steel studied. The single line
profile analysis, by means of the Voigt deconvolution
method, was used to evaluate the peak broadening ef-
fects of the diffracted curves.

The intensity of the micro residual stresses was cor-
related with two direct results from the surface mac-
rostress homogeneity. The measurement of a mac-
rostress matrix was applied for the correlation on the
surface. The results were reinforced by topography
maps, through three-dimensional roughness measure-
ments. Together with the surface macrostress matrix,
the functional roughness parameters found a coherent
relationship with the strain contribution value of the

diffracted profiles. The result was complying with the
objective, but the methodology was additionally cor-
related to results from fatigue tests. For this case, sur-
faces ground with different process parameters were
evaluated. The comparison shows that the residual
macrostresses must be complemented by the micro
levels for a more precise understanding of the contact
fatigue mechanism.
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The heat treatment process is one of the most crucial
steps in the production chain of steel components. A
wide variety of tailored technologies exists in order to
adjust the desired material properties for the respec-
tive application.

In the field of hot-work tool steel components high
pressure gas quenching is the state-of-the-art technol-
ogy delivering final products with homogeneous hard-
ness distributions, clean surfaces, reduced distortion
and lower residual stress values compared to using lig-
uid quenchants. A high level of tensile residual stresses
may lead to surface cracks during the heat treatment
process or may have a negative impact on the lifetime
of tools.

Therefore, a finite element modelling scheme has been
developed to predict the formation of residual stresses
for given tool geometries. The multi-phase transfor-
mation kinetics of a hot-work tool steel grade X38Cr-
MoV5-1 is modelled following an approach by Mahnk-
en (2012), where the austenite-to-bainite transforma-
tion and the austenite-to-martensite transformation
are taken into account. The focus lies on the diffusional
bainitic phase transformation model which considers

the incomplete reaction of bainite resulting from the
carbon enrichment of the retained austenite. Addi-
tionally, a micromechanical approach is included deal-
ing with the phenomenon of transformation induced
plasticity (Fischer, 2000) and the determination of the
plastic behaviour of a mixture of phases with different
yield strengths. Eventually, the overall material model
is implemented in the finite element package ABAQUS
(Abaqus 2013).

Large components require longer process time inter-
vals to compensate for temperature differences be-
tween the core and surface regions. In order to cali-
brate the material model, test geometries of different
sizes and shapes are heat treated. Thermal boundary
conditions are determined by an inverse optimization
routine and are applied to surface sets. In the FE model
multiple layers of continuum shell elements are used in
the surface regions to ensure a sufficiently fine discre-
tization normal to the surface for resolving the residu-
al stress distribution without causing excessively high
computational costs. Residual stress profiles are meas-
ured by X-ray diffraction up to a depth of 1500 um. The
influence of the component size on the residual stress
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formation is then investigated by simulations and com-
pared with the experiments.
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A7NO1S-T5 aluminum alloy is used widely on some
components of high speed train body, such as corbel,
traction beam and so on. Welding residual stress of
aluminum alloy is inevitable to be produced due to
uneven heat input in the welding process. The fatigue
properties of welded joints are affected by the weld-
ing residual stress,especially the tensile residual stress.
while the compressive residual stress is useful to im-
prove the fatigue properties of welded joints.

This paper is focused on the residual stress distribution
and the fatigue properties of the A7NO1S-T5 aluminum
alloy butt joints were treated by the fine particle steel
shot,glass balls,and corundum. The X-ray diffraction
method was used to measure welding residual stress
and the S-N curves wered compared of the treated
butt joints of different surface treatments. The re-
sults showed that: the maximum compressive residual

stress of the fine particle steel shot treated butt joints
is -236MPa, that is large than the other two treated
butt joints, corundum treatment and glass balls treat-
ment which are -203MPa and -191MPa. The condi-
tions fatigue limit of 107 of fine particle steel shot treat-
ed butt joints is 120MPa, and the corundum and glass
balls treated butt joints are the same of 110MPa, while
the untreated butt joints is 100MPa. The fine particle
steel shot treatment can be considered for high speed
train body surface treatment.
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Ti-6Al-4V is a titanium alloy widely used for aircraft
components (Banerjee & Williams 2013). Its manufac-
turing processes comprise thermo-mechanical treat-
ments including cooling steps during which residual
stresses can be generated and can thus make more dif-
ficult the machining steps (Gunnberg et al. 2006).

This contribution deals with a global approach under-
taken to get better insight into the thermomechanical

behaviour and the microstructural evolution during
heat treatments, and particularly during the cooling
operations from the (a + B) phase field, of the high
temperature forged Ti-6Al-4V titanium alloys.

A new experimental facility using conventional hydrau-
lic testing machine and induction heating was devel-
opped to investigate differents temperature-time his-
tories representatives of the conditions undergone in
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parts during quenching. Specific thermo-mechanical
tests of the Ti-6Al-4V titanium alloy were then carried
out as a function of the temperature, the strain rate
and the cooling rate.

Tensile mechanical tests performed on Ti-6Al-4V alloy
exibits a predominant viscosity at high temperature
whereas a significant hardening mechanism occurs at
low temperature. Tensile tests with strain dwell time
allow to determine the effect of both viscous and non
viscous stress levels whatever the temperature and the
cooling rate considered.

Moreover, as the mechanical properties, at a specific
temperature, can be strongly related to the micro-
structure (phase transformation) (Roy & Suwas 2013),
post-mortem optical and scanning electron microscope
observations was carried out to study the metallurgical
evolution (fraction, size and morphologies of the a and
B phases).

Hence, an image analysis protocol was developed to
study the surface fraction of phases and grain sizes. It
shows that they mainly evolve in a particular domain of
temperature (950 to 700 °C) and for a specific range of
cooling rate (5 to 60 °C/min). The grains belonging to

BRIAN CONROY?, ALAN KAVANAGH?, DAVID TANNER!

the high temperature B phase transform progressively
into lamellar grains (B + o) where the surface fraction
of B evolves linearly with the cooling rate.
Furthermore, a high cooling rate may favors the nucle-
ation of a, lamellae which can lead to a large popula-
tion of thin lamellae. It is shown that cooling rate effect
induce a material hardening due to a wide number of
interfaces.

References

Banerjee, D. & Williams, J.C. (2013): Perspectives on
Titanium Science and Technology. - In: Acta Mate-
rialia, 61: 844-879.

Gunnberg, F., Escursell, M. & Jacobson, M. (2006): The
influence of cutting parameters on residual stress-
es and surface topography during hard turning of
18MnCr5 case carburised steel. - In: Journal of Ma-
terials Processing Technology, 174: 82-90.

Roy, S. & Suwas, S. (2013): The influence of tempera-
ture and strain rate on the deformation response
and microstructural evolution during hot compres-
sion of a titanium alloy Ti-6Al-4V—0.1B. - In: Journal
of Alloys and Compounds, 548: 110-125.

!Department of Design and Manufacturing Technlology and Materials and Surface Science Institute, University

of Limerick, Ireland
2DePuy(Ireland), Cork, Ireland

Manufacturers of Cobalt Chrome (ASTM F75) fem-
oral knee implants experience scrap resulting from
out-of-tolerance parts. Femoral implants are “C”-
shaped and the dimension across the open end of the
“C”, the Anterior-Posterior (A-P) feature, can vary, re-
quiring high levels of control and dimensional inspec-
tion. The A-P dimension is considered critical in order
to ensure optimum fit to the patient’s bone. Parts
which fall out of specification are rejected at significant
business cost. Femoral implants are investment cast
and moving-contact surfaces are machine ground and
polished to achieve high surface finish requirements.
There are two main points of identification of dimen-
sional problems: post-casting and post-grinding.

Post Casting: Changes in dimensions between a
wax-pattern and the cast part are expected, but are in-
consistent. Complex geometries also cause unexpect-
ed movements during casting which are problematic
when specifying wax-pattern dimensions and toleranc-
es.

Post Grinding: Castings which are within specification
can experience A-P “flowering”, or spread, resulting in

out of specification parts post machine grinding. Di-
mensional off-sets are frequently used, but parts can
still move out-of-specification dimensionally. The cause
of this movement is the result of the redistribution of
Residual Stress (RS). RS can result from elastic stresses
remaining in parts following non-uniform plastic defor-
mation?! which can arise from differential cooling dur-
ing casting.

ProCast® models of the investment casting process
have been developed to further understand distor-
tion and predict RS. The development of the models
has involved significant effort in the determination of
temperature dependent material properties and the
specification of realistic boundary conditions. Material
properties required for both the metal & the mould are
as follows: specific-heat, thermal-conductivity, density,
Young’s modulus, Poisson’s ratio, yield-stress and ex-
pansion coefficients. Additional properties required
for the metal are: latent-heat, fraction-solid, viscosity,
plastic data (two possible models: Isotropic / Kinemat-
ic-to include the Bauschinger effect), visco-plastic data
(to include strain-hardening creep). Material proper-
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ties for the metal have been collected from various
published sources and ASTM F75 specific data was
calculated utilising JMatPro® material property cal-
culation software. However, mould strength material
properties have proven difficult to identify in the public
domain.

In order to create a model which reliably predicts RS
states there needs to be validation of three aspects;
thermal, RS and dimensional. The final dimensions
and RS of cast part will be affected by the amount of
plasticity experienced during cooling which is direct-
ly affected by both the mould strength? and differen-
tial cooling-rates®. Therefore it is important that the
models include mould strength properties and that
the model accurately predicts the thermal state of the
casting process.

Dimensional validation has involved the comparison
of measured parts with predicted final dimensions. RS
validation will be completed using neutron diffraction,
centre-hole drilling and the contour method. The main
body of work to date has been related to thermal val-
idation.

Two casting trials have been conducted in a production
Foundry with thermocouples (TCs) mounted in the

casting shell at various locations. Significant variation
in the shell pre-heat temperature (differences of 150°C
at the time of pouring) and casting cooling-rates were
observed depending on the position of the casting on
the mould.

Broad alignment with ProCast® was observed for a
number of TC locations. However, simplifications of
the casting set-up need to be addressed in order to
truly reflect the process. Simplifications include; the
absence of insulation effects as a result a sand-bed and
the absence of thermal interface conditions between
the TCs and the shell.

References

Prevéy, P.S. (1986) ‘XRD RS Techniques’, in Mills, K.,
ed., Metals H.book, 9t ed., 10, Ohio, ASM.

2Sadrossadat, S.M. and Johansson, S. (2008) ‘The
effects of casting param. on RS and microstructure
variations of an Al-Si cast alloy’, Denver X-Ray Conf.,
Colorado, ICDD.

3Farhangi, H., Norouzi, S. and Nili-Ahmadabadi, M.
(2004) ‘Eff. of casting proc. variables on the RS in Ni-
base superalloys’, Mat. Proc. Tech., Nov.

104



Talks Topic B 6:

Residual stresses




ICM 12 — 12t International Conference on the Mechanical Behavior of Materials, Karlsruhe, 10-14 May 2015

AMELIE MORANCAIS!®2%4 PASCALE KANOUTE?*! MANUEL FRANGOIS?, MATHIEU FEVRE®, ANATIS GAUBERT*

!ONERA — The French Aerospace Lab, Chatillon, France

2ICD-LASMIS,UMR CNRS 6281 Université de Technologie de Troyes, France

3LEM UMR 104 CNRS-ONERA, Chétillon, France
4SAFRAN Snecma Villaroche, Réau, France

High pressure turbine blades of aircraft engines are
made of single crystal nickel-based superalloys. They
are submitted to thermomechanical stresses, high tem-
peratures and vibrations. The root of the turbine blade
is a sensitive area because of the presence of stress
concentrations due to its shape. In order to postpone
the appearance of cracks, this area is shot-peened. This
pre-stressing introduces compressive residual stress-
es (RS) and work hardening in a surface layer which
evolve during service loadings. The knowledge of this
initial mechanical state and its evolution under cyclic
loads are required to improve the lifetime analysis.
The determination of residual stresses in single crys-
tal using X-ray diffraction involve the use of a specific
method developped by (Ortner 1983) and (Francois
1987). To our knowledge, this approach has not been
used to measure stress profiles in shot-peened single
crystal superalloys. The fatigue behaviour of the AM1
superalloy is usually modelled with the constitutive
equations derived by (Chaboche 2012) and the lifetime
analysis is described with the model developped by
(Gallerneau 2007). This approach take into account the
thermomechanical loading, the anisotropy of the ma-
terial and the specific shape of the sample. However,
the evolution of the stress and work hardening distri-
bution associated with the shot-peening process is not
yet implemented.

The aim of this study is to investigate the influence of
residual stresses and work hardening introduced by
shot-peening on the lifetime of the AM1 superalloy.
The experimental work is devoted to the determina-
tion of the initial mechanical state introduce by shot-
peened. Ortner’s method is used to determine an
initial profile of macro-RS on shot-peened samples
with simple and complex geometries. Experimental
procedures are suggested to overcome the problems

linked to the mosaic structure (lattice fragmentation)
of the crystal and to determine the stress levels with
the maximum of accuracy and the minimum of acqui-
sition time. Work hardening is then caracterised from
the diffraction peaks widths, Vickers hardness tests
and electron miscroscopy with the electron backscat-
ter diffraction technique.

The RS depth profiles are then introduced as an in-
put in the finite element code Zset/Zebulon. Different
methods are assessed in this study. The viscoplastic
constitutive equations are then used and improved to
reproduce the stress and the work hardening evolu-
tion during the fatigue loadings. To validate this model,
measurements of residual stresses and work harden-
ing are carried out on specimens loaded with different
number of cycles. The fatigue lifetime analysis is per-
formed with a macroscopic damage model, written in
cycles. Finally, the results of modeling are compared
with fatigue tests on shot peened samples exhibiting a
stress concentration area.
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It is a frequent practice to perform mechanical surface
treatment e.g. shot peening, deep rolling and hammer
peening in different industrial disciplines in order to
improve the surface integrity of components and struc-
tures. These treatments invariably change the material
properties and the residual stress state in the surface
and subsurface and induce beneficial surface condi-
tions; compressive residual stresses and cold working
which in turn increase the performance of materials
against fatigue, wear and corrosion.

Determination of the surface and sub-surface material
states is a critical point for quantitative consideration of
the beneficial induced surface conditions in structural
integrity assessments. Most research work has focused
on experimentally determining the residual stress and
its depth profile by means of x-ray diffraction and cor-
responding electro-polishing the surface layers or hole
drilling method. This valuable body of knowledge has
led to development of phenomenological-models [1,2]
which could describe the material behavior during
treatment qualitatively. Since there are quite a number
of parameters which could influence the residual stress
field after mechanical surface treatment, covering the
whole possible process parameters combinations with
the purpose of experimentally determining the resid-
ual stress profiles would be an impossible task. Taking
into account the development of new alloys, complex
geometries, mechanical surface treatment in higher
temperatures and under pre-strained conditions, relax-
ation of residual stresses under thermal and mechan-
ical loadings, one would conclude that the application
of numerical analysis as an effective tool to treat differ-
ent issues of residual stress field and its influence on
the structural integrity with lower experimental costs
and time is indispensable. A literature study showed
that, in the numerical works, a shortcoming in gener-

al is that a quantitative description of the surface and
subsurface conditions by material modelling and pro-
cess simulation has not kept pace with the rapid devel-
opments in the field of characterization of polycrystal-
line materials by means of combination of the available
diffraction techniques.

In this paper some issues in simulation and modelling
of shot peening, deep rolling and hammer peening will
be discussed first. The corresponding calculations are
then compared with the complementary experimental
analysis [3] by means of x-ray, synchrotron and neutron
diffraction methods.

Further the necessity of the development of the con-
cept residual stress engineering for metallic com-
ponents in which wanted residual stress states are
tailored for specific cases by appropriate means will
be discussed. The possibilities of the quantitative con-
sideration of the benefits into the structural integrity
assessments will be presented in some practical exam-
ples.
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Two-dimensional x-ray detectors allow the recording
of residual strain in a material along a set of scatter-
ing vectors in a single measurement, so that the num-
ber of sample rotations required for determination of
the residual stress state is significantly reduced and, in
some cases, completely unneeded. In contrast to the
conventional sin?{ technique used with point detec-
tors, which requires the measurement of strain in at
least two distinct sample orientations for plane stress
states (Noyan 1987), with area detectors the residual
stress can in principle be determined in a single expo-
sure. This advantage, combined with the miniaturiza-
tion of image plates, x-ray sources and associated read-
ing electronics, have resulted in commercial portable
apparatus designed for in-line and field measurement
applications, especially for ferrous metals (Ling 2014).

Different approaches for the determination of the
stress state from the information contained in a single
Debye exposure exist, such as the cosa method intro-
duced by Sasaki et. al (1997) or the direct least squares
fitting of the measured strain (Kampfe 2000). Despite
the attractiveness of these portable devices in both
industrial and scientific applications, there no consen-
sus on what the most efficient and precise calculation
method.

In this work, we perform a comparison of the three
proposed methods both from a theoretical as well as
an experimental point of view. A code for the gener-
ation of synthetic 2D x-ray diffraction patterns was
implemented and used to study the different meth-
ods’ sensitivity to misalignment, detector calibration
parameters as well as scatter in the data. For the ex-
perimental assesment we have used a portable x-ray
residual stress measurement apparatus (U-X360 resid-
ual stress analyzer from Pulstec Industrial Co., Ltd.) to
determine the residual stress in 1010 Carbon Steel cy-
lindrical tubes in-situ during tensile loading. The meas-

urement conditions, with tight space constraints for
the detector, as well as the use of a non-flat specimen,
were chosen to approach those of actual applications.
Several samples were tested up to yield and the resid-
ual stress at various loads was determined from single
X-ray exposures, using both the cosa and the direct
least squares fitting methods. Measurements were
performed at different sample orientations with re-
spect to the incoming beam to both asses its effect on
the calculated stress, as well as to allow us to use the
sin?y technique for comparison. Macroscopic strain
was in all cases recorded using a clip-on extensometer.
Results show that cosa and the direct least squares
fitting methods give similar results, although both un-
derestimate the axial stress and overestimate trans-
versal stresses, while giving zero shear stress values as
expected. The sin?y) method yields results closer to the
actual values for the axial stress, although using data
from exposures at three different orientations.
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In this contribution, we give an overview on current
developments of multilayer optics for diffractometry in
the lab as well as of new X-ray sources for laboratory
applications. We explain the manufacturing process of
the optics, summarize the different types of optics and
give some examples of typical applications which bene-
fit from the new possibilities, especially in combination
with modern microfocus X-ray sources.

The optics consist of bent substrates with shape toler-
ances below 100 nm, upon which multilayers are de-
posited with single layer thicknesses in the nanometer
range and up to several hundreds of layer pairs. The
multilayers were designed with lateral thickness gradi-
ents within £ 1% deviation of the ideal shape. We use
sputtering technology for deposition, optical profilom-
etry in order to characterize the shape and X-ray reflec-
tometry in order to characterize the multilayer thick-
ness distribution both laterally and as in-depth. Beam
parameters like monochromaticity, flux, brilliance and
divergence demonstrate the quality of the multilayer
optics.

We will present actual results of a combination of our
microfocus source IuS with two-dimensional beam
shaping multilayer optics. These so called Quasar Op-
tics are used for all common wavelengths like Cu, Mo,
Ag, Cr, and Co. Our optics shape a focused or a colli-
mated beam with a very high flux density as well as an
adequate divergence directly at the sample position.
In the field of stress measurements on iron containing
samples especially Co and Cr sources are of interest,
fluorescence radiation is not excited with these sourc-
es.

Examples of measurements using a microfocus source
in combination with a two-dimensional beam shaping
multilayer mirror with linear and position sensitive de-
tectors are shown. Phase identification on iron contain-
ing samples is possible even at difficult accessible loca-
tions. Measurements of residual stresses are shown in
a weld seam as well as in a steel spring and with high
local resolution in different sections of a turbo-charger.
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In the last decades the phase field model has devel-
oped to an excellent simulation tool which allows the
elegant mathematical description and efficient numer-
ical calculation of different physical, thermodynamical
or mechanical processes in the systems with locally
different material properties and with time changing
morphology. It is based on an optimisation of the Lay-
punov functional of Ginzburg-Landau type, where the
system variables are the intensive or extensive ther-
modynamical and/or mechanical quantities. An addi-
tional field on variables is introduced to describe dif-
ferent bulk volumes with uniform material properties.
The evolution equations for the system variables are
derived by the variational approach. A mathematical-
ly constructed diffuse interface between two different
phases is of the length scale much higher compared to
the real atomistic interface width of some angstroms.
This model offers an elegant and efficient method for
numerical simulations.

We present a new potential for the formulation of the
optimised Laypunov functional. The derivation is based

on the mechanical jump conditions on the two-phase
boundary surface in equilibrium. The stress compo-
nents of the traction vector and the strain compo-
nents, due to the Hadamard jump condition, define
the homogeneous variables of new potential. By the
variational approach we derive (1) new formulation of
the driving force for the solid solid phase transforma-
tion, (2) the new prescription for the stress calculation
and (3) consequently the interpolation type and form
of bulk material properties in the diffuse interface.

We validate our model on the analytical calculations
in a two phase system with different isotropic stiffness
tensors and compare the results with models based on
a Voigt/Taylor and Reuss/Sachs approaches.
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In service, turbine components are subjected to low-cy-
cle fatigue (LCF) during start-up and shut-down opera-
tions, especially at the fir tree root blade-disc connec-
tion which has a complex geometry and correspond-
ing high stress concentration. Shot peening generates
compressive residual stress and strain hardening which
can improve fatigue life [1]. However, prediction of the
fatigue life of shot-peened components under LCF is
challanging due to difficulties associated with predict-
ing residual stress relaxation, especially in regions of
high stress concentration. The current study aims to
develop a validated 3-D eigenstrain-based modelling
tool to model residual stress relaxation under LCF in
shot-peened notch geometries. The residual stress and
strain hardening profiles caused by shot peening have
been first evaluated by experiments and then incorpo-
rated into the finite element (FE) model separately.
The material under investigation is FV448 - a ferrit-
ic heat resistant steel representative of those used
for steam turbine blades. An industrially applied shot
peening treatment (intensity: 13A, coverage: 200%) for
steam turbine blades has been applied to U-notched
samples (K, = 1.58) representative of the real fir tree
geometry. The LCF behaviour of the shot-peened sam-
ple has been evaluated by three-point bend tests with
aload ratioR=0.1[2].

Residual stress variation with depth at the notch root
of shot-peened samples was measured before and af-
ter fatigue load cycles, using an X-ray diffraction (XRD)
device and an incremental layer removal approach
achieved by electropolishing. In addition, an EBSD-
based approach [3] has been used to measure the
plastic strain caused by shot peening, which was then
used to determine the local strain hardening levels in
peened samples.

In the FE model, a combined isotropic-kinematic hard-
ening material model has been applied, considering
both the monotonic and cyclic mechanical properties
of FV448 which have been determined experimentally
[2]. The residual stress distribution in peened samples
was simulated as an elastic response of the whole com-

ponent to the predicted misfit strain (i.e. eigenstrain)
caused by shot peening [4]. In order to incorporate the
effects of strain hardening into the FE model, varying
local yield stresses were defined at different depths
within the surface layer affected by shot peening. Re-
sidual stress relaxation after 1 cycle and 50% life (about
15000 cycles) was then simulated by applying a similar
load as in the real experiment to the FE model; the ap-
plied nominal strain range Ae in the loading direction
was 0.68%.

The results show that the full residual stress distri-
bution has been accurately modelled in the peened
notched sample. The modelling results of residual
stress relaxation after cyclic loading (As = 0.68%) match
well with experimental data; a 20% relaxation was ob-
served after the first cycle but with no further relaxa-
tion during subsequent fatigue cycles.

This study suggests that the hybrid eigenstrain/FE ap-
proach is particularly effective in modelling residual
stresses in shot-peened components with notch geom-
etry. This approach is helpful in evaluating the benefit
of shot peening by effectively predicting residual stress
relaxation after fatigue loading.
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Functionally graded materials (FGMs) are a type of nat-
urally inspired composite materials whose properties
(e.g. microstructure, chemical or phase composition)
vary over one or more dimensions. The FGMs were
first proposed as an advanced engineering material
in 1972 and research into application for Biomateri-
als, Aerospace, Chemical Plants, Mining, and Building
material commodities[1, 2] is ever present. Within the
nuclear industry FGMs can be engineered to effective-
ly resist corrosion, radiation and are a potential choice
for nuclear reactor components e.g. first wall for fusion
reactors and fuel pellets. Additionally FGM'’s have been
proposed as potential plasma facing components (PFC)
whereby the PFC would gradually vary from a refrac-
tory material (tungsten, plasma face) to a heat sink
material (copper, coolant side). In the case of a met-
al-ceramic FGM, the composite mates the strength and
ductility of a metal with the hardness and toughness of
a ceramic [3-5].

The authors have sought to elucidate the development
of residual stress in FGMs using neutron measurements
on the Kowari Strain Scanner, ANSTO for the Mo-Y,0,
and Mo-ALO, system. Due to their extreme gradients
FGM'’s are not optimal for fast neutron measurements
due to the high spatial resolution requirements and
long measurement times. An alternative approach
was employed to examine compositionally ungraded
analogues of varying metal-ceramic ratios. All sample
were manufactured using constituent powders, mixed
and subsequently sintered using a hot press with close
monitoring of the sintering curve. Optical microscopy
and scanning electron microscopy were used to look
at the resultant samples to observe the grain growth
and the defect-like cracks attributable to the thermally
induced stresses. Relaxation due to micro cracking and
micro-fracturing are evaluated in light of the neutron

residual stress measurements and mechanical strength
measurements of : (a) bending stiffness using a three
point bend tests, (b) bulk modulus through GrindoSon-
ic techniques and (c) statistically averaged micro-hard-
ness.

Further evaluation of the residual stress is done
through comparison between established analytical
models, neutron diffraction and preliminary FEA. The
major contribution of residual stress are further real-
ised and evaluated in light of the interfacial instabili-
ties present and the appropriate ways to optimise the
thermal protection characteristics of a compositional
gradient.
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Residual stress (RS) have significant influence on the
performance of high speed trains. The research group
members of this paper have accuried many test and
research data from many types of CRH2 high speed
trains.

This paper is focused on the distribution laws of RS by
statisatical method. The research objects are A5083P-0O
aluminum alloys welded joints, A6N0O1S-T5 aluminum
alloys welded joints and A7N01S-T5 aluminum alloys
welded joints of high speed train bodies. The RS of
butt welded joints , angle joints are also discussed
.Finally the peak RS in different structure and inter-
val of high speed trains are discussed too. The results
showed that the RS of A5083P-O joints that welded
with the same materials is manily distributed between
-100MPa and 100MPa and the probability is 92.93%.
The RS of A6N01S-T5 joints that welded with the same
materials is manily distributed between-150MPa and-
150MPa and the probability is 92.27%. The RS of joints
that welded with A5083P-O materials and A7N01S-T5
materials is mainly distributed between -100MPa and-

BALDER ORTNER
University Leoben, Austria

The matrix method (Ortner 2011), also called g-sin*{
method (Skrzypek et al. 2001, Haase et al. 2014) which
is based on Hooke’s law in the form of Ddlle-Hauk’s
equation (Délle & Hauk 1978, Délle 1979) or a deriva-
tion of it (Ortner 2011) has a lot of advantages over all
other methods used for data evaluation in x-ray and
neutron stress measurements. Yet there is some re-
sistance to its introduction. One of the reasons for this
resistance seems to be the problem of how to visual-
ize measured data and results. When using the sin?{
method or any other method based on a line of best
fit, the corresponding diagram provides us with an im-
mediate impression about the stress and the accuracy
of all single measurements. For the matrix method the
question is: can the data also be represented in a way
which is similarly meaningful as the usual diagram in
the sin?{y method is? To give an answer to this question

150MPa and the probability is 94.06%. The RS of joints
that welded with AGNO1S-T5 materials and A7N01S-T5
materials is mainly distributed between -100MPa and-
150MPa and the probability is 88.89%. The RS of butt
welded joints is mainly distributed between -100MPa
and 150MPa and the probability is 88.44%. And the RS
of angle welded joints is mainly distributed between
-100MPa and 150MPa and the probability is 95.28%.
The peak RS is mainly distributed on the weld zone and
the probility is 50%.

With the satistical distribution laws, the researchers,
designers, maintenance personnel can reference to
improve and protect the safety of high speed trains.
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we adapted the sin?y plot and developed some new
types for the graphic representation of the results.
The plotting methods can be subdivided into two cat-
egories.

A) Diagrams in which only measured / recalculated val-
ues with the same azimuth ¢ are plotted.

A1) The sin*{-plot

Here the measured and the recalculated lattice con-
stants a(¢, U, hkl) are plotted versus sin?{.

With a(,,hkl) we mean a fictitious lattice parameter,
calculated from the measured lattice plane distance.
¢ and (hkl) must be the same in one plot, but plots
can be done for any constant ¢ and (hkl), provided that
there are enough data with different {s. Such a plot
is virtually the same as we are used to from the sin?y
method.
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A2) The Fo plot

Instead of sin*{ one can also use F (¢, ¥, hkl) for the
abscissa, where F¢(¢,¢,hkl) means the longitudinal ef-
fect [Hausshl 2007] of the tensor Fij(cb,lb,hkl) in the
direction given by ¢. In this plot the recalculated data
always lie on a straight line, not only if the material is
quasi-isotropic but also if it has significant texture.

B) Diagrams in which all data are shown, independent
of their ¢-values and also independent of their Miller
indices.

B1) The @’ (¢, U, hkl) versus F (&, U, hkl) plot a’ is an-
other fictitious lattice parameter.

In the a’-plot the recalculated values of a’ lie on a
straight line. The slope of this line is proportional to
O (p=0°, 90°, 60°, ...) the distances of a’-measured to
that line provides us with the wanted impression about
the accuracy of all measurements. But the greatest ad-

NATALIYA LYUBENOVA, DIRK BAEHRE

vantage of this representation lies in the fact that all
measured and recalculated values can be shown in one
diagram with one single regression line. This is espe-
cially helpful in thin film or single crystal stress meas-
urements, because in the general case one must make
use of different (hkl)s and all values of ¢ can be differ-
ent from each other.
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Inthe modern industry the targeted application of com-
pressive (negative) residual stresses in highly stressed
components is gaining great importance. Compressive
residual stresses are often used as design instrument
in order to increase the fatigue life of the components
and to improve their resistance to Foreign Object Dam-
age (Mader 2005). It is well known that parts, which
are exposed to tensile (positive) static as well as dy-
namic loads, are prone to crack formations. When
compressive residual stresses are superimposed to the
operating tensile loads they reduce the total loading,
thus retarding the surface cracking and preventing the
initiation of new cracks.

There are numerous production processes which are
able to introduce pronounced compressive residual
stresses differing in the depth profile. Typical examples
are Shot Peening, Autofrettage, Laser Shock Peening,
Ultrasonic Impact Treatment and Deep Rolling.
Well-recognized is the Deep Rolling (DR) process that
has attracted the interest of the scientific commu-
nity initially in the thirties of the last century (Thum
1935). Investigations of the process in the seventies
and eighties led to the clear consideration that it is
able to improve the fatigue life of the treated compo-
nents. According to the VDI guideline 3177 (VDI 1983),
DR is classified as fine surface rolling method, next to
finishing and size rolling. In the available literature dif-
ferent terms, like Deep Rolling, Deep Cold Rolling, Roll-
er Burnishing, Low Plasticity Burnishing and others, are
used to describe processes similar in mechanism and

results. The main advantage of DR is the high amount
and depth of achieved compressive residual stresses
which in some materials can exceed 1 mm (Jung 1996).
Another advantage is the reduction of the surface
roughness which prevents the crack formation and
-propagation. In steel the roughness after treatment
with DR can be well below 1 um (Rz). A deep layer of
strain hardening and plastic deformation also belongs
to the properties of the treated component, thus con-
tributing to its longer life time.

Although well-known, DR is still investigated due to the
large amount of input parameters which leads to great
differences in the results. Schulze (Schulze 2006) offers
a comprehensive classification of the DR parameters
by dividing them into work piece-, tool-, process- and
device parameters. Some of them, like the applied
force or pressure, the number of overturns, the per-
centage of overlapping, the properties and geometry
of the work piece, etc., directly influence the quality
of the surface as well as the depth and amount of the
achieved residual stresses.

Finite Element (FE) Modelling is a powerful instru-
ment to model complex processes, e.g. DR, and offers
a good opportunity to vary and investigate numerous
input- and output parameters. In this paper the Explic-
it module of the FE-Code ABAQUS 6.13 is applied to
model the DR process on a plane geometry. The input
parameters applied force, number of overturns and
percentage of overlapping are varied and their influ-
ence on the induced residual stresses is commented.
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Along with this the geometrical deformations due to
the process are investigated.
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The AlSI type 300 (Cr—Ni) austenitic stainless steels rep-
resents an important class of materials widely used in
engineering practice at room, elevated (Marshal, 1984)
and as well as at cryogenic temperatures (Tobler et al.,
1997). The austenitic structure of these alloys is meta-
stable, i.e. martensitic transformation y=>a’ can occur
during cooling and/or plastic straining. The stability of
austenite depends primarily on the chemical compo-
sition (see two threshold temperatures designated M_
and M. (Pickering, 1978)). Further important factors
influencing martensite formation in fatigued austenit-
ic steels are: initial thermo-mechanical state prior fa-
tiguing (solution treatment vs. cold working), type of
cycling (stress or strain control), frequency of cycling
and grain size.

In all studies performed so far only nominal chemical
composition of steels was considered. However, as will
be shown in the present work characteristic chemical
banding occurs in divers steel semi-products used for
machining of cylindrical low-cycle-fatigue specimens,
i.e. plates and bars. The extent of chemical heteroge-
neity was visualized via color etching (see Fig. 1) and
quantified using EDS spectroscopy in SEM. Its origin is
discussed in terms of particular manufacturing steps
in the production of steels, i.e. continuous casting fol-
lowed by subsequent thermo-mechanical treatment
(hot and cold working).

The aim of the present work is to point out the impor-
tance of chemical heterogeneity on the destabilization
of austenite during cyclic straining of two most used
representatives of the AISI 300-grade steels, name-
ly 304 and 316L steels. For this purpose the steels in
solution-annealed state were subjected to low-cycle
fatigue under well controlled conditions with constant
plastic strain amplitudes at room temperature and in
the case of 316L steel also at depressed temperatures.

Electron channeling contrast imaging (ECCI) technique
and color etching were adopted to characterize micro-
structural changes after completion of fatigue tests.
Distribution of deformation induced martensite in the
volume of material is correlated with the presence of
long fatigue cracks and with the characteristic varia-
tions of chemical composition corresponding to areas
with reduced nickel content.

Fig. 1. Chemical heterogeneity revealed on the longitudinal
section of cylindrical rod of 304 austenitic steel using color
etching technique.
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Due to the anisotropy of polycrystalline metallic ma-
terials a substantial scatter of microstrains is observed
during uniaxial cyclic loading conditions. Generally,
fatigue cracks initiate at sites where the microstrains
reach maximum values within the plastic regime. Very
high cycle fatigue (VHCF) loading manifests itself by a
low macroscopic strain amplitude; however on a mi-
croscopic scale, crack initiation is caused by the crystal-
lographic misorientation of neighboring grains which
give raise to stress and microstrain concentration
leading to the development and growth of slip bands.
Eventually, the local microstructure has to be taken
into account as a barrier for slip transmission in the fol-
lowing stage of VHCF damage evolution, and later also
for crack initiation and propagation.

Experimental results on the VHCF damage of grade
1.4462 austenitic-ferritic duplex stainless steel and a
grade 1.7227 tempering steel reveal the relationship
between the crystallographic orientation of individual
grains, grain patches and local strains within the grains
on the one hand, and slip band formation, fatigue crack
initiation and growth on the other hand. For this pur-
pose, electrolytically polished small bending specimens
have been fatigued under pure bending in a resonance
fatigue testing machine. The specimens were investi-
gated by means of scanning electron microscopy (SEM)
in combination with automated electron back-scatter
diffraction (EBSD). Digital image correlation (DIC) with-
in the SEM in combination with EBSD was used to link
the local crystal orientations with the microstrain dis-
tribution.

Under VHCF loading conditions, it was found that in
case of the duplex stainless steel, slip band forma-
tion is limited to the softer austenite phase. The slip

bands generate high stresses at the austenite-ferrite
(y-a) phase boundaries, where they eventually lead
to intergranular or transgranular crack initiation. Crack
initiation in the tempering steel can be attributed to
shear band formation between the martensitic laths
structure. Earlier investigations regarding the microc-
rack propagation process show that in both materials
microcracks are sensitive to changing crystallographic
orientations when crossing a grain or phase boundary.
In particular, phase boundaries in the case of the du-
plex steel, and prior austenite grain boundaries in the
case of the tempering steel, were identified as effective
barriers to slow down or even to stop the microcrack
propagation process (Zhai et al.).

The results are discussed by means of a Finite Element
Modelling (FEM) approach that accounts for elastic
anisotropy and crystal plasticity, following the work of
Huang. The model (implemented in the commercial FE
software ABAQUS) shall be capable to calculate the dis-
tribution of the microstrains within the microstructure
and to explain the local occurrence of slip bands de-
pending on the crystallographic orientation.
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Recent results obtained by experiments in the very
high cycle fatigue regime are questioning the former
assumption that all bcc materials have a fatigue lim-

it, whereas fcc materials do not. It was shown by nu-
merous authors that bcc materials can fail even after
two million load cycles and more due to crack initiation
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at subsurface defects. In order to investigate the very
high cycle fatigue mechanisms of a material that con-
tains both lattice structures (bcc and fcc), cyclic defor-
mation experiments close to the conventional fatigue
limit were executed on the austenitic-ferritic duplex
stainless steel 318LN (X2CrNiMoN22-5-3) up to one
billion load cycles. The ultrasonic fatigue testing tech-
nique from BOKU Vienna was applied to conduct the
experiments in symmetric push-pull-mode in a reason-
able testing time (10° load cycles in about one week)
on electrolytically polished hourglass-shaped samples.
After testing, the samples were investigated by means
of TEM and high resolution SEM in combination with
focused ion beam (FIB) cutting. The cyclic damage
evolution on the sample surface was investigated by
means of far field microscopy (in-situ) and by means
of confocal laser scanning microscopy. The cyclic evo-
lution of residual stresses and dislocation densities was
investigated by means of high energy X-ray diffraction
experiments. These results will be presented in the
session “residual stresses” of this conference. Fracto-
graphic investigations showed that all fatal cracks in-
itiated at the sample surface. Only very few samples
failed in the very high cycle fatigue regime. Cyclic ir-
reversible plastic deformation predominantly takes
place in the austenitic phase, whereas crack nucleation
occurs in the ferritic phase starting from intersection
points between phase boundaries and austenite slip
traces as documented by means of FIB cutting in com-
bination with high resolution SEM. TEM investigations

MARIO MUCHER, ROBERT BRANDT
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Modern lightweight stabilizer bars for mass production
are made by use of precision steel tubes. Thus the mass
can be reduced by 50% compared to solid stabilizer
bars. Tubular stabilizer bars provide the same function,
which is characterized by a spring rate. However the
stress level of a tubular stabilizer bar is rising compared
to a solid stabilizer bar, especially at the inner surface.
Furthermore, the stress profile of stabilizer bars under
loading is rather inhomogeneous and complex. Maxi-
mum stress is localized in a few spots and the material
is hardly utilized.

The use of tailored tubes can reduce this shortcoming.
The wall thickness is adapted along the routing of the
stabilizer bar in order to homogenize the stress distri-
bution: The wall thickness in a lowly stressed section
has to be reduced, in a highly stressed section the wall
thickness has to be increased. The design optimization
is done by numerical methods. For a further mass re-
duction of tubular stabilizer bars a high carbon steel

showed significantly higher dislocation densities in fer-
rite grains close to intersection points between phase
boundaries and austenite slip bands in contrast to oth-
er sites. The experiments revealed that the stages of
fatigue crack nucleation and short fatigue crack prop-
agation through the first grain determine significantly
the lifetime of the material. Numerous fatigue samples
which endured one billion load cycles without fracture
(run-out samples) contained several microcracks in the
order of less than one grain diameter. It was observed
rarely that run-out samples contained microcracks
which reached or overcame the first microstructural
barrier (phase or grain boundary). The present study
documents that the experimentally identified fatigue
mechanisms can be represented in mesoscopic finite
element simulations. Such simulations enable the de-
termination of the fatigue limit and fatigue life of both
real and synthetic microstructures by considering the
effects of anisotropic elasticity, crystal plasticity, macro
and micro residual stresses, plastic strain concentra-
tion in form of slip bands, fatigue crack nucleation and
short fatigue crack propagation. By means of real mi-
crostructures, containing slip traces and microcracks,
the calculations can be verified and the required mi-
crostructural parameters can be determined. Based on
synthetic microstructures, parameters, which hardly or
not at all can be varied in an experimental investigation
(such as the misorientation between adjacent grains),
can systematically be analyzed.

with increased tensile strength is evaluated.

Precision steel tubes are manufactured by means of an
induweld-process. An axial weld seam is formed in the
tube. The high carbon boron steel material of the tube
exhibits inhomogeneities in the weld seam area and
the heat affected zone (HAZ), which has a detrimental
impact on the fatigue strength of the stabilizer bar.
The complex state of stress near the weld seam is char-
acterized by the value and the orientation of the main
principal stresses. Up to now no in-depth analysis of
the fatigue strength of the weld seam has been done.
Hence, the investigation of the orientation sensitivity
of the stress in the weld seam area is done. Small piec-
es of material are cut out of the weld seam areas such,
that three different orientations of the weld seam with
respect to the uniaxial loading direction can be real-
ized. Standard fatigue specimen are prepared accord-
ing to ASTM E 466-07, which are tested with alternat-
ing stress (stress factor R=-1). The resulting S-N curves
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are discussed. The orientation dependency of the fa-
tigue strength of the weld seam is a key information
for a further mass reduction by choosing an optimum

position of the weld seam. Furthermore this method is
used to evaluate new high strength tube material and
its weld seam.
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Since fatigue is the most important cause of accidental
failure in structure parts, prediction of fatigue lives has
been required to safely use structure materials. A fac-
tor affecting fatigue lives associated with short fatigue
crack growth is microstructure, dominating a crack
propagation life. Therefore, including the microstruc-
tural factors, we have to separately investigate the fa-
tigue crack growth consisting of three periods: crack in-
itiation, short crack propagation, and long crack prop-
agation. Then, the focused propagation process, short
carck propagation regime, dominates at least 90% of
fatigue lives of high cycle fatigue in smooth specimens.
Thus, the microstructure dependence of short crack
propagation behaviour is noticed in this study.

In terms of precipitates in steels, effects of carbide
should be noted, since general steels contain a signif-
icant amount of carbon. More specifically, we focus
on influences of cementite morphology on short crack
propagation. To our best knowledge, roles of the ce-
mentite morphology on the short crack propagation
have never been revealed yet, although some simple
relationships between cementite formation and fa-
tigue limit have been studied . Hence, the novelty of
this paper is placed on clarifying some roles of the ce-
mentite morphology on the short crack propagation in
smooth specimens.

We prepared two types of low carbon steels with the
same chemical composition and different cementite
morphologies by the different heat treatment. The un-
deformed microstructures after

the two different heat treatments show that cementite
precipitates along grain boundaries or in grain interior.
Hereafter, the former and latter cementite morpholo-

gies are called as intergranular cementite precipitation
(ICP) and transgranular cementite precipitation (TCP)
steels, respectively.

These steels do not contain solute carbon and second
phase except for cementite. The ICP and TCP steels
showed 248 and 270 MPa tensile strengths, respec-
tively.

Thanks to the present study, the cementite morpholo-
gy could be concluded to affect the fatigue properties
as follows.

1) The crack initiation site was a grain boundary in both
the ICP and TCP steels.

2) The ratios of fatigue limit to tensile strength of the
ICP and TCP steels were 0.52 and 0.63, respectively.
Namely, the fatigue strength is effectively enhanced by
transgranular precipitation.

3) In the same stress amplitude/tensile strength ratio,
the crack propagation rate of the ICP steel is lower than
that of the TCP steel.

4) Intergranular cementite as well as transgranular
cementite acts as obstacle against short fatigue crack
propagation, resulting in crack propagation intercep-
tion and branching.
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Although corrosion fatigue crack initiation mechanism
of structural materials is not fully understood well, fail-
ure analyses for various machine components revealed
that corrosion fatigue cracks most frequently initiate
from corrosion pits (Ebara 1985). In fact corrosion fa-
tigue cracks in association with corrosion pits are fre-
qguently observed on failed steam turbine blade (Ebara,
Kai, Mihara, Kino, Katayama & Shiota 1983).

In this presentation characteristics of corrosion pit
12Cr stainless steel is briefly summarized mainly on
the basis of author’s corrosion fatigue testing results
(Ebara, Kai & Inoue 1978, Ebara, Kai, Inoue & Masu-
moto 1978). Then corrosion fatigue crack initiation and
propagation process in association with corrosion pits
is demonstrated on the basis of the continuous surface
observation results on 12Cr stainless steel specimen in
3% NaCl aqueous solution with 318K (Ebara,Yamada &
Kawano 1990). It can be concluded that the most of the
corrosion fatigue life of 12 Cr stainless steel in 3% NaCl
aqueous solution is controlled by initiation and growth
of corrosion pit. Three dimensional electrochemical
measurement method is also available to detect initi-
ation of corrosion pit in corrosion fatigue crack inutia-
tion process of 12 Cr stainless steel (Kim,Miyazawa,E-
bara & Ohtsu 2006). Finally recomended studies on
corrosion pit initiaton are touched on briefly.
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In addition to loadings in the Low Cycle Fatigue (LCF)
regime due to start up and shut down procedures of
power plants, in some components also highfrequen-
cy loading in the High Cycle Fatigue (HCF)- and Very
High Cycle Fatigue (VHCF)regime occurs. These load-
ings are induced e.g. by stresses due to thermal cyclic
fluctuations and fluid dynamic processes. Therefore it
is necessary to characterize experimentally the cyclic
deformation behavior of metastable austenitic steels
at operating temperatures, particularly in the HCF- and
VHCF regime. The austenitic stainless steel X6CrN-
iNb1810 (AISI 347, 1.4550) was fatigued on servo-hy-
draulic testing systems in isothermal, total strain-con-
trolled tests in the LCFregime with a frequency of

0.01 Hz and in stress-controlled tests with 20 Hz in the
HCF- and 980 Hz in the VHCFregime. All tests were con-
ducted at T = 300 °C. The fatigue related changes in
microstructure and phase transformation were analyz-
ed by scanning and transmission electron microscopy
as well as by x-ray diffraction. The cyclic deformation
behavior in the LCF-regime at 300 °C is characterized
by initial cyclic hardening, followed by cyclic softening
until the stress amplitude drops before final failure,
associated with the propagation of a fatigue crack. In
the LCF-regime no formation of ferromagnetic a’mar-
tensite could be detected by a Feritscope® magnetic
sensor and the reached stress amplitudes for total
strain amplitudes 0.8 % < e_ < 1.6 % are in the range
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of 275 MPa <'s_< 375 MPa (Altpeter et al. 2012). The
cyclic deformation behavior in the HCF-range (Sorich
2014) is characterized by cyclic softening for stress
amplitudes s, > 160 MPa until specimen failure. At
the stress amplitude s, = 160 MPa cyclic softening is
followed by cyclic hardening due to martensite for-
mation, which results in a significant increase in life
time, up to the ultimate number of cycles of N =10 in
HCF-regime (Fig. 1, white squares). In the VHCFrange
also deformation induced martensite formation is ob-
served. This transformation results in an endurance
limit before the ultimate number of cycles N = 5-10°
is reached (Fig. 1, black circles). The cyclic hardening is
driven by a deformation induced phase transformation
from face-centered cubic austenite to body-centered
cubic a’martensite and/or hexagonal emartensite.
The fatigue-related material behavior in the HCF- and
VHCF-regime is characterized by microstructural inves-
tigations with scanning and transmission electron mi-
croscopy as well as x-ray diffraction. The focus of these
studies is the deformation induced martensite forma-
tion, which significantly affects the cyclic deformation
behavior and increases life time.
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Fig. 1: HCF- and VHCF-Woehler curve at 300 °C
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In this investigation deformation induced a’-martensite
formation in the near surface microstructure was real-
ized using a low temperature turning process with car-
bon dioxide cooling in the cutting zone. Via variation of
the cutting parameters different near surface morphol-
ogies can be formed. With optical micrographs of the
near surface microstructure and additional micro hard-
ness measurements it was proved that a surface layer
with a thickness of about 300 um during the cryogenic
turning process develops. Quantitative x-ray analysis
of the cryogenic turned surface layers showed that the
feed f has a great influence on the resulting phase dis-
tribution. In addition to the paramagnetic fcc y-austen-
ite and ferromagnetic bcc o’-marteniste a third phase,
the paramagnetic hexagonal e-martensite, exists. Fur-
thermore, for the small feed a continuous decrease of

the o’-martensite fraction from the maximum value of
25 vol.-% at a distance of 12 um from the surface down
to 0 vol.-% at 285 um was measured. At higher feed,
first an increase of the a’-martensite fraction from 9
vol.-% at the surface to 37 vol.-% at 72 um below the
surface and a following continuous decrease to zero
was measured. For both feeds, at the surface only the
two phases y-austenite and o’-martensite exist. The
e-martensite was detected only below the surface (Au-
rich, J., et al. 2014). The feed also influences the sur-
face topography, which affects significantly the fatigue
strength in the high cycle fatigue regime. With increas-
ing feed rate the surface roughness increases and the
surface defects trough chip replacement decreases.
The fatigue tests were performed on a servo-hydraulic
testing system using a triangular load-time function at
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ambient (AT) and elevated temperatures (T = 300°C) in
HCF range by stress control and a load frequency f =5
Hz with the load ratio of R = -1. The benefit of the mar-
tensitic surface layer on fatigue life can be clearly seen
by the comparison of the fatigue life of a specimen
loaded at AT after electrolytic polishing. The specimens
with the martensitic layer reach the ultimate number
of 2:10° cycles without failure whereas the specimens
with austenitic surface layer fail ten times earlier. The
plastic strain amplitude is significantly reduced by the
deformation induced ma tensite layer caused by the
restriction of dislocation mobility. Despite their larger
roughness specimens with turned surface morphol-
ogies reach the same number of cycles to failure as
specimens with a polished austenitic surface. In analo-
gy to results at AT the highest plastic strain amplitudes
and consequently the shortest fatigue life at T =300 °C
are observed in specimens with an austenitic surface
layer after polishing. In fatigue tests at elevated tem-
peratures specimens with a martensitc surface layer
reach, independent of the surface roughness, higher
fatigue limits than specimens with austenitic surfaces
(Skorupski, R., et al. 2014).
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Fretting is special wear which is induced by repeat-
ed relative surface motion. This phenomenon often
occurs on the contact surfaces of combined machine
parts and causes marked wear damage. If fretting was
induced under applied cyclic stress, it facilitates crack
initiation and greatly decreases fatigue strength (Endo
& Goto 1976). Accordingly, the above phenomenon,
called fretting fatigue, has to be adequately prevented
to assure the safety of the rotating machine products
such as turbines and water pumps.

The fretting fatigue is complicated because it is relat-
ed to many factors such as friction-wear, metal fatigue,
complex stress condition at contact surfaces and their
interaction (Waterhouse 1992, Hoeppner 1994). How-
ever, it is expected that the fretting fatigue is prevent-

ed by simultaneous improvement in the friction-wear
properties and the fatigue strength of metals. The
above improvement can be achieved by appropriate
surface treatments. Moreover, the surface treatments
have an engineering advantage that there is no neces-
sity of correcting the shapes of machine parts.

In recent years, one of the authors has investigated the
effect of various surface treatments such as plasma
hardening treatments, fine-particle bombarding (here-
after, FPB), diamond-like carbon coating and their hy-
brid surface treatments (Morita 2012, 2013). The re-
sults showed that the hybrid surface treatments were
more effective to improve the friction-wear properties
and the fatigue strength than individual treatments.
From the above background, this study was systemati-
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cally conducted to investigate the effect of hybrid sur-
face treatment on the fretting fatigue strength of typ-
ical austenitic stainless steel JIS SUS316. In this study,
the hybrid surface treatment was composed of plasma
nitriding and FPB (hereafter, PN/FPB).

The fretting fatigue test was performed under the con-
dition in which two contact pads were pressed onto
both sides of one fatigue specimen. The combinations
of fatigue specimen and contact pads are: 1. PN/FPBed
specimen and contact pads; 2. PN/FPBed specimen
and untreated contact pads; 3. untreated specimen
and contact pads for comparison.

The PN/FPB treatment formed a hardened layer. It
gave no influence on the mechanical properties. The
results of the fretting fatigue test showed that the PN/
FPB treatment was very effective to improve the fret-
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An austenitic stainless steel, S5347 is used for the pres-
surizer surgeline pipes in a pressurized water reactor
(PWR). However, if the environmental fatigue is con-
sidered per NRC Regulatory Guide 1.207 and NUREG/
CR-6909 (Chopra, 2014), fatigue design criteria would
be difficult to be satisfied. To reduce the stress indi-
ces as well as number of weld joints, hot-bending of
SS347 surgeline pipes is considered. Previously, there
have been some efforts to quantify the effects of sev-
eral factors considered in environmental fatigue, such
as temperature, strain rate, and water environments
(Solin, 2013a; Solin 2013b).

In this study, the effects of hot-bending on the low cycle
fatigue (LCF) in air and simulated PWR environments
are investigated by tests and analysis. In the completed
hot-bent pipes, the amount of deformation and ther-
mal cycle were different depending on the location of
the pipes, which in turn showed different LCF behav-
iors. The LCF of hot-bent SS347 is similar to or greater
than that of the as-received one in room temperature
air and PWR environments, though the scatter is large
for the intrados and extrados where extensive defor-
mation was accumulated during the process. The fa-
tigue tested specimens were sectioned and analyzed
to observe crack morphology, secondary cracks, and
effects of microstructure.

In general, cyclic hardening response of SS347 was
greater at room temperature and lower in PWR envi-
ronment, which is consistent with that of 316LN (Cho,
2008). Unlike 316LN, a clear secondary hardening was
observed at room temperature for the as-received and
hot-bent SS347 irrespective of the position. However,

ting fatigue strength. In the combination cases 1 and
2, the fretting fatigue strength reached the same lev-
el and the improvement ratio was about 50 %. It was
thought that the above improvement resulted from
the simultaneous improvement in the wear resistance
and the fatigue strength.
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secondary hardening was not observed for the spec-
imen tested in a PWR environment. Also, the cyclic
hardening behaviors showed some orientation depen-
dence, which was usually not observed for the as-re-
ceived pipes. The different cyclic hardening behaviors
were discussed in view of the microstructure and asso-
ciated hot-bending process. The correlation between
the LCF life and cyclic hardening behaviors was dis-
cussed also. In summary, the LCF behaviors of S5347 in
both air and PWR environments were not significantly
affected by the hot-bending.
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This study aims to investigate the effect of cold-draw-
ing on fatigue properties of austenitic twinning-in-
duced-plasticity (TWIP) and fully pearlitic (FP) wire
steels. High cycle fatigue tests were carried out on two
different alloys, both of which were drawn to have
similar tensile strength of ~1500 MPa. Fatigue crack
propagation behavior and fracture mode were clear-
ly different in two alloys. The FP steel exhibited higher
value of fatigue strength revealing well-developed and

fine striations on its ductile fracture-surface, while that
of TWIP steel showed irregularly formed striations and
brittle fracture-surface. The different behavior in fa-
tigue crack propagation behavior was considered due
to the difference in the amounts of dislocations accu-
mulated near the grain boundaries or twin boundaries.
By applying an appropriate heat-treatment, fatigue
strength of TWIP steel was greatly increased without
sacrifice of tensile strength.
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For the compact design of the bearing, higher fatigue
strength steel is expected to apply. In the bearing, fa-
tigue crack is initiated from non-metallic inclusion due
to the cyclic shear stress caused by rolling contact. So
this rolling contact fatigue strength is thought to be in-
fluenced on by the characteristics of inclusions. How-
ever the effect factor of each characteristic is not clear,
because, with conventional rolling contact test, crack
initiating inclusion cannot be found on the fracture sur-
face.

In this research, to clarify the effect factor on the rolling
contact fatigue, the analytical method was developed,
which is based on simple 2D FEM but can evaluate the
crack initiated area and the growth direction with con-
cerning the influence of cyclic loading.

In 2D FEM analysis, repeatedly static loading was sub-
stituted for the 3 cycle continuous rolling contact load-
ing. During 1st cycle, the effect of compressive loading
was strong and the behavior was relatively unstable.
But, after 2nd cycle, the effect of compressive loading
becomes so weak and the effect of cyclic shear defor-
mation becomes stronger and the strain behavior be-
comes stable. And by analyzing strain behavior after
2nd cycle around internal inclusion simulated part,
maximum strain range (Ae__) distribution was evalu-
ated and the location of maximum Ag__, that is to say,
the location where the crack is the easiest to initiate,
was determined. Furthermore the direction of the
crack initiation and propagation was also determined.

Comparing the measurement result of the crack
growth around the inclusion to analysis result, the lo-
cation of the crack initiation and the direction of the
crack growth are similar in both results.

Furthermore by the comparison of the effect of inclu-
sion type on crack initiation life between UT measure-

ment results and analytical estimated results, analysis
was found to be able to estimate that effect. From
these comparisons, this 2D FEM analysis was found to
simulate the actual crack initiation and growth behav-
ior.

Using this developed analytical method, the mecha-
nism of crack initiation from inclusion and the effect
of some inclusion’s characteristics were discussed.
Although It is easy to find that strain becomes lower
when the Young’s modulus of the inclusion becomes
closer to that of the matrix around inclusion and the
size of the inclusion becomes smaller, furthermore,
it was found that, when the strength of the interface
between inclusion and matrix is zero, then the strain
around inclusion becomes much higher. That is, the
interfacial peeling of inclusion was indicated to give
stronger influence to the fatigue life of the bearing than
the inclusion’s size and Young’s modulus. By controlling
the strength of interface betwen inclusion and matrix,
it is expected that rolling contact fatigue strength of
bearing steel becomes higher.
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Different modules of the physically based fatigue life
calculation (PHYBAL) method for metallic materials
were developed in the last decade at the Institute of
Materials Science and Engineering at the University of
Kaiserslautern.

Enormous benefits of the “PHYBAL’-method are high
reliability and cost effectiveness as a result of the re-
duction of the number of experiments in comparison
to the conventional determination of fatigue data. The
application of the “PHYBAL’-method requires a very
limited number of high-precision fatigue experiments.
In addition to conventional mechanical stress-strain
hysteresis measurements supplementary temperature
and electrical measurements are used to characterize
the fatigue behavior. All measured quantities are di-
rectly influenced by deformation-induced changes of
the microstructure of the bulk material and provide a
high potential to estimate the endurance limit, to cal-
culate woehler curves including consideration of mean
stress as well as scatter bands, even for loading and
material conditions leading to very limited cyclic plas-
tic deformation.

Recently the new short-time procedure PHYBAL _was
developed. This module requires only a planar materi-
al surface to perform cyclic force-controlled hardness
indentation tests. To characterize fatigue properties
of metallic materials the change of the width of the
force-indentation-depth-hysteresis h__has to be plot-
ted versus the number of |ndentat|on cycles N. The
slope of the h_ .p-N-curves and thus cyclic hardening can
be described by the exponent e . Consequently, e, is
defined as hardening- exponentCHT

In this study PHYBAL . is used to identify promising
heat-treatment-parameters and alloying compositions
of SAE 52100-TRIP steels. Fatigue cracks in SAE 52100
components quite often initiate at microstructural
imperfections like nonmetallic inclusions. Due to the
wide spectrum of their size, microstructure, elastic
and adhesion properties, a high scatter in fatigue life
is observed. The strategy in this investigation was to in-
duce local hardening and compressive residual stresses
around imperfections by activating the TRIP-effect to
achieve an improved damage tolerance.

One TRIP-modified SAE 52100 steel was selected for de-
tailed investigations: Woehler curves of this TRIP-modi-

fied and two standard SAE 52100 - batches were com-
pared to the estimations from the PHYBAL , method.
An increase of the ferromagnetic phase in constant
amplitude tests above the fatigue limit indicates the
TRIP-effect. No phase transformation was observed at
and below the fatigue limit. It can be concluded that
the TRIP-effect will not be activated in a component
loaded below the fatigue limit.

Type and size of the nonmetallic inclusions leading to
crack initiation have minor influence on fatigue life of
the TRIP-modified SAE 52100 compared to the stand-
ard batches. The reduced scatter in fatigue life confirms
the enhanced damage tolerance of the TRIP - modified
matrix.
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b) Comparison of the woehler curves. The size of the sym-
bols represents the dimension of the nonmetallic inclusions,

which caused failure.
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Experiment-based determination of strain life fatigue
parameters o/, b, g/ and c although most accurate,
quickly becomes prohibitive due to the complexity and
high costs of cyclic experiments (ASTM Standard E606).
Monotonic tensile tests are simple and inexpensive,
and their results are usually readily available, so that
one of the methods for estimation of fatigue parame-
ters from material’s monotonic properties (Muralidha-
ran, Manson 1988, Baumel, Seeger 1990, Ong 1993,
Roessle, Fatemi 2000) is often used, especially during
early phases of product development.

Most of the existing methods for the estimation of
strain life parameters were developed by correlating
experimentally determined strain life parameters inde-
pendently of each other and directly with one or more
monotonic tensile material properties. In some cases,
this resulted in relatively complicated expressions for
the calculation of fatigue parameters, while in others,
because of the poor correlation between certain fa-
tigue and monotonic parameters, constant values were
assigned to some of these fatigue parameters.

Based on the previously proposed approach (Basan
2009, Basan et al. 2010) new, indirect method for esti-
mation of strain life fatigue parameters from materials
monotonic properties is proposed. Unlike the existing
methods, proposed method is based on the identifi-
cation and establishment of functional relationships
between selected monotonic property and Ae/2-2N,
relations which is achieved by correlating ultimate
strength R_and individual points on strain life curves.
From these established relationships, new values of fa-
tigue parameters o/, b, g/ and c were then determined
for each value of the ultimate strength R so that new
functions o/=f (R ) b=f(R ), &'=f,(R ) and c=f (R )
could be derived. Main advantage of the new approach
and proposed method is that fatigue parameters (o,
b) and (g/, ¢) are not estimated individually, i.e. inde-
pendently from one another.

For the development and a validation of the proposed
approach to the estimation of fatigue parameters, nec-

essary data were gathered for a set of differently heat
treated high-strength low-alloy 42CrMo4 steels tested
at room temperature.

Performance of proposed indirect estimation method
was evaluated using criteria which have been exten-
sively used in different comparisons and verifications
of estimation methods reported in literature. Fatigue
lives calculated using estimated values of fatigue pa-
rameters are found to be in very good agreement
with those calculated using experimentally obtained
fatigue parameters. Furthermore, determined values
of comparison criteria are significantly higher for pro-
posed method than those calculated for other estima-
tion methods. Proposed method will be extended and
adapted for estimation of fatigue parameters of unal-
loyed, low- and high-alloy steels as well as aluminium
and titanium alloys in an extended paper.
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In recent years, diamond-like carbon (DLC) films have
attracted much attention in many industrial fields be-
cause of their properties, high hardness, chemical in-
ertness, biocompatibility. Especially, DLC films are well
known for their excellent tribological properties, so
DLC films are attractive coating processes to achieve
energy savings and CO, emissions reduction. However,
achieving higher adhesion of DLC films is an important
task because poor adhesion between the films and the
substrate limits the practical applications of DLC films.
In this study, we focused on Atmospheric-controlled In-
duction Heating Fine Particle Peening (AIH-FPP) treat-
ment system as a pretreatment to improve the adhe-
sion between the DLC films and the substrate. AIH-FPP
system has possibility to achieve the high adhesion
strength compared with practical coating process by
applying the Cr particle which indicates high chemical
affinity to carbon which constitutes the DLC films as
shot material because AIH-FPP system can generate a
shot particle diffusion layer on the substrate surface.
The aim of this study is to examine the effects of Cr
diffusion layer generated by AIH-FPP process on the fa-
tigue properties and fracture mechanism of DLC coat-
ed steel.

The material (substrate) used in this study was a medi-
um carbon steel (AISI1045) having a carbon content of
0.45%. After being machined into an hourglass-shaped
specimen for fatigue tests, the specimen surface
was polished using SiC paper and alumina powder.

These specimens were modified AIH-FPP process in
the chamber replaced by Ar gas. Shot particle was Cr
shot (30-50 um in diameter), processing temperature
was 1473 K, peening time was 30 sec. In addition, for
comparison specimens, we prepared substrates which
had not been performed AIH-FPP process. After AlH-
FPP process, all specimens were coated with DLC films
using unbalanced magnetron sputtering (UBMS) to a
thickness of 2 um (Crinterlayer 1 um + DLC layer 1 um).
Fatigue tests were carried out by using an electro-mag-
netic type bending fatigue testing machine in ambient
air without any controls of the temperature and the
moisture at a frequency of 20 Hz under the stress ratio
R = -0.8. The fatigue crack was observed continuously
by using a plastic replicas technique.

From the fatigue tests, it indicated that fatigue strength
makes no difference regardless of Cr diffusion layer. So
it was found that Cr diffusion layer hardly affected fa-
tigue strength. On the other hand, fatigue strength of
DLC coated specimen with Cr diffusion layer was higher
than it of other specimen. So DLC films can improve
the fatigue strength of steel. Finally, in order to ex-
amine the reason for that, fatigue crack initiation be-
havior was observed by replicas technique. From this
observation, fatigue crack initiation life of DLC coated
specimen was longer than other specimen. Therefore,
it was clear that DLC films increased the fatigue crack
initiation resistance caused by the high compressive re-
sidual stress and high hardness.
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Since the shape memory effect (SME) was discovered
in Fe-30Mn-1Si (hereafter all compositions are in mass
%) single crystals by Sato et al. [1], which was followd
by the development of polycrystalline Fe-30Mn-6Si al-
loys by Murakami et al., the Fe-Mn-Si alloys undergo-
ing face-centered cubic (fcc) (y austenite) / hexagonal
close-packed (hcp) (¢ martensite) martensitic trans-
formation have attracted much attention. Aiming to
further develop these shape memory alloys (SMAs),
considerable efforts were made to induce corrosion re-
sistance by alloying with Cr and Ni [3], and to improve
the SME by microalloying. In this way, SMAs with good
workability and reasonable cost have been developed.
Recently, some of the present authors reported that
an Fe-28Mn-6Si-5Cr-0.5NbC SMA showed signifi-
cant damping capacity when subjected to cyclic ten-
sion-compression loading with strain amplitudes larger
than 10-3. Quantitative X-ray diffraction analysis and
atomic force microscopy (AFM) performed in our pre-
vious report [4] proved that reverse martensitic trans-
formation of tensile-stress-induced martensite took
place when the specimen was compressed back to zero
strain. In this study, we conducted a low-cycle fatigue
testing in the Fe-28Mn-6Si-5Cr-0.5NbC (FMS) alloy and
the SUS304 steel.

The FMS alloy was prepared by vacuum induction
melting followed by hot-forging and rolling. A solution
treatment was carried out at 1470 K for 10 h. Then
a thermomechanical treatment, consisting of 14%
warm-rolling at 870 K and subsequent aging at 1070 K
for 10 min was performed to produce fine precipitates
of NbC carbides. The choice of the above mentioned
alloy composition and the thermomechanical treat-
ment refers to our earlier study [5].

The fatigue tests were made using a servo hydraulic fa-
tigue testing machine of capacity 50kN, at maximum
total strain amplitudes (eta) of 2.0%, 1.4%, 0.9%, 0.6%.
Deformation microstructure after fatigue testing, were
analyzed using ferrite meter and X-ray diffraction anal-
ysis.

In the SUS304 steel, with decrease in applied strain
amplitude, stress-strain hysteresis loop is reduced.
On the other hand, the stress response of the FMS
alloy is almost unchanged, irrespective of the applied

strain amplitude. The rupture life of the FMS alloy is 4
times higher at eta=0.6%, and twice at €ta=0.9% and at
eta=1.4% than the SUS304 steel. In addition, the stress
amplitude of the FMS alloy is 1.5 times higher at ta
=0.9 %, and twice at eta =0.6% than the SUS304 steel.
Deformation-induced a‘martensite in low cycle fatigue
test specimen of SUS304 has been detected with ferrite
meter, but was not detected in the FMS alloy.The low
cycle fatigue test specimen of FMS alloy € martensite
(hcp) has been detected with X-ray diffraction analysis.
Therefor the prolonged fatigue life of the FMS alloy is
attributable to the reversible deformation associated
with the transformation pseudo-elasticity that can re-
duce the accumulated strain.
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Tab. 1: Low-cycle fatigue test results

Nf ca e, €, €,
Sus 164 | 607 | 0.020 | 0.0157 0.0043
304 304 | 524 | 0.014 | 0.0106 0.0034
Steel 1600 | 413 | 0.009 | 0.0065 0.0025
5250 | 317 | 0.006 | 0.0042 0.0018
157 | 722 | 0.020 | 0.0140 0.006
FMS 631 | 711 | 0.014 | 0.0082 0.0058
alloy 3315 | 679 | 0.009 | 0.0041 0.0049
18290 | 618 | 0.006 | 0.0016 0.0046
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Nitriding has been widely applied in various fields of
engineering to improve wear resistance of material
because nitriding can form high hardness layers; a ni-
trogen compound layer and a nitrogen diffusion layer
(Morita et. al 1997 and Shibata et. al 1994). The aim
of this study is to examine the effects of nitriding on
the fatigue properties and fatigue crack propagation
behavior of Ti-6Al-4V alloy in 4-points bending.

The material used in this study was the a + 3 titani-
um alloy (Ti-6Al-4V). Titanium plates were machined
into the specimens with 4 mm in width and 40 mm in
length using a wire-electrical discharge machine. These
specimens were polished with emery papers (#320 to
#4000) to 3 mm in thickness and mirror-finished using
SiO, suspension. Nitriding was performed at 550 °C,
600°C and 850 °C for 5 h on the basis of the previous
study (Kikuchi et. al 2014). Surface hardness of the ni-
trided specimens was measured using a micro-Vickers
hardness tester. The surface microstructures of the
specimens were characterized using an optical micro-
scope, scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS), X-ray diffraction (XRD)
with CuKa radiation and electron backscatter diffrac-
tion technique (EBSD).

4-points bending fatigue tests were performed in am-
bient air without any controls of the temperature and
the moisture at a frequency of 20 Hz under the stress
ratio R = 0.1 and 0.5. For some specimens, in-situ ob-
servation of fatigue cracks was conducted using a mi-
croscope and digital video camera. After testing, the
fracture surfaces were observed using SEM. Moreover,
K-decreasing tests were conducted for the un-nitrided
DC(T) specimen.

Surface hardness of titanium alloy was increased with
nitriding temperature. Specimens nitrided at 600 °C
and 850 °C exhibited the X-ray diffraction peaks of sub-
strate and nitrogen compounds. In contrast, the XRD
and XPS analyses indicate that a nitrogen diffusion
layer without nitrogen compounds is formed on the
specimen nitrided at 550 °C. It was found that nitrogen

compound layer was formed on Ti-6Al-4V alloy nitrided
at the temperature higher than 600 °C.

The fatigue strength of the nitrided specimens was in-
creased with decreasing nitriding temperature. Espe-
cially, the specimens nitrided at 550 °C without nitride
compounds showed higher compared to the un-nitrid-
ed specimen. On the other hand, fatigue strength of
the specimens nitrided at 850 °C was much lower than
that of the un-nitrided specimen. These results im-
ply that nitrogen compound layer reduces the fatigue
strength of Ti-6Al-4V alloy.

Fatigue fracture mechanism of the nitrided specimen
was discussed from viewpoints of fractography. In this
study, every specimen exhibited the surface fracture
modes. Characteristic flat area; corresponding to the
thickness of compound layer, was clearly observed at
the nitrided specimen. As results of in-situ observa-
tions of fatigue cracks, life of fatigue crack initiation
was short due to the existance of surface compound
layer. Nitrogen compound layer shows brittle fracture
during fatigue tests and adversely affects the fatigue
properties of titanium alloy.
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When the plane takeoff and landing, the foreign
objects, including stones and gravels of different sizes
and shapes, can be ingested into the aero-engine and
cause damages on the fan or compressor component
(Nicholas 2006). The damage, commonly referred to as
Foreign Object Damage(FOD), is typically in the form of
notching, including a wide range of notch depth, radius,
and possible cracking at the root of the notching. FOD
can reduce the fatigue life of those components sub-
jected to vibratory loading. Peters (2000) investigated
the influence of FOD on the high cycle fatigue
performance of Ti-6Al-4V and analyzed the effect of
micro-cracking caused by impact on the process of
fatigue crack initiation. Mall(2010) discovered the
distinctly different damage mechanisms caused by
different damage simulated methods.

In this paper, the effect of FDO on fatigue performance
of aircraft engine fan/compressor blade material TC11
titanium alloy were investigated. Foreign object dam-
age (FOD) test on TC11 titanium alloy plate speciments
were conducted using gas gun test system. The steel
spheres of 2 mm and 3 mm diameter were employed
and the launching vleocity was in the range of 250~400
m/s. The macroscopical and microscopical character-
istics of specimen damage were observed by three-di-
mensional digital microscope and scanning electron
microscope (SEM) respectivey. It is found that the mac-
roscopical damage mainly involves the material extru-
sion deformation, shear loss and plastic deformation,
while the microscopical damage mainly involve the mi-
cro cracks, plastic deformation, micro notches and etc.

With the same size of foreign objects, the damage area
enlarges with the increasing of impact velocity, and
more micro cracks and lamellar structures emerge. The
high cyce fatigue strength of damaged TC11 speciments
after impact was determined by fatigue tests employ-
ing step loading test method. The results indicate that
there is obviously descend in the fatigue strength of
damaged speciments. And the fatigue strength de-
creases with the depth of damage increasing.

The SEM observations on the fatigue fracture surface
indicate that the fatigue source locates in the surface
of damage area, and initiates from the micro cracks
or micro notches caused by impact. Under similar
conditions of macroscopic damage, the fatigue
strength of specimen impacted with higher impact
velocity is inferior to that impacted with lower impact
velocity.
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Magnesium (Mg) alloys are attractive as structural
materials due to their light weight and high specific
strengths. But 0.2% proof stress and tensile strengths
are still lower than conventional light weight alloys
such as Ti and Al alloys. It is well known that grain re-
finement is effective to improve mechanical properties

of materials. Recently, many sever plastic deformation
(SPD) methods, such as multi-directional forging (MDF),
equal channel angular pressing (ECAP), high-pressure
torsion (HPT), accumulative roll bonding (ARB) and so
on, are proposed to achieve very fine grains by SPD.
In MDF technique, the material is forged with chang-
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ing forging direction 90 degrees pass-by-pass. In the
present study, MDF was applied to AZ61 magnesium
alloy to achieve bulk nanostructured metal. Fully
reversed axial fatigue tests were conducted using
MDFed AZ61. The number of forging path was changed
as 1, 3, 6 and 8, and the effect of forging condition on
fatigue behavior was investigated.

The microstructural observation revealed that the
average grain size becomes smaller with increasing
forging paths. The minimum grain size was about
0.3um, while that of the as-received material was
21.6um. The average grain size was 21.6um, 19um,
0.6um and 0.3um for the as-received, 1path, 6path and
8path materials, respectively. The hardness and tensile
strength increased with decreasing average grain size,
and the mechanical properties corresponded to Hall-
Petch relationship.

Subsequently, fully reversed axial fatigue tests had
been performed. It was found that the fatigue strengths
increased with increasing forging path number up to 3
times. However, when the forging path number was 6
and 8, the fatigue strengths of are nearly the same with

or slightly decreased compared with 3path specimen.
Consequently, fatigue limits, which are defined as
fatigue strengths at 107 cycles, are not in accordance
with Hall-Petch relationship.

As mentioned above, the fatigue strength was not
further increased by the 6™ and 8th paths forging
process. Thus the surface morphologies after fatigue
loading were examined in detail by a scanning
electron microscope (SEM). After fatigue loading, the
surface roughness was increased in 6path and 8path
specimens. The peak-to-peak distances on the fatigue-
loaded samples were nearly the same with the average
grain sizes in both specimens. It indicates that grain
boundary slipping might have occurred. In fine-grained
Mg alloys, grain boundary slipping could easily occur.
Consequently, it is considered that 6path and 8path
materials had very fine grains resulting in grain bound-
ary slipping during fatigue loading, and thus fatigue
strengths were not further improved by 6% and 8" path
because the operation of grain boundary slipping had
detrimental effect on fatigue strength.
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BOKU, Vienna, Austria

Characterizing the material behaviour below the tradi-
tional endurance limit, the threshold between high-cy-
cle-fatigue (HCF) and very-high-cycle-fatigue (VHCF), is
an important step towards understanding the signifi-
cance of a fatigue limit usage in life calculation with the
strain life methods. The aim of this study is to quantify
the influence of VHCF cycles on fatigue life of 7075-T6
Al-alloys using both constant and variable amplitude
loading. Constant amplitude loading tests with and
without superimposed mean levels were performed
to characterize the material behaviour in fatigue with
minimal effect of load interactions. These tests helped
advancing hypothesis, elucidating the role of mean
stresses and understanding the scatter of fatigue data.
The effects of combined cycle fatigue (CCF) loadings

were studied by using a spectrum composed by a low
frequency carrier wave at 0.01, 2 and 5 Hz and a su-
perimposed high-frequency wave at 20 kHz. The low
frequency wave is assumed sinusoidal or rectangular
shaped, the high-frequency wave has constant and
variable amplitudes and the effects of different loading
sequences are investigated. For a better understanding
of the relevant mechanisms, the initiation and growth
of small and long cracks were measured. Correlating
the measurement results with microscopic surface ob-
servations and SEM fracture surface studies allowed
identification of surface and interior fatigue crack ini-
tiation and propagation. Predictions based of the ob-
tained data and appropriate modeling of the different
mechanical processes are detailed.
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In high temperature components mechanical and ther-
mal loads are acting at the same time during start-up
and shut-down cycles resulting in thermomechanical
fatigue (TMF) of the materials. Gas turbines are clas-
sical examples of such components where nickel-base
alloys are used in the hot parts. Above 750 °C the yield
stress of nickel-base superalloys becomes strongly
temperature dependent.

As a consequence of the temperature dependent yield
stress, the mean stress strongly changes with the ap-
plied phasing of thermal strains and mechanical strains.
Typically, tensile mean stresses arise during out-of-
phase (OP) TMF loading, while in-phase (IP) TMF load-
ing usually leads to compressive mean stresses.

For isothermal loading it is known, that the mean stress
affects fatigue crack growth and fatigue lives. Higher
mean stresses lead to faster fatigue crack growth and
thus to shorter fatigue lives. However, under TMF load-
ing, IP TMF tests with negative mean stresses often
show shorter fatigue lives than OP TMF tests at high
mechanical loadings. At low mechanical loadings this
trend can be reversed (see Guth et al. (2014)).

In mechanism based lifetime approaches the mean
stress effect is accounted for by fatigue crack closure
models. Since fatigue crack growth in ductile metallic
materials involves irreversible plastic deformations at
least in a small zone around the crack-tip, plasticity
induced fatigue crack closure, which is the dominant
mechanism for the explanation of mean stress effects,
immediately becomes history dependent, too. The
strip yield model from Newman (1981) has proven to
be a powerful tool to examine load history effects such

as fatigue crack retardation after overloads.

In this paper fatigue crack closure under in-phase, out-
of-phase and phase-shift thermomechanical fatigue
loading is studied using a temperature dependent strip
yield model. It is shown that fatigue crack closure is
strongly influenced by the phase relation between me-
chanical loading and temperature, if the temperature
difference goes along with a temperature dependence
of the yield stress. In order to demonstrate the effect of
the temperature dependent yield stress, the influence
of in-phase, out-of-phase and phase-shift TMF loading
is studied for a polycrystalline nickel-base superalloy.
By using a mechanism based lifetime model, implica-
tions for fatigue lives are demonstrated. It is shown,
that fatigue crack closure can explain that in-phase
thermomechanical fatigue tests show lower lifetimes
at high mechanical loadings than out-of-phase tests
and that the lifetime curves cross each other at lower
mechanical loadings.
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The influence of dwell times on lifetime, cyclic defor-
mation and damage behaviour of the wrought Ni-base
alloy NiCr22Co12Mo (comparable to Inconel Alloy 617)
under thermo-mechanical fatigue (TMF) loading was
studied. Strain controlled TMF tests with a tempera-
ture range of 100 — 850 °C and dwell times of 0, 2, 5
or 30 min at 850 °C were conducted in air. Mechani-
cal strain amplitudes varied from 0.3 to 0.7 %. Phase
angles between mechanical strain and temperature
were 0° (in-phase, IP), 180° (out-of-phase, OP), +90°
(clockwise diamond, CD) and -90° (counterclockwise
diamond, CCD). Light microscopy was used to observe
damage on longitudinal sections of cycled specimens.
Microstructural evolution was studied using transmis-
sion electron microscopy (TEM).

The introduction of a dwell time in IP and CCD tests
resulted in a prolonged lifetime compared to tests
without dwells although the plastic strain amplitude
increased. With increasing dwell duration the lifetime
decreased. However, shortest life was found in contin-
uous tests. Lifetimes under OP and CD phasing were
not significantly influenced by dwells. The saturated
stress amplitudes in dwell tests were in general about
30 % lower than in comparable continuous tests. TEM
investigations indicate that the reason for this is a re-

duced amount of secondary carbides precipitating in
dwell tests. Cracks propagate mainly intergranular in
IP and CCD tests for both dwell times and continuous
tests. Damage occurs in form of wedge type cracks at
grain boundary triple junctions. The cracks show a high
angle to the stress axis and tend to interconnect when
growing. In dwell time tested specimens additional
round type cavities could be found. Crack propagation
in OP and CD tests was predominantly transgranular
and similar for continuous and dwell time tests. Some
specimens showed internal wedge type cracks under
a low angle to the stress axis that remain relatively
small. The occurrence of wedge type cracks with di-
rection dependent on the phase angle indicates that
grain boundary sliding accumulates during testing (Fu-
jino 1979). The somewhat unexpected effects of dwell
times on lifetime are discussed on the basis of the ob-
served deformation and damage behaviour.
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Biaxial fatigue is an important load state occurring in
structural components. Higher fatigue lives under shear
loading were reported in literature for several materi-
als (Doquet 1997). Pure shear fatigue can be studied by
using biaxial-planar tests with cruciform specimens. In
the present study cyclic deformation tests were carried
out at room temperature under total strain control. A
variety of biaxial states of strain were set by varying
strain ratio between the axial strain amplitudes from
-1 to 1. Straining with a strain ratio of -1 correspond to
pure shear as well as pure torsion.

The investigated material is a high alloy metastable
austenitic stainless CrMnNi steel which was produced
by hot-pressing. The steel exhibits martensitic trans-
formation from austenite via e-martensite into a’-mar-
tensite during cyclic deformation. The a‘-martensite
formation causes cyclic hardening and depends on the
plastic strain amplitude as well as on the accumulated
plastic strain. The dominating deformation structures
are stacking faults and deformations bands wherein
a‘-martensite is formed.

Cyclic shear deformation (strain ratio = -1) caused the
earliest beginning of martensite formation and the
highest volume fractions of a‘-martensite at fatigue
failure in comparison to uniaxial and other biaxial
states of strain. The maximum a‘-martensite contents
were 25-50 % higher under shear than under equibiax-
ial loading (strain ratio = 1).

In accordance to the literature using von Mises equiv-
alent strain amplitude (Doquet 1997, Itoh et al. 1994),
cyclic shearing caused higher fatigue lives after fatigue
failure than other biaxial and uniaxial conditions. The
Basquin and Manson-Coffin assessment is appropriate
to correlate the fatigue life of uniaxial and biaxial load-
ing conditions, but is too conservative for shear fatigue.
It is assumed that the period of crack initiation is much
longer under shear fatigue in comparison to other
studied biaxial conditions. Moreover, the uncritical

crack type A according to (Brown & Miller 1973) and
the absence of crack opening normal stress (Doquet
1997) are possible reasons.

Thus, surface cracks were investigated at different
states of fatigue life and after fatigue failure in order
to clarify the higher fatigue lives under shear fatigue.
Different techniques were used such as electron beam
universal system, replica technique, light optical mi-
croscopy, backscatter electron contrast and electron
backscatter diffraction in a high-resolution field emis-
sion scanning electron microscope.

Different types of macro cracks on the sample surface
which caused fatigue failure were observed. Cracks af-
ter shear fatigue were oriented 45° to the loading axes.
This direction corresponds to maximum shear strain
direction which is mode Il (Itoh et al. 1994). In addi-
tion, crack branching was observed. Crack directions
perpendicular to the loading axes which corresponds
to mode | were observed after biaxial cyclic deforma-
tion with strain ratios of 1, 0.5, -0.1 and -0.5 as well.
These results confirm the findings in literature (Itoh et
al. 1994, Parsons & Pascoe 1976).
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Cast polycrystalline nickel base superalloy Inconel
713LC is used for production of blades and discs of
gas turbine engines that are subjected to repeated
elastic-plastic loading in aggressive environments at
variable temperatures. Thermal barrier coatings (TBCs)
consist of thermally insulating ceramic top coat and of
a metallic oxidation/corrosion-protective bond coat.
They can prolong the component life particularly by a
reduction of temperature gradient during heating and
cooling.

In the present work, the high temperature low cycle
fatigue behavior of cast nickel-based superalloy Inco-
nel 713LC in as-received state and coated with novel
Al,0,-5i0,-Zr0,/CoNiCrAlY TBC system was studied at
the temperature of 900 °C. The microstructure of the
substrate material consisted of dendritic grains with
carbides and shrinkage pores. The average grain size
was 0.66 mm.

The novel TBC system consists of a (inter)metallic CoN-
iCrAlY bond coat and a eutectic ceramic, i.e. zirconia
(2r0,), alumina (ALO,) and silicia (SiO,) top coat depos-
ited on the gauge section of cylindrical specimens using
atmospheric gas stabilized plasma and water stabilized
plasma, respectively. Due to the system of eutectic
ceramic coupled with high temperature developed by

using water stabilized plasma the top coat was formed
in partially crystalline phase. Its subsequent heat treat-
ment enabled to produce the nanocrystalline mullite
phase in the remaining mostly ZrO, and Al O, coating
matrix.

Button-end samples with dimensions close to the final
specimens were manufactured using investment-cast-
ing. Cylindrical specimens of Inconel 713LC in as-re-
ceived condition and with TBC surface treatment were
cyclically strained under strain control with constant
total strain amplitude in symmetrical cycle at 900 °C
in air.

The microstructure of the surface treated layer was
documented and the hardness of the layers was eval-
uated. Hardening/softening curves, cyclic stress-strain
curve and fatigue life data of coated and uncoated
material were obtained. The fracture surface, surface
relief and polished sections parallel to the specimen
axis were examined using optical microscopy and SEM
to study damage mechanisms in cyclic loading at high
temperature. The microstructural and degradation
mechanisms data help to discuss the differences in the
stress-strain response and fatigue life of both materi-
als.
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Coke drums are vertical clad pressure vessels used in
petroleum refineries to facilitate the delayed coking
process. The drums are operated under severe ther-
mal-mechanical conditions due to cyclic heating and
cooling of the drums. Most existing coke drums are
supported by a continuous cylindrical shell commonly
referred to as the skirt. They are often joined tangen-
tially to the vertical portion of the vessel by a contin-
uous fillet weld. Stresses in this junction are very high
due to the combination of physical constraints and
thermal-mechanical loading of the vessel. Under cyclic
loading, these stresses may induce fatigue failure. In a
previous study, it was found by means of an analytical
solution that slotting the skirt, and thereby reducing its
overall stiffness near the junction, can reduce junction
stress (Cheng and Weil). However, the effect of slotting
the skirt can be studied in more detail by using finite
element analysis.

To determine the effect of the slot dimensions on junc-
tion stress, an existing coke drum with a slotted skirt
is modelled and solved using finite element analysis.
Properties of base material SA387 steel and clad ma-
terial TP410S stainless steel are used for the determi-
nation of stresses (Yan et al.). Temperature-dependent
Bilinear kinematic hardening plasticity model is used
to capture the deformation and stress/strain of the
structure under cyclic thermal-mechanical loading.. A
convection boundary condition is applied to the fac-
es of the model corresponding to the interior of the
drum. The ambient temperature and convection co-
efficient are then ramped to simulate two full cycles
of thermal-mechanical loading (Xia et al.). The outer
surfaces of the model are fully insulated, as is the case

with the actual drum. Due to large radial expansion of
the shell that may cause contact of the shell and the
skirt surfaces , contact elements are specified near the
junction corner.

In this study, slot dimensions are manipulated to opti-
mize the slot dimensions for minimal junction stress.
The slots currently used are typically narrow in rela-
tion to their circumferential spacing, representing a
decrease of only about 3% in the moment of inertia
compared to a solid skirt. Contrary to earlier findings,
no significant difference is found in the average and
maximum junction stress between the solid (without
slots) and current slotted skirt designs. In addition, it
is found that the junction stress shows no significant
response to the distance between the slot and junction
based on the current slot size. Furthermore, It is found
that slots which are significantly wider than the current
slots result in a significant decrease in junction stress.
Using finite element analysis, the slot design of the
skirt support structure can be efficiently and accurately
optimized.
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Thermal fatigue is one of the main phenomena that
lead to loss of rolling quality or failure in hot rolling
rolls, mainly in the roughing stands but also in finish-
ing passes (Stevens et al, 1971). This phenomenon is
caused by the heating of the roll surface when in con-
tact with the slab, followed by the cooling imposed
in this surface to keep its temperature under control
during successive rolling passes. The amount and rate
of damage is influenced by several variables of the hot
rolling process, such as slab temperatures, thickness
reduction, roll and slab velocities and many others. In
fact, such dependency on process variables makes the
study of thermal fatigue a complex subject, which in-
clude the difficulty in instrumentating an actual work-
ing roll and the inherent cost of periodically removing
it from operation to conduct surface inspection.

The main alternatives to actual roll instrumentation
and inspection are: (i) To work in a reduced scale mill
and (ii) to study the subject using numerical tools. Both
scenarios have limited scope when uncoupled, since
reduced scale models are costly and time-consuming,
while numerical modeling needs calibration and vali-
dation from actual processes. Thus, a more powerful
strategy is to couple both approaches — that is, to per-
form a limited number of reduced scale experiments
and use the results to calibrate and validate a wider
series of numerical models. This strategy was applied
successfully by other authors (e.g. Tseng et al, 1989;
Mercado-Solis et al, 2007), although these works either
focus only in general subjects of hot rolling or approach
the rolling process and the thermal fatigue involved in
a simplified manner.

In this work, the methodology described above was ap-
plied. A reduced scale mill was assembled, and several
AIS| 1045 slabs were hot-rolled by a pair of AISI H13
rolls. Rolling was performed in an alternate fashion - 5
passes for slab, each pass with a thickness reduction
of 15% - and cooling was applied to the surface of
the rolls after each pass. The rolls were instrumented
to retrieve roll temperature and rolling forces in each
pass. Additionally, the roll was unmounted periodical-
ly for wear and thermal fatigue crack inspection. The
data obtained in this mill was analyzed and then used
to validate and calibrate a three-dimensional numeri-
cal model of the process, developed in finite-element
commercial package ABAQUS/Explicit. Once the model
was validated, different scenarios could be studied, by
changing three rolling parameters: initial temperature
distribution in the slab, thickness reduction at each
pass and roll cooling regime. The results for each group
of scenarios were then compared, in terms of axial
and circunferential stresses in the roll, which are the
main parameters that control thermal fatigue cracking
throughout the rolling process.
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In our previous studies, a new surface modification
method by combination of ceramic coating and laser
heat treatment, “laser quenching after coating”, was
developed. In this method, a steel substrate is first
coated with a ceramic thin film by PVD or CVD method,
and then the substrate is quenched by laser irradiation
to the ceramic coated surface. By applying this meth-
od, it was possible to improve the adhesive strength
and substrate hardness of ceramic coated steels effec-
tively without compromising the film hardness and the
toughness. From these results, it was considered that
the raceway of ball bearing would be one of the good
applications of this method.

In this study, to investigate the effects of “laser quench-
ing after coating” on the rolling contact fatigue strength
of ceramic coated steels, the thrust type rolling contact
fatigue tests were carried out for ceramic coated steels
processed by laser quenching after coating. For the
substrate, carbon tool steel JIS-SK105 was used. CrAIN
film was coated on this substrate by arc ion plating. The
film thickness was 2.5um. For laser quenching process,
a high power diode laser system was used. Laser power
was changed from 800W to 900W. For the comparison,
the rolling contact fatigue tests were also carried out
for the specimens furnace-quenched after coating.
The delamination initiation life of the laser quenched
specimens and the furnace quenched specimens were
compared. The delamination initiation life of the la-
ser quenched specimens was longer than that of the
furnace quenched specimens. After the initiation, the
delamination of the furnace quenched specimen grew
much faster than that of laser quenched specimen.
These reasons could be explained by the difference of
the process time of the furnace quenching and the la-

ser quenching. The process time, in which the ceramic
coating of the specimen was exposed to an elevated
temperature, of the furnace quenching was much lon-
ger than that of laser quenching.

The effects of laser power on the delamination initia-
tion life of laser quenched specimens were investigat-
ed. From 800W to 880W, the delamination initiation
life was increased with laser power. The delamination
initiation life of the specimen laser-quenched at 900W
was quite short. A good correlation was recognized be-
tween the delamination initiation life and the adhesive
strength of CrAIN film of laser-quenched specimens.

It is considered that laser quenching after coating with
the suitable laser power could be an effective way to
improve the delamination initiation life and to reduce
the delamination growth rate under rolling contact fa-
tigue.
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Titanium (Ti) alloys are expected to be a candidate of
light materials having higher strength. To guarantee
long-term integrities of Ti alloy components in their
services, it is important to clarify the behavior of fa-
tigue crack propagation in Ti alloy under biaxial stress

state which is anticipated being generated in actual
components.

In this work, the behavior of fatigue cracks in Ti alloy
under biaxial stress state was investigated by using
thin tubular specimens of Ti-6Al-4V titanium alloy.
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Force-controlled fatigue tests were executed under
axial, torsional and combined axial-torsional loading
modes. Fatigue tests in the aforementioned three
loading modes were conducted under a stress ratio R
of -1 or -1.2 (especially in axial loading mode), while
tests under axial and torsional loading modes were
also carried out under R = 0. By interrupting a fatigue
test several times, the behavior of fatigue cracks was
observed by using a plastic replication technique, and
deformation in a cracked tube was also examined by
monitoring crack-center opening displacement (CCOD)
versus force curves.

Fatigue crack propagation rate is quantitatively ana-
lyzed in the framework of fracture mechanics, and usu-
ally by using stress intensity factor (Paris 1961, ASTM
E-647 2007). It was seen that relations between crack
propagation rate and stress intensity factor range in
eight distinct testing conditions were different from
each other. Effective stress intensity factor was evalu-
ated by taking account of crack closure (Elber 1970),
and a crack opening point was determined from CCOD
vs. force curve. The effective stress intensity factor was
correlated with crack propagation rate, and almost
good correlation was found. However, the propaga-
tion rate under large scale yielding state shifted toward
higher rate region compared with the crack growth re-
lation under small scale yielding state. A simple meth-
od of J-integral evaluation (Rice, Paris & Merkle 1973,
Hoshide, Yamada & Tanaka 1983) was developed for
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thin-walled tubular specimens with inclined cracks.
The range of J-integral was estimated by using the
developed procedure, and correlated with the crack
growth rate. The crack growth rate in the Ti alloy under
all testing conditions was almost uniquely expressed by
a power function of J-integral range, independently of
testing condition.

Furthermore, in the correlation with the crack growth
rate, availabilities of J-integral range based parame-
ters, i.e., J-integral range divided by yield strength or
Young’s modulus, were also discussed.
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Metal matrix composites (MMCs) are well known as
materials lighter and simultaneously more durable
than traditional ones [1-3]. Recently they are more
often used in aerospace and automotive industries.
Engine components such as pistons, connecting rods,
brake callipers and cylinder liners as well as chassis
components can be manufactured from the MMCs.
During exploitation they are often subjected to fatigue,
creep or monotonic loadings. Therefore AA2124/SiC
MMCs were investigated under aforementioned con-
ditions.

During the MMCs production aluminium alloy AA2124
powders (matrix) and SiC particles (reinforcement)
were mixed and subjected to hot isostatic compaction,
forging and CWQ T6 heat treatment. The MMCs were
reinforced with 17 and 25% of SiC. The size of SiC parti-
cles was equal to 3 pum.

Strain controlled tensile tests were performed at am-
bient temperature with strain rate equal to 2-10* 1/s.

The first aim of the investigations was to obtain mate-
rials parameters such as elastic modulus, yield stress,
ultimate tensile strength and strain to failure. Moreo-
ver, during tensile tests several unloadings were per-
formed to evaluate degradation of elastic modulus of
the MMCs during tension. Thus, damage evolution of
the MMCs under tensile conditions was obtained. Ad-
ditionally, the unloadings for engineering strain equal
to 1, 2, 3 and 4% were repeated twice and two hystere-
sis loops for each aforementioned unloading strain val-
ues were obtained. It is worth to notice that the widths
of the second loops for each unloading were smaller
and the elastic moduli during unloading were higher in
comparison to the same parameters for the first loops.
Thus, strain hardening was observed for the MMCs
from the first to the second cycles.

Force controlled fatigue tests were carried out at ambi-
ent temperature. Sine shape symmetric tension-com-
pression cycles were applied with frequency equal to
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10 Hz. Constant stress amplitudes ranged from 300 to
350 MPa for AA2124+17%SiC and from 330 to 380 MPa
for AA2124+25%SiC. Both MMCs under aforemen-
tioned stress amplitudes behaved similarly. Hysteresis
loops width enlarged significantly during compression
and first cycles, and decreased during subsequent cy-
cles. Thus, inelastic strain amplitudes obtained high
values at the beginning of tests and decreased during
subsequent cycles, which indicated strain hardening.
Mean inelastic strain remained negative during fatigue
tests.

Tensile creep tests under constant loading were
performed at 300°C. The material invasigated was
AA2124+17%SiC. The MMC subjected to stress equal
to 50 MPa did not reach tertiary creep and the test was
stopped after about 1200 hours. Two specimens sub-
jected to stress equal to 55 MPa reached tertiary creep
after about 200 hours while a specimen under stress
equal to 60 MPa (with 39 MPa preloading) reached ter-
tiary creep after about 2 hours. Hence, small range of
stress values between long-term and short-term creep
was observed. Additionally, minimum creep rates were

calculated for each specimen. They obey Norton’s law
of secondary creep.
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Aviation components widely made of titanium alloy are
usually suffered to variable amplitude loading in the
process of service. Many researches have been carried
out attempting to obtain clear crack propagation
behavior under variable amplitude loading to predict
the residual life of a component with detectable cracks
accurately (Skorupa 1998), but few these investigations
for titanium alloy especially for the Ti-6Al-4V ELI were
conducted .

The aim of this study is to investigate effects of
different single overloads (i.e., single tensile overload,
single compressive overload, tensile-compressive over-
load and compressive-tensile overload) on the fatigue
crack growth behavior and inTi-6Al-4V ELI alloys. The
crack growth rate under constant amplitude loading
and that interspersed with different single overloads
at the same crack length were examined systemati-
cally in laboratory environment. Three overload ratios
were applied for each overload form, thus a total of
12 crack propagation tests were conducted using M(T)
specimens according to ASTM E647-08. Fractography
and crack morphology such as branching, deflection
and blunting were inspected using SEM and optical
microscope respectively. The measurements of crack

rate showed that different degrees of retardation
effects occurred after all single overloads except single
compressive overload. The intensity of retardation
effect diminished dramatically with the decreasing
of overload ratios and almost disappeared at the
minimum overload ratio R =1.375. There did not
appear pronounced acceleration effect in the single
compressive overload condition. Transient acceleration
phenomena immediately after single overloads were
also obtained in some situations.

Quite a lot of models were proposed to interpreter
crack growth rates under variable amplitude loading
including yield zone models and crack closure models
(Schijve 2008). In this study, the mechanism of overload
effect was discussed based on the crack propagation
behavior and crack profiles evolution. Here, it was
thought that the interaction effects of the plastic zone
containing compressive residual stress ahead of crack
tip and the crack closure in crack wake played a dom-
inated role in influencing the crack growth behavior
under variable amplitude loading. The crack profile
would be changed dramatically with the arising of large
overload and there were interactions between crack
growth behavior after overload and these crack profile
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changes. The transient acceleration after overloads
was due to the combination of lack of closure induced
by crack blunting and more slip bands and secondary
cracks at crack tip.
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The forming process of metallic industrial parts often
involves steps of strong plastic strains which are sus-
ceptible to modify subsequent fatigue properties (fa-
tigue life, stress-strain level ...) in service compared to
the well-known cylic behavior of the equivalent fully
annealed material. Such modification, henceforth
called “memory effect”, is related to the prehardening
inherent to predeformation and has been widely stud-
ied during the past decades. Nonetheless, the deep
understanding of this phenomenon is still a work in
progress.

In the case of FCC metallic materials, several research-
ers argued about the influence of dislocations slip pla-
narity. On one hand, wavy slip materials such as pure
copper have been presented as independent, or at
least weakly dependent, to prestrain history [1,2]. On
the other hand, investigated purely planar slip materi-
als were reported as strongly sensible to memory ef-
fect [1,3]. Anyway, this prestrain history dependence
deserves further discussion and this work intends to
cartography the domain of existence of memory effect
as a function of stacking fault energy by studying three
different materials: pure Copper as a wavy slip materi-
al, Nickel-Chromium alloy as a mainly planar slip mate-
rial, and a 316L stainless steel which presents a mixed
behavior.

In order to do so, Cyclic Stress-Strain Curves (CSSCs)
were acquired for all materials by incremental step
tests in total strain control. Both monotonic and cyclic
prestrains were used for this study. The tensile pre-
strains were chosen accordingly to the strain-harden-

ing stages of each material and the cyclic ones were
selected in order to study the influence of preharden-
ing due to each of the typical dislocations structure in
fatigue (i.e. veins, persistent slip bands and cells). All
tests have been carried out under tension-compres-
sion at room temperature.

The CSSCs of prestrained specimens and virgin ones
were compared. Firstly, the existence of a prestrain
threshold implying a memory effect was thus highlight-
ed. Then, cyclic plastic strain thresholds requiered to
erase prestrain memories were also identified. Finally,
stress partition has been applied on fatigue tests and
it results that memory effect is mainly related to the
memory of the internal stress value inherited from
prestrain.

In the past, memory effect was reported to be a con-
sequence of the stability of the prehardening disloca-
tions structures [1-3] and this statement is also con-
firmed here by the role of internal stress in memory.
As a consequence, TEM investigations were carried out
on each material with the objective of discussing the
evolution of the fraction of grains still presenting the
prestrain structure after different amount of cycling.
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Aluminum alloy is widely used in aircraft manufacturing
for its lightweight, but working in extreme conditions.
As an example, the tension wing skin which is made
of aluminum alloy subject to variation of loads in its
lifetime and is well recognized as a fatigue critical part
(Schijve 2008). Therefore it is important to figure out
the generalization of damage tolerance to variable am-
plitude fatigue (Romeiro 2009).

This paper presents an analysis of fatigue crack growth
on M(T) specimens made of 2524-T3 aluminum alloy.
The specimens were subjected to repeated blocks of
cycles made up of a single overload(i.e. tensile, com-
pressive, tensile-compressive or compressive-tensile)
or a block (10000 cycles) of high ratio loads separat-
ed by a number (10000 or 20000 cycles) of baseline
cycles. Crack opening displacement (COD) extensome-
ter and optical microscope were used to measure the
crack length and investigate the crack profiles respec-
tively. The retardation and delay retardation have been
found after overloads of tensile, tensile-compressive
and compressive-tensile, but acceleration effect were
found after compressive overloads. An interesting phe-
nomenon was that, the stable crack propagation rate
was reduced gradually after every single tensile over-
load (R, = 1.685), and nearly stopped to grow under
baseline cycles after several single tensile overloads.

The same phenomenon was found in high/low and
low/high loading tests, while the high ratio load (R
= 1.375) is smaller, but the crack propagation rate is
equal to 0 after a high ratio loading block.

At last, fracture surfaces were examined with stereomi-
croscope, black spots have been found between shear
lips of a fatigue crack where tensile overload or high
ratio loads took place. That indicates severe friction or
squeeze exists at the front of crack tip after overload
or high loads that cause black fretting products. The
results have shown that the retardation effects in fa-
tigue crack growth are closely related to the residual
stress around crack tip and the plasticity induced crack
closure, and the later could play the dominated roles in
influencing the crack growth behavior under variable
amplitude loading.
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Fibre reinforced composite elements are frequently
used in severe structural applications involving repeat-
ed loading responsible for progressive deterioration
and damage. Fibre reinforced composites are mul-
tiphase materials characterized by complex mechanical
phenomena due to the different mechanical properties
of the costituents and their reciprocal interactions [1-2].
In presence of fatigue loading, the safety assessment
of fibrous composites requires to describe and quanti-
fy the degradation phenomena taking place mainly in
the matrix material and at the fibre-matrix interface.
The possibility to apply damage mechanics and frac-
ture mechanics concepts to this class of peoblems al-

lows to easily describe their behaviour under fatigue
loading.

Damage degradation can thus be applied to the matrix
mechanical charactersitics, and — by assuming a 3-D
mixed Mode fracture description of the fibre-matrix
detachment — fracture mechanics and crack growth
rate concepts can be conveniently used to determine
the progressive fibre debonding responsible for the
loss of effectiveness of the reinforcing phase [3].

In the present paper a micromechanical model for
unidirectional or random distributed fibre reinforced
elements is developed and applied to the evaluation
of the fatigue behaviour under unixial and multiaxial
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fatigue stress states. Damage in the bulk material is
accounted for through a Wohler based damage pa-
rameter, DC(G*,R*,N), suitable for the reduction of
a generic mechanical property of the material P, (N)
with the number of loading cycles:

P,(N)=P,, [I-D.(c".R".N)|
On the other hand the 3D crack, representing the fibre-
matrix detached region (Fig. 1), can be assumed to

present a crack growth velocity v, given by:

g
vg =8 /¥ =C,-AK]",AK, <AK; <K

where AK, represents the equivalent SIF range at the
crack front interface region:
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Fig. 1. Debonded extremity (3D cylindrical crack) of a fibre
o0

0

under remote radial ( ~ 7 )and axial ( ~ Z ) stresses.

expressed through the SIFs related to the radial and ax-
ial stress field of the fibre (Fig. 1).

The above degrading effects are finally taken into ac-
count in a proper homogenisation procedure in order
to determine the averaged macroscopic properties of
one equivalent locally homogeneous material that can
be simply used in practical FE numerical analyses of
real structural components.

Some applications related to the fatigue behavior of
polymeric fibre-reinforced composite are presented
for both uniaxial as well as biaxial in phase and out of
phase fatigue stresses; the obtained results are com-
pared with experimental data found in the literature.
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In this paper, recent results of the Institute of Steel
Construction and Materials Mechanics (IFSW) of TU
Darmstadt inside a project called IBESS (,/ntegrale
Bruchmechanische Ermittlung der Schwingfestigkeit
von Schweifdverbindungen”) are presented. The aim
of IBESS is the fracture mechanics based simulation
of Wohler curves (S-N curves) in welded joints, see
[4]. IBESS is divided into 8 subprojects and the IFSW is
working on the subproject titled: “Modelling of fatigue
crack growth in welded joints under consideration of
the transient plastic deformation behaviour.” In this

work numerical analyses using two dimensional plane
strain models and elastic-plastic materials behaviour
of steel are performed in order to predict the fatigue
life at crack initiation of cruciform welded joints. Fa-
tigue crack growth analyses are performed by using
the node release technique together with the finite
element program Abaqus. The element size used in
the crack domain is about 0.025 mm which is small
comparing to the Dugdale’s plastic zone size . is com-
monly used as reference. The plasticity-induced crack
closure (see, [1]) effects are taken into account by de-
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termining the time at which the crack remains close/
open and by using the effective cyclic J-integral (AJ )
instead of the cyclic J-integral (AJ) in a relation similar
to the Paris equation . For this purpose, a python code
was written in order to determine AJ_ at every crack
length phase. It is also shown in this contribution that
the plasticity-induced crack closure and consequently
AJ . depend on the elastic-plastic material law to be
used. This is done by using the Déring’s (see, [2]) and
the Chaboche’s material models. The predicted fatigue
lives are compared with experimental data and a good
accordance between both results was achieved. Due
to the importance of residual stresses in the integrity
assessment of welded joints, their influence on A as
well as on the fatigue life during short crack growth is
investigated. Specific structure calculations are used
in order to introduce the measured welding residual
stress field in finite element model, see [5]. The cal-
culated residual stress field match the measured one
especially in the weld notch area. Results show that a
tensile residual stress field is unfavourable to fatigue
life while a compressive residual stress field is favoura-
ble to fatigue life. Furthermore, it is shown that calcu-
lations using the initial welding residual stress field and
those using the redistributed residual stress field lead
only to slightly different results in fatigue life.
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Recently, reducing weightisone of veryimportanttopics
in automobile industries to improve fuel efficiency.
Conventional steels are still widely used as automobile
structural components because of its advantages such
as lower price and higher strength than aluminum
(Al) alloys, recyclability and so on. But the major
disadvantage is the heavier weigh than Al alloys. Thus,
itisimportant to develop joining method between steel
and Al to use steel for load-bearing parts and Al for the
others. For example, Japanese automobile company
MAZDA has applied a friction stir spot welding (FSSW)
technique to join steel and aluminum alloy to reduce
the weight of components. But the processing time of
FSSW is longer than that of conventional resistance
spot welding (RSW), and they have to integrate new
and expensive FSSW equipment into their production
line. If RSW technique could be efficiently used for the
joining between steel and Al, processing time is much
shorter than FSSW and the current equipment could
be used. Furthermore, applying Al/steel dissimilar
welds to the actual components, it is very important to
understand fatigue behavior of joint. In this work, RSW

was applied for the joining between Al and steel using
Al-Mg insert film. The film is aiming at the reduction
of electric resistance between Al and steel sheets.
Al-Mg insert film exhibits lower melting point than
Al alloy. Consequently, melted film at lower voltage
would fill the gap between two sheets and reduce the
electric resistance, resulting in the effective joining at
lower voltage. Subsequently, lap-shear fatigue tests
had been conducted to evaluate fatigue strength and
figure out fatigue fracture mechanism.

Materials used are Type304 stainless steel and
A6061-T6 sheets with the thickness of 2mm. Thin Al-
Mg file was inserted between two sheets and lap-shear
type specimen was fabricated by an RSW technique.
Fatigue tests were conducted using electro-hydraulic
fatigue testing machine at aload ratio, R, of 0.1. The S-N
diagram revealed that the RSW joints exhibited higher
lap-shear fatigue strengths than Al/steel dissimilar
welds fabricated by an FSSW method. Fatigue fracture
modes were dependent on the load levels, where pull-
out fracture occurred at high load levels, shear fracture
in the nugget at medium load levels, and through-
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thickness fatigue crack propagation in Al sheet at low
load levels.

The fractographic analysis revealed that the pull-out
fracture occurred due to the crack initiation at the
edge of the nugget followed by the crack propagation

MASAHIRO ENDOY 2, KEIKO MORITA?, AKIRA YASUNAGA*

around the nugget. By lowering the load level, the
initiated crack tended to propagate along the interface,
resulting in the shear-type fracture. Further decrease
of load level led to the through-thickness crack propa-
gation into Al sheet.
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Pure lead is a typical hysteretic damping material
that has a high energy dissipation capability by plastic
deformation because of its almost perfect rigid-plastic
behavior with little strain rate dependence. The lead
damper, which can absorb effectively a large amount
of the kinetic energy during an earthquake, has been
used as a component of a base isolation system of
modern buildings.

In recent year, it has been reported that cracking is ob-
served on the surface of in-service lead dampers that
have never experienced a major earthquake. These
cracks could lead to degradation of the damping per-
formance. The principal cause of the cracking is a large
number of small oscillations due to wind and traffic-in-
duced excitations. This problem is exactly a high cycle
fatigue (HCF) problem. There are very few research-
es on the HCF of lead because the strength of lead is
smaller than 1% of that of steels.

On the other hand, Snowden (1964), Morita et al.
(2010) and Maruta et al. (2013) reported that the fa-
tigue life of lead can be increased by a grease-coating.
However, its effect has yet to be understood quanti-
tatively and qualitatively. In this study, therefore, to
tackle the underlying problems, we conducted a series
of rotating-bending and tension-compression fatigue
tests with pure lead round-bar specimens. To investi-
gate the influence of a large number of small oscilla-
tions, the fatigue tests were conducted mainly in the
HCF regime.

The S-N curves obtained in the rotating-bending fatigue
tests for specimens with and without grease-coating
on the surface demonstrated that the grease-coating

on the surface of lead had a favorable effect in enhanc-
ing the fatigue life and the fatigue limit (defined at 3 x
107 cycles). Gough and Sopwish (1935) and Snowden
(1964) inferred that fatigue strength in air was influ-
enced by the interacting effect between oxygen and cy-
clic loading. In addition, the tension-compression tests
of specimens containing a slit performed in this study
revealed that a crack closure induced by grease-coat-
ing affected significantly the arrest and deceleration of
propagation of a crack emanating from the slit.
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Fatigue limit estimation based on the dissipated energy
measurement using infrared thermography has been
getting an increasing attention in various industries.
Mechanism of energy dissipation in relation to fatigue
damage initiation has not been investigated yet. The
present author’s group has investigated the mecha-
nism of energy dissipation through AFM observation
at crack initiation and dissipated energy investigation
under shot peening treatment. It was found from these
results that energy dissipation was related to activity of
slip band and estimated fatigue limit is corresponding
to crack initiation stress level of the material. Most of
study on dissipated energy has been discussed based
on the mean temperature rise or irreversible compo-
nent of heat generation due to energy dissipation. In
this study, phase information of energy dissipation was
investigated and was applied to the accuracy improve-
ment of dissipated energy measurement for fatigue
damage estimation.

Temperature rise is observed under compressive stress,
and temperature fall is observed under tensile stress.
This phenomenon is called as thermoelastic effect.
Thermoelastic temperature change AT, is formulated
by thrmoelastic coefficient k, absolute temperature T,
and sum of principal stresses Ao.

AT, =-kTho

The thermo-elastic temperature changeAT, is a revers-
ible phenomenon. However, in the actual case under
cyclic loading, temperature rise due to irreversible
energy dissipation AT is observed in addition to ther-
moelastic temperature change AT,. This kind of heat
generation is considered to be caused by local plastic
deformation, so it occurs at the maximum tensile stress
and at the maximum compressive stress. Therefore,
temperature change due to dissipated energy AT, can
be obtained as double frequency component for the
load frequency f . In this study, the phase difference
ADO between temperature change due to dissipated en-
ergy AT, and thermo-elastic temperature changeAT,,
which was signal with opposite phase for load signal,
was obtained. AT, _and AT, are expressed as following
equation;

AT =sin(2mxfxt), AT =sin(2mx(2f)xt-A0).

The material under test is JIS type 316L austenitic stain-
less steel. The cyclic axis loading with a frequency of
5 Hz was applied to the specimen. In the staircase-like
stress level test [1], stress amplitude was changed from
200MPa to 280MPa. Dissipated energy on the speci-
men surface was measured by infrared thermography
with a MCT array detector. In the constant stress tests,
the change of dissipated energy and phase difference
was measured during fatigue test. The stress ratio R
was set to be -1, -0.8 and -0.5 in both fatigue tests.
Dissipated energy at R=-1 increased significantly from
0,=255MPa and phase difference AO converge to
around 60 degree for the stress levels where dissipated
energy shows increase. The experiments were carried
out at least four times and the results showed good re-
peatability. The estimated fatigue limit based on dissi-
pated energy coincided with the fatigue limit obtained
by S-N curve (c,=250MPa). The results at R=-0.8 and
-0.5 are similar to that at R=-1. Change of dissipated
energy shows increase from o =250MPa at R=-0.8, and
0,=240MPa at R=-0.5. The value of phase difference A0
shows constant values of 40 degree at R=-0.8, and 20
degree at R=-0.5.

Dissipated energy is small when the applied stress
is below the fatigue limit, and then phase difference
shows unstable value. On the other hand, phase dif-
ference show a certain value when the applied stress
is above the fatigue limit and the value of dissipated
energy show increasing. Unstable value of phase dif-
ference indicates that no slip occurs and measured
dissipated energy is in the noise level. The phase infor-
mation includes the behavior of slip and disslocation.
Therefore, phase information can be used as a filtering
at dissipated energy measurement.
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A data acquisition technique, aiming at simultaneous
reconstruction of three dimensional shape of grains in
a bulk polycrystalline material, has been proposed by
Ludwig et al. [1]. The procedure is termed X-ray dif-
fraction contrast tomography (DCT), which is similar to
the conventional X-ray absorption contrast tomogra-
phy. Projected images of grains are obtained using
the occasionally occurring diffraction contribution to
the X-ray attenuation coefficient for a grain which ful-
fils Bragg’s diffraction condition. The three-dimension-
al grain shapes are reconstructed from these projec-
tions. The DCT can provide simultaneous access to the
sample’s three dimensional grain arrangement such
as shapes, locations and crystallographic orientations,
together with microstructural features visible in X-ray
absorption contrast such as cracks, porosity, inclusions,
etc.

The authors apply DCT to evaluate dislocation struc-
tures in tensile test and low-cycle fatigue test by us-
ing SPring-8 (Super Photon ring — 8 GeV), which is the
brightest synchrotron radiation facility in Japan [2].
The diffraction spot image spread over a range of suc-
cessive rotation angle, and only part of the shape of
diffracting grain appeared in each projection image.
Diffraction spot extend angularly over which individual
diffraction spots are visible, and the spread angle must
give some measure of the orientation spread within
each grain. This spread could be caused by the mo-
saicity (i.e. sub-grain misorientation) or the curvature
of grain caused by the misorientation, which is related
to a dislocation structure in each grain. We found that
the rotation angle spread for each diffraction/extinc-

tion spot was related to the plastic strain of each grain.
In the present study, the developed DCT technique is
applied to the change of total misorientation of an in-
dividual crystalographic plane of a specific grain during
fatigue test of a stainless steel sample or a commercial-
ly pure iron sample, where the former is a represent-
ative of f.c.c. matetial, and the latter, b.c.c. material.
In high cycle fatigue test of the stainless steel, the mis-
orientastion of {111} planes increased with number of
cyccles. Among {111} planes, the amount of change
depended on Schmid factor, i.e., the change was higher
for larger Schmid factor.

In low cycle fatigue of the commercially pure iron, the
misorientation also increased only for {110} planes.
Among {110} planes, however, the amount of change
was not affected by Scmid factor. It indicates that mul-
tiple slip should be considered for low cycle fatigue of
b.c.c. materials.

We can discuss about the fatigue crack initiation condi-
tion by considering the change of total misorientation
of individual clystallographic plane, size of grain where
crack initiate, and difference of grain orientation be-
tween neighbor grains.
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Numerical modelling of cyclic plastic deformation be-
haviour of FCC metals is a currently unsolved problem
which involves knowledge of the mechanisms of dis-
location motion. Material damage is determined by
microstructural features such as dislocation structures.

Therefore, a multiscale approach is necessary, which
considers the single dislocation properties, such as mo-
bility and short-range interactions, but is concurrently
capable to describe the collective behaviour occurring
on a micrometre length scale. We have implemented
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specific dislocation-based constitutive equations for
cyclic fatigue at room temperature, in which several
dislocation density classes are used as state variables,
in a crystal plasticity finite element (CPFE) solver. This
computational method is suitable for introducing arbi-
trary geometries, boundary conditions and grain orien-
tations. Real single crystal specimens and polycrystals
can thus be modelled. One main novelty we have intro-
duced is a dislocation multiplication law based on the
observation that dislocation segments forming locks
have no curvature while this property does not apply
for dislocations with other orientations (Hochrainer,
2014). A new continuum formulation for cross slip is
introduced to take the creation of new Frank-Read
sources and secondary dislocations into account. The
approach used for short-range interactions relies on
a Gaussian distribution of interaction strengths to de-
termine the fraction of mobile dislocations (Catalao,
2005). We present results from single crystal and poly-
crystal simulations. Dislocation structures in single slip

(vein-channel structures) and multiple slip deforma-
tion (labyrinth and cell structures) are found after 100
deformation cycles. The new model is capable to pre-
dict the volume fraction, the characteristic length scale
and the orientations of dislocation structures, which
is not predicted correctly by existing models (Pontes,
2006). Mechanical properties are also shown: cyclic
hardening-softening behaviour has been demonstrat-
ed, together with the strain amplitude dependence of
the model. In this work the DAMASK CPFE code (Rot-
ers, 2010) developed at the Max Planck Institute for
Iron Research has been used.
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Subjected to low-amplitude cyclic loading, ductile crys-
talline solids like FCC metals endorse undergo plastic
strain localisations, which may lead to the formation
of cracks and subsequent fracture. Experimental evi-
dence shows that crack growth and propagation main-
ly occurs at low stress intensity strongly depends on
the microstructural behavior and characteristics of the
material. Among the mechanisms involved, the inter-
actions of the dislocations with the stress concentra-
tion ahead of the crack-tip (plastic zone) seem to play
a decisive role. Two main phenomena are of interrest:

e The shielding effect due to the increase or de-
crease of the stress acting on the crack surfaces
due to the dislocation microstructure developing
around the crack tip.

e The blunting effect induced by the emmision or
absorption of dislocation loops at the crack tip

Modeling these phenomena is a long-standing and
complex problem. So far, existing models are essential-
ly 2D [1] and only few attempts in 3D have been made.
3D dislocation dynamics (DD) simulations are then
needed to quantitatively investigate the plastic defor-
mation restraining crack propagation through shielding
and blunting mechanisms. Only in 3D the influence of
crystal symmetry, exact slip system activity and ther-

mally activated processes like dislocation cross-slip can
be precisely taken into account.

To model this complex boundary value problem, the
Discrete-Continuous Model (DCM) [2] is used to re-
produce the interactions of realistic dislocation micro-
structures with a short sharp initial crack. Several crack
orientations have been studied in a monocrystal and
detailed analyses of the slip system activity in the plas-
tic zone and the evolution of the shielding and blunt-
ing mechanisms at the crack tip are presented. These
results are of particular interest for the development
of dislocation density based models of crystal plastici-
ty devoted to the complex problem of crack growth in
fatigue. To evaluate the strain energy release around
the crack tip and to quantify the fracture energy for the
crack to propagate, a G-theta integral method is tested
on the MDC calculations [3] .

Results using the MDC methodology are then com-
pared to Crystal Plasticity Finite Element (CPFEM) sim-
ulations using a Meric-Cailletaud law [4] for a copper
monocrystal. Strengths and weaknesses of both ap-
proaches are discussed.
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Cyclic plastic response of polycrystalline materials is
standardly analyzed using cyclic hardening/ softening
curves and cyclic stress-strain curve. More information
is however hidden in the hysteresis loop shape. Stand-
ard strain controlled low cycle fatigue test program can
store the selected hysteresis loops during the fatigue
life and hysteresis loop shapes could be analysed later.
In low cycle fatigue testing of two polycrystalline mate-
rials, austenitic stainles steel and nickel base superallo
in adddition to the stress and strain amplitudes also
full hysteresis loops were recorded The first and the
second derivatives of the hysteresis half-loops were
evaluated using digital smoothing procedures. Accord-
ing to the general statistical theory of the hysteresis
loop (Poldk 1991) the plot of the second derivative vs.
relative strain can be used for the evaluation of the ef-
fective stress component and the probability density
function of the internal critical stresses. The second
derivative of the hysteresis half-loop of a single phase
polycrystalline material contains initial drop followed
by a single peak of the second derivative. The drop cor-
responds to the relaxation of the effective stress dur-
ing unloading. The effective stress changes only slightly
during cyclic plastic straining but the probability den-
sity function exibits substantial changes, preferably in
the early stage of the fatigue life, i.e. during fatigue
hardening/softening. These changes (the height and
the position of the peak) were evaluated and discussed
in comparison with the observed localization of the

cyclic strain. The more detailed information about the
sources of hardening/ softening of the material could
be derived.

In two-phase material the initial drop is followed by
two peaks provided both phases are deformed during
cyclic loading. Each peak corresponds to the cyclic plas-
tic deformation of the individual phase. The effective
stress of the harder phase and the probability density
function of the internal critical stresses in both phases
can be estimated.

Cyclic loading was performed at room temperature
and at elevated temperature with two strain rates. The
temperature and strain rate dependence of the plastic
stress-strain response has been studied and a more
detailed information both on the effective stress and
the distribution of the internal critical stresses in indi-
vidual materials was established.

The plot of the second derivative corresponding to
the probability density has been approximated by the
Weibull distribution. The parameters of this distribu-
tion chracterize the the plastic stress-strain response
in saturated state. In two phase material both peaks of
the second derivative could be approximated by Wei-
bul distribution provided the volume fractions of the
phases are approximately the same.

Reference
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Two types of fatigue crack growth (FCG) tests of ferri-
tic-pearlitic ductile cast iron were carried out: (i) FCG
test in air using hydrogen-charged specimen to clari-
fy the effect of internal hydrogen and (ii) FCG test in
0.7 MPa hydrogen gas using non-charged specimen to
clarify the effect of external hydrogen. FCG tests were
performed at a stress ratio of 0.1 and a test frequency
franged from 0.001 Hz to 5 Hz. The hydrogen-charged
specimens were prepared by exposing the specimens
to 100 MPa hydrogen gas at 358 K for 200 hours. The
ratio of crack growth acceleration due to hydrogen,
(da/dN),/(da/dN), . ., was obtained at the stress in-
tensity factor range AK of 20 MPa:m*2,

Generally, in BCC steels with a high hydrogen diffusion
coefficient, hydrogen-charged specimen is not ade-
quate for investigation of an effect of internal hydrogen
at very low frequencies (e.g. 0.001 Hz), since internal
hydrogen rapidly outgases from the specimen during
the test in air. In contrast, in ductile cast iron, the rate
of outgassing is much lower than that of BCC steels ow-
ing to the existence of graphites that can store a large
amount of hydrogen for a long time (Matsunaga et
al. 2013). Therefore, we tested the hydrogen-charged
ductile cast iron in air to investigate the effect of inter-
nal hydrogen on FCG in a wide range of frequencies.

In the hydrogen-charged specimen, an accelerated
crack growth did not occur at 5 Hz. In the frequen-
cy range from 1 to 0.01 Hz, the acceleration ratio in-
creased with a decrease in f and reached (da/dN),/
(da/dN), . . = 17. At a lower frequency (e.g. f=0.001
Hz), the ratio was slightly decreased.

On the other hand, in the tests in hydrogen gas, the
acceleration ratio increased with a decrease in fin the
range from 5 to 0.1 Hz, and reached (da/dN),/(da/dN)

wree = 7+ At @ lower frequency (e.g. f=0.01 Hz), the ra-
tio was drastically decreased and became nearly equiv-
alent to that in air.

The above peculiar frequency dependence of hydro-
gen-induced FCG acceleration is explained by the dif-
ference in hydrogen distribution ahead of crack tip that
influences the degree of slip localization (Matsuo et
al. 2010). In the hydrogen-charged specimen, internal
hydrogen is attracted to the vicinity of crack tip owing
to the stress-induced hydrogen diffusion. On the other
hand, in the test of non-charged specimen in hydro-
gen gas, external hydrogen penetrates through surface
near crack tip. Consequently, internal hydrogen re-
quires longer time to be concentrated to crack tip zone
than external hydrogen. As a result, the frequency at
which acceleration ratio peaked out is lower for inter-
nal hydrogen than external hydrogen. Further, in the
case of external hydrogen at very low frequencies (e.g.
f £0.01 Hz), hydrogen can be extensively distributed
over the plastic zone ahead of crack tip. In this situa-
tion, slip localization can hardly occur and thereby the
crack tip would be blunted in a similar way to the non-
charged specimen tested in air.
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In order to achieve shear mode crack propagation
which is appeared around the surface of rolling/sliding
contact machine elements along with the plastic flow,
a test method was developed and the test results are
presented.

Rolling contact fatigue is the damage of rolling/sliding
contact machine elements and the crack exist along
with the plastic flow. For the applied stress around
the crack, shear stress is considered to be dominant
caused by the rolling/sliding contact. Therefore, the
author considered that the crack propagated along
with the plastic flow by shear mode. Usually the shear
mode crack is easy to branch to the tensile mode with-
out compression load on the crack surface. Therefore
the author considered that the plastic flow acts as a
guide to shear mode crack propagation and prevents
the branching.

Some studies were conducted about the shear mode
crack growth and some test methods were proposed.
However, all of the test method needs large (mm scale)
specimen. The size of the plastic flow layer on the roll-
ing/sliding contact machine element surface is a few
hundred of microns. Therefore, in this study, in order
to achieve shear mode crack growth test of such small
area, a test method was developed.

Ferritic stainless steel (JIS-SUS430) was adopted in this
study. Rolled thin film was used as a specimen. The
authors assumed the plastic flow of the rolling/sliding

SHIVA KUMAR CHITTA, M.M.MAYURAM

contact machine element and rolled thin film is the
same in terms of plastic flow. The film was cut to disk
shape, the thickness of the film was 30 microns and
the diameter was three mm in this experiment. For the
crack starter, a 600 micron length precrack was intro-
duced on the specimen by FIB (focused ion beam) pro-
cess. By the FIB process, very thin crack can be intro-
duced on the specimen and the stress intensity factor
at the crack tip expected to be large.

Round bar jig and the thin film specimen was bonded
by quick-drying glue. To make sure that the glue works
properly, flat area was made on the round bar jig. By
applying torque on the round bar jig, shear stress was
loaded in the precracked thin film indirectly. Rolling di-
rection, precrack direction, and shear loading direction
were all arranged to be parallel. Stress intensity factor
of the crack tip was roughly calculated considering the
glue layer and the restraint crack deformation by the
glue. A commercial FEM software was used, and the
value is confirmed to be enough to the crack propa-
gation.

After the cyclic loading, long shear mode crack has ap-
peared on edge of precrack and propagated along with
the plastic flow direction of the thin film. Therefore,
the shear mode crack propagation for thin film without
compression load on the crack surface was succeeded.
The authors concluded that crack growth direction was
guided by plastic flow.

Machine Design Section, Department of Mechnical Engineering, Indian Institute of Technology Madras, India

Fracture process of ductile materials is still only partly
unravelled and void growth may well represents the
whole ductile fracture process (under different combi-
nations of load, time and environment). Fatigue is re-
sponsible for up to 80% of the in-service parts failure,
which occurs in industry. The effective fatigue design,
under ultra-high cycle fatigue is one of the more dif-
ficult tasks an engineer faces due to involvement of
many factors. In total fatigue life, crack initiation phase
can have significant percentage, ca 80% or more in de-
fect-free components and in case of long life fatigue

regime(HCF,UHCF) as summarized by Hael Mughrabi
(2013) and it is advantageous to have high crack ini-
tiation life. Hence it is important to predict the crack
initiation life as accurately as possible.

The present work is to predict the fatigue crack ini-
tiation life of Low alloy, SAE 4340 steel,using dam-
age models based on Continuum damage mechanics
(CDM). Continuum damage mechanics models pro-
posed by S.Dhar et al.(1996) for the ductile damage
evolution and for the micro crack initiation are consid-
ered for the simulation of ductile damage and failure.
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The work includes both experimental and simulation
aspects. The experimental phase includes monotonic
tensile test and strain controlled fatigue test on cy-
lindrical specimens of dimensions as per ASTM E606
standard. In the simulation phase, large deformation
finite element analysis is carried out using commercial
software Abaqus along with its user material sub rou-
tine UMAT, on cylindrical tensile test specimen. In The
UMAT, an explicit scheme with Continuum Jacobian is
used for the integration of constitutive models for the
material behavior in elasto-plastic regime and damage
evolution law, which are developed based on J,-Incre-
mental flow theory along with the concepts of effective
stress and hypothesis of strain equivalence.

Salient aspects of the analysis coveing the stress and
plastic strain for micro crack initiation, the critical
damage value and estimationof the fatigue crack initia-
tion life are presnted in this paper
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The fatigue life is the sum of fatigue crack initiation life
and fatigue crack propagation life. Actually, it is known
that the fatigue life is mainly dominated by the fatigue
crack propagation life. Crack growth behavior is divid-
ed into 3 stages: 1) microstructure-driven small crack
growth 2) mechanics-driven small crack growth 3) large
crack growth. It has been reported that microstruc-
ture-driven small crack growth rate is distinctly scat-
tered. In contrast, the mechanics-driven small crack
which does not follow the Paris Low has less scatter.
The long crack which follows the Paris Low propagates
without scatter, in which the crack growth rate and its
associated fatigue crack growth life are predicted pre-
cisely. We name the transition crack length where the
scatter of da/dN disappears as lo. The length lo may be
related to mechanical and microstructural factors, e.g.
average grain size, mean stress, inclusions, crystal ori-
entations, and grain boundary characteristics. Despite
of the importance of lo, even engineering definition
of lo is still unclear. In order to determine lo quantita-

tively, we propose a new statistical method. Although
lo depends on many factors as mentioned above, the
proposed method can give a statistical result with-
out any considerations of the complicated phenom-
ena. The method consists of two steps: |) measuring
of crack propagating speed, Il) statistically analyzing
the data by using coefficient of variation (CV). The CV
value decreases with crack growth. A specified crack
length at which the CV value saturates is defined to be
lo. In this work, strain-controlled tension/compression
fatigue testing was conducted at Ae = 2% and the fre-
quency of 1Hz in air. The surface crack length required
for determination of lo was obtained through replica
technique in certain number of cycles.
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Hydrogen has been known to deteriorate mechani-
cal propeties in steels. The understanding mechanical

characteristics under the hydrogen environment is es-
sential in practical uses. In this study, we paid attention
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to frequency dependence of the fatigue crack propaga-
tion rate under hydrogen environment in low carbon
and interstitial free steels. More specifically, the fatigue
behavior in an ultra-low frequency region was focused.
At first, we observed the surface fatigue crack prop-
agation in the bending fatigue tests of the ultra-low
frequency under the hydrogen environment by optical
microscopy to measure the fatigue crack propagation
rate. The fatigue testing was conducted at a 0.7% total
strain and at hydrogen or nitrogen pressures of 0.18
MPa at 40°C. Next we observed fracture surfaces using
a scanning electron microscope.

The hydrogen atmosphere was clarified to accelerate
fatigue crack growth rate compared to that in nitro-
gen atmosphere at a frequency of 6 Hz. However, fa-
tigue crack propagation rate in nitrogen and hydrogen
environments did not have a significant difference at
frequency of 0.001Hz. In order to investigate the dis-
ppearence of the hydrogen effect, we performed the
detailed observation of a surface crack and the fracture
surface. In the hydrogen atmophere, a brittle fracture
feature including brittle striation was observed partial-
ly. An important fator supressing the hydrogen effect
in the low frequency is hydrogen distribution. Namely,
a homogenization of hydrogen would diminish the hy-
drogen effect in terms of hydrogen-enhanced localized

plasticity. However, also note that the “disappearance”
of the hydrogen effect cannot be interpreted by only
the influence of hydrogen distribution. In this work,
we suggest that an influence of carbon diffusion to un-
derstand this problem. The hydrogen effects assosited
with site competition or a reduction in trap energy of
hydrogen by carbon is considered to suppress the HELP
effect. Moreover, strain age-hardening by carbon at a
crack tip also would decrease in the ultra-low frequen-
cy which can provide a sufficient time for the carbon
diffusion. In this report, we discuss the interactions
between hydrogen and carbon and its associated ef-
fects on fagiue crack propagation rates by using low
carbon and IF steels which do not have a significant
carbon and no solute carbon, respectively to confirm
the influences of the site competition and the strain
age-hardening.
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Heat resistant austenitic stainless steel Sanicro 25 has
been developed for high temperature applications
mostly in power generation industry. Its resistance to
monotonic and cyclic loading has been studied using
creep and low cycle fatigue tests at ambient and ele-
vated temperatures (Chai et al. 2013, Polak et al. 2014).
The preliminary study of the mechanisms of damage in
cyclic loading (Poldk et al. 2014) has revealed apprecia-
ble localization of the cyclic strain in the persistent slip
bands and early initiation of fatigue cracks.

The cyclic slip localization plays an important role also
in the growth of short cracks that often determines the
low cycle fatigue life of materials. We have therefore
studied both the evolution of the surface relief, the ini-
tiation of fatigue cracks, their evolution and kinetics of
short crack growth in Sanicro 25 steel at ambient tem-
peratures. The cylindrical specimens with a shallow
notch were cyclically strained in computer controlled
fatigue testing system with constant strain rate and

different strain amplitudes. The persistent slip bands
and fatigue cracks developed either intergranularly or
along the grain boundaries were followed in-situ using
optical microscopy and in interrupted tests using scan-
ning electron microscopy.

The cacks initiate on the surface and soon acquired the
shape close to a semicircle. Surface crack length pro-
jected on the plane perpendicular to the loading axis
thus reasonably characterizes the crack topology. Mul-
tiple cracks develop in specimens during elasto-plastic
cyclic loading. The crack density of the and its evolu-
tion during cyclic loading has been evaluated. Individ-
ual cracks grow, interact and often link together. The
growth rate of the longest cracks is affected by the link-
ing with smaller cracks. The crack length of the three or
four of the longest cracks in the area of a small notch
was plotted vs. number of cycles for different strain
amplitudes. The growth of individual cracks could be
reasonably well approximated by an exponetial de-
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The flaking strength associated with subsurface crack-
ing is strongly influenced by the defect size at fracture
origin (Lewis & Tomkins 2012). Therefore, when per-
forming a fracture mechanics-based evaluation, the
fracture process must be addressed as a small crack
problem. Recently, Matsunaga et al. performed tor-
sional fatigue tests under static compression to meas-
ure the ranges of the threshold stress intensity factor
(SIF), &K, and AK ., for the shear-mode growth of
small surface cracks between approximately 0.01 and
1 mm in length in a bearing steel (Matsunaga et al
2011). Consequently, these authors noted a crack size
dependence for AK  and AK, .

In this study, the ranges of the threshold SIF, AK  and
AK,,, for small shear-mode cracks in bearing steel are
measured using torsional fatigue testing under static
compression using aforementioned testing method
with a newly developed testing machine. The thresh-
old values are described as a function of the crack size
and the crack-face interference. The authors suggest
that the effect of crack-face interference could be
quantified by the fraction of the interfering crack area,

£, which is defined by the following equation:
f= areacrack (1)
area, . . +area
where area__, is the area of the interfering crack face
and area_. . is the area of the defect with no interfer-
ence.
In addition, to simplify the evaluation of the shear-
mode threshold, a single parameter, K, is introduced
to represent the SIF of shear-mode crack as following

fomulae:

K = 0.58t4/m4/areq, (2)

(for an internal crack)

crack

K = 0.69t4/m4/area, (3)

(for a surface crack)

Where ,/greq; and 4/areas are the square root of the
area of an internal and a surface crack, respectively.
Finally, the threshold SIF range for a shear-mode fa-
tigue crack, AK , can be successfully expressed by us-
ing the +area parameter. The threshold SIF range AK
was also found to exhibit a crack size dependence sim-
ilar to that of mode | cracks (Murakami & Endo 1983)
in the small crack size regime. The AK_, can be approx-
imated by the following formulae:

Athh =1.12 (f+ 133) (ﬂareai )1/3 (4)
(for an internal crack)
AK,, =1.26 (f+1.33) (yareas ) (5)

(for a surface crack)

References

Lewis, M.W.J. Tomkins, B. (2012): A fracture mechan-
ics interpretation of rolling bearing fatigue, proceed-
ings of the institution of mechanical engineers, J.
Eng. Tribol. 226, 389—-405.

Matsunaga, H. Shomura, N. Muramoto, S. Endo, M.
(2011): Shear mode threshold for a small fatigue
crack in a bearing steel, Fatigue. Fract. Eng. M., 34,
72-82.

Murakami, Y. & Endo, M. (1983): Quantitative evalua-
tion of fatigue strength of metals containing various
small defects or cracks, Eng. Fract. Mech. 17, 1-15.

166



Talks Topic C 10: Cyclic deformation behavior, crack initiation & crack growth of metals

JUN JIANG?, JIE YANG?, TIANTIAN ZHANG?!, MAKI KUWABARA?, FIONN DUNNE?, BEN BRITTON!

!Department of Materials, Imperial College London, UK

2Beijing Institute of Aeronautical Materials (BIAM), People’s Republic of China

Fatigue lifeing of aeroalloys is an important part of air-
craft fleet management and has significant economical
repecussions for all major aerospace manufacturers.
In highly engineered jet engine components micro-
structure plays a very important role in total fatigue
life, prinipally in crack initiation and short crack growth
which may involve ~1/3 of the life of the component
(Sangid 2013, Dunne 2014)]. Understanding of this do-
main requires high fidelity and high resolution charac-
terisation techniques that capture dominent damage
mechanisms involved in fatigue to inform physically
motivated modelling efforts. Movement towards ‘suffi-
cient but not excessive’ design requires significant im-
provements with experimentally informed models that
can physically capture approriate deformation mech-
anisms in a timely, efficient and physically motivated
manner.

This talk will outline some recent experimental work
principally using slip trace analysis and high angular
resolution electron backscatter diffraction (HR-EBSD).
HR-EBSD is well suited for characterisation at the mi-
crostructural lengthscale, capturing residual elastic
strains with a precision of 1x10* and lattice rotations
with a precision of 1x10* and with high spatial resolu-
tion (~20x60x20nm?3) For more information on the HR-
EBSD technique, please see a recent review (Britton et
al 2013).

In this study, a series of interrupted thee point bending
low cycle fatigue tests were carried out on a powder
metallurgy FHG96 nickel superalloy sample contain-

SHIO NAKANISHIY, TAKAYUKI SUZUKI?, YUJI NAKASONE!

! Tokyo University of Science, Japan

ing non-metallic inclusions. High resolution electron
backscatter diffraction (HR-EBSD) was used to charac-
terize the distribution and evolution of geometrically
necessary dislocation (GND) density, residual stress
and total dislocation density near a non-metallic inclu-
sion. Slip trace anlaysis has been used to characterise
active slip systems and local microstructural sensitivity.
This work describes a systematic study of room tem-
perature cyclic deformation processes from cyclic
hardening, to stabilised cyclic deformation stage, to
crack formation and propagation stage focussing on
inclusion-matrix interactions. Rather complex defor-
mation structures were directly observed from the first
few cycles and the patterning did not varies significant-
ly with increasing number of cycles. Most noticable, a
clear link was found between crack path and the spa-
tially resolved sites of extreme values of residual stress
and GND density.
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The development of advanced maintenance technolo-
gies is a vital issue for extending the fatigue life of en-
ergy conservation facilities. Condition-based mainte-
nance (CBM) is one of the promising technologies for

improving the dependability, i.e., the reliability plus
availability of the facilities. Effective monitoring tech-
nologies are indispensable for non-destructive evalu-
ation of fatigue damage in the CBM.
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In the previous study (Nakanishi 2014), the present
authors have applied the 4-point probe DC potential
difference method to the non-destructive evaluation
of multiple-site small cracks in high-temperature low
cycle fatigue of an austenitic stainless steel JIS SUS316L
at 873K in air. The statistical analysis of the potential
difference distributions obtained revealed that stan-
dard deviation of normalized potential difference can
evaluate initiation, growth and coalescence behavior
of multiple-site small cracks in each stage of the fatigue
process.

The present study has constructed a potential differ-
ence measuring system which can measure potential
difference distributions on the surface of specimens
by scanning fully automatically the specimen surface
of interest. This system consists of the nugget tester
equipped with a multipoint probe (Denshijiki Industry
Co., Ltd. 2015), motorized X-Y-0 stages, the 4-axis stage
controller and a data-collection PC. The probe has as
many as 32 mini-pins arranged in two-line zigzag along
the longitudinal direction of specimens to be moni-
tored. Each line of the mini-pins has a length of 15 mm
and are placed 1 mm apart from each other. This probe
can collect potential difference data on the whole
reduced-section surface of each one of the present
round-bar type specimens within half an hour, about
5 times faster than the previous 4-point probe measur-
ing system (Nakanishi 2014).

Specimens are round bar type made of an austenitic
stainless steel JIS SUS316L equivalent of AISI Type 316L.
Low cycle fatigue tests were carried out at six applied
strain rage levels of up to 1.8% at 873K in air. Local DC
potential difference on each specimen surface was

measured throughout the whole fatigue process at ad-
equate intervals by the present multipoint probe DC
potential difference measuring system equipped with
32 mini-pin probe. The 4-point mini-pin probe was also
used for a comparison purpose. The intervals between
points of measurement are 0.5 mm in the longitudinal
direction of the specimen and 1.0 mm in the circumfer-
ential direction.

The local potential difference can be regarded to have
followed normal distributions throughout the fatigue
processes investigated in this study. The standard
deviation of the potential difference was increased
with increasing number of strain cycles at six strain
range levels tested. All the fatigue processes investigat-
ed can be divided into four stages according to the be-
havior of cracks; i.e., (1) incubation stage, (2) initiation
stage, (3) growth and coalescence stage, and (4) accel-
erated growth stage. The detection of the onset of the
fourth or final stage by the present multipoint probe
DC potential difference method can non-destructively
predict the residual life of fatigue in which multiple-site
small cracks are involved.
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Sonic-IR, which is also called vibro-thermography , is
one of the active thermographic NDT technique. This
method, which is based on the detection of the tem-
perature rise due to frictional heating at the defect fac-
es under ultrasonic excitation, has an advantage in the
detection of closed defects. The method was originally
developed by Henneke (Henneke 1979) and has been
advanced and improved (Gleiter 2006, Shepard 2004,
Montanini 2010, Sakagami 2009) more recently.
However, in conventional sonic-IR method, to direct-
ly input an acoustic energy from ultrasonic transduc-
er to the test area via ultrasonic horn, which may give
scratches and deformation in the test object.

In this study, we develop a new sonic-IR method using
ultrasonic wave inputted through water, and practica-

bility of the proposed method for the detection of fa-
tigue crack is experimentally investigated. Experimen-
tal results by the proposed method are compared with
conventional sonic-IR technique using ultrasonic horn.
As a results, it was found that crack detection can be
conducted by proposed technique.
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Fatigue crack initiation and propagation patterns play
an important role in failures. More than 80% of fail-
ures are caused by fatigue while purely static loading
rarely occurs. Grain refinement, significantly influenc-
es the resistance of metals and alloys to fatigue crack
initiation and propagation and generally leads to an
increased failure resistance, whereas a deleterious ef-
fect can be observed on the resistance to fatigue crack
growth.

In this study, cryomilled ultra-fine-crystalline Al-Mg
alloy is considered as the material for case study. Elas-
tic-plastic analyses including crack initiation and prop-
agation in low-cycle fatigue regime are performed for
dual phase microscale models to obtain the damage
pattern and damage growth versus number of load
cycles. For this purpose, several RVEs are extracted
from the available optical microscopy (OM) images of
the real material. Then, XFEM is applied to the bimod-
al material and the brittle and ductile phases are dis-
tinguished using real values of parameters in fracture
criteria. In the next step, Paris equation coefficients are
obtained from the available da/dN-AK curves for dif-
ferent phases and fatigue simulations are performed
for different RVEs by means of XFEM code in ABAQUS.

Finally, the Low-cycle fatigue analysis is applied to the
models through the direct cyclic approach. As a result,
the crack initiation and propagation pattern in mi-
cro-scale are predicted and crack growth variation ver-
sus cycle numbers are also obtained. It is shown that
the predicted results are in good agreement with the
available experimental pattern results. More details
will be presented in the full paper.
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Design of modern automotive internal combustion
engines has become an increasing challenging task in
the past years due to increasing constraints in terms of
performance, fuel economy and emissions. Mechani-
cal and thermal loads increase on high specific power
output engines, mainly turbocharged direct injection

Diesel and gasoline engines, has made more and more
difficult to reach reliability targets. In parallel, develop-
ment costs reduction makes it necessary to raise sim-
ulation model accuracy in order to get directly the op-
timized design with reduced physical validation tests.

Cylinder head is a critical part in an internal combus-
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tion engine. It has a great impact on performance via
intake and exhaust aerodynamic optimization and it
undergoes high mechanical and thermal loads direct-
ly linked to combustion process. Without efficient and
dedicated CAE tools, its development can quickly be-
come a blocking point.

The main reliability problem encountered during cyl-
inder head development is the appearance of fatigue
cracks during severe endurance tests. These cracks
can in particular initiate in the coolant water jacket
and lead to the complete part failure. Classically these
cracks are associated mainly with combustion pressure
alternate stresses and high cycle fatigue in infinite life
domain. To prevent their appearance, mechanical sim-
ulation results are checked with a Haigh or Dang Van
criteria. But the comparison of predictions based on
these models with experimental results on engine re-
veals several difficulties: crack initiation spots are not
correctly located, scatter of crack sizes are not predict-
ed, and higher critical results on tests with thermal cy-
clic loads are not taken into account.

To overcome these difficulties, a new fatigue mod-
el dedicated to cylinder heads in aluminum alloy has
been developed in Renault powertrain engineering.
The main characteristics are the followings. The model
is based on a propagation approach in order to take
account typical characteristics of foundry alloy micro-
structure such as porosities which act as initial defects.
Statistical distribution of these characteristics is includ-
ed, which allows to explain and tackle experimental
results scatter. Low cycle fatigue effect related to cyclic
thermal loads and high cycle fatigue effect related to
combustion pressure are combined. The model is fitted
thanks to an extensive crack propagation tests data-
base. Consistency with classical high cycle fatigue test
results is checked.

This paper will present the theoretical basis of this new
model and the correlation with experimental results.
Benefit for cylinder head development based on real
examples will also be discussed.
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Besides the important results related to the effect of
size on the strength of individual nanostructures, the
ability to systematically measure the mechanical prop-
erties of small volumes through nanoscale mechani-
cal testing allows us to test samples that cannot eas-
ily be processed in bulk form, such as a ion-irradiated
materials or single crystals of very specific alloys. This
talk will highlight recent advances with in situ Trans-
mission Electron Microscopy (TEM) nanomechanical
testing techniques that provide insight into small-scale
plasticity and the evolution of defect structures in
lightweight alloys such as Mg, Al and Ti. In addition to
measuring the strength of small-volumes, measuring
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Most of our current understanding of the deforma-
tion mechanisms active in nanocrystalline (nc) metals
stems from in-situ deformation experiments on bulk
materials using x-ray diffraction (XRD). However, XRD
cannot directly resolve the local deformation process-
es, e.g. grain growth or twinning. For a local analysis,
these processes are traditionally investigated using BF/
DF-TEM. Though, varying contrast due to local orien-
tation changes, bending and defects during in-situ BF-
TEM straining experiments make an accurate interpre-
tation for nanometer sized grains difficult. On the other
hand, the relatively new technique Automated Crystal
Orientation Mapping (ACOM-TEM) allows for the iden-
tification of crystallographic orientation of all crystal-
lites with crystal sizes <100 nm where EBSD reaches its
limitation.

Recently, we combined ACOM imaging in STEM modus
with in-situ straining inside a TEM [1], [2]. This combi-
nation was the key to new data evaluation based on
orientation maps. By tracking individual crystallites
through a straining series the change of their orienta-
tion can be evaluated in order to distinguish between
an overall crystallite rotation and sample bending. In
addition, twinning/detwinning and grain growth can
be directly followed and the automatic data evaluation

the evolution of strain during plastic deformation is of
great importance for correlating the defect structure
with material properties. Here we demonstrate that
strain mapping can be carried out during in-situ defor-
mation in a TEM with the precision of a few nanome-
ters without stopping the experiment. Our method of
local strain mapping consists of recording large multi-
dimensional data sets of nanodiffraction patterns using
a new high-speed direct electron detector. This dataset
can then be reconstructed to form a time-dependent
local strain-map with sufficient resolution to measure
the transient strains occurring around individual mov-
ing dislocations.

leads to user independent quantitative statistical infor-
mation such as grain size.

This measurement and evaluation routine was applied
to magnetron sputtered Pd Au__ thin film samples of
about 50 nm supported by an additional carbon film,
which reduces strain localization during tensile tests.
Grain growth and grain fragmentation as well as twin-
ning and detwinning have been observed to take place
simultaneously at different locations. In addition, the
crystallite tracking revealed 40° and 60° orientation
changes of individual crystallites indication a CSL rela-
tion of the crystallite before and after the deformation.
CSL-lattice flips are possible if multiple dislocations
are activated from different directions along the grain
boundaries, or generally, if pre-existing CSL boundaries
are moved by dislocations. This investigation shows
that dislocation mediated deformation mechanisms
are still very active in nanocrystalline material, even
though it was expected that grain boundary mediated
processes would become more dominant.
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Mechanical behavior of martensite plays the most crit-
ical role in many commercial steels used in strength re-
quiring applications. Thus, there is an everlasting inter-
est in identifying alloy design and thermo-mechanical
processing strategies to enhance martensite ductility
and toughness. In this regard ferrous martensite, al-
though typically considered to fully lack plastic defor-
mation capacity, can accommodate significant amount
of micro- or even macro-plasticity prior to micro-crack-
ing. However, a deeper understanding of the governing
factors in martensite plasticity is not yet fully available.
To improve the fundamental understanding of the
multi-scale characteristics of martensitic microstruc-
tures and their micro-mechanical properties, first, a
multi-probe methodology is developed and applied
to low-carbon lath martensitic model alloys. The ap-
proach is based on the joint employment of electron
channeling contrast imaging (ECCI), electron backscat-
ter diffraction (EBSD), transmission electron microsco-
py (TEM), atom probe tomography (APT) and nanoin-
dentation, in conjunction with high precision and large
field-of-view 3D serial sectioning. This methodology
enabled us to resolve (i) size variations of martensite
sub-units, (ii) associated dislocation sub-structures, (iii)
chemical heterogeneities, and (iv) the resulting local
mechanical properties. The identified interrelated mi-
crostructure heterogeneity is related to the martensitic
transformation sequence, which is proposed to intrin-
sically lead to formation of a nano-composite structure

in low-carbon martensitic steels [1].

Then, employing in-situ deformation experiments and
high spatial resolution microstructure and strain map-
ping, plasticity is investigated in different model mar-
tensitic microstructures. Results of the experiments
clearly demonstrate the heterogeneity of plasticity in
all investigated materials. Coupling of the EBSD based
microstructure maps to the full-field strain measure-
ments reveal that the local differences in crystallog-
raphy, parent austenite grain size, defect density and
boundary character play important roles in the result-
ing heterogeneity in martensite plasticity. Finally, we
also provide direct evidence on the key role of intro-
ducing thin films of austenite in enhancing martensite
plasticity [2, 3].
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For optimal electric performance, a flexible electronic
device has to sustain large mechanical stresses without
losing its structural integrity. An effect of the mechan-
ical behavior of the whole system (substrate and thin
metallic film) on electrical properties of the metallic
subsystem is very important and subject of extensive
studies. The thin film geometry exerts hard constraints
or even excludes a number of conventional techniques
for mechanical testing. For the determination of yield
strength, synchrotron x-ray diffraction is commonly ap-
plied. However, it is restricted by beam time availability
and new characterization techniques are desired.

In our study we present complex in-situ characteriza-
tion of electrical and mechanical behavior of fcc metal
thin films, Cu and Cu-Zn, on insulating polyimide sub-
strates. The change in the electrical resistance of the
thin metallic films upon uniaxial tensile loading was
monitored by a concurrent acquisition of reflectance
anisotropy spectra. The latter technique is sensitive to
changes in the strain state of the specimen, its phase
and microstructural configurations. Since the mechan-
ical behavior of thin metallic film is known to be thick-
ness dependent, the experiments were performed on

films of different thicknesses: 50, 100, 200, 500 and
1000 nm.

Our study reveals that upon straining, the RA spectra of
both systems exhibit two main features. The first fea-
ture grows linearly with strain and the second feature
appears in later stages of straining. The saturation of
the linear growth of the first feature indicates yielding
and can therefore be used as yield point estimation.
These findings were proven by high resolution SEM mi-
crographs. The second feature and its evolution are as-
sociated with irreversible deformation in the material
as well as material properties for example absorption
edges of segregated layers. Upon unloading, the first
feature changes sign and gradually reduces, whereas
the second feature remains unchanged. The RA fea-
tures are shifted depending on the chemical compo-
sition as seen from Zn additions within the solubility
limit of the Cu phase.

Our results show that reflectance anisotropy spectros-
copy is a suitable and reliable tool that allows dynamic
monitoring of thin film strain states during deforma-
tion. Therefore, it can be employed to register micro-
structural changes in the film upon straining.
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The influence on the mechanical behaviour of grain
boundaries in crystalline materials depends on the
crystallographic character of these boundaries. Grain
boundaries are characterized by 5 rotational crystal-
lographic parameters, including 3 for the misorienta-
tion across the boundary and 2 for the grain boundary
normal. All 5 parameters influence properties like dis-
location transmission strength or fracture propagation
resistance.

We have developed a method, which allows character-
ization, in a non-destructive manner, all 5 grain bound-
ary parameters by a pseudo-3D-EBSD approach. Sub-

sequently, grain boundaries with interesting misorien-
tations or grain boundary plane are prepared, using
focussed ion beam milling, to form a micro-cantilever
bicrystal. These bicrystals are mechanically tested by
bending them inside of the SEM using a bending de-
vice and micromanipulator developed by Kleindiek Na-
notechnik. Finally, the deformed structure of the two
grains and the grain boundary is characterized using 2D
or 3D EBSD. Geometrically necessary dislocation densi-
ties and grain boundary damage are observed.

The described approach is applied to polycrystalline
710 superalloys.
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A major challenge in metallurgy is to understand the
relation between the microstructure of a metal and its
behaviour under an applied load or temperature. This
requires a detailed characterization of the evolution of
the microstructure at different length scales through
the determination of the crystal structure, defect den-
sity, grain size distribution, texture etc.

During last decade in-situ mechanical testing at the syn-
chrotron has become a widespread tool to investigate
the evolution of the microstructure of single and poly-
crystals during deformation (Van Swygenhoven 2013).
Many such in-situ deformation tests are performed
during continuous or interrupted uniaxial tensile and/
or compression tests of bulk materials and thin films.
Several microstructural properties such as the devel-
opment of intergranular elastic strains and texture
evolution can be directly compared with results from,
for instance, molecular dynamics simulations or crystal
plasticity modeling. While such tests have proven to
be very useful, for further refinement of the existing
models it is crucial to obtain information from other,
more complex deformation tests.

In this work we highlight three such tests recently per-
formed at the Swiss Light Source: (1) in-situ cyclic fa-
tigue of Cu single crystals under shear conditions, (2)
stress reduction tests on nanocrystalline Ni and (3) the
deformation behaviour of porous silver films.

(1) It is well known that under cyclic fatigue of met-
als dislocation patterning occurs. The nature of the
resulting dislocation structure depends on several pa-
rameters, including stacking fault energy, dislocation
mobility and loading conditions. To obtain a better
understanding of how these structures form a new
continuum dislocation-based constitutive model in the
crystal plasticity finite element framework is currently
under developement. In order validate this new model

in-situ Laue experiments during cyclic shear loading of
Cu single crystals have been performed. Laue diffrac-
tion is very sensitive to crystal orientation and there-
fore allows tracking with high resolution the evolution
of the misorientation angles between the various dis-
location-poor regions that appear under cyclic defor-
mation.

(2) Transient testing is a well recognized technique to
capture rate limiting deformation mechanisms. Most
popular methods are strain rate jump and stress relax-
ation tests. Stress reduction tests are maybe less well
known, they have however shown to be a suitable tech-
nique to determine the full transient response (Mekala
2011). In this work we report on stress reduction tests
performed on electrodeposited nanocrystalline Ni. De-
pending on the magnitude of the stress reduction we
observe different regimes, revealling the presence of
various deformation mechanisms. The results are in-
terpreted in terms of a competition between plastici-
ty based on dislocation nucleation/glide and recovery
mechanisms at grain boundaries.

(3) Sintered nanoporous silver is currently considered
as a alternative bonding material in the electronic
packaging industry. For the development of lifetime
prediction models of components that include such
silver layers it is crucial to understand its thermome-
chanical behaviour. In this work we focus on some key
in-situ experiments that highlight the importance of
the porous microstructure on the overal mechanical
behaviour.
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Advances in neutron flux, neutron instrumentation,
and sample environments over the past years allowed
the development of unique techniques to characterize

material synthesis and processing. Here, we present
capabilities and results using recently developed en-
ergy-dispersive neutron imaging and tomography ap-
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plied to optimizing single crystal growth.
Energy-dispersive neutron imaging and tomography
utilize isotope-specific neutron absorption resonanc-
es to visualize the distribution of elements in the bulk
(Tremsin 2013a & 2013b). Furthermore, so-called
Bragg-edges (Vogel 2000) allow measurements of lat-
tice strains and thus imaging of e.g. the stresses in a
sample. Beam spots and penetration are both of the
order of centimeters, allowing characterization of large
single crystals grown e.g. for gamma particle detection.
Homogeneous distribution of dopants, such as europi-
um, is essential for the performance in the detector ap-
plication while controlling and minimizing the stresses
reduces mechanical failures. As with many other neu-
tron techniques, sample environments (Reiche 2012)
to e.g. study crystal growth by the Bridgman technique
in-situ are possible. Such in-situ capabilities provide di-
rect feedback on how processing parameters such as
temperature, temperature gradient or growth speed
affect material properties such as the dopant distribu-
tion, mosaicity, or stresses.

J.L.FIFE!, F. MARONE?, R. MOKSO?, M. STAMPANON|*?

We show examples of the ex-situ characterization of
single crystals grown with different processing parame-
ters as well as our capability to study solidification and
crystallization processes in-situ with energy-dispersive
neutron imaging.
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Non-destructive synchrotron-based x-ray tomographic
microscopy is ideal for studying various materials sys-
tems in three and four dimensions (3D and 4D, respec-
tively), and the TOMCAT beamline! at the Swiss Light
Source is one of the premier beamlines in the world
for such experiments. Spatial resolution ranges from
1-10um with fields-of-view from 1-22mm, and tempo-
ral resolution is as fast as 0.1s for a full 3D data acqui-
sition?. Contrast varies from standard absorption, typi-
cally used in metal and composite systems, to propaga-
tion- and grating-based phase contrast, predominantly
used for biological and other traditionally low-contrast
materials. The efficient image processing pipeline pro-
vides a full 3D reconstruction within seconds?®, making
visualization close to real time. To exploit these state-
of-the-art capabilities and to explore the dynamics of
materials at elevated temperatures, a dedicated la-
ser-based heating system has been developed* and a
mechanical testing device is being commissioned.

This talk will highlight the capabilities available at
TOMCAT as well as focus on recent achievements in
dynamic, time-resolved experimentation. For exam-
ple, the behavior of geological materials at high tem-
peratures under simple dead-weight compression, 4D
self-healing of ceramics and 4D intergranular cracking

of semi-solid grains in Al-Cu microstructures will be dis-
cussed. Such studies generate large amounts of data,
typically on the order of terabytes, that then require
automated tools for visualizing and characterizing the
resulting phenomena. This talk will also underscore
these developments and summarize the future of me-
chanical testing at TOMCAT.
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The penetration power of high energy X-rays enables
the investigation of polycrystalline bulk materials by
diffraction techniques. In the conventional powder
diffraction mode, the observable intensities are aver-
ages over all grains that are oriented such that their
selected reciprocal lattice vectors are sufficiently close
to the scattering vector. This mode is suitable for the
characterization of parameters describing grain en-
sembles such as the orientation distribution function.
By polfigure inversion techniques average orientation
dependent properties can be recovered such as the
strain distribution function, and average dislocation
densities have been determined through fitting rou-
tines to radial line profiles. However, structural prop-
erties of individual grains such as the formation and
evolution of subgrains and their dislocation densities
are not accessible.

With the advent of 3™ generation high energy facilities,
high energy x-rays became available with unprecedent-
ed brilliance and efficient area detectors have been de-
veloped. Exploiting these advances, the three dimen-
sional X-ray diffraction (3DXRD) methodology has been
developed that enables the identification of diffraction
peaks from individual grains within polycrystalline bulk
materials (Poulsen 2004). It has been demonstrated
that the technique is sufficiently fast for in situ meas-
urements during thermo-mechanical processing.

We demonstrate that by extending the 3DXRD meth-
odology to high reciprocal space resolution intrinsic
reciprocal space maps of reflections from individual
deformed grains can be recorded and interpreted in
terms of (i) subgrain formation and evolution (Pantle-
on et al. 2014), and (ii) dislocation characters and den-
sities (Ungar et al. 2014). The experimental configura-
tions and selected case studies will be presented.

The formation of subgrains and their evolution was
studied within copper samples during tensile defor-
mation. High resolution three-dimensional reciprocal
space maps revealed a sub-structure of sharp peaks on

top of a diffuse intensity distribution. These features
could be assigned to diffraction from almost disloca-
tion free subgrains and dislocation wall regions, re-
spectively. Based on the observation that the individu-
al subgrains experience different elastic stresses, a re-
finement of the classical composite model of the radial
peak broadening is proposed which resolves an overes-
timation of the dislocation density within the subgrains
by the original model. Subgrain dynamics is followed in
situ during uninterrupted tensile deformation, forma-
tion of subgrains is observed concurrently with broad-
ening of Bragg reflections shortly after onset of plastic
deformation. When the traction is terminated, stress
relaxation occurs, but no changes in number, size and
orientation of the subgrains are observed.
Grain-by-grain dislocation densities were obtained for
tensile pre-deformed CoTi and CoZr intermetallics. A
Monte-Carlo-type algorithm has been developed for
the fitting of sets of radial peak profiles of individual
grains. The technique discriminates dislocation den-
sities of different slip modes, slip systems, and dislo-
cation character. The results confirm that the anoma-
lous ductility of the polycrystals as compared to single
crystals is at least in part due to the existence of hard
slip modes in the polycrystal which are only rarely ob-
served in deformation experiments of single crystals.
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This work presents new capabilities in X-ray Micros-
copy (XRM) for 3D materials characterization. As a
nondestructive technique, XRM presents some unique
opportunities for understanding material structure,
deformation, and performance. The non-destructive
nature of X-rays has made the technique widely ap-
pealing, with potential for “4D” characterization, de-
livering 3D microstructural information on the same
sample as a function of time or imposed conditions.
The first section of this work will explore advance-
ments in XRM in situ material testing spanning a range
of length scales from the micron to nanoscale. Incor-
porating specialized in situ stages into the laboratory
X-ray microscopes enables control of material stimuli
such as temperature, flow, and mechanical load dur-
ing simultaneous imaging. Several examples will be
presented that illustrate the improved insight gained
from observing the resultant volumetric changes, on
multiple length scales, and the fundamental links to
understanding how materials perform and deform in
their local mesoscale architecture.

In the second section, new development of a 3D grain
mapping technique will be discussed. Traditional X-ray
tomography operates mainly based on absorption con-

trast, relying on spatially varying density within the
sample to create local variations in the attenuation of
the incident x-ray beam. Reconstruction of the data
yields a 3D map of sample density but cannot provide
crystallographic information since even a polycrystal-
line structure of a single phase exhibits uniform densi-
ty. In this work, a laboratory-based solution is present-
ed, termed diffraction contrast tomography (DCT). This
imaging modality is implemented on a laboratory X-ray
microscope utilizing a polychromatic divergent beam.
The sample is incrementally rotated, creating a series
of diffraction patterns generated by the sample crystal-
lites each time the Bragg condition is locally satisfied.
The patterns are then reconstructed to yield crystallo-
graphic information including grain orientation, center
of mass, and size for a large number of grains. This is
used to complement structural data obtained by tra-
ditional absorption-based tomography. This work will
present results on laboratory DCT along with discus-
sion and comparison to alternative techniques. Merits
of the lab DCT method will be highlighted, particularly
its non-destructive operation, leading again to poten-
tial 4D evolutionary studies by repeating the imaging
procedure numerous times on the same sample.
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Over the past 15 years experiments in micro-mechan-
ical testing have shown that smaller structures or
smaller stressed volumes are stronger than the bulk
properties of the same material (Artz 1998). These
‘size effects’ are often regarded as being due to differ-
ent phenomena, for instance depending on the crystal
lattice type, bonding type and internal microstructure.
They are observed in nanoindentation, mirco-pillar
compression, micro-tension and torsion and thin foil
flexure, and as a function of microstructural features
such grains, sub-grains and twins (Kraft et al. 2010), im-
plying that length-scale itself is a strengthening mech-
anism.

For metallic materials that deform by dislocation mul-
tiplication and flow, observable plastic deformation
depends on dislocation generation by the operation of
sources. The minimum shear stress required depends
on the radius of curvature of dislocations in a given
space expressed by an equation of the form,

A(h L
T = TO+Z ?-FC (1)

where 1, is the bulk or size-indenpendent shear
strength, the constants A, B & C are well-known ma-
terial or numerical constants. L is an effective length-
scale which may be a combination of structure size,
grain size and deformation length-scale (plastic zone
size). This shows that the underlying size dependence
has the form 1/L and adds to the bulk strength, T, to
give the size effects observed in different experiments.

Potentially, all the size dependent strength phenome-
na associated with dislocation plasticity can be inter-
preted using Equ 1, including structure size (Dunstan &
Bushby 2013), grain size (Dunstan & Bushby 2014) and
combinations of these (Dunstan et al. 2009).

The important considerations are which material
length-scales should be associated with L and which

with the bulk or size independent term, 7. Further-
more, how these parameters may change as a function
of continued deformation also needs careful consid-
eration, since either hardening or softening can occur
depending on the destination of dislocations that have
been generated.

The corollary of this approach is that a pure metal,
such as gold, may take any strength up the theoretical
limit depending on the size L, and that the minimum
strength of a material can be predicted from only 2
parameters, L and t,. Understanding how to manipu-
late these parameters opens the possibility to achiev-
ing strength through ‘length-scale engineering’. The
implications for exploiting size effects in engineering
are clear, particularly using production methodologies
such as multilayer deposition processes and repeat-
ed roll bonding to create simple materials systems
with ‘engineered’ microstructures to control strength
through size alone.
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A finite-deformation strain gradient crystal plasticity
model is developed and implemented in a three-di-
mensional finite element framework in order to study
the influence of dislocation pile-ups in micro-mechani-
cal testing of sinlge crystals, for instance in micro-com-
pression experiments (Husser et al. 2014). The poten-
tial-based and thermodynamically consistent material
model is formulated in a non-local and non-linear ine-
lastic context in which dislocation densities are intro-
duced via strain gradients. In the 3D context, the model
predicts both, the distribution of edge and screw type
dislocations and accounts for, e.g., size effects due to
accumulation of GNDs (geometrically necessary dis-
locations), dislocation interactions in terms of latent
hardening, and the Bauschinger effect. The robust
solution algorithm is based on a numerically efficient
non-standard finite element strategy to solve the high-
ly coupled and highly nonlinear system of equations
and it is suitable for parallelization on two different
‘levels’.

Presented numerical examples are directly related to
experiments. For instance, it is shown that the inclu-
sion of the strain gradient into the free energy enables

a reasonable prediction of the deformation behaivor
in the case of micro-pillar compression. Here, a typical
distinct slip band formation is succesfully reproduced
by the presented theory. This is experimentally sup-
ported by an EBSD analysis of the thinned cross-section
of a deformed sample where the correlation between
the obtained lattice rotation and calculated GND distri-
butions showed great accordance.
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Grain boundaries (GB) act as obstacles for dislocation
motion, promoting a higher strengths in polycrystalline
materials compared to the single crystalline counter
bodies (Hirth 1972). The grain size as a microstructur-
al material length scale thereby inversely scales with
the observed strength (Hall 1951, Petch 1953). This can
partly be attributed to the pile-up of dislocations on
grain boundaries.

Besides piling up at the grain boundary dislocations
can also transfer to the adjacent grain and thus lead
to slip transfer. This problem had been addressed dur-
ing several studies in the past (Livingston and Chalmers
1957, Hirth and Balluffi 1973, Bamford, Hardiman et al.
1986, Shen, Wagoner et al. 1988) but the advances in
understanding plasticity and it’s inherently stochastic

nature at the micron-scale (Dehm 2009, Kraft, Gruber
et al. 2010) requires a thorough revisit of the published
theories on grain-boundary dislocation interaction.

In the present work bi-crystalline copper micro pillars
were grown by the Bridgman method in various differ-
ent orientations. Subsequently, micron sized compres-
sion pillars which were single crystalline or possessed
a grain boundary were fabricated using FIB milling.
The mechanical tests were performed either in situ in
the scanning electron microscope (SEM) or at a micro
beam Laue (uLaue) diffraction beamline BM32 of the
ESRF synchrotron source.

Aim of the experiments was to understand the size de-
pendent dislocation-GB interaction. For this purpose
four different grain boundaries had been investigated:
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(i) a general grain boundary not allowing for slip trans-
fer in macroscopic models (ii) a general grain boundary
with slip transfer (iii) a coherent S3 twin and (iv) a low
angle grain boundary.

The mechanical tests show distinct differences be-
tween the various grain boundary types: The different
size dependent hardening rates, frequency of load
drops, formation of slip steps and the possible grain
boundary motion will be discussed in the talk.
Furthermore, our Laue data which is still not fully ana-
lyzed proofs for instance that dislocations are accom-
modating at the macroscopically impenetrable grain
boundary but no slip transfer happens. Based on these
findings models for hardening at the micron scale can
be discussed and maybe revisited.
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The seminal experiments (Fleck et al. 1994) on the
deformation behaviour of metallic wires, where a so
called size effect in the mechanical response was ob-
served, is still a matter of debate in the material science
community. Only little is know on the true dislocation
microstructure caused by torsion loading (Senger et al.
2011).

In the current contribution, the dislocation microstruc-
ture, density distribution and the local plastic strains
are analysed for different orientations of the torsion
axis within a discrete dislocation dynamics framework
(Weygand et al. 2002; Senger et al. 2011). Single crys-
talline Al beams with a square cross section are simu-
lated. First a simple system with one active slip system
is studied, to evaluate the role of the slip plane incli-
nation with respect to the torsion axis on the plastic
and hardening behaviour. A model is presented which
describes the initial yielding and hardening observed
in these simulations. Furthermore within this model
setup, the role of cross-slip on the dislocation arrange-
ment is illustrated. As a macroscopic measure, the

average plastic strain tensor is calculated locally on a
voxel discretization of the simulated volume. It is found
that the equivalent plastic strain determined in volume
elements comprising the torsion axis is finite, not ex-
pected from Flecks initial analysis. This observation can
be rationalized within a pile-up model, quite similar to
the observations under bending (Motz et al. 2008).
This effect is most pronounced in small samples or for
low initial dislocation densities where forest hardening
is negligible. It is also observed, that the equivalent
plastic strain depends on the voxel volume, used for
averaging. Furthermore the radially averaged disloca-
tion density shows a decrease toward the surface, re-
lated to dislocation escape. The thickness of this zone
is quite similar for the different samples sized studied.
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Recently, deformation of micro scale single crystal was
frequently investigated by using miniaturized speci-
men. It is known that dislocation burst phenomenon
occurred in case of conventional technique such as
tensile and compression test because stress is homo-
geneous  in specimen. Dislocation burst is the sud-
den slip deformation of slip system through specimen,
it makes deformation discontinuity around initial yield-
ing area, and continuous deformation behavior around
dislocation burst cannot be obtained. However, in nano
scale structure such as LSI, since it is assumed that dis-
location burst does not occur because large deforma-
tion is restricted by other structural materials. Then, to
obtain continuous deformation characteristics of crys-
tal plasticity around dislocation burst (initial yielding)
area is important. New micro-scale torsion test meth-
od was developed. In this method, dislocation burst
around initial yielding region did not occur because
torsion stress field is inhomogeneous in specimen. In
this study, crystal plasticity of micro scale copper single
crystal was investigated by using this torsion test and
finite element analysis. To incorporate crystal plasticity
into the simulation, a program that reflects the crystal
plasticity constitutive relation of single crystals using
the user subroutine UMAT of the finite element code
ABAQUS, which was developed by Huang. However,
macroscopic constitutive law of crystal plasticity which
was used for macro scale specimen may not be applied
to micro scale specimen. Therefore, constitutive law of
micro scale specimen is discussed.

Torsion test specimen is fabricated by focused ion
beam (FIB) using copper single crystal (99.9999% pu-
rity). The shape of specimen is half circular arc (with 3
pm radius, 1 um width and thickness) of cantilever, and
torsion test was conducted by indentation load at the
end edge of cantilever. Crystal plasticity parameter of

copper was investigated by inverse analysis using the
load-displacement curve which was obtained by simu-
lation and actual torsion test.

As a result, dislocation burst did not occur on load-dis-
placement curve which was obtained by torsion test.
However, in case that constitutive law which was
applied for macro scale specimen is used, load-dis-
placement curve which was obtained by torsion test
and simulation did not match even if any parameter
was used for crystal plasticity. Then, new constitu-
tive law of micro scale crystal plasticity was devel-
oped. Flow stress shows gradual hardening behav-
ior after sudden drop behavior when resolved shear
stress of slip system reached initial flow stress. Similar
drop behavior (stress-strain curve) was observed in
molecular dynamics simulation by G. Sainath. By us-
ing the new constitutive law, load-displacement curve
of simulation matched that of torsion test, and crys-
tal plasticity parameter was obtained as the result of
fitting. It was demonstrated that the constitutive law
of micro scale crystal plasticity is different from that of
macro scale, and characteristic of the dislocation burst
was obtained.
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Size dependent material properties of single crystalline
metals have been severely studied over the last dec-
ade by performing micro-compression, -tension and
—bending experiments. The experiments accompa-
nied by complementary discrete dislocation dynamics
(DDD) simulations remarkably showed the stochastic
nature of plastic flow at the micron scale.

Besides monotone uniaxial deformation real devices
of Micro-Electro-Mechanical- Systems (MEMS) rou-
tinely have to withstand cyclic loading, which was also
shown to differ at small scales. The fatigue behavior of
thin films has extensively been studied in the previous
decade. Notable, dislocation patterns observed in bulk
materials are not necessarily observed at the micron
scale: If the grain size in pure Copper is reduced to less
than 8um persistent slip bands are rarely observed (Ka-
wazoe, Yoshida et al. 1999) but dislocation walls and
cell structures still exist (Zhang, Volkert et al. 2006).
Dislocation patterns are replaced by individual disloca-
tions as soon as film thicknesses of less than 1um are
reached.

Recently the first micro fatigue experiments on FIB
milled micro-cantilevers (Demir and Raabe 2010,
Kiener, Motz et al. 2010) were performed. The exper-
iments by Kiener and co-workers were accompanied
by DDD simulations showing a successive storage and
escape of dislocations with high reversibility. Due to
limited computational resources the study of steady
state dislocation patterns forming after several cycles
had not been possible by 3D-DDD so far. Also, in depth
analysis of the dislocation patterns in the deformed
bending beams by TEM were not performed in the
aforementioned experiments.

Here we present the first in situ plLaue study investi-
gating the low cycle fatigue of micro- bending beams:
7um sized single and bi-crystalline copper and silver
bending-cantilevers were FIB milled and analyzed with
a 500nm sized, polychromatic X-ray beam at BM32
of the ESRF light source. The in situ loading showed
the formation and storage of geometrically necessary
dislocations, accompanied by the strong formation
of dislocation cell structures. During unloading and
back-bending, the number of dislocations was dramat-
ically reduced reaching the initial dislocation densities.
The stress-strain response of the samples showed cy-
clic softening reaching a plateau after two cycles and
a pronounced Bauschinger effect. This finding was ob-
served for up to 100 cycles in single crystalline Cu and
Ag samples. In the talk, the influence of the different
stacking fault energy of Cu and Ag as well as the impact
of a single grain boundary in Cu will be discussed.
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Fatigue at small scales is a key issue for the long-term
reliability of micro/nano-devices. Recent investigations
on fatigue behaviour of thin metal films have shown
a strong dependence of fatigue properties on length
scales (Kraft et al., 2001; Schwaiger et al., 2003;
Schwaiger and Kraft, 2003; Wang et al., 2008). The
physical origin for fatigue size effects was attributed to
the suppression of cyclic strain localization, leading to
the gradual disappearance of typical bulk-like fatigue
extrusions/intrusions(Zhang et al., 2006; Zhang et al.,
2010). Although these investigations provide a deep
insight into the fatigue mechanism of thin metal films
with micron or submicron-scale grains, less work on
fatigue properties of nanocrystalline metal films has
been conducted(Zhang et al., 2008; Luo et al., 2014).
In this study, nanocrystalline Cu films with different
thicknesses ranging from 25 nm to 250 nm were
deposited on a 125 um-thick polyimide substrate
by a magnetron sputtering system. A comparative
investigation of fatigue properties of the Cu films
as-deposited and annealed were conducted under
total strain control at room temperature. Variation in
microstructures of the fatigued samples and fatigue
damage behavior were characterized by transmission
electron microscope (TEM) and high-resolution
electron microscope.

Experimental results show that the fatigue strength of
the nanocrystalline Cu films as-deposited and annealed
increases with decreasing the film thickness, which
reveals a similar trend to that found in the Cu and Ag
films with grain size about micron or submicron-scales
(Kraft et al., 2001; Schwaiger and Kraft, 2003; Wang et
al., 2008). Furthermore, TEM observations reveal that
grain growth occurred in the as-deposited films after
fatigue. For comparison, the grain sizes in the annealed
films and the annealed films subjected to fatigue
loading were also examined. Evidently different extent

of grain growth in the films were found. In addition, the
size of the grains containing twins in the as-deposited
and annealed films, and that after fatigue loading
was also characterized. The variations in fatigue
strength and grain growth behavior with film thickness
are discussed. The results may provide a further
understanding of fatigue behavior of nanocrystalline
metal films.
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Quantitative studies have shown that fatigue behav-
iors in the thin metal films constrained by a substrate
are different from that of their bulk counterparts
(Schwaiger, et al. 2003, Schwaiger & Kraft 2003, Zhang,
et al. 2006, Zhang & Wang 2008). Especially when the
film thickness or the grain size decreases below mi-
crometer scale, it is hard for the typical micron-scale
dislocation structures to form in the film, like persis-
tent slip bands, etc. In addition, GBs in nanocrystalline
metals usually become so unstable that grain growth
always occurs at room and even low temperatures un-
der various loading modes (Cheng, ef al. 2010, Fang,
et al. 2011, Gianola, et al. 2008, Luo, et al. 2014, Pan,
et al. 2007, Soer, et al. 2004, Zhang, et al. 2005). How-
ever, the fatigue behaviors of metal films with length
scale ranging from micron to nanometer scales are not
yet completely understood.

In this study, we investigated grain growth and fatigue
damage behaviors of nanocrystalline Au films con-
strained by a polyimide substrate with the film thick-
ness of 930 nm, in which fatigue damage happened
within 2.6x10* cycles under a total strain range of
1.25% and 1.8x10° cycles under a total strain range of
0.4%. Features of fatigue damage in the Au films main-
ly exhibited multiple cracks. Under both strain ampli-
tudes, abnormal grain and normal grain growth hap-
pened. There was similar extent of the normal grain
growth under both strain amplitudes. Most abnormal
grain growth happened along the fully developed
cracks due to the stress concentration in front of the
crack tip under 0.4% strain range. However, apart from
the grain growth due to the crack propagation, much
more grains could grow to micron scale before cracks
initiated inside the grains under 1.25% strain range.

In addition, the fatigue damage behavior strongly de-
pended on the applied strain amplitude. Under the
1.25% strain range, the films showed a bulk-like dam-
age behavior, i.e. the crack mainly initiated from the
places with typical fatigue extrusions/intrusions in the
coarsened grains with micron-scale grain size. Under
the 0.4% strain range, there were two main crack ini-
tiation sites. One is the abnormally-grown grains along
the fully-developed cracks where the bulk-like fatigue
extrusions/intrusions formed. Another is the grain
boundaries and quantitative intergranular cracks were
found. The mechanisms for grain growth and fatigue
damage were discussed. It is concluded that diffe-
ret grain growth behaviors and damge behaviors are
found in the 930 nm thick nanocrystalline Au films un-
der cyclic loading.
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Recent investigations show that the micro-mechanical
responses of single-crystals (SC) present strong size de-
pendent plastic yield strength by reducing dimensions
of micron- or nanopillars under uniaxial deformation
(Uchic, 2004; Dimiduk, 2005; Greer, 2005). The simulat-
ing and theoretical researches show their explanations
from the boundary, source truncation and dislocation
starvation, respectively (Fan, 2012). But few researches
focus on describing the dislocation pile-up effect and
the surface energy effect on the boundary in SC on size
effect.

In this work, the understanding of the size effect dom-
inantly derives from the dimensional grain size and
physical interface, besides the inner defect micro-
structures. At present, discrete dislocation simulation
results show that the boundary condition affects the
strength by wall thickness (Fan, 2012). The wall thick-
ness has the physical nature of surface effect, and the
surface energy can affect on the surface stress o™
Thus, the plastic strength can be written as

o= GO + mejface — O_mner + O_sur/ave , (1)
where o, is the conventional plastic strength which is
not affected by surface geometrics, and it can also be
represented as o™ . Based on the principle of mini-

mum potential energy, the surface stress "7 can be
derived as
o =y0,(1-v)/ 4, (2)

where y is the surface energy density, O,, A are the
perimeter and area of the initial cross section and v is
the Poisson’s ratio. According to the dislocation pile-up
configuration, the inner strength o™ can be obtained
by considering the effect of microstructures, such as
effective length of dislocation source Amax , dislocation
pile-up length L, dislocation density p,, the number
of dislocation sources and so on. It can be expressed as

G[nner = (a,le/ V LZmax + Ty + Oslub\/p_o) /SF ’ (3)

where 7, is Peierls-Nabarro force, « is the geometric
parameter, SF is the Schmidt factor, also x# and b are
the shear modulus, and the Burgers vector, respective-
ly. In this case, the stress of the filed can be finally ob-
tained as

aub
V Lzmax

It is shown that the “Hall-Petch relation” holds even in
SC. The process of simulations indicated that the star-
vation of dislocation sources is one reason for the ob-
served size effect. Furthermore, it can be found that
the surface effect from the geometries and the inner
strength from the inner microstructures interplay each
other, and both influence on the vyielding strength,
which has the size-dependent characteristic.

70,(1-v) .4

+7,+0.5ub\[p, )/ SF + y

o =(
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Understanding fracture behaviour especially at the
grain boundaries is of vital importance to extend the
life of structural ceramics. Currently the processing
parameters of many commercial composite ceramic
products are largely empirically derived and there-
fore result in a large number of different microstruc-
tures and properties. Development of new materials
and controlled processing routes will greatly benefit
from knowledge of the fracture energy of phase and
interface present. This requires development of new
fracture testing methods capable of granting high spa-
tial resolution and high control over the area to test.
Further benefits of these ‘small scale’ approaches will
enable testing of specimens for which big volumes are
not available (e.g. thin films, coating, or simply samples
of dimensions limited by production process).
Historically indentation has been largely employed to
determine the fracture toughness of brittle materials.
However, its spatial resolution is limited by the crack-
ing threshold (Pharr 1998), namely the load at which
a crack is initiated, being the size of the impression
proportional to the load applied. Moreover, several
studies (Anstis, Chantikul et al. 1981, Quinn and Bradt
2007) discourage the use of indentation induced cracks
to measure fracture toughness.

Recently, several techniques have been developed
using small scaled mechanical testing, based within a
nanoindenter, changing tip and sample geometries,
including: micropillar compression (Ostlund, Howie et
al. 2011); microcantilever bending (Di Maio and Rob-
erts 2005, Armstrong, Wilkinson et al. 2011); and dou-
ble-cantilever compression (Liu, Wheeler et al. 2013).
However, the majority of the published works utilises
complex geometries resulting into complex analysis of
force distribution and stress intensity factor.

Our approach builds upon the work of Lawn (Lawn
1993), who showed that a practical test geometry to
calculate the fracture energy G is that of a double-can-
tilever beam under constant wedging displacement.
We use this geometry at the small scale to directly
measure fracture energy in brittle materials and small
volumes.

Using Lawn’s analysis, G is given by:

G = 3Eh?d*/4c*

where E is the elastic modulus, ¢ the crack length and
d and h the half-width of the beam and the wedging
displacement respectively.

We replicate this configuration in our tests fabricating
double-cantilever beams of micrometric dimensions by

focused ion beam (FIB) milling and loading them in-situ
in an SEM using a nanoindenter with a wedge-shaped
tip. This has two benefits: the sample is well aligned
for a controlled test; images are recorded during the
test for later anlysis.

This testing approach produces data that can be ana-
lysed to directly measure the geometrical parameters
required to solve the equation.

Our tests have proved it is possible to initiate and sta-
bly grow a crack in a controlled manner in ceramic
materials and our fracture energy results have been
validated against prior macro-scale fracture data. This
approach is being extended to multi-phase materials
with unknown materials properties and extends our
arsenal of small-scale characterisation techniques re-
quired to generate new processing strategies for the
next generation of materials design.
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Smaller is stronger. It is so frequently mentioned since
the beginning of nano-technology era, and even today
(Kunz et al. 2011, Kraft et al. 2010), in the context that
smaller volume of materials has less defects leading to
higher apparent strength. However, it may not always
true, especially for the complicated mechanical struc-
tures in microscale devices, as explained in the follow-
ing.

Large scale integrated circuits (LSI) typically have
sub-micron mechanical structures, which are intercon-
nect wiring systems fabricated on top of silicon chips
for current supply and signal readout. They consist of a
layer of insulator with trenches filled with electroplat-
ed copper as narrow metal wires and another capping
insulation layer on top to seal the wires. A number of
these layers are usually stacked alternately to compose
multi-layered 3D interconnect structures. Therefore
LSI has many weak interfaces, which occasionally caus-
es serious reliability issues even today (Kengeri 2014).
Although the strength properties of such interfaces
are well surveyed, commonly with four-point bending
interface fracture test performed with lab-scale test-
ing machines (Charalambides et al. 1989) and the in-
terconnect structures are designed accordingly, crack
propagation to destroy them occasionally takes place
especially when LSI chips are packaged and mounted
on board causing the extra stress application. Is the
strength of four-point bending specimens different
from that of the actual sub-micron scale interfaces ?
We dare measured the strength in life size. Insulation
layer on top of copper line was machined by focused
ion beam (FIB) into specimens of square brick-like
shape. They were prepared in different scales rang-
ing from 10 um down to 200 nm. Interface strength
was evaluated in terms of energy release rate (J/m?)
by pushing their sidewalls with a diamond stylus to
extend interface cracks. As the result, the average
strength levels drastically decreased from 11 J/m? to
2 J/m? with the size of specimens decreasing from 10
um to 200 nm. Finite element simulation of interface

crack extension suggested the reasons, where larger
structure needs longer distance of crack extension to
completely debond larger area of the interface leading
to larger volume of plastic deformation with severer
strain level at the crack tip. Smaller was not stronger
in such a case.

Smaller specimens had not only smaller average
strength. Relative standard deviation (standard devia-
tion devided by average) of the strength distribution
also increased sharply with smaller ones, which was
due to different crystal orientations of grains and grain
boundaries underneath the specimens. In contrast to
macro-scale structures where such intrinsic structures
of materials are smeared out to yield a homogenized
properties, characteristics of individual grains and their
combinations far more directly influence the strength.
Therefore extremely weak ones also come out far
more likely.

These trends newly found as explained above could be
a kind of nano-tech syndrome, possibly being a com-
mon risk to the reliability of small scale structures.
More detailed pathology of such a syndrome and pos-
sible diagnosis to evaluate the risk for the reliability
of LSI interconnect structures will be discussed in the
presentation.
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are then further processed by a powder metallurgical
route. The insulating coating reduces losses related to
eddy currents. In comparison to traditional laminated
steels, the SMC offers several advantages. For instance,
the combination of their isotropic nature and new
shaping possibilities opens up the possibility to design
new 3D components. Those new designs, however,
may demand besides the magnetic properties of the
SMC more and more a certain mechanical robustness
of the material.

The mechanical properties of the SMC are determined
by the combination of the soft matrix and the brittle
boundaries between the particles. First characterisa-
tion of the boundaries of SMC was reported in [1] and
[2]. However, this was a former generation of SMC with
a simpler boundary structure. The SMC investigated in
this work contains additional iron oxide layers at the
particle boundaries changing their characteristics with
respect to the mechanical properties. The latter type
of SMC was studied in terms of the transverse rupture
strength as a function of particle size and pressure as
well as in terms of the magnetic properties [3].

In this presentation, we are addressing the micro-me-
chanical behaviour of the boundaries and the resulting
relationship to the overall mechanical and magnetic
properties.

The SMC consists of pure iron particles coated by a thin
inorganic, phosphorous layer and iron oxide layers at
the boundaries. Processing includes after compaction
an annealing during which the strength-enhancing ox-
ide layers are formed. Transmission electron microsco-
py was used to determine the structure of the bounda-
ries. Three types of boundaries were identified: bound-
aries that grow within pores, boundaries which had
several 100 nm space to grow and boundaries which
had significantly less space to grow. Nanoindentation

into the boundaries and the interior of the particles
do not show a significant difference regarding Young'’s
Modulus and hardness. Also, crack formation in the
boundaries was not detected. These results indicate
that on a short length scale the layers provide good ad-
hesion between the particles. In order to elucidate this
aspect further, beam bending experiments are current-
ly underway. Using focused ion beam preparation, mi-
cro-scale beams containing boundaries are produced
for characterizing their fracture behaviour.

In summary, it was possible to identify in the SMC dif-
ferent types of boundaries with transmission electron
microscropy. On a short scale, the boundaries do not
show the expected very brittle behaviour as illustrated
by the nanoindentation tests. This finding indicates that
the lacking robustness of the material might be rather
related to large defects remaining in the material af-
ter preparation than to intrinsically brittle boundaries.
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Dental enamel is a heterogeneous anisotropic materi-
al, showing an optimal reliability with respect to the
various loads occurring over years. This study aims to

explore the structure-property relationship of dental
enamel and discover how the material achieves its
structural functions through hierarchical design, ex-
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tending the study presented in Bargmann et al., (2013).
To this end, the microstructure of enamel at two hierar-
chical levels, namely parallel rods consisting of bundles
of mineral fibres, was modelled and mechanical prop-
erties were evaluated in terms of strength and tough-
ness with the help of a multiscale modelling method.
The technique used here consists of two steps for each
hierarchy level; that is (a) the simulation of a repre-
sentative unit cell including the material models for
the participating microstructural elements and (b) the
homogenization with respect to deformation and fail-
ure in order to retrieve the material model for the next
hierarchy level. For part (a) the representative unit cell
contains appropriate hyperelastic material models for
the constituents and also damage models for several
types of damage. Three kinds of damage are included:
Breaking of the fibres, debonding of the fibres from the
matrix and matrix damage. All damage models are re-
alized by cohesive interface elements with respective
model parameters. The interface elements are placed
such that various crack paths and failure mechanisms
may occur. The parameters identified during the ho-
mogenization phase (b) are strongly dependent on the
geometry of the microstructure and thus the failure
mechanism.

The established models were validated by comparing
with the measured stress-strain curves on two hierar-
chical levels, see Scheider et al. (2014). The results lead
to a close agreement between experiment and simu-
lation, which gives further evidence for some of the
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For pharmaceutical applications, cellulose derivatives
are promising raw materials for coatings or films ob-
tained from aqueous systems. A case study is present-
ed on hydrophilic biopolymer for the preparation of
oral controlled drug delivery systems. Additives such
as plasticizers, surfactants, lipids, colorants or other
film-forming polymers are frequently incorporated
into biopolymer matrices to pwroduce high quality
drug protective films. The matrix used is Hydroxypropyl
methylcellulose (HPMC). Additives such as stearic acid
and polyethylene glycol (PEG) are added to improve
some specific film surface properties such as adhesion
and friction. The study investigates then the influence
of such hydrophilic plasticizer (polyol) and hydrophobic
excipient (fatty acid) on the surface properties of free
HPMC films.

The aim of this work is to formulate HPMC films by in-
troducing additives, to explore their surface properties
and to investigate the adhesive and frictional properties

microstructural parameters that cannot be measured
experimentally; for example: The interface damage
properties between the nano-sized mineral fibres and
the thin protein matrix can be estimated by enforcing
the interface toughness to be low enough such that
debonding occurs but as high as possible to achieve
the highest possible strength.

Another case which illustrates the usefulness of mi-
crostructural modelling: In order to state a reason for
the damage-tolerance behaviour of enamel in relation
with the nano-sized crystallites and multiple hierar-
chies, the size of crystallites below which the structure
becomes insensitive to flaws were studied by the rep-
resentative unit cell. The results reveal that the flaw
tolerance size of enamel is about 50 nm, the same size
as the mineral fibres appear in dental enamel.
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at nanoscopic and macroscopic scales. Our expertise in
contact mode Atomic Force Microscopy (AFM) allows
us to quantify the mechanical behaviors at nanoscale.
The influence of additives on HPMC structuration and
morphology, permeation, hydrophilic/hydrophobic
character as well as surface mechanical characteritics
such as adhesion and friction are evaluated. The re-
sults clearly underline the strong dependence of film
properties on additive nature, concentration or water
sensitivity and the interplay with additive-biopolymer
matrix compatibility.

Stearic acid additive has a strong influence on HPMC
surface properties and morphology. The surface struc-
ture of HPMC films shows the presence of granular na-
no-domains, which disappear with fatty acid content.
A sharp variation of nano-adhesion and nano-friction
forces is observed with addition of fatty acid. The re-
sults show that the addition of only 1% (w/w HPMC)
of stearic acid induces a strong decrease (25%) of the

194



Talks Topic E 3: Size effects and small-scale mechanical behavior of materials

surface free energy. The hydrophobic character be-
comes predominant and the non-dispersive compo-
nent to the surface energy tends towards zero. Tapping
mode topographic images show that the surface mean
roughness of the formulated films decreases with the
introduction of stearic acid. These results suggest that
stearic acid molecules can migrate at the film surface.
As a consequence the torsional forces measured on
the basis of AFM nano-friction experiments decrease.
Nano adhesion results confirm this tendency and sug-
gest the presence of a weak boundary layer at the film
surface, the formation of which is driven by a phase
separation process.

PEG additives induce an increase of the surface hy-
drophilicity and affect HPMC morphology by insertion
mechanisms. Swelling of HPMC clusters is observed as
PEG content increases

PEG additives also induce an increase of the surface
free energy. At the nano scale, the increase of PEG
content causes an increase of friction and adhesion
forces. Good correlation is obtained at macro scale. Ex-
perimental results underline the major role of capillary
forces at the nano scale and evidence that PEG behave
as a lubricant at macro scale.

The present study underlines the strong dependence
of surface film properties on additive concentration
and/or water sensitivity. Formulation appears then as
an original and simple way to tune surface morpholo-
gy and surface properties of bio-based polymer films.
Finally the present study also shows that AFM is a
powerful tool for studying surface adhesion and slid-
ing properties of cellulose based formulated films for
pharmaceutical applications such as coatings and films.
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Nanoscale metallic multilayers exhibit high strength,
good fatigue properties and wear resistance, high ther-
mal stability, as well as excellent irradiation tolerance
(Clemens et al. 1999; Beyerlein et al. 2014). Previous
investigations have illustrated that the strength and
plastic deformation are length scale dependent but
also strongly controlled by the interface structure,
which determines the interface barrier strength and
slip transmission (Li & Zhang 2010; Wang & Misra
2011). However, a more detailed description of defor-
mation behaviors and the predominant mechanisms
are still needed for our understanding of these supe-
rior properties.

In this study, two types of nanoscale multilayers, Cu/
Au (which is a miscible semi-coherent fcc/fcc struc-
ture) and Cu/Cr (which is an immiscible incoherent
fce/bee structure), were studied. Cyclic sliding experi-
ments which induce large strains in the samples were
conducted using a nanoindenter. The microstructures
underneath the sliding tracks subjected to 1-1000 cy-
cles of sliding were investigated by scanning electron
microscopy (SEM), transmission electron microscopy

(TEM) and scanning TEM with high-angle annular dark-
field (HAADF-STEM) imaging on cross-sections pre-
pared by focused ion beam (FIB).

For the Cu/Au multilayers, grain growth and a reduction
of the individual layer thickness were observed in both
the Cu and Au layers at the early stage of deformation
(1-50 cycles). For sliding cycle numbers between 50 and
100, the deformed layers started to curve and formed a
vortex structure. In the next stage of deformation (500-
1000 cycles), nanostructures were formed in the sliding
track. For the Cu/Cr multilayers, plastic deformation
and microstructural changes were mainly concentrat-
ed on the Cu layers at the early stage of deformation.
Then, fracture of the Cr layers whereas the vortex for-
mation did not occur. In the range between 500 and
1000 cylces, a mixed nanostructure was formed in the
worn zone. The differences in the deformation micro-
structrues betwenn Cu/Au and Cu/Cr multilayers indi-
cate that different deformation mechanisms are active.
The deformation behavior of the two different material
systems will be discussed with respect to the interface
effect and resulting microstructural changes.
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The Interface barrier strength (IBS), which describes
the resistance for dislocations to cross an interface,
is a key factor that controls the ultrahigh strength of
metallic nanolayered composites (Koehler, 1970; Hoag-
land et al. 2002; Li, et al. 2007; Yan, et al. 2013). Several
theory models have been proposed to describe the
strengthening mechanisms in multilayered composites
and primary contributions to IBS, such as modulus
modulation and lattice parameter mismatches et al.
(Koehler, 1970; Hoagland et al. 2002; Li, et al. 2007;
Yan, et al. 2013). However, the variation of interface
microstructure induced by element interdiffusion
and its influence on the IBS in metallic nanolayered
composites are still not clearly understood (Chu and
Barnett, 1995).

In this study, Cu/Au nanolayered composites with
individual layer thickness ranging from 25 nm to
250 nm were prepared by DC magnetron sputtering
(Zzhang, et al. 2006). The Cu/Au nanolayered
composites were annealed at 100, 200 and 300 °C
for 30 minutes, respectively. Mechanical properties
of the nanolayered composites were investigated
using a nanoindenter. The microstructures of the
nanolayered composites were characterized by
transmission electron microscopy (TEM) and high-res-
olution electron microscopy (HRTEM). The degree
of mutual diffusion at the layer interfaces in the Cu/
Au nanolayered composites under different heat
treatment conditions was characterized by energy-
dispersive X-ray analysis (EDX) and HRTEM imaging.
Experimental results from nanoindentation show that
the Hall-Petch (H-P) slope in the relation between
the strength and the individual layer thickness of
the nanolayered composites gradually decreases
with increasing annealing temperature, indicating
a decrease in the IBS. TEM examination of the

microstructures indicates that the change in grain sizes
and the amount of twinning in both Cu and Au layers
induced by annealing did not significantly affect the
H-P slope of the material. The HRTEM characterization
reveals that element interdiffusion between the Cu
layer and the adjacent Au layer leads to a compositional
gradient at the interface. A detailed analysis for effects
of the compositional gradient on the resistance to
dislocation crossing the interface was conducted.
Thus, it is concluded that the interface structure of the
Cu/Au nanolayered composites has become the most
important factor in governing the IBS. These results
provide important guidelines for the interface design
of high performance nanolayered composites.
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On a macroscopic scale, it is well known that face
centered cubic (fcc) metals can be considered in their
athermal limit. However, once the grain size or sam-
ple size is refined into the sub-micron range, signif-
icant rate dependent material strength is observed.
While there is a body of work focussing on these fcc
materials, little effort was spent on studying thermal-
ly activated mechanisms for body centered cubic (bcc)
metals, which is surprising considering the fact that
single crystal samples show a rate dependent behavior
already on the macroscopic scale.

In this work, we aimed to investigate both, the influ-
ence of crystal structure and microstructure, respec-
tively, on the thermally activated deformation process-
es in fcc and bcc metals on a local scale. Therefore, we
investigated nanocrystalline, ultra-fine grained, and
ultra-fine porous Au as representative fcc material, as
well as single crystal and ultra-fine grained Cr as typical
bcc metal, respectively. All fine grained materials were
produced by severe plastic deformation, in detail high
pressure torsion, from their bulk counterparts, or pure
powders for the foams, respectively.

The local thermally activated deformation behavior
was studied using advanced nanoindentation testing
techniques at ambient and elevated temperatures
using either a Micro Materials or a Keysight system,
respectively, where the latter was equipped with a
continuous stiffness module. Complementary to these
nanoindentation experiments, the bulk material prop-
erties were examined. Miniaturized in-situ SEM mi-

JUNNAN JIANG, ANGUS WILKINSON, RICAHRD TODD

cro-compression and in-situ TEM indentation experi-
ments were performed to get a better understanding
of the underlying deformation mechanisms.

For the fcc Au tested up to 300 °C, we observe that the
strain rate sensitivity increases with reduced grain size
and increasing testing temperature. Interestingly, this
is true for the ultra-fine grained as well as the ultra-fine
porous material, indicating that the rate determining
deformation step is the thermally activated nucleation
and motion of dislocations from grain boundaries, as
recently already suggested for Cu by Kreuzeder et al..
In case of the bcc Cr, a change in the governing defor-
mation behavior is observed. First, the presence of
grain boundaries leads to a reduction in strain rate sen-
sitivity for the ufg material compared to the single crys-
tal counterpart, which is due to the increased athermal
strength related to the Hall-Petch effect. When increa-
sing the testing temperature and finally exceeding the
critical temperature of Cr (~180 °C), the strain rate sen-
sitivity of the ufg material increases, while that of the
single crystal Cr is linearly reduced with testing tempe-
rature. Thus, above the critical temperature no ther-
mal activation is required for dislocation motion and
the bcc Cr essentially behaves fcc-like.
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This project aims to explore the fundamental mecha-
nism(s) of grain boundary sliding (GBS) with an empha-
sis on its role in superplasticity, using both micro- and
macro-mechanical testing methods.

Classical models for GBS (Rachinger sliding and Lifshitz
sliding) assume that all grains and grain boundaries
undergo the same process, but recent results from re-
search in the group show that this is not true. Individ-
ual grain boundaries differ in their ability to participate
in sliding and diffusion (Rust and Todd, 2011). There-
fore, it is important to investigate the response of indi-

vidual grain boundaries to stress by micromechanical
tests. Thus, this project is focused on micromechanical
tests on microcantilevers and micropillars containing
individual grain boundaries. The response of individual
grain boundaries will be correlated with grain bound-
ary characterisation by using electron backscattered
diffraction (EBSD) to measure the misorientation of
the grains on either side of the grain boundary. This
will link the crystallography of grains to the tendency
for GBS. Furthermore, results of micromechanical tests
will be correlated with patterns of GBS seen in poly-
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crystals during macromechanical shear tests. Finally, all
the experimental results will be used to develop mod-
els to be implemented in constitutive equations for nu-
merical modelling techniques on GBS.

The material chosen was Sn-1%Bi alloy, which is ex-
pected to exhibit GBS at room temperature. This is
because the melting temperature of Sn-1%Bi is around
504K, while room temperature (298K) is almost 60%
of its melting point. Furthermore, it is a single-phase
alloy, which simplifies the microstructure. The material
was cold extruded at liquid nitrogen temperature to an
average grain size of 8.5 um. Polished samples with this
fine grain size were used in macro-shear tests. Fine,
straight surface marker lines were put on the sam-
ple before the test. Surface grids with submicron and
coarser pitches were milled by FIB to make quantitative
measurements of grain boundary sliding. Macro shear
tests were carried out under displacement control at
room temperature. GBS was revealed by the offsets of
surface marker lines at the grain boundaries. A stress
— strain rate curve was plotted from a few shear tests
with various strain rates on the same batch of material

with a relatively consistent microstructure. The strain
rate sensitivity is of great importance to the mecha-
nism of superplasticity and hence grain boundary slid-
ing.

Micro-cantilevers containing individual grain bound-
aries have been manufactured for micro-mechanical
tests by nanoindenter. Grain boundaries are character-
ised using EBSD analysis. A few cantilevers have shown
grain boundary sliding along the grain boundary plane
which is parallel to the displacement direction of the
nanoindenter (i.e. normal to the sample surface).
When the grain boundary plane is not parallel to the
displacement direction or the grain boundary plane is
not flat, sliding is inhibited.
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Thin films and multilayers exhibit strong size effects
in their mechanical behavior such as increasing yield
strength or hardness with decreasing film or layer
thickness. When the film and layer thicknesses ap-
proach the nanometer scale, the interfaces and grain
boundaries dominate the deformation behavior. Differ-
ent deformation mechanisms have been suggested for
different layer thicknesses and types of interfaces such
as dislocation pile-up, confined layer slip or dislocation
transmission across the interfaces (Misra 2002).

In this study, Au/Cu-multilayers with individual layer
thicknesses in the range from 25 to 250 nm were in-
vestigated at room and elevated temperatures using
nanoindentation. The samples with a total film thick-
ness of 1 um were prepared using radio frequency
(RF) magnetron sputtering and had a (111) texture in
both Au and Cu layers (Zhang 2006). As expected, the
hardness and the strain rate sensitivity of the multi-
layers increased with decreasing layer thickness. With
increasing temperature the hardness decreased while
only small changes in the strain rate senstivity were ob-
served for temperatures up to 93°C.

The deformation microstructures were carefully in-
vestigated by focused ion beam cross-sectioning. The
pile-up of material at the sample surface, the indenta-

tion depth, and the thickness changes of the individual
layers were determined. For larger layer thicknesses
(100 and 250 nm) the thinning of individual layers was
guantified for the measurements at room temperature
and at 93°C. A more pronounced layer thinning of the
individual layers was identified for the nanoindents at
93°C. For the 100 nm layer thicknesses, the top layers
experienced more deformation at both temperatures
compared to the 250 nm layers.

Furthermore, shear bands underneath the indents
were observed for the thinner layers, as also reported
in (Li, 2010). Transmission electron microscopy obser-
vation revealed changes of the grain size after the in-
dentation experiments.

In this presentation, the differences in deformation mi-
crostructures for the different layer thicknesses will be
illustrated and discussed in the context of the active
deformation processes. Understanding deformation
and failure of nanoscale multilayers will contribute to
their future applicability in small-scale mechanical and
functional devices.
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MAX phases are layered crystals with ternary or qua-
ternary chemical composition. Due to their unique
set of properties, which is a combination of metallic
and ceramic attributes, they are in focus of intense re-
search activities. They are excellent electric and ther-
mal conductors, oxidation resistant as well as machina-
ble and damage tolerant [1]. As a result of the layered
nature of MAX phases, they behave plastically aniso-
tropic. Depending on the orientation the deformation
occurs by a combination of delamination of individual
grains, formation of shear and kink bands. The defor-
mation by dislocation glide is assumed to be restricted
to the basal planes. According to Frank and Stroh et al.
[2] kink bands are initiated by elastic buckling. Above
a critical shear stress pairs of dislocations of opposite
sign form and move in opposite direction. By extend-
ing to the free surface the attraction forces between
the dislocation walls are eliminated and a kink band is
formed. However, the precise nucleation mechanism
of kink bands is not yet known.

By means of in situ indentation experiments in the
electron microscope we investigate the mechanical
behavior of the MAX-phase Nb,AIC. The preparation
of pillars was performed with a Focus lon Beam (FIB).
In the transmission electron microscope pillar com-
pression tests revealed nucleation and propagation of
dislocations on the basal planes with 1/3<11-20> type
Burgers vector. Deformation by basal slip was possible,
as the basal planes were inclined to the pillar axis.
Furthermore, the anisotropic behavior was studied
by compression tests of submicron pillars in the scan-
ning electron microscope. According to EBSD meas-
urements pillars with different orientations were
chosen. In the case of single crystal pillars where the
basal planes are parallel to the compression axis, the
layers are constrained and forced to delaminate and
bend. Post mortem images reveal that the curvature
of bending is high as well as slip traces along the basal
planes. In addition, pillars containing a grain boundary
revealed the incompatibility of deformation of grains

with different orientations, which is a result of the
lack of five independent slip systems. In pillars with a
grain boundary between grains oriented close to the
[0001] and the [10-10] direction final failure occurred
by delamination of the basal planes lying parallel to
the surface, which required high stresses. Bending of
the basal planes oriented edge-on was impeded in this
case by the other grain. Moreover, the compressive
strength measured of the submicron pillars exceeds
the strength of a bulk material. As the average diame-
ter of the pillars at the free end is 0.67 um, it is possible
that dislocation sources get pinned at the surface and
become single arm sources. The critical resolved shear
stress is expected to increase with decreasing source
length (source truncation) [3]. Dislocation escape at
the free surface was observed in other in situ studies
[4] and could also be an explanation. Furthermore, re-
action of nucleated dislocations with preexisting dislo-
cations or FIB induced dislocations can cause paucity
of available dislocation sources (exhaustion hardening)

[3].
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Imprinting or mechanical forming potentially repre-
sents a low-cost and high throughput method to pro-
duce high resolution patterns at the micro- and the
sub-micrometer scales. Typically the mold is brought
into contact with the sample and is then loaded with
a compressive force for a certain period. In principle,
the mold can be used numerous times, ideally with-
out degradation of the imprint quality. While early
research in this field focused mainly on patterning of
soft polymers, more recent studies investigated the
patterning of metals (Lister 2004). However, a stand-
ard procedure for metal nanoimprinting has not been
established yet. Finding the suitable mold material and
sample mount, choosing load, time and temperature
represent the main challenges. Recently, focused ion
beam and lithographic methods have been adapted
successfully for mold fabrication (Lister 2004, Bohm
2001). Furthermore, the hardness of a metal depends
on its microstructure affecting the pattern formation.
For imprint dimensions comparable to the grain size,
the local flow behavior is poor, limiting the achievable
pattern dimensions (Durst 2010).

In this study, the deformation behavior of copper was
investigated. Using a nanoindenter equipped with a
patterned flat punch tip, a cross-shaped groove was
created in bulk copper and copper thin films of 800
nm and 1600 nm thickness on Silicon substrates. The
deformation pattern shape was analyzed using atomic
force microscopy along with scanning electron and fo-
cused ion beam microscopy techniques.

With respect to the stress-strain relationship, the thin
films exhibit deformation behavior which is apparently

independent of the microstructure. However, the sub-
strate very clearly influences the imprint patterns and
may lead to delamination, which typically corresponds
to “underfilling conditions” or a high filling factor (Cross
2006). The pile-up flows into single peak or dual peak
shapes, depending on the cavity width as described for
polymer flow (Rowland 2005).

In this presentation, the applicability of the imprinting
method for the direct mechanical forming of micro-
and nanoscale metallic structures together with draw-
backs and limitations will be discussed.

References

Bohm, J., Schubert, A., Otto, T. & Burkhardt, T. (2001);
Micro-metalforming with silicon dies Microsys.
Technol. 7, 191-195

Cross, G.L.W. (2006): The production of nanostruc-
tures by mechanical forming J. Phys. D: Appl. Phys.
39, 363-386

Durst, K., Hofmann, S., Backes, B., Mueller, J. & Goken,
M. (2010): Microimprinting of nanocrystalline met-
als - Influence of microstructure and work harden-
ing J. Mater. Process. Technol. 210, 1787-1793

Lister, K.A., Thoms, S., Macintyre, D.S., Wilkinson,
C.D.W. & Weaver, J.M.R. (2004): Direct imprint of
sub-10 nm features into metal using diamond and
SiC stamps J. Vac. Sci. Technol. B 22 3257-3259

Rowland H.D., Sun A.C., Schunk P.R. & King W.P.
(2005): Impact of polymer film thickness and cavity
size on polymer flow during embossing: toward
process design rules for nanoimprint lithography J.
Micromech. Microeng. 15 2414-2425

201



Talks Topic E 5:

Size effects and small-scale mechan-
ical behavior of materials




Talks Topic E 5: Size effects and small-scale mechanical behavior of materials

J. MOLINA-ALDAREGUIA?, B. GAN?, A. CRUZADO?, M. JIMENEZ?, J. SEGURADOY?, J. LLORCA'?

IMDEA Materials Institute, Getafe, Madrid, Spain
2UPM- Universidad Politécnica de Madrid, Madrid, Spain

IN718 is widely used in structural applications requir-
ing high strength and toughness [1, 2]. To elucidate
the underlying mechanisms responsible for the supe-
rior mechanical properties, a polycrystalline sample of
IN718 with an average grain size of 150 um was select-
ed for the present investigation.

The grain orientations were analyzed by Electron
BackScatter Diffraction (EBSD) and site-specific mi-
cropillars with sizes varying from 1 um to 18 um were
machined out by Focused lon Beam (FIB) milling [3,
4],. The micropillars when then tested in compres-
sion inside an instrumented nanoindentation system
equipped with a flat punch [5] and the effects of pillar
size, pillar orientation, strain rate and temperature on
the micro- compression behavior were quantitatively
assessed.

The results were used to determine the parameters of
a single-crystal plasticity (SCP) model of IN718, by com-
paring the experimental results with finite element
(FE) simulations [5]. The calibration of the CP model
was done by considering only the plastic contribution
of the experimental stress-strain curves. The CP model

developed was then evaluated by comparing the sim-
ulation of other independent micro-compression tests
with the corresponding experimental results.

Finally, the extracted plasticity parameters were then
used in the numerical simulation of the compression
behavior of the macroscopic polycrystalline sample.
The agreement was remarkable in all the cases [5].
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The plasma facing components (PFCs) of the Inter-
national Thermonuclear Experimental Reactor (ITER)
divertor will require materials exposed to high heat
flux, neutron damage, and and plasma erosion. Tung-
sten-based alloys are currently the most promising ma-
terials for the PFCs, due to its superior high tempera-
ture strength, good thermal conductivity, and high re-
crystallisation temperature. However, the intrinsic low
fracture toughness (Kic) and the high ductile-to-brit-
tle-transition temperature (DBTT) limit the structural
applications of tungsten. Crystalline defects from fu-
sion neutrons and transmutational helium induces sig-
nificant hardening/embrittlement and shift the DBTT
to the low temperature regime. Therefore, multiscale
understandings of the fracture behaviour of tungsten
are required before applying it to fusion applications.

The macroscopic fracture toughness of polycrystalline

tungsten has been investigated by Gludovatz et al. [1],
reporting a strong dependence on the temperature,
microstructures, and alloying elements. To gain a deep-
er insight into the fracture behaviour of tungsten on a
micromechanical basis, the effect of microstructure to
fracture toughness has to be understood. Micro-frac-
ture experiments become possible by the combination
of focused ion beam (FIB) and nanoindentation. They
allowed the fracture toughness of single microstructur-
al constituents, such as single grains, grain boundaries,
or shallow irradiated layer to be measured. Tested on
very brittle materials, the linear elastic fracture me-
chanics (LEFM) approach yields reasonable fracture
toughness value because the plastic zone under the
crack tip is small in relation to the specimen size.

Waurster et al. [2] studied the micro-fracture behaviours
of single-crystal tungsten using FIB-fabricated micro-

203



ICM 12 — 12t International Conference on the Mechanical Behavior of Materials, Karlsruhe, 10-14 May 2015

cantilevers. The semi-brittle tungsten yields a larger
plastic zone, therefore the LEFM approach is no lon-
ger valid, and elastic-plastic fracture mechanics (EPFM)
has to be applied. In contrast to the brittle fracture
behaviour seen in macro-sized single-crystal tungsten,
the single-crystal tungsten microcantilevers behave
more ductile and exhibit higher fracture toughness.
The current consencus is smaller is stronger, however
does this also mean smaller is tougher?

In this research, both microcantilevers and macro-scale
four point bending bars with chevron-notches will be
used for fracture tests. By virtue of the chevron geom-
etry, crack will form during the early portion of loading
and arrests immediately after its formation. Through
a cyclic loading- unloading method, crack is able to
propagate stably until reaching a critical crack length.
Finite element analysis (FEA) is used to select an ef-
fective chevron geometry that maximizes the stable
crack region, and accurately calculates the stress in-
tensity factor (SIF) along the crack. The EPFM approach
requires detailed information of the crack extension.

Through extensive FEA and cyclic loading-unloading,
crack length at each loading/unloading segment is ob-
tained. Therefore, fracture toughness can be calculat-
ed through the EPFM approach.

Our state-of-the-art hot-stage nanoindenter allows mi-
cro-fracture tests to be conducted over a wide range
of temperatures (up to 750 °C). For the first time, the
fracture behaviour of polycrystalline tungsten can be
characterised at different lengthscale and tempera-
tures. Through systematic comparisons of results, the
mechanical size effects of polycrystalline tungsten to
fracture toughness can be better understood.
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Structural integrity, thermo-mechanical stability and
electrical performance of Cu-Cr thin films on a polymer
substrate are studied in this work in uniaxial loading as
a function of temperature, phase state and grain mor-
phology. Cu and Cr, which are immiscible in thermo-
dynamic equilibrium were magnetron co-sputtered as
thin films of Cu - X at.% Cr (X=5, 10, 20) compositions
onto a Kapton substrate. The metastable solid solution
state was aimed in the as-deposited alloys of all three
compositions. Thermal annealing at 300°C for 5h pri-
or to straining was performed on films of all compo-
sitions to reveal an effect of phase decomposition on
the microstructure. The films were produced in contin-
uous and interruptive sputtering modes, to yield the
“columnar” and “brick-wall” grain morphologies. The
“brick-wall”-morphology was achieved by a periodicin-
troduction of very thin, less than 2 nm, layers of either
W or Ag into the body of the film during sputtering. The
“columnar”, tungsten-modified and silver-modified

films in both, as-deposited and annealed states, were
strained with simultaneous monitoring of the change
in film electrical resistance. Tensile tests were carried
out at room temperature and 100°C.

Our studies show a considerably improved electro-me-
chanical performance of “columnar” films in compar-
ison to the “brick-walled”, W- and Ag-modified ones.
We relate this behavior of continuously sputtered films
to dense, fine-grained, and in reality non-columnar mi-
crostructure. The additional electron scattering in the
“brick-wall” films is considered to be due to the pres-
ence of the additional scatter centers, such as Ag- and
W-interfaces. The exceptionally good behavior of the
Cu-5at.% Cr “columnar” films is related to the truly
solid solution state of the metastable alloy. The film
resistivity increases with Cr and the presence of inter-
layers with Ag being the worst interlayer material. The
100°C-straining increases the plastic range of all films.

204



Talks Topic E 5: Size effects and small-scale mechanical behavior of materials

BENJAMIN WEISS', ANDRE LEFEBVRE?, OLIVIER SINOT?, ALBERT TIDU!

!LEM3 - Laboratoire d’Etude des Microstrucutres et de Mécanique des Matériaux, Metz, France
2LABPS, Laboratoire de mécanique Biommécanique Polymeére et STructure, Metz, France

Hard chromium coating is a commonly used material
for industrial application. It is obtained by the well-es-
tablished electrodeposition technique, These coatings
are mainly applied for the production of functional
coatings on engineering components in view to en-
hance their wear, hardness and corrosion resistance
properties.

Grinding is a material removal operation widely used
in manufacturing industry. It’s well known that grind-
ing generates significant deformation and friction com-
pared to other machining processes. The combination
of material removal, elastoplastic deformation and fric-
tion can transform the surface workpiece. There may
be the creation of cracks, the occurrence of burning
traces on the workpiece or hardness and stress varia-
tion (Papatheodorou 2005), (Lescalier 2002), (Sorsa et
al, 2011).

The present study reports results obtained in grinding
of electroplated chromium coatings on a steel sub-
strate 300M (a high strength steel substrate obtained
after thermal treatment). Although the grinding con-
cerne only the chromium coating.

Several tests were performed to achieve various levels
of heat transfer across the coating. The main operat-
ing parameters are the wheel speed, the workpiece
speed and the depth of cut. After each test, chromium
coating and substrate have been characterized using
mechanical analysis and microstructural analysis or ob-
servations : optical microscopy coupled with hardness
measurement, SEM for the observation of crack and
grain morphology, XRD for residual stresses and crystal-
lographic texture analysis, Nital etching and Barkhaus-
en noise for metallurgical transformation). Some of
these analysis are applied to the substrate and/or to
the coating, depending on the measured property.

For the chromium coating, the main result is a clear
description of a chromium burned surface. High stress-
es and crystallographic texture gradient are observed
depending on the grinding conditions. Supported by

microstructural observations, thermally and mechan-
ically sub-surface are observed.

For the 300M steel substrate, damage were observed
even in the subtrate according to the grinding condi-
tion. The various characterization tools have been used
to characterize the damage of the substrate. Trans-
verse microscopy observation shows the influence of
the heat flux through the coating : mainly reduction or
increase in hardness or over-tempering of the material
and metallurgical change such martensitic transforma-
tion.

To support these tests and to explain the observed
variation both in metallurgical changes and hardness
values, finite element simulations were conducted to
understand the spread of the heat flux and the to cor-
relate temperature variations with the observed states
of the material. These simulation are conducted using
FEM analysis and are based on the moving heat source
(Lefebvre, 2012).
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Elucidating the effect of microstructure is one of the
main challenge in the field of material machining re-
moval (Leopold, 2014). For this purpose, copper-beryl-
lium samples with different microstructures has been
submitted to orthogonal cutting. The results show the
microstructure impact on the mechanical behaviors
during the cutting process.

Studies on the mechanisms that rule the age-harden-
ing of a C17300 (Cu-1.8wt%Be-0.1wt%Co) alloy using
cold-working and/or specific heat treatments high-
lighted the sequence of precipitation. Earliest develop-
ments showed equivalent sequences (G.P. zones > y”’
>y’ > y) for many authors (Geisler, 1952 - Bonfields,
1974) but reported distinct crystallographic structures.
Latest developments (Monzen, 2012) clarified those
observations and described the accurate following se-
quence (G.P. zones > v’ > V' >y, +Y > y) by com-
bining results from heat treatments and stress-assisted
nucleation.

Strength hardening of C17300 alloys is mainly depend-
ent on the ageing time and cold-working. By adjust-
ing the couple cold-working (cold-rolling from 0 up to
1.61 true strain)/duration of heat treatment (O up to 1
hour at constant temperature 573K), 5 samples with
different microstructures with equivalent hardness
(350 HV20) have been manufactured. A very detailed
multi-scale analysis (SEM-TEM-XRD) on those samples
showed that various microstructures were present in
terms of phases, grain size and particles or plate-like
topology. SEM observations revealed that the domain
size of inter-granular y-phase decrease drastically re-
spect to the increase of initial deformation. Even if mor-
phologies of intra-granular phases are always coherent
plate-like precipitates, TEM observations showed their
distribution, length and width were variable with dif-
ferent thermo-mechanical treatments. Phases quanti-
fication were done through X-Ray Diffraction and crys-
tallographic texture of the solid solution a-CuBe were
obtained by EBSD analysis.

Using homemade carbide tools with cutting edge radi-
us under 2 um, true orthogonal machining on samples
with equivalent hardness and different microstructures
has been achieved for a unique cutting geometry and

cutting speed (1 m.s?), but for multiple depths of cut in
a range from 2 to 40 um. A Kistler dynamometer table
was used to measure cutting forces. The friction coef-
ficient (Tangent Force / Normal Force) was deduced
for each material. As a result, for an increase of pri-
or deformation, the friction coefficient decrease until
a minimum value. This trend is clearly noticeable for
micro-cutting, and is stronger for an increase of depth
of cut. Orthogonal cutting produced serrated continu-
ous chips for each material. SEM observations of the
serrated chips show adiabatic shear bands, cracks and
drastic changes of the phases composition (confirmed
by TEM observations), these observations are clearly
dependent on the cutting conditions.

Temperature measurement using a special device in-
cluding intrinsic thermocouple has shown that temper-
ature rise near the cutting edge tool is about 1050K.
The results highlight that the observed differences dur-
ing orthogonal cutting are directly correlated to the in-
itial microstructure and its evolution during cutting. A
model including the mechanical behavior of the initial
strengthened material and the topology of the plate-
lets, in conjunction with thermal reversion is proposed
in view to explain the observed trend.
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Strain hardening is critical for structural materials to
secure desired ductility, especially for high-strength
metals that often suffer from poor ductility. Here we
report that the gradient nano-grained (GNG) surface
layers sandwiching a coarse-grained core render an
extra strain hardening. The grain size gradient in the
nano-micro-scale induced a notable strain gradient
under tension that converts the applied uniaxial stress
to multi-axial stresses. Thereby the accumulation and
interaction of dislocations are promoted in the GNG
layers, resulting in an extra hardening and an obvi-

ous strain hardening rate up-turn. Such a unique ex-
tra strain hardening inherent to the GNG structures,
which does not exist in homogeneously-structured
materials, provides a novel strategy to develop strong-
and-ductile materials by architecturing heterogeneous
nanostructures. The work uncovers the intrinsic large
uniform tensile elongation of the nanostructures and
paves the way toward a combination of high strength
and good ductility for their structural application.

SEBASTIAN FRITSCH, MARIO SCHOLZE, MARTIN F.-X. WAGNER
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High strength aluminum alloys are generally hard to
deform. Therefore, the application of conventional se-
vere plastic deformation methods to generate ultraf-
ine-grained microstructures and to further increase
strength is considerably limited. In this study, we ex-
plore cryogenic deformation in a custom-built, cooled
equal channel angular pressing (ECAP) tool (internal
angle 90°) as an alternative approach to severely plas-
tically deform a 7075 aluminum alloy. We characterize
the mechanical behavior and the microstructure of the
coarse grained base material at different low temper-
atures, and we analyze how a tendency for the PLC-ef-
fect and the strain hardening rate affect the formability
during subsequent severe plastic deformation at low
temperatures. We also demonstrate that low-tempera-
ture ECAP followed by suitable heat treatments results
in increases of the attainable degree of deformation,
strength and ductility. We show how pre-aging treat-
ments at room temperature prior to ECAP can be used
to influence the grain refinement process. Finally we

demonstrate how these thermo-mechanical processes
affect the microstructure and the mechanical behavior
of the resulting materials under high strain rates. Our
results highlight the potential of forming at low tem-
peratures to produce high-strength aluminum alloys
with improved properties after severe plastic deforma-
tion.
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Recent work has shown that severe plastic deforma-
tion processes such as equal-channel angular pressing
(ECAP) or high pressure torsion accelerate the precipi-
tation kinetics of Al-Cu-alloys. In this study, we analyze
how a combination of mechanical load, aging time and
aging temperature affects the precipitation kinetics of
an AA2017 alloy after ECAP. After solution annealing,
the material is deformed in one pass in a 120° ECAP
tool at 140°C. Compressive creep tests (which repre-
sent a combination of mechanical load, aging time and
aging temperature) are performed on the initial (pre-
ECAP) condition and on the ECAP-deformed material,
and the resulting microstructures are compared using
electron microscopy. To differentiate between the ef-
fects of mechanical loads, (aging) temperatures and
times, the experimental parameters are selected care-
fully: To investigate the influence of the mechanical
load, stopped compressive creep tests are performed
and compared with aging conditions (without any
mechanical load) at the same temperature and after
the same amount of time. By keeping, in another set
of stopped compressive creep tests, time and load

constant, the influence of temperature is investigat-
ed. Special care is taken to characterize the types and
morphologies of precipitates in the aged or crept sam-
ples using transmission electron microscopy. Our study
shows that increasing mechanical loads accelerate the
precipitation kinetics by increasing dislocation density
(and thus providing more opportunities for nucleation
of the precipitates). Temperature accelerates the pre-
cipitation kinetics as well and results in coarser precip-
itates. Different creep times can lead to the formation
of two different regions in the microstructure: regions
with only few coarsened S-phase precipitates, and re-
gions with many, fine S-phase precipitates. This evolu-
tion into different microstructural zones can be directly
related to the heterogeneity of ECAP deformation pro-
duced in a single pass. Our study provides important
information on how creep and aging of SPD-deformed,
thermodynamically instable Al-Cu-alloys affects their
precipitation kinetics, and it indicates that applications
of ultra-fine grained materials need to be limited to rel-
atively narrow temperature windows.

PHILIPP FRINT, STEFFEN PFEIFFER, MARTIN F.-X. WAGNER
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In this study, we report on the observation of heter-
ogeneous microstructures after processing of the
aluminum alloy 6060 by extrusion and subsequent
equal-channel angular pressing (ECAP) at room tem-
perature. A macroscopic, alternating structure of
two types of bands is observed: shear bands carrying
large amounts of deformation are located next to ma-
trix bands that contain significantly less deformation.
Scanning (SEM) and transmission (TEM) electron mi-
croscopy reveal an ultrafine-grained microstructure
in the shear bands, while the microstructure of the
matrix bands is characterized by a high fraction of low
angle grain boundaries and dislocation cells. These
characteristic microstructural features affect the local
mechanical properties, which are found to be distinctly
different for the two types of bands. Micro-hardness

measurements and nanoindentation jump-tests are
performed to explore the characteristics of the defor-
mation bands. In addition to different hardness values,
caused by the different deformation induced strain
hardening, the ultrafine-grained shear bands exhibit a
considerably increased strain rate sensitivity (by a fac-
tor of more than 2) compared to the matrix bands. A
comparison of the initial extruded microstructure with
the ECAP-processed material reveals that simple shear
deformation exclusively takes place within the shear
bands while the matrix bands pass through the ECAP-
die without getting sheared. This observation contra-
dicts the simple theory of homogeneous simple shear
during ECAP-processing; we propose a simple mechan-
ical model describing the evolution of the band-struc-
ture, based on an alternating interplay of elastic and
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plastic deformation inside the shear zone driven by
local microstructure-dependent softening of the mate-

rial. In a companion presentation at this conference,
we analyze this mechanical model in detail using nu-
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Equal-channel angular pressing (ECAP) is a method of
severe plastic deformation that typically leads to a ho-
mogeneous simple shear deformation and that is used
to produce ultrafine-grained microstructures. In some
special cases, however, single ECAP passes result in the
formation of heterogeneous microstructures; this was,
for example, observed in a companion study where
the formation of alternating types of shear and matrix
bands were observed after ECAP of an aluminum alloy
6060. Both microstructural features and mechanical
properties (determined by micro- and nanoindenta-
tion) demonstrate that the ECAP shear deformation
is concentrated in shear bands, whereas the adjacent
matrix band regions are hardly deformed. In this con-
tribution, we present a simple mechanical model to
rationalize how a discreet material volume can pass
the shear zone of the ECAP die without accumulating
significant amounts of plastic shear deformation, and
how this process results in the alternating formation of
matrix and shear band regions. Using 2D finite element

(FE) simulations with an elasto-plastic material model,
we identify engineering factors that directly influence
the local deformation behavior. Our model predicts
that, prior to reaching the yield stress, a well-defined
material volume passes through the shear zone simply
by elastic deformation — and this process results in the
formation of matrix bands adjacent to the shear bands.
We analyze how varying inner channel radii and cross
sectional areas of the ECAP billet affect displacement-,
strain-, strain-rate- and stress-fields in the shear zone.
Our results show that the largest equivalent stresses
arise at the inner-channel corner, where consequently
the formation of shear bands is triggered. Increasing
inner-channel radii lead to larger elastic displacements
and to wider matrix bands, and the predictions on
shear band morphologies and dimensions are in good
agreement with our experimental observations. These
results contribute to a more detailed understanding of
the locally heterogeneous deformation of pre-extrud-
ed or heavily work hardened materials during ECAP.
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Nature’s hard tissues are typically hierarchical materi-
als with a brick and mortar like structure consisting of
hard minerals surrounded by soft organic matter. In na-
cre or enamel the organic content is as low as 15 Vol.%
or even less, which makes these biological materials
very hard and stiff while retaining an amazing tough-
ness. It seems that one of the keys of this design con-
ceptis based on nature’s ability to build up its materials
from nanometer sized minerals. We therefore applied

PETER SCHWEIZER, FLORIAN NIEKIEL, ERDMANN SPIECKER

this principle to self-assembled 10-20nm — sized Fe O,
particles functionalized with short ligands. By changing
the organic ligands it is possible to tune the strength
and elasticity of these hybrid-materials in ranges
where they compete with metals and polymers. The
cross-linking and grafting of the molecules was evalu-
ated by XPS and FTIR measurements. The arrangement
of the particles in grain-like superstructures was inves-
tigated by SAXS and TEM measurements.

Center for Nanoanalysis and Electron Microscopy (CENEM), University of Erlangen-NUrnberg, Erlangen, Germany

Layered crystals have gained a lot of attention in ma-
terials science in the recent years due to their quasi
two-dimensional structure which gives rise to a pleth-
ora of outstanding properties. Certainly the most
well-known example for such a material is graphite
which can be broken up into its single layers known
as graphenei. Another class of materials that is simi-
lar in structure and can also be exfoliated into single
layers are the transition metal dichalcogenides, which
show many extraordinary properties such as semicon-
ductivity, superconductivity or the formation of charge
density wavesz. Besides the electronic properties, the
mechanical properties of layered crystals are highly in-
triguing because they show an extreme case of anisot-
ropy. The strong inner-layer bonds are in stark contrast
with the weak van-der-Waals type interlayer bonds.
This results in extreme strength for single layers, as it
was shown for graphene with a Young’s modulus of up
to 1 TPas, while at the same time making a bulk sample
comprised of many layers very deformable through the
mechanism of basal slip. One technological application
that arises due to these properties is solid lubricationa.
A deeper understanding of the exact mechanisms of
basal slip and the quantification of the forces neces-
sary to induce slip is required for future applications of
layered crystals in advanced mechanical devices.

In this work we present a method to test the slip of
basal planes in layered crystals on the example of
graphite and vanadium diselenide (VSez). A modified
version of the established micro-pillar compression
test introduced by Uchic et al.s was established that
uses the inclination angle of the pillars to achieve the
desired crystallographic orientation of the material rel-
ative to the compression axis. An FEI Helios Nanolab
660 DualBeam has been used for both sample prepa-
ration and in situ compression of the studied pillars.
The indentations were performed in situ enabling a
deeper analysis of the deformation process. Force and
displacement data was recorded using a combination
of a spring table system and digital image correlation.
During indentation slip along a single atomic interface
was achieved consistently. TEM lamellas of deformed
pillars have been prepared in cross-section and plan
view of the slip interface to obtain further insights into
the deformation behavior and characterize the damage
induced into the material by the preparation with the
focused ion beam. The presented method enables the
quantification of the friction forces at a single atomic
interface within a layered crystal. Further experiments
will deal with more complex materials like the misfit
layer compounds to also investigate the elusive effect
of superlubricity at incommensurate interfaces.
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Further development of materials with low density and
high strength is of great interest for lightweight appli-
cations. Technical foams are highly porous materials
which possess a very low density but at the same time
only a low strength due to their random architecture.
The macroscopic material properties of cellular mate-
rials are strongly influenced by the characteristics of
their architecture. Moreover, if the dimensions of the
cellular materials reach the nanoscale, the materials
benefit of the mechanical size effect with an improved
strength and should become less sensitive to flaws
(Gao 2003).

Using 3D direct laser writing in combination with
atomic layer deposition (ALD), the fabrication of alumi-
na-polymer composites with 3D microarchitecture has
been demonstrated (Bauer 2014). The composites are
constructed as polymer microstructures with diame-
ters of 0.5-1.0 um, coated with thin layers of aluminum
oxide within the range of 10 to 100 nm. In this way,
it was possible to exploit both the structural advan-
tage of ordered frameworks with optimized architec-
ture and the size-dependent strengthening effect. As
a result, the nanocomposites exceed the strength-to-
weight ratio of other engineering foams. However, the
potential for improving the strength of such structures
by using different coating materials and coating tech-
niques as well as by further treatments of the polymer-
ic microstructures after the laser writing step, has not
been examined.

It is the aim of the work to improve the strength of
the nanocomposites due to further development of
the used materials. Nanoindentation measurements
on thin films of different ceramic ALD coatings on Si

substrates have been performed in order to determine
Young’s modulus and hardness of the ALD coatings. For
instance, the Young’s modulus of a 100 nm thick alumi-
na film was determined to be 171 GPa with a standard
deviation of 12 GPa, and the hardness to be 12.2 GPa
with a standard deviation of 1.5 GPa, respectively. Ob-
viously, the measured modulus is well below that of
bulk alumina but in line with earlier measurements of
ALD coatings (Tripp 2006). Promising coating materials
are further examined using a novel technique based
on push-to-pull structures, which are fabricated in the
same manner as the composites themselves. The test
structures allow for tensile tests of the nanocompos-
ites. The whole specimens are manufactured in one
direct laser writing step. First results show increasing
strength for decreasing alumina layer thickness be-
tween 10 and 100 nm. Also, the role of the thermal
treatment of the polymeric microstructures during ALD
is examined.
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Native AL O, affects the mechanical response of me-
tallic Al thin films. However, the lack of knowledge re-
garding the dependence of intrinsic stiffness, strength
and ductility of ALO, on its microstructure and of the
complex mechanical behavior of the AI/AIZO3 interface
limits the understanding and control of the mechanical
reliability of Al thin films. [1]

In this research, we first explore the dependence of the
mechanical properties of AL O, films on its microstruc-
ture, focusing on the effect of porosity. Ultrathin ALO,
films encompassing a range of characteristic porosities
were produced by reactive magnetron sputtering (ran-
dom closed porosities) and anodic oxidation (ordered
open porosities) as illustrated in figure 1.

Anodic oxidation RMS
Open pores Al,0; closed pores

| UL -

Fig.1: Two processes are used to produce ultrathin Al203
thin films: the anodic oxidation produces films with open or-
dered porosities and the reactive magnetron sputtering pro-
duces films having random closed porosities.

The Young’s modulus of the films was determined by
nano-indentation and compared to the stress strain re-
sponse characterized with “on-chip” uniaxial nanome-
chanical testing [2] (see figure 2), providing additional
insights on fracture. The Young’s modulus measured
by on-chip testing are in good agreement with the val-
ues obtained by nano-indentation. Considering for in-
stance films with random closed porosities, the Young’s
modulus decrease with increasing deposition pressure

correlates with the increasing porosity of the films. The
stress to failure also decreases with increasing porosi-
ty. The precise influence of open porosity fraction and
pore dimensions on the Young’s modulus and stress to
failure will be presented. Differences between open
and closed porosities will be highlighted.
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Fig. 2: Stress-strain response of the AI203 thin films pro-
duced by reactive magnetron sputtering at different depo-
sition pressures, characterized with the “on-chip” uniaxial
nanomechanical testing.

We will further consider how controlling the porosity
allows to design mechanically robust multilayered Al/
ALO, applications. The first investigations, using na-
no-indentation, regarding the strength and ductility of
AI/AIZO3 thin multilayers with various thickness ratios
will be presented and compared to thin films of Al and
Al203.
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Since carbon nanocones (CNCs) have similar structures
and properties to those of carbon nanotubes (CNTs),
applications of such nanomaterial have developed
considerably in recent years (Tagmatarchis 2012).
While there is considerable achievement in studies
of mechanical behaviors of CNCs, studies on mechan-
ical behaviors of CNCs with defects (such as vacancy
defects) are deficient. This topic is very important as
the practical applications of CNCs are explored largely.
Moreover, defects in CNCs can appear at the stage of
their growth/purification as well as during their device
production, and can be created deliberately by chem-
ical treatments or by irradiation to achieve desired
functionalities, as those occurring in CNTs (Andrews
et al. 2001; Ni and Sinnott 2000). Therefore, is worthy
to understand influences of defects on mechanical be-
haviors of CNCs. In contrast to the plentiful studies on
mechanical behaviors of CNTs with defects, investiga-
tions into this topic for CNCs are rare in the available
literature. To fill in this deficiency and provide some
information for the practical applications of CNCs, this
paper extended the author’s previous studies (Liao et
al. 2011; Liao 2014) to examine influences of vacancy
defects on compressive behaviors of open-tip CNCs. Ef-
fects of vacancy location and temperature on the com-
pressive behaviors were inspected in this study.

This study investigated influences of vacancy defects
on compressive behaviors of open-tip carbon nano-
cones (CNCs) by molecular dynamics simulations.
Effects of vacancy location and temperature on the
compressive behaviors were examined in the study.
Some interesting findings were attained from the in-
vestigations. It was noticed that the CNC with an up-
per vacancy has comparable degradation in the critical

strain and in the critical load with the CNC with a mid-
dle vacancy, whereas the CNC with a lower vacancy has
lower degradation in the anti-buckling ability than the
above two CNCs. The anti-buckling ability of the CNCs
reduces with the growth of the temperature. This tem-
perature effect is much apparent in the perfect CNC
than in the vacancy-defect CNCs. It was also observed
that the degradation in the anti-buckling ability is ob-
vious at a lower temperature, but it decreases as the
temperature grows. Besides, all the CNCs (including
the perfect and the vacancy-defect CNCs) exhibited a
shrinking/swelling buckling mode shape at the studied
temperatures. Existence of the vacancies did not alter
the buckling mode shape of the CNCs.
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Researchers have known for some time that smaller is
stronger for both nanocrystalline materials, and more
recently one-dimensional (1D) nanostructures such as
nanowires. However, an elusive but fundamentally im-
portant goal is to find 1D nanostructures that are both
strong and ductile. In this work, we demonstrate how
surface effects enable this important combination of
properties by experimentally applying tensile deforma-
tion to rhombic cross section Au, Pd and AuPd nanow-
ires that have a <110> orientation and four bounding
{111} transverse surfaces. We show that high ductility,
and fracture strains of about 50% are obtained through
a geometric reorientation of the cross section from

FLORIAN NIEKIEL!, ERDMANN SPIECKER?, ERIK BITZEK?

rhombic to square through long-ranged, coherent twin
propagation, which occurs by a concurrent reorienta-
tion of the bounding surfaces from {111} to {100}. Im-
portantly, the ductility is not reduced with an increase
in strength, where both the nanowire yield and twin
propagation stresses increase with decreasing nanow-
ire diameter. A simple surface energy differential model
is found to capture the inverse diameter-dependence
of the twin propagation stress, further highlighting the
importance of surface effects in enhancing the size-de-
pendent mechanical behavior and properties of metal
nanowires.
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Metallic nanowires are currently attracting a lot of in-
terest. On the one hand they show promising electrical,
optical and mechanical properties for applications in
transparent electrodes and flexible electronics, on the
other hand they represent an ideal model system to
challenge our understanding of the relation between
microstructure and mechanical properties. Most me-
tallic nanowires grown from wet chemical synthesis
exhibit a distinctive fivefold twinned microstructure
consisting of five segments sharing a common [110]
direction along the nanowire axis and joined by twin
boundaries in cross sectional direction. The remaining
gap of 7.35° is closed by strain corresponding to a cen-
tral positive partial wedge disclination.

In this work atomistic simulations and finite element
analysis are employed to elucidate the fundamental
difference in the mechanical properties of fivefold
twinned nanowires compared to their single crystalline
counterparts. To achieve this, size effects due to sur-
face stresses and different surface stiffness are careful-
ly analyzed and discriminated from the size-independ-
ent elastic response.

Our main result is that the microstructural constraint
of the fivefold twinned microstructure leads to an elas-
tic response of these nanowires that is fundamentally
different from the elasticity of single crystalline nanow-

ires. This size-independent effect can be readily under-
stood from theoretical considerations based on aniso-
tropic elasticity. We develop a simple analytical model
which correctly describes the systematic trend seen in
the change of elastic modulus of fivefold twinned na-
nowires simulated for different materials (Al, Au, Ni,
Ag, Cu).

Moreover, our results show that also the plastic defor-
mation of fivefold twinned nanowires is to a large
degree influenced by anisotropic elasticity. Depend-
ing on the material, the fivefold twinned microstruc-
ture can lead either to an increase or decrease of the
yield stress compared to single crystalline nanowires.
In simulations of tensile tests a change of the failure
mechanism to void formation instead of necking can
be observed depending on the anisotropy factor of the
material. In compression tests structural dislocations
are found to relieve the intensifying stress state due
to the disclination. The different deformation mecha-
nisms and yield stresses can be readily explained using
the developed analytical model.
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The production and investigation of nano wires is a
vivid topic, as nano wires exhibit superior mechanical
properties such as high tensile strength?. These prop-
erties make them a perfect candidate for applications
in micro-mechanical systems (MEMS). For bulk materi-
als, it is well known that a decreased grain size results
in an increased material’s strength (Hall-Petch relation
(HP))2. Introducing nanotwins into a material can in-
crease the ductility while maintaining a high strength3.
On the other hand, little is known about tuning the
microstructure of nanowires (NW). Calculations on
twinned Cu NWSs showed that the strengthening ef-
fects seen in bulk materials can be transferred to NWs.
However, the strengthening effect is highly shape and
microstructure dependent®.

Here, we present Ag NWs with twin planes parallel
to the wire long <112> axis. A model for the growth
mechanism is suggested to explain the observed <112>
growth direction. The mechanical properties of indi-
vidual NWs are investigated using tensile, bending and
indentation experiments. The tensile experiments re-
vealed increased yield strength in comparison to the
bulk. The plastic deformation behavior in indentation
tests is highly orientation dependent due to the twin
boundaries. The interaction differences between the

glide systems active in fcc metals and the stress direc-
tion are discussed to explain indentations orthogonal
(<111> direction) or parallel (<110> direction) to the
twin boundaries Furthermore, density functional the-
ory and atomistic calculations were performed as a
reference for the NWs and showed no influence of the
twin boundaries on the Yong’s modulus in direction of
the wires axis.
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Nanostructured materials are of interest for both fun-
damental scientific and applied research which can be
ascribed to their outstanding mechanical properties,
e.g. Au nanowires can exhibit high strength (of the or-
der of the ideal strength) and ductility (Sedlmayr et al.
2012). In general, it can be observed that a decrease in
the sample dimension results in an increase in strength
known as mechanical size effect (see for review, e.g.,
Kraft et al. 2010). However, data considering the me-
chanical properties of nanostructures with dimensions
smaller than 100 nm are still rare and the correspond-
ing deformation mechanisms and the influence of the
microstructure, e.g. inherent defects, on the strength
has not been studied comprehensively. In order to de-
velop a profound understanding of the role of defects
for the deformation mechanisms of single crystalline
Au nanowires, we make use of a helium ion micro-
scope. It offers the possibility to modify nanostructures
by altering the surface characteristics or creating nano-
pores in the nanowire prior to mechanical testing.

In-situ tensile tests of modified Au nanowires contain-
ing nanopores were performed in an SEM chamber.
The simultaneous observation of the specimens upon
testing allows an image-based strain measurement and
the characterization of the fracture sites after testing.

The deformation behavior and microstructural evo-
lution was further investigated by post-mortem TEM
analysis. Additionally, the experimental work is sup-
ported by molecular dynamics (MD) simulations.

The data indicate that the measured strength of the
nanowires is not changed for pore sizes in the range of
25 nm and below. Plastic deformation takes place by
the nucleation of partial dislocations and the formation
of nanotwins and stacking faults. The plastic deforma-
tion zone extents over the whole length of the nano-
wire and is not localized at the nanopore. Neverthe-
less, final fracture of all nanowires occurred next to the
nanopores. These experimental findings are consistent
with the MD simulations.
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One-dimensional structures such as nanowires and
nanotubes are potential materials for future nanoelec-
tronics, optoelectronics, piezoelectric devices, sensors,
and actuators. Due to length scale effects and higher
surface-to-volume ratios, nanostructures can exhib-
it superior mechanical and electrical, as well as other
length scale dependent properties. In this work, strain-
rate controlled tensile experiments were conducted on
zinc oxide nanowires using an electrical push-to-pull
(EPTP) device in the SEM and TEM. A source/meas-
ure unit was used for DC current sourcing and volt-
age measurements in four-point probe mode. Voltage

sweeps at constant strain were performed to obtain |-V
curves in order to extract electrical properties. Period-
ic stress or strain from the nanowires was generated
by periodic variation of the applied voltage or current.
The EPTP device is a MEMS-based uniaxial nanotensile
test platform that has been designed for electrome-
chanical characterization of one-dimension structures.
In this presentation, strain-induced electronic mobility
and piezoelectric response of ZnO will be addressed.
The electronic properties of such nanowires and how
these properties can be tailored by applying strain will
also be discussed.
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Impact toughness of a 0.2%C-1.5%Si—(1.5-5.0)%Mn
transformation-induced plasticity (TRIP)-aided steels
which were subjected to intercritical annealing and
then isothermal transformation process after quench-
ing was investigated for automotive applications. The
Microstructure of these steels composed of annealed
martensite structure matrix and retained austenite of
10-40 vol%. The retained austenite fraction increased
with increasing Mn content. 5%Mn steel possessed the

C. C. TasaN, M-M. WANG, D. PONGE, D. RAABE

highest tensile strength and the largest total elonga-
tion by a TRIP effect of metastable retained austenite.
However, the Charpy impact absorbed value was lower
and ductile-brittle transition temperature was higher
than those of 1.5%Mn steel. This was caused by low-
er retained austenite stability and easy grain boundary
fracture by an addition of high Mn content, despite of
a larger amount of metastable retained austenite of 40
vol%.

Max-Planck-Institut fir Eisenforschung GmbH, Duesseldorf, Germany

Conventional martensitic steels have limited ductility
due to insufficient microstructural strain hardening
and damage resistance mechanisms. It was recently
demonstrated that the ductility and toughness of mar-
tensitic steels can be improved without sacrificing the
strength, via partial reversion of the martensite back to
austenite [1].

These improvements were attributed to the presence
of transformation-induced plasticity (TRIP) effect of the
austenite phase, and the precipitation hardening (mar-
aging) effect in the martensitic matrix. However, a full
micro-mechanical understanding of this ductilizing ef-
fect requires a systematic investigation of the interplay
between the two phases, with regards to the underly-
ing deformation and damage micro-mechanisms.

For this purpose, in this work, a Fe-9Mn-3Ni-1.4Al-
0.01C (mass %) medium-Mn TRIP maraging steel is
produced and heat treated under different reversion
conditions to introduce well-controlled variations in
the austenite-martensite nano-laminate microstruc-
ture. Uniaxial tension and impact tests are carried out
and the microstructure is characterized using scanning
and transmission electron microscopy based tech-
niques and post-mortem synchrotron X-ray diffraction
analysis.

The results reveal that (i) the strain partitioning be-
tween austenite and martensite is governed by a highly
dynamical interplay of dislocation slip, deformation-in-
duced phase transformation (i.e. causing TRIP effect)
and mechanical twinning (i.e. causing twinning-in-
duced plasticity (TWIP) effect); and (ii) the nano-lam-
inate microstructure morphology leads to enhanced
damage resistance [2]. The presence of both effects re-
sults in enhanced strain hardening capacity and dam-
age resistance, hence, the enhanced ductility.

The mechanical properties of the system is then fur-
ther optimized by a cold rolling treatment which intro-
duces austenitic zones of different stability, and hence,
further enhanced strain hardening capacity.
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Modern high-alloy CrMnNi TRIP/TWIP steels exhibits
either a deformation-induced martensitic phase trans-
formation or mechanical twinning depending on the
austenite stability and the stacking fault energy, which
are influenced both by the chemical composition as
well as by the deformation temperature. In the past,
the individual deformation mechanisms were studied
already intensively by comprehensive microstructural
investigations using electron microscopy [1] or X-ray
diffraction [2]. In addition, studies on the kinetics of
these deformation processes were performed apply-
ing acoustic emission measurements [3]. Although, the
mechanisms of the formation of o’-martensite as well
as the variant selection of a’-martensite were investi-
gated by numerous authors even by molecular dynam-
ics simulations and the magnitude of shear for e-mar-
tensite/stacking faults and twins are known from theo-
retical considerations. Up to now the experimental de-
termination of the individual local shear strain values
associated with different mechanisms like a’-nuclei or
mechanical twins is still missing. An excellent method
for the experimental determination of these individual
strain levels is the performance of quasi in situ defor-
mation experiments in a scanning electron microscope
complemented by the application of the digital image
correlation (DIC) technique on high-resolution SEM im-
ages of etched specimen surfaces giving perfect con-
trast conditions for an excellent pattern recognition.
Tensile deformation experiments were performed at
room and elevated temperature using a push-pull load-
ing stage inside a field-emission SEM. The DIC-tech-
nique was used to evaluate local strain fields in the
microstructure developping in dependence on the ap-
plied global strain. The areas of interest were analyzed
after the tensile tests by electron backscattered-dif-
fraction (EBSD) in order to characterize the developed
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It is well known that the mechanical properties of high
Mn austenitic steels are influenced by their stacking
fault energy (SFE) which depends on the temperature
as well as composition (Saeed-Akbari 2009 and 2012),

microstructure (g-martensite, o’-martensite, twins
etc.). The results of the image correlations show a
significant difference in the formation of local strain
fields depending on the primary deformation mecha-
nism influenced by the chemical composition and the
deformation temperature. Moreover, the magnitude
of shear for individual constituents of the microstrucu-
tre like deformation bands with stacking faults (g-mar-
tensite), a’-martensite or mechanical twins were cal-
culated. Forthermore, it is shown that the magnitude
of shear of a’-martensite islands depends significantly
on their crystallographic orientation [4].
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and determines the predominant deformation mecha-
nisms such as TWinning Induced Plasticity (TWIP) and
TRansformation Induced Plasticity (TRIP) (Saeed-Ak-
bari 2012). During the deformation of a metal, 70-95%
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of mechanical energy is disspated as heat and the tem-
perature increases accordingly (Zehnder 1990). Espe-
cially for high Mn austenitic steels where inhomoge-
neous deformation occurs at room temperature (Chen
2009), it is likely that the generated heat accumulates
in a local region. It is expected that such temperature
rise would influence SFE and may affect the deforma-
tion behaviour.

In this study, three high Mn austenitic TWIP steels
(Fe29Mn0.4C, Fe22Mn0.5C, Fe24Mn0.7C, numbers in
wt%) are uniaxially deformed by employing quasistatic
tensile tests with infrared thermography at room tem-
perature. When inhomogeneous deformation takes
place, both global and local temperature evolutions
are acquired and plotted with respect to the applied
mechanical energy. The temperature evolution is com-
pared with a Fel8Cr10Ni0.05C austenitic stainless
steel, which shows homogeneous deformation behav-
iour. Finally, their SFEs were estimated according to the
observed temperature change.

The invetigated high Mn steels show different strength
and ductility as well as the onset point of the inho-
mogeneous flow. During elastic deformation, a small
decrease in temperature (~0.1-0.2°C) is observed due
to thermoelastic coupling. The decrement is inverse-
ly related to heat capacity of the steels. During plastic
deformation, the global temperature is described as a
function of the mechanical energy and does not de-
pend on the composition among the high Mn steels.
It gradually increases to ~40-45°C during deformation.
Once inhomogeneous deformation takes place, it is
clearly detected in temperature profiles. The differ-
ence between local and global temperatures increas-
es with the mechanical energy up to ~10°C and does
not depend on the composition. Comparing it with a
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Fel18Cr10Ni0.05C steel, such temperature change is
smaller in high Mn steels, possibly due to its higher
heat capacity. The corresponding SFE change of the
high Mn steels depends on the composition. The global
and local temperature rise would result in a SFE change
of only 1 mJm2 and 2 mJm?, respectively, which is too
small to influence the deformation mechanism.

In conclusion, temperature rises up to ~40-45°C during
the tensile deformation of high Mn steels. The temper-
ature increase does not depend on the high Mn steel
composition, while that of a Fe18Cr10Ni0.05C steel is
higher, reaching up to ~65°C due to necking. When in-
homogeneous deformation occurs in high Mn steels,
local temperature can reach up to 55°C. However, such
increase results in 1-2 mJm? increase in stacking fault
energy, which is unlikely to affect the deformation
mechanism.
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Metastable austenitic microstructures can be achieved
in steels due to alloying elements like Cr, Ni, Mn, Si and
Al. Dependent on the amount of these elements and
special heat treatments, advanced steels with a low
content of retained metastable austenite (< 15 vol.-%)
- so called low alloyed TRIP steels, or fully austenitic
steels - so called high alloyed TRIP/TWIP steels can be
produced. Some low alloyed TRIP steels were included
in the new German/European standard DIN-EN 10346.

The initial microstructure after heat treatment is main-
ly a ferritic-bainitic matrix with dispersed retained
metastable austenite islands. The fully austenitic TRIP/
TWIP steels are produced generally based on two alloy-
ing concepts: 1st: Cr-Ni-concept for corrosion resistant
stainless steels (18 % Cr / 10 % Ni) and 2nd: Mn-Si-Al-
concept for new, advanced austenitic steels, where
a large variance in chemical composition exists and
sometimes an addition of Cr and Ni is used. Depending
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on the chemical composition and consequently varying
stacking fault energy in the metastable fully austenitic
steels the TWIP-effect occurs along or instead of the
TRIP-effect. In this contribution the microstructure as
well as mechanical and magnetic properties of three
types of metastable austenitic steels: (1) low alloyed,
(2) Cr-Ni and (3) Mn-Al-Si are presented and discussed.
The monotonic deformation behavior and magnetic
properties of all investigated materials were charac-
terized by stress-strain-measurements as well as in si-
tu-measurements of magnetic data using a Feritscope®
and Hall-Probe during tensile tests. Additionally stress
controlled fatigue tests specimens with measurements
of stress and magnetic data were performed on Cr-Ni
steel. The monotonic and cyclic plastic deformation
of metastable austenite leads to a phase transforma-
tion from paramagnetic austenite into ferromagnetic
o’-martensite. Furthermore, according to the Villari
effect (Villari 1865) the change in the magnetic induc-
tion due to deformation of ferromagnetic phases was
measured. Both results, the martensite fraction and
the change in the magnetic induction can be used for
the estimation of the actual fatigue state using magnet-
ic measurements (Smaga, M., Eifler, D. 2009). Figure
1 shows the change in the magnetic induction during
random fatigue loading of AISI 321 with a maximum
stress of 450 MPa at ambient temperature. It can be
clearly seen, that besides an increase of mean value
(blue points), which correlates with the ferromagnetic
o’-martensite, a change in the magnetic induction at
each load time can be detected (lines).
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Fig. 1: Development of ferromagnetic
o’-martensite content and change in the magnetic
induction during random loading of AlSI 321.

After comprehensive analyses of the magnetic data,
a constant ratio between standard deviation (xo) and
mean value (€M) of measured Feritscope® data (§) was
observed. This ratio directly correlates with fatigue and
increases with a decrease of fatigue life. By this means
magnetic properties offer a possibility for the charac-
terization of microstructure, stress-strain-state and fa-
tigue in advanced metastable austenitic steels.
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Medium Mn steels, classified as one of third genera-
tion advanced high strength steels, are widely studied
for its reasonable combination of strength and duc-
tility. To enhance the mechanical properties further,
many investigations have attempted to achieve grain
refinement in various ways. The aim of this work was
to establish more efficient process for grain refinement
of medium Mn steels. Uniaxial compression tests were
carried out in the temperature range of 773-973K. Re-

sulting microstructures were investigated paying at-
tention to two phenomena (dynamic strain-induced
transformation and dynamic recrystallization), which
varied with temperature. Variation of texture and crys-
tallographic orientation relationship were analyzed by
use of electron backscatter diffraction. Finally, a new
process for fabricating ultrafine-grained alloy by warm
deformation was suggested.
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An interesting field for current research are metastable
austenitic steels showing the TRIP (transformation in-
duced plasticity) effect based on deformation-induced
martensitic transformation. This results in higher
strength and superior ductility at the same time. Be-
sides monotonic loading martensitic transformation
can be observed during cycling loading as well. In this
regard, it is generally agreed that a certain strain am-
plitude and a threshold of the cumulated plastic strain
have to be exceeded to trigger the martensitic trans-
formation.

Two of the major variables for the deformation-in-
duced martensitic transformation are the austenite
stability and the stacking fault energy (SFE) which both
depend on the temperature. As the temperature rises,
the austenite stability and the SFE increase, leading to
a suppression of the martensite transformation and
a fluent transition to other deformation mechanisms
like twinning and finally dislocation glide (Martin et
al. 2011). Accordingly, in case of monotonic loading
there is the so called M -temperature representing the
highest temperature at which martensitic transforma-
tion can take place. Analogue, this study presents a
M, -temperature for cyclic loading as a function of the
total strain amplitude for the investigated high-alloy
CrMnNi steel (16.3Cr-7.2Mn-6.6Ni-0.03C-0.09N-1.0Si).
For this purpose, total strain controlled fatigue tests
were performed at temperatures ranging from 10°C
to 200°C. The a’-martensite fraction was determined
in situ by a feritscope. Furthermore, the post mortem
microstructure was examined using back-scattered
electron contrast (BSE), electron channelling contrast
imaging (ECCI) and electron backscatter diffraction

(EBSD) to study the temperature-dependent deforma-
tion mechanisms and phase transformations. Subsidi-
ary to these findings this study deals with the accord-
ant cyclic deformation curves as well as fatigue lifetime
estimation using the plastic stress-strain product SSP,
(Glage 2014).

The study shows that decreasing temperatures as well
as increasing strain amplitudes result in a shift of the
onset of the martensitic transformation to a lower
threshold of the cumulated plastic strain, and the max-
imum transformed amount of a’-martensite increases.
Thus, the M, -temperature increases with increasing
total strain amplitudes and finally is approaching a
maximum value.

Furthermore increasing temperatures lead to a fa-
tigue-lifetime improvement at high strain amplitudes,
whereas decreasing temperatures result in a fatigue
lifetime enhancement at low strain amplitudes which
could be explained with different operating deforma-
tion mechanisms. Nevertheless, the SSPpI is able to
give a reliable fatigue lifetime estimation for the whole
range of temperatures.
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High Mn austenitic steels with low stacking fault en-
ergy have been known to show deformation twinning
and e-martensitic transformation. Since these charac-
teristic deformation modes have possitive influences
on mechanical properties, threse steels are expeted to
be use for practical automobile and damping materials.

The former one, deformation twinning, enhances work
hardening capacity, improving a balance of strength
and ductility owing to twinning-induced plasticity
(TWIP) effect. On the other hand, the latter one, e-mar-
tensitic transformation, has both negative and positive
effects on mechanical damage evolution.
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As the negative effect, e-martensitic transformation
causes embrittlement associated with y/e interface
or intersections of e-martensite and annealing twin
boundaries. Since even TWIP stees show e-martensit-
ic transformation at a slightly lower temperature than
room temperature, understanding e-martensite-relat-
ed embritlement mechanism in Fe-Mn austentiic steels
is crucially important to practically use Fe-Mn austenit-
ic steels.

As the possitive effect, fatigue crack growth in a
strain-controlled low cycle fatigue testing was clarified
to be deaccelerated by e-martensitic transformation
via deformation-induced reversible transformation,
providing a new material design strategy to break Man-
son-Coffin’s law.

In this report, we show some important aspects on em-
brittlement and fatigue damage evolution associated

with e-martensitic transformation in Fe-Mn-C and Fe-
Mn-Si-Al austenitic steels. More specifically, we focus
on two points: 1) e-martensiote/annealing twin bound-
ary intersection cracking in a tensile deformation and
2) imporatnce of fatigue crack-propagation-induced
e-martensite in a strain-controlled low cycle fatigue,
which were clarified by EBSD/ECCI microstructure ob-
servations and plastic replica method.
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Strain aging is an important factor enhancing fatigue
strength. Fatigue limit of steels are determined by crit-
ical conditions associated with two cracking behavior
critical stresses for crack initiation and propagation.
The latter one is so called non-propagation fatigue
crack. The non-propagating fatigue crack phenome-
non is dominated by strain aging of carbon in steels.
In case of major steels, carbon brings about dynamic
strain aging, preventing fatigue crack growth. However,
non-propagating fatigue crack phenomenon in auste-
nitic steels has not clarified yet, and is expected to be
observed when strain aging occurs also in austenite.

In recent years, twinning-induced plasticity (TWIP)
steels have been drawn attention as automobile ma-
terials because the steels show an exceptional balance
of strength and ductility. Here note that there are two
typical types of TWIP steel: carbon-added and car-
bon-free TWIP steels. The carbon-added TWIP steels
are known to show dynamic strain aging, while the car-
bon-free TWIP steels do not. Because of the strain ag-
ing effect, the two types of TWIP steels are speculated
to show a clear difference in fatigue limit. Therefore,
we studied influences of dynamic strain aging on fa-
tigue properties through a comparative study between
the austenitic TWIP steels.

In this study, rotary bending testing was conducted at a
frequency of 30 Hz and room temperature. The fatigue
crack growth behavior was observed by replica tech-
nique and optical microscopy.

Now, it was confirmed that fatigue crack stopped in a
stress amplitude of about 350MPa in the TWIP steel
including carbon in smooth specimens. In contrast, the
fatigue crack in the carbon-free TWIP steel does not
stop in a stress amplitude of about 180MPa in smooth
specimens. Namely, as we expected, strain aging was
elucidated to enhance non-propagating crack phenom-
enon even in austenitic TWIP steels.

Additionally, in this article, we introduced a notch
which is regarded as pre-crack through a combined use
of Focusing lon Beam (FIB) and micro hole drilling to
investigate short fatigue crack propagation properties
more clearly. The sharp notch consists of a drill hole
with dimensions of 100um in diameter and 100um in
depth, and two FIB-notch with dimensions of 50um in
length, 6um in width, and 33um in depth. This notch
is placed on the specimen surface and along the trans-
verse direction against the loading direction. In this
report, we will discuss the results obtained in the FIB-
notched specimen as well as those in smooth speci-
mens.
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Considering environmental, economical require-ments
and outstanding mobility is becoming more important
in these days when we design and develop reduction
weight steels that are tageting at the army vehicles ap-
plication. Thus, there are many studies to investigate
the high specific steels that use the aging hardenable
Fe-Mn-Al-C system. These steels are almost 15% less
dense than traditional steels and are completely auste-
nitic when solution treated above 950°C. The concept
of the lightweight steel is high amount of Mn and Al
contents(respectively about 30% and 10% contents)
[1]. High Mn contents led to fully austenitic matrix.
In addition, high Al contents could be lighter weight
than the other conventional steels about 15% and it
caused k-carbide precipitation with a chemical for-
mula (Fe,Mn),AIC in the austenitic matrix by spinodal
decomposition during aging treatment. k-carbide is a
f.c.c-based phase of L'l, ordered crystal sturctures,
which resemble that of perovskite oxide[2]. The or-
dered L'1, structure which is similar to that of L1, in
Ni-base superalloy. Hence, lightweight steel has strong
precipitation hardening effect by k-carbide precipita-
tion. It means that studying about aging response in
focused k-carbide precipitation is essential to under-
stand mechanical properties in this steel. Furthermore,
adding Si contents was known to prevent precipitation
of harmful phases like B-Mn at grain boundaries. And
It is determined that silicon additions lowered liquidus
dendrite coherency point(DCP), and solidus tempera-
tures by approcimately 30°C[3]. However, the effect of
Si upon the mechanical behaviors has not been suffi-
ciently reported. It means that there are not enough
reference for relationship of k-carbide precipitation
with Si addition. Especially, the investigation of defor-
mation mechanism and dislocation behaviors is needed
to understand Si addition effect. Therefore, the of aged
cast Fe-Mn-AlI-C lightweight steel has been investigat-
ed with or without 1%Si addition in the present study.

First, 550 and 530°C aging treatments have been taken
to determine peak aging condition. After 550°C aging
response, the peak aging hardness(407Hv) of 1%Si
specimen is higher than that of no Si specimen(369Hv)
and 530°C peak aging hardness is 430Hv and 385Hv for
1%Si specimen and no Si specimen, respectively. How-
ever, 530°C peak aging condition required too much
longer time than 550°C aging treatment. It should be
noted that age hardening kinetics is similar regardless
of 1%Si sddition. And then, 550°C peak aged 1%Si spec-
imen showing tensile strength up to 1000 MPa with an
excellent 26.3% elongation could be obtained at room
temperature. One interesting point is that 1%Si spec-
imen has better strength properties than no Si spec-
imen. After tensile test, fracutred surface and tensile
deformation were observed by SEM and TEM analysis.
1%Si specimen was observed to have cleavage frac-
tures on fractured surface in some area unlikely no Si
specimen. In addition, persistent slip band was clearly
revealed under fractured surface. The investigation of
the relationship between Si addition and tensile defor-
mation was discussed in this paper.
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Shot peening process is commonly used in mechanical
industries to increase life duration of mechanical and
structural parts, as automotive gears for instance. It
is based on the development of residual compressive
stresses at the surface of the component as the sur-
face is hardened by the impact of steel shot. The stress
magnitude and the affected depth depend on the pro-
cess parameters, such as the shot velocity and diame-
ter, their incidence angle with respect to the surface,
the coverage... In the case of TRIP-effect steels, the
metastable austenite can transform into martensite
during shot peening. The final stress state is then more
complex as it results from mechanical strain imposed
by the process and the martensitic transformation that
leads to stress redistribution between austenite and
martensite. The aim of this work is to study the behav-
iour of TRIP-effect steels submitted to shot peening by
taking into account martensitic transformation.

There are several existing models of shot peening giving
the resulting stress field in the material as a function of
parameters process; however, to our knowledge, none
of these integrates the phase transformation. There-
fore we have performed experimental characteriza-
tions and developed a specific model for shot peening
using a AlISI 301LN stainless austenitic steel.

Residual stresses are determined by X-ray diffraction in
both phases, austenite (with Mn radiation) and mar-
tensite (with Cr radiation), using the classical sin?y law.
The martensite volume fraction is also measured by
X-ray diffraction taking into account crystallographic
textures.

The mechanical behavior was characterized by tensile
tests at different strain rates. Shot peening was per-

formed on 60*60*8 mm?3 samples using cut wire steel
shots (700HV); the turbine rotational speed was varied
between 500 and 2000 rpm. An augmentation of this
speed increased the maximum residual stress in both
phases. Moreover, the higher the turbine rate was, the
higher the martensite volume fraction and the affected
depth were.

In parallel, finite element simulations of shot peen-
ing are performed taking into account residual stress-
es, plastic strains and hardening parameters for each
phase. It is based on the shot peening model with
stress and microstructure gradients developed previ-
ously by Renaud (Renaud 2011); a semi-phenomeno-
logical transformation behaviour law for unstable aus-
tenite (Kubler 2011) has been implemented to consid-
er microstructure phase evolution. Model parameters
are calibrated from tensile tests and from single-shot
impact experiments on AISI 301LN. Output data are
the martensite volume fraction, the residual stress and
strain fields in each phase, as a function of the depth
from the surface. Numerical results are compared to
experimental ones on shot peened surfaces.
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The present paper is devoted to the experimental
analysis of the Liders band propagation in C45 steel
during uniaxial tension using infrared thermography
(IRT) and digital image correlation (DIC) method. The
analysis was performed in wide range of strain rates
(107 s+ 10's™"). Used high speed IR camera gives
possibility of studying the thermal effects accompa-
nying Liders band propagation close to the adiabatic
conditions when the heat transfer within the specimen
and between specimen and the surroundings can be
neglected (Maj 2012). Use of such equipment allowed
us to study not only the speed of front propagation but
also the initiation and morphology of the front. It has
been shown that both the front speed and the band
morphology evolve with changing the displacement
rate.

It was found that the Liiders plateau is observed at
all considered displacement rates. Nevertheless, the
significant force fluctuations are observed above the
strain rate equal to 1-10° s~ . The increase in displace-
ment rate results in both the lengthening of Liiders pla-
teau and the increasing level of external force. In other
words, after the band passage the higher elongation
and hardening of the specimen are observed.

The analysis of thermal images has shown that due to
increase of the displacement rate not only the front
speed but also the band morphology are changed. Up
tostrainrate 5-10"' s~' the stable front propagation is

observed. For higher strain rates the additional differ-
ently oriented narrow bands are present. Presence of
such bands at high strain rates can be a result of neces-
sity of accommodation of internal stresses generated
due to mounting of the specimen in grips of testing
machine. At lower deformation rates such accommo-
dation is probably possible within the band by an evo-
lution of dislocation structure.

It has been shown that the dependence between
displacement rate and the Liiders front speed calcu-
lated on the basis of thermal images is not linear un-
like the results known from the literature (Louche &
Chrysochoos 2001). Observed non-linear dependence
between front speed and displacement rate may indi-
cate that there can be the limit value of front speed for
higher deformation rates.

The results obtained using IRT technique will be ver-
ified using analysis of coupled displacement field ob-
tained using DIC method.
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An averaging procedure is developed for the simula-
tion of the mechanical behaviour of TRIP steels.

This work further extends previous efforts to mod-
el the macroscopic material behavior of TRIP steels
which have been based, among others, on the use
of mean-field Mori-Tanaka approaches (Delannay, et
al 2008). Comparison of their results to experiments
motivated the introduction of size effects by means
of strain gradient plasticity (Mazzoni, et al 2008). This
contribution, based on a simplified representation of a
periodic microstructure, focused on the investigation
of the effect of size dependent behaviour and higher
order boundary conditions combined with the local
parameters of the transformation such as the fraction
of transforming austenite, the transformation strain,
or the strain at which transformation occurs. Due to
the associated computational effort, such models were
however restricted to the analysis of the local effects
whithin a single RVE, interpreting a single transforming
austenite inclusion .

In order to bridging the gap towards macroscopic be-
haviour, allowing direct comparisons with experiments,
homogenizing this strain gradient plasticity description
is proposed. The model, in which the local transforma-
tion size effect is presented (Mazzoni, et al 2008), is
replicated in a high number of different unit cells, each
of them being attributed a different strain at which the
transformation initiates, based on experimental data.
The response of each unit cell is evaluated by homoge-
nizing the results of strain gradient plasticity simulation
on all these cells.

The global behavior of a corresponding TRIP steel is
subsequently obtained by recombining the unit cell re-
sponses by an averaging scheme based on weighting

FRANZ ROTERS, SU LEEN WONG
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Advanced high strength steels, such as high manga-
nese steels, show an extraordinary combination of
strength and ductility. While this provides a tremen-
dous potential for many applications due to a number

factors associated to each cell. Such averaging method
was originally proposed in (Ognedal, et al 2014).

The averaged response obtained is subsequently fitted
to allow comparison with experimental stress strain
curves corresponding to a certain grade of TRIP steel
with an experimentally obtained transformation kinet-
ics, in terms of strain hardening evolution and necking
considere criterion.

The level of strain at which transformation initiates in
each cell and the corresponding value of the associat-
ed weighting factor are adjusted to match the different
transformation rate evolution extracted from experi-
mental data available in (Delannay, et al 2008) already
mentioned.

Results show that based on calibrating the strain gra-
dient plasticity behaviour for the internal length scale
value, the homogenized response allows to successful-
ly reproducing the evolution of the stress-strain behav-
iour and of the strain at necking as a function of the
transformation rate at various temperatures.

The model subsequently can be used to conduct par-
ametric studies to identify optimal transformation
evolutions and to analyse how the ductility varies with
local material properties.
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reasons these materials are not yet widely used in in-
dustry. One of the reasons is a lack of suitable material
models. Besides the conventional deformation by slip
these materials activate additional deformation mech-
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anisms, namely twinning (Twinning Induced Plasticity,
TWIP) and phase transformation (Transformation In-
duced Plasticity, TRIP). This is the reason why conven-
tional models used for the simulation of steels cannot
fully describe the mechanical behavior of this material
class. As simulation is, however, nowadays an integral
part of component layout e.g. in automotive industry,
without suitable material models new materials will
not be introduced into the production process.

In our contribution we, therefore, present a crystal
plasticity formulation that includes both twinning and
transformation as additional deformation mechanisms
besides the conventional dislocation slip. The twinning
model is a crystal plasticity adaption of an analytical
model by Steinmetz et al. (2013). The TRIP model con-
siders both stress and strain induced transformation.
As depending on material parameters (e.g. stacking

fault energy) and loading conditions (strain rate, tem-
perature) both mechanisms can be triggered and one
material and can even be active at the same time, it
is of great importance that both effects are taken into
account in the constitutive description. The combined
model allows us to systematically study under which
conditions either one or both mechanisms together
can be triggered during deformation.
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The automobile industry has an increasing demand
for lightweight components, improved product per-
formance, efficiency and increased safety. High man-
ganese TWIP steels have superior mechanical prop-
erties and excellent strength to weight ratio, making
them ideal for the development of lightweight vehi-
cles. Achieved high strength and ductility rely on the
optimization of the stacking fault energy, which gov-
erns mechanical twinning as the primary deformation
mechanism in addition to dislocation glide and TRIP.
Numerical prediction of damage in Advanced High
Strength Steel (AHSS) sheets is of great interest, as it is
an effective way to optimize the design of parts and to
reduce the product development cycle time.

In order to predict the damage and fracture mecha-
nisms in TWIP steels subjected to uniaxial loading, a
Representative Volume Element (RVE) approach is
applied to create the virtual polycrystalline micro-
structure taking into account, the aspects of real mi-
crostructure such as grain size, phases, grain size distri-
bution and grain orientations. The uniaxial tensile test
is simulated by applying periodic boundary conditions
and tensile load to an RVE. Crystal Plasticity (CP) based
model is used for predicting the plastic localization in
a material. A CZ damage model is also implemented
to predict the sudden drop of load carrying capacity

and to reflect void nucleation and growth of the highly
deformed regions. From the analysis of the numerical
tensile test, the damage initiation and flow behaviour
can be well predicted.

Thus in this current work, to predict the material be-
haviour an evaluation chain including material charac-
terization, numerical simulation with a crystal plasticty
based material model for TWIP steels and verification
by In-situ tensile tests was established. Digital Image
Correlation (DIC) technique was used to identify the
local failure strains.
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Heterogeneous alloy systems that contain multiple
phases possess the potential of reducing structural
component weight, energy consumption as well as
thermo-mechanical reliability improvement. This is
due to the fact that the matrix of these materials con-
sists of constituents with strong distinction in mechan-
ical properties. For this reason, their industrial utiliza-
tion has significantly increased in the last few decades.
The application of such a material includes implemen-
tation of the dual phase steel in the automotive indus-
try. However, the existence of these constituents in the
microstructure also results in the highly heterogene-
ous finite stress distribution along with the high tem-
perature gradients which are presented even within
the large components. Furthermore, the constituents
in these material systems also affect the failure behav-
iour in which several competing damage mechanisms
can be observed. Therefore, a reliable microstruc-
ture-based simulation approach for describing these
deformations and damage mechanisms is needed.
Furthermore, the developed approach must be able to
reflect the influence of microstructure morphologies
on the deformation behaviour of the microstructure.
Under the framework of microstructure-based simula-
tion approach, the universal platform to generate the
artificial microstructure model has been developed
and shall be discussed in this study. The ultimate goal
for the development of this platform is to generate
the most sophisticated representative microstructure
model with as least input parameters as possible. For
the principle of this platform, the statistical description
of the necessary microstructure features such as grain
size, aspect ratio etc. is used as input parameters for
the weighted Voronoi tessellation based algorithm.
Additionally, both 2D and 3D artificial microstructure
model can be generated with this proposed platform
under the framework of this study.

With the generated artificial microstructure model,
material’s model definition and parameters calibration
are also required. For plasticity description of the con-
stituents, modified phenomenological based crystal
plasticity model taking the influence of the grain size
into account is applied to ferrite and parameters are
calibrated by series of nanoindentation tests while
the empirical approach based on the measured local
chemical composition is used to approximate the strain
hardening behaviour of martensite. To characterize the
criteria that trigger the onset of microcrack, the hybrid
approach combining the in-situ bending test in the
large chamber SEM with the micromechanical-based
simulation discipline is conducted. Finally, the appli-
cations of this introduced platform such as the strain
hardening behaviour prediction, microcrack initiation
simulation, shall be discussed in this study.
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High performance austenitic lightweight steels with up
to 15% density reduction are currently of high inter-
est for the automotive industry. The development of
such weight reduced and highly formable steel grades
for structural applications includes a range of material
systems. One of the most promising alloy systems are
low density steels based on the FeMnAIC system [1,2].
This quaternary system offers a combination of ex-
cellent mechanical properties, characterized by elon-
gations of up to 70 % at stresses above 1.5 GPa, and
specific weight reduction of up to 15%. Al addition pro-
motes the precipitation of L'l ordered (Fe, Mn)3AIC
carbides, also referred to as k-carbides. The austenit-
ic matrix of the FeMnAIC steels contains nano-sized
cuboidal k-carbide precipitates that control the dis-
location assisted plasticity of these materials. Here
we present new insights into k-carbide strengthened
high-Mn steels by using both, transmission electron
microscopy (TEM) observations and the simulation of
comparable deformed microstructures using discrete
dislocation dynamics (DDD) simulations. In the DDD
simulations the model previously developed by Hafez
Haghighat et al. [3] was used. Precipitates are treated
here as impenetrable obstacles to the motion of dis-
locations. As the model originally was developed for
cuboidal y’ strengthened Ni base superalloys it had to
be modified to fulfil the requirements of the present
study.

The k-carbide morphology was investigated using simi-
lar particle arrangements as observed by TEM probing.

In particular the particle size and position with respect
to each other where deduced from TEM observations.
In the simulation the particle size and geometry at a
fixed particle fraction was varied in order to elucidate
the role of penetrating dislocations into the channels
between the particles on the mechanical response.
DDD simulations in connection with TEM observa-
tions elucidate the character of how the geometrical
arrangement of these particles governs and influences
the plastic deformation.

These investigations provide new guidelines to alloy
design of advanced lightweight steels based on the un-
derlying dislocation mechanisms at different k-carbide
geometrical arrangements.
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Computational models based on the phase-field meth-
od have become an indispensable tool in material sci-
ence and physics in order to investigate materials with
complex microstructures. The models typically oper-
ate on a mesoscopic length scale resolving structural
changes of the material and provide valuable informa-
tion about evolution of microstructure and microstruc-
ture mechanical property relations.

For many interesting and important phenomena, such
as martensitic phase transformation, mechanical con-
figurational forces play an important role in the evo-
lution of microstructure. In order to investigate such
phenomena a calculation of the stresses and strain
energy at the transition region is indispensable. We
derive a phase-field elasticity model based on force
balance and Hadamard jump condition at the inter-
face (Schneider et al. 2015). We show the quantitative
characteristics of the model, by comparing the simu-
lated stress profiles in a plate with a round inclusion
under hydrostatic tension with the theoretical predict-
ed stress fields and stress field calculated with Voigt/
Taylor and Reuss/Sachs approximation. In order to
validate the elastic contribution to the driving force of
the phase transition, we compare the resulted stress,
strain and strain energy profiles, in one dimensional
equilibrium condition of serial and parallel material
chain as well as in two dimensional systems through

the Gibbs-Thomson condition. Additionally we demon-
strate that the formulated driving force is equivalent to
the mechanical configurational forces.

In order to calculate the plastic strain, the Prandtl-Re-
uss model for the particular phase is implemented
consisting of an associated flow rule in combination
with the von Mises yield criterion and a linear isotropic
hardening approximation (Schneider et al. 2014). Sim-
ulations are performed illustrating the evolution of the
stress and plastic strain using a radial return mapping
algorithm for single phase system and heterogeneous
microstructures.

Finally we show simulations in polycrystalline systems
to martensitic phase transformation in one grain as
well as in multigrain systems and simulations to Green-
wood-Johnson effect.
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To minimize fuel consumption and CO, emission of fos-
sil fired power plants, the thermal efficiency, and there-
fore the steam inlet temperatures, must be as high as
possible. In the past 20-30 years sufficiently creep re-
sistant 9% chromium steels were developed, which al-
lowed to increase the steam temperature up to 615 °C.
The increased creep resistance was mainly obtained
by controlled precipitation of fine (V,Nb)N particles
in the steels. Further raise of the steam temperature
calls for chromium contents higher than 9% to achieve
better corrosion and oxidation resistance. However, it
has been found that in 11-12% chromium ferritic-mar-
tensitic steels strengthened by fine (V,Nb)N particles,
precipitation of the thermodynamically stable Z-phase,
Cr(V,Nb,Ta)N, in long-time service is unavoidable and
detrimental. Usually, the Z-phase particles are coarse
and brittle and grow at the expense of the desired fine
(V,Nb)N particles.

A possible solution to this problem is provided by the
idea to exploit the Z-phase as a thermodynamically sta-
ble strengthening agent in martensitic creep resistant
steels. Hence the challenge is to control the precipita-
tion of the Z- phase in 12% Cr steels such that fine Z
particles are formed, which are stable for long times.
We present atomistic simulations, using density func-
tion theory, which reveal the essential mechanisms
underlying Z-phase formation. The picture that evolves
consists of the diffusion of chromium atoms into nitride
particles and their subsequent clustering in a layered
arrangement which finally yields the transformation of
the nitride particles to Z-phase particles. We study the
thermodynamic stability of Z-phase and related struc-
tures and predecessors as well as the basic diffusion
mechanisms.

This work is part of the Z-Ultra-Project within the EC 7"
framework program.
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Since ODS steels have been developed for the use of
high temperature applications in the range from 400
to 700°C, thermal aging related problems at prolonged
service times need to be intensively studied. The aim of
the work was to describe fracture behaviour of MA957
ODS steel (14%Cr, 0,3Mo, 0,9Ti, 0,25%Y203 produced
by mechanical alloying process) after high temperature
exposure in comparison to the Eurofer’97 plate steel
(9%Cr, 1%W) behavior. The both materials are consid-
ered for future nuclear energy systems.

Due to microstructural characteristics, the MA957 steel
embodies excellent combination of high-temperature
strength and oxidation resistance. The fine oxide dis-
persion also serves as trapping sites for point defects
induced by radiation displacement and thus reduces
remarkably irradiation swelling of the MA957 steel
(Hadraba 2011). For space nuclear reactors cooled by
a gas mixture of He and Xe at reactor temperatures
<1100°C, the MA-ODS steels are particularly very at-
tractive as structure materials (EI-Genk 2005).

It is well known that thermal aging of high Cr ferritic

steels can result in the formation of coherent particles
of o’ (Cr-rich ferrite) with an increase in yield and ten-
sile strength, and a reduction in ductility associated
with embrittlement when exposed at temperatures
above 400°C (Lee 2007). The degree of the embrittle-
ment, manifested in lower impact and fracture tough-
ness, increases with Cr content; for 14 Cr ODS it had
been indicated already at 440°C after 320 hours of
exposure. The main problems of the MA957 type ODS
are connected to lower toughness and heterogenuity
of behaviour as well as transition temperature behav-
iour of ferritic matrix of the steel and strengthening
by oxide dispersion. Whereas, the long-term exposure
of the Eurofer’97 steel at high temperatures leads to
different microstructural changes (Hadraba 2009); the
coarsening of the M23C6 (Cr rich) precipitates and
recrystallization of subgrains were found after ageing
at 550°C/5000 h (Stratil 2011).

Small specimens (MicroCharpy, 3x4x27 mm? and mi-
niTensile 32 mm) were exposed to helium gas flowing in
the High Temperature Furnace at 720°C for 500 hours.
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Then, the specimens were tested for the impact and
tensile behavior. The test results are compared to the
other two sets of specimens of the previous tests, as
received and isotermally annealed at 650°C in the case
of the ODS steel. The He exposed materials showed
positive shift of transition temperature and change of
the upper shelf value. While the upper shelf value de-
creased in the exposed Eurofer’97, it significantly in-
creased in the ODS steel. The difference is discussed in
terms of microscopy observation in the paper.
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The technological examinations and probes regarding
the weldability date back to the development of differ-
ent welding technologies. Not only the various quali-
ties of materials, but the different welding processes
have resulted the elaboration of additional tests (Pohle
1990). They are specified by their variety, applicabili-
ty within limits, as well as their limited comparability.
Considering the complex issue of weldability, such as
materials, welding technology and welded structure
(Easterling 1983, Boese et al. 1984), there is not one
single test which would allow evaluating the problem,
it is not and would not be sensible either, consequently
weldability cannot be determined with a single char-
acteristic. The underlying reasons are to be examined
separately under specific conditions, which then will
enable us to rank the different materials based on the
given results. The order of ranking depends on the re-
quirements, which means that it is not considered con-
stant. The complex correlations between the factors do
not allow defining other properties (e. g. mechanical
properties) through characteristics. Besides the exper-
iments, tests and probes, semi-empirical and empirical
investigations are given an ever increasing emphasis in
order to avoid limitations (Buchmayr 1991).

There is at least double contradiction in the examina-
tions and probes. On the one hand, the actual process-
es can only be performed on small parts and in small
volumes, which means that there are only small-size
specimens available to define the data belonging to the
materials and/or technologies (Yuan & Sharpe 1996).
This fact, due to the aspect of size effect, will decrease
the reliability of the results. On the other hand, the
technological investigations are reflected within limits
as regards the real processes.

The mathematical (computational) simulation may
contribute to cancelling the limitations of examina-
tions and probes, as well as those of the different ap-
proaches, which are not to be considered in the current
study. However, the other consideration is the physical
simulation. The basic aim of the first physical simula-
tors (mid-20th century) was to provide reproducibility
for the welding, especially for the Heat Affected Zone
(HAZ).

Nowadays, the physical simulation is an ultimate inno-
vative way to develop the welding processes. The pa-
per introduces the connection between the weldability
and the physical simulation, based on our investiga-
tions using Gleeble 3500 thermo-mechanical physical
simulator. Four kinds of materials, two advanced high
strength steels (S690QL and $960QL) and two alumin-
ium alloys (5754-H22 and 6082-T6) were investigated.
Different types of physical simulation test methods
(Mandziej 2010) were made, such as identification of
the Nil-Strength Temperature (NST), on heating and on
cooling Hot Tensile Tests (HTT), as well as HAZ-tests, to
characterise the weldability of the investigated materi-
als. The results of the AHS steel grades and the alumin-
ium alloy grades were compared with each other and
with the results can be found in the literature.
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The growing energy demand in different areas of the
world and the distance between gas reservoirs and
consumers has increased the need to transport gas
from far away regions to the final market. The require-
ments for pipe line steel both quality and quantity
is also increased strongly. Welding process is a very
important aspect because the steel pipe usually was
made by welding method. This work focus on a kind
of high strength pipeline steel (APl X100) in oil and gas
transportation industry.

The chemical composition of X100 steel is(mass%):
0.04% C, 2.0% Mn, 0.29% Si, 0.23% Cu, 0.275%Cr,
0.006% P, 0.0015% S, 0.55% (Ni + Nb + Mo), the bal-
ance is Fe. The weld cracking sensitivity index Pcm is
0.21, the hot-rolled plate of 20mm thickness was rolled
into hot simulation processing sample, welding ther-
mal cycle simulation test was conducted on the ther-
mal simulation machine MMS300, the different tos
cooling time was adopted from 3 to 600s, both micro-
structure (optical, SEM and TEM) and hardness testing
were used to analyzed welding simulation samples,
then the CGHAZ-CCT and FGHAZ-CCT was plotted.

The results show that for either CGHAZ or FGHAZ, the
granular bainite(GB) was obtained under low cooling
rate, after the tos time reached 600s, MA island emerg-
es, with characterization contained degenerate pearl-
ite. when the cooling rate reached to 10“’20"C/s(t8/5
is 15~30s correspondingly), Microstructure mainly
include ferrite and bainite which due to the Mo and
Nb put off the transformation form austenite to ferrite
and promote the bainite transformation. as further in-
creasing of cooling rate, the volume of martensite in
microstructures is increasing gradually, and tos cooling

time is 5s, the lath martensite volume achieved to as
much as 50%.

Through the analysis and compare the transforma-
tion regulation both CGHAZ and FGHAZ, the started
temperature of transformation has same tendency,
that is varied from low to high follow the decreasing
of cooling rate, whereas the finished temperature of
transformation varied from low to high with the de-
creasing of cooling rate when it is relatively higher, and
then turn to decreasing follow the cooling rate decline.
Compared with FGHAZ, the started temperature is high
in FGHAZ, meanwhile the transformation region is en-
larged.

In the low range of cooling rates, with the increasing of
cooling rate, the microhardness values are increased
in both CGHAZ and FGHAZ , but when a certain cool-
ing rate (t8/5 cooling time is about 30s) is reached, its
hardness value tend to a stability and maintained at
around 325HV.
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With the development of thermo-mechanically con-
trolled process and microalloying technique, hot
rolled steel plates always have a good balance of high
strength and good toughness. However, this excellent
combined mechanical properties can be upset by the
thermal cycles experienced during welding, producing
regions of poor toughness known as local brittle zones.
Although the weldability of modern high strength
steels is improved through the composition design of
low carbon equavilent, their welding system design
is still a difficult issue, which impedes the actual ap-
plication of the new steels. As Bhadeshia (2013) said:
“Super-high strength nanobainitic steel has not been
achieved commercial application mainly due to imma-
ture welding system”. Therefore, to protect the welded
joint from property deterioration, e.g., cleavage crack-
ing, the effect of weld process on the microstructure
evolution should be further investigated for the mod-
ern high strength steels.

In this work, the submerged arc welding technique
was employed to weld the high strength bainitic steel
using various welding parameters. The main parame-
ters include current, voltage and welding speed, which
determines the welding heat input from 1.4 to 4.5
kJ/mm. The microstructure characteristics of welded
joints was studied in detail by means of optical micro-
scope, scanning electron microscope equipped with
electron backscattering diffraction technique, as well
as transmission electron microscope. The relationship
between microstructure evolution and mechanical

properties was also discussed to optimize the welding
process.

The resutls showed that the strength of welded joint
decreases with the increase in heat input and the frac-
ture region always occurs at the weld metal, which
means that this is under matching welded joint. The
impact toughness of the weld metal does not change
with the heat input, but the HAZ toughness gradually
decreases with increasing heat input. Microstructure
observation reveals that the weld metal has prodomi-
nantly acicular ferrite irrespective of heat input, which
is the main reason to keep good toughness for the weld
metal. However, at the HAZ, the fracture mode chang-
es from quasi-cleavage fracture to complete cleavage
fracture with the heat input, which is attributed to the
coarse bainite formed in this region.

Compared with the results proposed by Thewlis (2000),
who also studied the weldability of X100 pipeline steel
by using submerged arc welding, the minimum heat in-
put adopted in our research can optimize the mechan-
ical properties of welded joint.
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Fracture of ceramics, multi-layered ceramics and ce-
ramic composites is of a great importance in connec-
tion with numerous theoretical and practical problems.
Theoretical problems primarily include understanding
the mechanisms driving static and dynamic fracture of
this special class of materials (extremely brittle, very
high strength and low toughness) and elaboration of
criteria capable of accurate prediction of fracture initi-
ation, development in arrest in quasi-static and dynam-
ic conditions. While the majority of theoretical prob-
lems connected with quasi-static ruptures of ceramic
materials are solved, mechanisms underlying dynamic
fracture of these materials are not clear and general-
ly recognised criteria for fracture are not formed yet.
Practical importance of these problems is evident due
to wide usability of ceramic-based materials owing to
unique physical and mechanical properties and the
possibilities of industrial production.

Dynamic fracture properties of ceramic materials are
primarily studied due to applications where ceramic/
multi-layered ceramics or ceramic composites serve as
a protection against mechanical and thermal impacts
on an object. Thermal effects are not considered in this
work. As regards performance of ceramic materials
against high rate mechanical loads, then the function
of ceramic protection normally consists in a) absorp-
tion of impact energy for deformation and fracture of
ceramics b) redistribution of impact energy over a big-
ger area of the surface underlying protective layer c)
weight reduction of the protection system.

In this paper an approach that was previously suc-
cessfully applied to simulate dynamic fracture in other
classes of quasi-brittle materials was applied to study

penetration of ceramic plate by a cylindrical plunger.
The focus is primarily on energetic peculiarities of the
process, including investigations of histories of fracture
surface evolution in fractured ceramic material, calcu-
lations of specific fracture energy at dynamic rupture
initiation and studies of correlation between new frac-
ture surface within ceramic material created as a result
of a plunger impact and initial plunger energy (veloc-
ity) as well as the properties of the ceramic material.
Visualization and statistical analysis of target fragmen-
tation was used as a supplementary tool for fracture
process investigation.

This study is deliberately restricted to the simplest
possible geometry and contact problem formulation.
In the considered case, an elastic cylindrical plunger
with properties typical for steel normally hits circular
homogenous ceramic plate, behaving as linear elastic
material up to the moment of fracture initiation. Due
to obvious axial symmetry of the problem, two-dimen-
sional problem can be formulated. Such a simplicity in
formulation provides a possibility to concentrate on
key features controlling and driving fracture of pene-
trated ceramic plate.
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Spallation test is one of the basic mechanical tests for
determining the dynamic properties of materials. This
experimental scheme allows studying the strength
properties of the material under dynamic tension. Ten-
sile stress originates in the specimen when the com-
pression wave reflects from the free surface. The wave

problem solution within the elastic approach shows
that the time profile of the tensile stress pulse coin-
cides with the time profile of the free surface velocity,
which can be directly measured by laser interferome-
try [Zlatin et al. 1974, Bloberg 1970]. This pilot scheme
have been used for a long time, but this original meth-
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od of determining the tensile stress time profile was
reduced to more simple scheme. Usually in most tests,
the suprathreshold load pulses were implemented.
In this case, the dynamic strength of material can be
characterized by the value of the tensile stress corre-
sponding to the time when the fracture occurs. Most
researchers estimate this critical value of the tensile
stress by a simple formula and interpret it as a spal-
lation strength of material whatever experiments per-
formed.

If the compressive wave initiates the threshold fracture
pulse, spallation occurs at the moment of time when
the tensile stress in the spall cross-section is decreas-
ing and even can vanish. This effect is referred to as
the fracture delay. In this case, the critical tensile stress
given by the simple formula cannot be considered as
the only characteristic of the spallation strength. The
fracture delay effect was experimentally observed by
Berezkin who studied fracture of notched specimens
under dynamic tension.

In the present work, new experimental data on spal-
lation in nitrogen steel are obtained and analyzed
with the use of the original methodic of Zlatin and
Pugachev. In the tests when the fracture delay took

place, only initial manifestations of fracture in the form
of small cracks are observed. In the specimens de-
stroyed without fracture delay, a main crack expands
across the total specimen width. The fracture delay
effect is explained in the frames of the structure-tem-
poral approach. The fracture incubation time for the
studied steel is determined. This allows predicting the
spallation phenomenon and the stress level at the time
moment of fracture for given time profile of stress.
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It is well known that in concrete structures the re-
sistance, failure mode, crack pattern and crack ve-
locity are strongly influenced by loading rate. The rate
dependent response of concrete is controlled through
three different effects: (i) through the rate depend-
ency of the growing micro-cracks (influence of inertia
at the micro- crack level), (ii) through the viscous
behaviour of the bulk material between the cracks (vis-
cosity due to the water content) and (iii) through the
influence of inertia of different kind, e.g. structural in-
ertia, inertia due to the softening or hardening of the
material or inertia related to the crack propagation.
From the numerical point of view, assuming macro or
meso scale analysis, the first two effects can be ac-
counted for by the rate dependent constitutive law.
Assuming that the resolution of underlying spatial dis-
cretization is fine enough, the third effect should be
automatically accounted for through dynamic analy-
sis where the constitutive law interacts with inertia
forces.

Recent numerical simulations performed on plain
concrete specimens showed very interesting and

complex fracture behavior of concrete under high
loading rates. The simulations performed on compact
tension (CT) specimen (Ozbolt et al.,, 2011) high-
lighted the phenomenon of crack branching at high
loading speeds, while the simulations on L-specimen
(Ozbolt and Sharma, 2012) brought out the influence
of loading rate on direction of crack propagation.

In order to confirm the findings of numerical study and
to obtain the experimental evidence on dynamic frac-
ture of concrete, experiments were performed on
both CT-specimen and L-specimen. The experiments
confirm the results of previously performed numerical
predictions.

The phenomenon of crack branching, as predicted by
numerical studies, was reproduced experimentally for
CT-specimen. The evaluation of test and numerical re-
sults show that for strain rates of approximately above
50/s, crack branching occurs. This phenomenon is re-
lated directly to the sudden and progressive increase
of resistance and is controlled primarily by inertia.

For L-specimen, the experiments confirm the influence
of loading rate on the direction of crack propagation
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as numerically predicted. For quasi- static load, the
crack tends to propagate horizontally, perpendicular
to the loading direction. However, with increase of
the loading rate the crack propagation tends to get
vertical, parallel to the loading direction.

The comparison between numerical and experimen-
tal results proves that relatively simple modeling ap-
proach based on continuum mechanics, rate depend-
ent microplane model and standard finite elements
is capable to realistically predict complex phenomena
related to dynamic fracture of concrete and no spe-
cial criterion is required to capture crack branching,
change in crack propagation or progressive increase
of apparent strength. The presented, relatively simple,

ALEXANDER MAVYER, VASILIY KRASNIKOV, POLINA MAYER
Chelyabinsk State University, Chelyabinsk, Russia

We report our progress in development of a multiscale
theoretical model of fracture of solid metals and metal
melts at the high-rate tension. The model is based on
our previous works (Mayer & Krasnikov, 2011; Mayer
et al. 2013; Mayer et al. 2014). It describes the dynam-
ic deformation of the material on the macrolevel with
the use of the mechanics of continua; meanwhile, the
evolution of ensembles of microdamages (cavities,
cracks) is described on the microlevel with the use of
the equations of nucleation, growth and interaction of
damages; these equations supplement the macroscop-
ic description. Equations for evolution and nucleation
of microdamages and parameters of these equations
are obtained from the results of simulations on the
basis of the molecular dynamics (MD) and continuum
mechanics.

We present the results of MD simulations and con-
tinuous modeling of the voids growth in solid metals
at tension. Mechanism of growth consists in the plas-
tic deformation in the void vicinity. At the high strain
rates (>10-100/us), the plastic flow starts from the nu-
cleation of dislocations near the void surface. At the
moderate strain rates (<10/us), the initially existing
dislocations in the material are enough for providing
of the required rate of the plastic deformation; the dis-
location density are increasing due to multiplication of
the existing dislocations. For description of the voids
dynamics, we propose the dislocation model, which is
based on our previous results (Krasnikov et al. 2011,
Mayer et al. 2013). The model is verified and the mod-
el parameters are fitted on the basis of the MD and
continuum simulation results. We present a multilevel

tests can be used to check whether the numerical
model is able to realistically predict complex phe-
nomena related to dynamic fracture of concrete.
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model of fracture of the uniform solid metal, which in-
cludes the model of voids growth and the equation of
the voids nucleation (due to the thermal fluctuations).
The fracture of uniform metals (homogeneous mode
of fracture) makes sense only for the ultrahigh strain
rates—more than 100/us. At the lower strain rates,
the initial defects of the material microstructure play
a dominant role and decrease the material strength
(transition to the heterogeneous mode of fracture).
For melts, the multiscale model is the most simple and
allows us to understand more clearly the processes in
solids as well. Using of the literature data on the sur-
face tension and viscosity of melts allows us to get a
correspondence between the continuum description
and MD. With the use of the model, we calculated
the strength of the uniform melts of Al, Cu, Fe and Pb
within a wide range of strain rates (from 1-10/ms to
1-100/ns) and temperatures (from melting temper-
ature to 70-80% of critical temperature). Within the
range of the strain rates of 1-100/us, a homogeneous
nucleation mode can be realized, in which the dynamic
strength of a melt can be comparable or even higher
than the strength of the same solid metal at room tem-
perature. We proposed a schema of experiment for
measurement of the tensile strength of uniform metal
melts.

The work is supported by the grant from the Russian
Science Foundation (Project No. 14-11-00538).
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Stage | fatigue cracks are commonly described by the
model of Bilby, Cottrell and Swinden (BCS-model).
However, since several experimental investigations
have shown a dislocation-free zone (DFZ) in front of
crack tips, it is necessary to validate the new DFZ-mod-
el and to examine the deviations to the BCS-model.
Therefore the dislocation density distribution is de-
rived from height profiles of slip lines in front of stage
| fatigue cracks in CMSX4® single-crystals measured by
contact mode atomic force microscopy. This is possi-
ble, because the cracks are initiated at notches milled
by focused ion beam technique directly on slip planes
with a high Schmid factor. Consequently, the directions
of the Burgers vectors are well known and it is possible
to calculate the dislocation density distributions from
the height profiles. The measured distributions are

compared to the calculated distribution function of the
DFZ-model proposed by Chang et al. The additionally
measured microscopic friction stress of the disloca-
tions is then used to calculate the influence of grain
boundaries on the dislocation density distribution in
front of stage | cracks. The calculation is done by the
extended DFZ-model of Shiue et al. and compared with
the measured distribution function in polycrystalline
specimens. Finally the crack tip sliding displacement as
a measure for the crack propagation rate is compared
for the DFZ-model and the BCS-model with the exper-
imentally revealed values. The important result: The
often used BCS-model does not reflect the experimen-
tal measurements. On the contrary, the DFZ-model re-
flects the measurements at stage-I-cracks qualitatively
and quantitatively.
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Crack bridging is an effective mechanism for achiev-
ing high toughness and strength in many ceramics
and composites [1]. However, this mechanism results
in a crack size dependence for the fracture properties
(R-curve effect) and fatigue properties (small crack ef-
fect) when the crack size is on the order of the bridging
zone size [2]. Since brittle materials can only tolerate
small crack sizes, making accurate fatigue failure pre-
dictions requires approaches that account for crack size
effects. In this presentation, it will be described how
fatigue threshold R-curves may be used to understand
and predict the fatigue behavior of bridging toughened
materials. In this study, fatigue threshold R-curves are
determined for bridging toughened AlLO, and Si,N, ce-
ramics and then are used to make fatigue endurance
strength predictions for realistic semi-elliptical surface
cracks [3,4]. Furthermore, it is shown that the fatigue
threshold R-curve can be determined by quantifying
the bridging stress distribution for conventional long
crack compact tension specimens without the need for
difficult small crack experiments [3,4]. Also, different

CHRISTOPER BENZ, MANUELA SANDER

methods for determining bridging stress distributions
are compared [5]. Finally, it is shown how experimen-
tally measured fatigue data for realistic semi-elliptical
surface cracks agrees well with predictions based on
guantitative bridging zone characterization [3,4]. Over-
all, it is expected that this methodology can be extend-
able to cover a wide range of materials toughened by
crack bridging, including ceramics, intermetallics, com-
posites, and biological materials.
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It is common practice that negative stress ratio load-
ings of fatigue cracks are defined by K (AK or K__ ) and
R < 0. But, this does not assure comparability of the
loading conditions at the crack tip. There are several
indications and even evidence in different literature
works. Therefore, within this contribution well known
facts, selected literature results and additional results
are combined to illustrate the necessity to use a sepa-
rate crack tip loading parameter for the minimum load
at negative stress ratios.

There is a contradiction in literature regarding fatigue
crack growth at negative stress ratios. On the one hand
there are a lot of results for negative stress ratio load-
ing conditions. The results comprise numerous da/dN-
AK-curve for negative stress ratios and several variable
amplitude loading investigations. On the other hand,
there are neither basic information regarding the crack
tip loading condition at tension-compression loading
in textbooks nor detailed information regarding test-
ing procedures in the standards. Therefore, it is estab-

lished to use K (AK or K__ ) and a constant value of R
to define the loading conditions for both positive and
negative stress ratios. However, some works claimed
that K( AKor K ) and R are not suitable to define the
crack tip loading at negative stress ratios and did pro-
vide alternatives. Yu, Topper and Au [Yu & Topper &
Au 1984)] stated already in 1984 "When compressive
stress is present in the load cycle the crack growth rate
depends on the maximum stress intensity and mini-
mum stress rather than on maximum stress intensity
and stress ratio.” Zhang et. al performed several finite
element analysis [Zhang et al. 2008]] and they showed
that K and R does not correlate with the local crack
tip loading at negative stress ratios. They also suggest-
ed to use a stress based parameter instead. More re-
cently Benz and Sander [Benz & Sander 2014] suggest-
ed to use the parameter o, to describe the minimum
crack tip loading at negative stress ratios. However, the
situation is quite difficult since there are so many data
based on the established way and the literature infor-
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mation on the alternatives is quite hidden. Therefore,
the different contributions on this topic are intensivly
discussed, interpreted and complemented by addition-
al considerations and results.

An analysis of the proposed concepts to describe the
minimum crack tip loading at negative stress ratios
reveals that they are quite similar in the basic idea.
However, it is shown that o, can be interpreted as a
generalization of the former concepts. It will be shown
that this concept is not in conflict with the crack closure
concept. A discussion on the consequences for fracture
mechanical analyses reveals the need to reconsider ne-
gative stress ratios in order to assure the reliability of
fracture mechanical predictions.
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The fatigue strength of a loaded component containing
multiple material defects is significantly influenced by
the proximity of the defects. In the most simple case
of two adjacent defects, the stress concentration is
enhanced depending on the distance between the de-
fects. Once cracks emanate from interacting defects,
stress intensity factors of the cracks also interact and
increase depending on the crack lengths and space be-
tween the defects. In order to investigate the interac-
tion effect of defects on the fatigue limit of annealed
medium carbon steel JIS-S45C, two adjacent holes
were drilled into the surface of round specimens prior
to tension-compression fatigue testing. The diameter
(d) and depth (h) of the holes varied from 100 um to
200 um while the spacing (s) between the two holes
ranged from 0.5d to 1.5d. Fatigue limits obtained for
various combinations of d, h and s were compared
with the predicted values obtained by the parameter
model (Murakami & Endo 1983). In all the cases, fa-
tigue limits were determined by the non-propagation
condition of cracks emanating from the holes. The con-
cept of a critical spacing between the defects, s _, at
which the interaction effect can be ignored has been
studied. Murakami et al. determined analytically that
if the spacing between two defects is larger than the
diameter of the smaller of the defects, the interaction
effect is negligible (Murakami & Nemat-Nasser, 1982,
Murakami 2002). The experimental results from this
study are in good agreement with this proposal. For
example, in the combination of (d, h,, s) = (d,, h,, s) =
(100, 100, 100) um, the non-propagating cracks did not
coalesce at the fatigue limit, i.e., each defect behaved
as an individual defect. On the other hand, in the com-

bination of (d, h,, s) = (200, 200, 50) um and (d,, h,,
s) = (100, 100, 50) um, the defects coalesced and the
crack became non-propagating at the fatigue limit, i.e.,
two defects together behaved as a single defect in view
of the fatigue crack threshold. It has been suggested
that, in such a case, the fatigue limit should be evalu-
ated by the effective defect size estimated by a contour
that envelopes the two defects (Murakami 2002). In
accordance with the aforementioned considerations,
the fatigue limits for various combinations of d, hand s
were in good agreement with the prediction by the pa-
rameter model. A successive observation by the plastic
replica method manifested that fatigue crack growth
suddenly accelerated soon after coalescence. In our
presentation, in addition to the results of JIS-S45C,
similar results for the other type of steel with higher
strength level will also be shown. The series of exper-
imental findings obtained in this study are necessary
to improve the accuracy of the fatigue limit evaluation
for various materials, such as cast irons, cast steels and
cast aluminium alloys, that contain naturally occurring
defects which are detrimental to fatigue strength.
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e The theme that we have treated here is about
phenomenon of random fatigue of composite
structures.

¢ The failure mode on which we focused in our work
is that of inter-laminar fracture delamination.

e Next to experimental results, we have presented
three models for predicting damage of structures
in order to compare them to test results.

e The effect of the standard deviation of the predic-
tions of the life of composites is also highlighted in
the last part of the paper.

Thanks to their excellent fatigue resistance and low
weight ratio, today; composite materials are of great
importance in humanity life, either in civil or military
fields such as aerospace, automotive, marine ... and as
is usual, each material reaches failure towards the end
of his life which is manifested by the occurrence of frac-
tures. Until now, researchers put their efforts into ser-
vice in order to achieve accurate and general models
for predicting damage of this mysterious material. On
our side, we compared three fatigue damage models in
order to see the most accurate and consistent with our
experimental results. Throughout the work, we adopt-
ed a stationary ergodic Gaussian random loading.
First, we conducted a thorough study of the inter-
laminar fracture of composite laminates subjected to
stochastic loads. The choice of this failure mode was
inspired by the fact that this failure mode is most pre-
dominant among others; moreover, it is more danger-
ous because it’s invisible and undetectable and occurs
suddenly between the layers of material. The results of
the experiments carried out with graphite epoxy com-
posite laminates [+ 45/0/90]3s, were compared to the
predictions of three models namely:

Linear damage model based on the law of Miner,
e Damage mathematical expectancy E (t),
e Stiffness degradation model,

Second time, following an analysis of the results, we
found that the three models mentioned above are
close to the experimental results. We see that the cor-
relation is the best for the stiffness degradation model.
On the other hand, the effects of load sequence and
interaction are not taken into account in linear damage
model, which can lead to some difference between the
model predictions and experimental results.

Finally, we had to study the effect of standard deviation
on the life of composite laminates. For this we calculat-
ed the lifetime for various values of sigma and various
average amplitudes of the applied load. Interpolating
the data obtained led us to an equation linking lifetime
of structures to standard deviation.
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Fibrous networks are ubiquitous: they can be found in
various engineering applications as well as in biologi-
cal tissues. Due to complexity of their random micro-
structures, anisotropic properties and a high extent of
stretching, their deformation and damage behaviours
are rather cumbersome and need proper analysis and
simulations. Though, in the literature, there are nu-
merous studies focusing either on numerical simula-
tions of fibrous networks or explaining their damage
mechanisms at micro- or meso-scale, the used models
usually do not incorporate actual random material’s
microstructure and failure mechanisms.

The microstructure of fibrous networks — together with
usually highly non-linear mechanical behaviour of their
single fibres — is responsible for specific features of in-
itiation of damage, its spatial localization and ultimate
failure. Complex scenarios of realisation of damage
processes at large extensions are defined by these fea-
tures but they are not studied sufficiently.

An experimental programme of this study included
tensional tests of notched and non-notched specimens
of nonwoven fabrics were experimentally tested at dif-
ferent strain rates. To study anisotropy of the deforma-
tion and damage properties (linked to a specific type
of an orientation distribution function of fibres), five
types of specimens, cut at 0%, 30°, 45°, 60° and 90° to
a machine direction, were investigated.

To emulate the real-life microstructure in a finite-ele-
ment model, curled fibres were introduced to capture
geometric nonlinearity. The orientation distribution
function for fibres obtained from X-ray micro comput-
ed-tomography images was considered to introduce

their actual alignment. The new developed model also
incorporates fibre-to-fibre interactions. A good correla-
tion between the obtained experimental data and sim-
ulations results was observed, and this work revealed
a significant effect of fibre interactions on damage evo-
lution (together with their orientation).
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The Green’s function for the problem of a two-di-
mensional linear anisotropic elastic solid containing a
straight crack has been obtained analytically by using
Stroh’s complex variable formalism (Hwu, 2010). Us-
ing the Green’s function expressed in terms of Stroh’s
formalism, same mathematical equations can be em-
ployed to the piezoelectric materials by just expanding
the dimension of corresponding matrix to include the
piezoelectric effects (Hwu and lkeda, 2008). The use of
this Green’s function leads to a boundary element for a
two-dimensional anisotropic or piezoelectric solid con-
taining a single straight crack. The main feature of this
special boundary element is that no meshes are need-
ed along the boundary of cracks since the traction-free
boundary conditions are satisfied exactly.

In this paper, in order to extend this boundary element
to treat the problems with multiple cracks, the ele-
ment is transformed into an equivalent finite element
by using the relation between element nodal force of
finite element and surface traction of boundary ele-
ment (Hwu, et al., 2014). After the transformation, all
the elements are assembled together by following the
rule of finite element method, and the compatibility
and equilibrium considered in the conventional sub-
region technique can then be satisfied automatically.
Note that like the combination employed in the subre-
gion technique, to be compatible with the fundamen-
tal solution the system of equations for each subregion
is obtained based upon the local coordinate with the
origin located at the crack center and the coordinate
axes parallel and normal to the crack surface. In order
to combine the system of equations for the whole re-
gion, a commonly-based global coordinate should be
used, and to save computational time the transforma-
tion of matrices are suggested to be performed at the
nodal level, instead of the subregion level.

After getting the nodal displacements and nodal forc-
es by the system of equations of finite element, the

nodal tractions on the boundary are calculated from
the original system of equations of boundary element.
Like the calculation of conventional boundary ele-
ment, if all the values of tractions and displacements
on the boundary are determined, the values of dis-
placements, strains and stresses at any interior point
can be calculated from the boundary integral equation
by setting the free term coefficients to be an identity
matrix (Brebbia, et al., 1984). Unlike the conventional
method which usually needs very fine meshes near the
crack tip, in this paper the stress intensity factors of the
crack are evaluated by using only the remote bounda-
ry displacements and tractions (Hwu and Liang, 2000).
To show the accuracy and efficiency of the proposed
boundary finite element method, several numerical ex-
amples are executed and compared with the solutions
obtained by analytical solutions and the commercial
finite element software.
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Bones play a key role in supporting a body and protect-
ing internal organs. Obviously, bone fractures can have
serious consequences, especially in cases of age-relat-
ed bone degeneration diseases such as osteoporosis
or bone diseases. Form a point of view of mechanics
of materials, a cortical bone tissue can be treated as
a natural multi-constituent composite material. At
micro-level, osteons are its main structural unit; they
contain central canals known as Haversian canals and
are randomly distributed within the surrounding in-
terstitial matrix. A thin layer of cement line separates
these two constituents. These randomly distributed
microstructural components of cortical bone define its
heterogeneity and anisotropy that have a direct impact
on crack propagation during dynamic loading regime
such as a traumatic fall or an accident.

It is well known that various factors (e.g. age, disease
etc.) can lead to a loss of bone mineral density due to
unbalanced remodelling process, significantly affecting
morphology of the underlying microstructure com-
ponents. As a result, morphological characteristics of
osteons in cortical bone are complicated and varied in
different groups, such as young, healthy, aged, osteo-
porosis and bisphosphonate-treated groups. According
to the previous studies mechanical properties of corti-
cal bones in four different groups demonstrate signif-
icant difference due to various geometrical factors at
the osteonal level. However, there is still no detailed in-
vestigation on the effects of morphological character-
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istics on crack propagation, especially under dynamic
loading conditions.

In this study, random distributions of the microstruc-
ture in cortical bone tissue representing four different
bone morphology groups were analysed. The obtained
data were parameterized based on the obtained im-
ages and processes employing a MATLAB programme,
considering such features as positions, dimensions,
orientations and volume fractions of osteons and Hav-
ersian canals. Then, statistically representative models
of osteonal morphologies were developed and im-
ported into finite-element software used to simulate
crack propagation in microstructured bone tissues; an
extended finite-element method X-FEM was employed
for this purpose. The results from numerical simula-
tions demonstrated that X-FEM is a powerful tool for
investigation of the effect of micro-morphology of os-
teons and volumetric fraction of various microstructur-
al constituents on crack growth under dynamic loading
conditions.
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Safety assurance against crack propagation in gas pipe-
lines has been one of the major structural integrity
challenges since 1960’s. Back then, a standardized Drop
Weight Test (DWTT) with pressed notch was developed
with the purpose to exclude brittle fracture initiation
and propagation by requiring minimum of 85-precent
shear area. At the same time the materials should also
exhibit a minimum Charpy energy value estimated by
Battelle-Two-Curve Method (BTCM) to insure an arrest

of propagating ductile fracture. Both criteria were suc-
cessfully applied for vintage pipeline material.

However, limitations of both criteria have become
evident for modern line pipe steels with improved
strength and toughness properties. With respect to
brittle fracture control, lower strength steels, such as
X65 grade, often exhibit propensity to so called "ab-
normal fracture appearance” (AFA) or inverse fracture
in DWTT characterized by ductile crack initiation at
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pressed notch followed by onset of cleavage fracture.
In this case the 85-precent shear area criterion can-
not be applied and DWTT results are declared invalid.
Hence, the utilization of these steels remains signifi-
cantly restricted as long as no suitable tests and criteria
are provided to obviate brittle fracture. Regarding duc-
tile fracture control, it was shown that the minimum
Charpy energy predicted by BTCM is not sufficient to
guarantee ductile fracture arrest, especially for high
strength line pipe material such as X100 grade and cor-
rection factors have to be introduced in order to ac-
count for these deviations.

To develop a small-scale test representative of pipeline
fracture behaviour and derive an adequate fracture
control criteria for new line pipe steels, it is desirable to
combine both experimental efforts and take advantage
of numerical methods in material modelling. This pa-
per shows how to reach these goals by applying an ex-
tended damage mechanics approach to describe frac-
ture behaviour of modern steels in transition region.
The ductile fracture can be successfully captured for
both X65 and X100 grades by modified Gurson-Tver-
gaard-Needleman (GTN) and Cohesive Zone (CZ) dam-
age models. Based on the simulation results, it is pos-

sible to identify major material, geometry and loading
parameters controlling ductile fracture propagation/
arrest. On the other hand, two approaches have been
considered for the fracture simulation in the transi-
tion region. One approach includes a simplified cleav-
age initiation criterion and another couples a ductile
damage model to CZ model with traction-separation
law for brittle fracture. The material parameters can
be estimated by comparison between experimental
and numerical results conducted on deep and shallow
notched SENB specimens. Subsequently, the calibrated
numerical models have been used for fracture simu-
lation in DWTT and pipe models. The results can also
serve to understand mechanisms governing the frac-
ture in modern line pipe steels, e.g. inverse fracture be-
haviour in DWTT, and how they are reflected in actual
pipe behaviour.
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The expected increasing number of infrastructures
near the Arctic, driven largely by the global demand
on petroluem resources, anticipates the rising con-
sumption of high-strength ferritic steels as the prima-
ry structural material. The cleavage fracture for these
high-strength steels under the relatively low ambient
temperature near the Artic imposes a critical threat to
the safety of these infrastructures. The fracture tough-
ness, measured using the standard material testing
protocol [1], exhibits significantly lower toughness val-
ues than those measured at the room temperature. In
addition, the large scatter in the measured toughness
values drives a statistical approach in assessing the
brittle structural failure, in contrast to the convention-
al, deterministic approach for ductile fracture.

The Weibull type statistical model has evolved over the
years as a widely recognized approach in estimating
the probability of cleavage fracture for ferritic steels
under pure mode | loading. Wallin [2] utilized the Wei-
bull distribution to quantify the macroscopic scatter of
fracture toughness. Ruggieri and Dodds [4] employed
the maximum principal stress to calculate the effective
microscopic driving force for cleavage fracture, namely
the Weibull stress &, . The Weibull stress 6, repre-
sents a scalar measure of the driving force for the mi-
croscopic cracks in the fracture process zone. The use
of microscopic Weibull stress allows the development
of a uniform approach to predict the probability of frac-
ture under varying levels of crack-front constriants. The
Weibull stress approach has demonstrated reasonable
success in estimating the probability of fracture for a
wide range of materials, reflected most recently by the
comparison to the Euro fracture database [4]. Howev-
er, realistic cracks in engineering structures often expe-
rience a mixed-mode condition, which requires further
understanding on both the cleavage fracture angle and
toughness assessment.

This study aims to extend the probablistic Weibull
stress framework to estimate the cleavage fracture
angle for high-strength ferritic steels under the mixed-

mode | and Il condition at a low ambient temperature
(-90°). The effective stress required in computing the
Weibull stress, which drives the opening of microc-
racks under a mixed-mode | and Il condition, depends
on a well-defined stress-based fracture criterion. This
paper examines three different fracture criteria, the
maximum princiapl stress, the coplanar energy release
rate, and the modified co-planar energy release rate in
computing the microscopic Weibull stresses. The angu-
lar Weibull stress density 6, , cacluated following the
three fracture criteria estimates the range of the cleav-
age fracture angle anticipated during a mixed-mode
fracture test. The numerical study further investigates
the effect of the crack-front constraints (quantified by
the T-stress) and the large plastic deformations on the
cleavage angle.

This paper also reports an experimental program for
single-edge notched specimens made of the high
strength steel S550 under a four-point bend and shear
mixed-mode condition. The experimental results with
different mode-mixity angles support the development
of a modified Weibull approach to assess the mixed-
mode brittle fracture with an experimentally validated
stress criterion.
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Numerous engineering components as railway tracks
or crane runways are subjected to rolling contact fa-
tigue (RCF) due to travelling wheel loads. RCF causes
non-proportional mixed mode crack tip loading (Fletch-
er2014) and mode Il controlled or shear mode crack
growth (Bold1991, Otsukal993, Otsukal996). Tradi-
tional fracture mechanic concepts dealing with mode
| or tensile mode crack growth are thus not applicable
(Bold1991, Yang2014). One of the reasons is the com-
pressive stress field directly below the wheel load sup-
pressing tensile mode crack growth (Otsuka1996).

The contribution is focused on the crack growth stage
of crane runway girders consisting of hot-rolled gird-
ers with welded rails. Cyclic tests were conducted
on full-scale crane runway girders travelled over by
wheel loads. Fatigue crack initiation was identified at
the sharply notched weld root. As a consequence, de-
tection of crack initiation lifetime was technically not
feasible by non-destructive measurements due to the
weld geometry. Therefore, a pressure system was used
to detect the lifetimes until first through-thickness
crack (Rettenmeier2013). Shear mode fatigue crack
growth within the weld metal was observed by frac-
tographic investigations after cyclic tests. Additionally,
crack growth rate was evaluated by means of tests with
C(T) specimens extracted from the weld metal.
Numerical investigations were performed in Abaqus to
calculate the crack growth lifetime of the crane run-
way girders. Stress intensity factors were evaluated
by means of modified virtual crack closure technique.
Mixed mode crack tip loading was identified. An initial
crack length of 1 mm was assumed for crack growth
calculations. Numerical calculations showed a signifi-
cant influence of mode Il stress intensity factor on crack
growth. Thus, crack growth lifetime was estimated by
shear stress intensity factor K_introduced by Otsuka et
al. (Otsukal975) and NASGRO equation according to
Forman/Mettu (Forman1990).

Subsequently, the calculated total lifetime was sepa-
rated into crack initiation and crack growth lifetime.
The former was estimated by MPA AIM-Life concept

in combination with critical plane approach (Retten-
meier2015). The numerical investigations showed that
crack growth stage approximately amounts to one half
of the total lifetime. Finally, the calculated total life-
time was compared to experimental results until first
through-thickness crack.
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The use of a composite patches for the repair of the
APl 5L X52 steel pipe in connection with the crack
path estimation are presented in this study. The
finite element method (FEM) is used to analyse the
fracture resistance of a pipe repaired by a boron/
epoxy bonded composite patch by evaluation of the
notch stress intensity factor K, and the non-singular
T-stress as a constraint parameter. The use of the two
parameter fracture mechanics (K-T) given a described
information’s of the crack path of the defect of a
structure with and without a reinforcing patch. The

effects of the notch aspect ratio, the type of laboratory
specimens (CT, SENT, DCB and RT) and the repairing
method on the variation of the applied notch stress
intensity factor and the T-stress at the notch tip are
highlighted. The obtained results show a considerable
decrease of the applied notch stress intensity factor in
the case of the repaired defect in connection with the
crack path. The use of the composite patch reduces
significantly the risk of fracture and increases the
service life of the pipeline.
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In recent years, generalized or higher order (non lo-
cal) continuum theories have attracted attention due
to the fact they inherently predict the so called “size
effect” in the mechanical behavior of materials. This is
attributed to their “constitutive” incorporation of in-
trinsic or internal material lengths. On the other hand,
there exist cases in which classic (local) theories of me-
chanics have failed to capture the mechanical behavior
of these specific materials. The higher order theories
provide enhanced models for materials with micro-
structure like composites, cellular materials, textiles
etc. The dipolar or strain gradient elasticity is one such
theory which was set forth by (Aifantis 1992) with the
introduction of a single material length, following the
more general theory of (Mindlin & Eshel 1968).
Adopting a Fracture Mechanics point of view, the issue
of crack deflection plays a significant role. Tackling the
crack deflection problem was historically initiated by
(Griffith 1920) for materials exhibiting a quasi-brittle
type of behavior, upon the hypothesis of an energet-
ic balance regarding the transition from the unbroken
state of a solid to the broken one. The years to come,
several crack deflection criteria have been stated,
mainly: the maximum energy release rate criterion
(Hussain et al. 1974), the maximum circumferential
stress criterion (Erdogan & Sih 1963) and the strain en-
ergy density criterion (Sih 1974).

In an effort to attack crack deflection in the context of
dipolar gradient elasticity, an issue not attempted be-
fore in the relevant literature, we have revisited the
Sih’s strain energy density criterion, based upon physi-
cal considerations for its prevalence. At the same time,
we concluded that other crack deflection criteria may
not be relevant. Following an analytical study, we val-
idated its applicability for dipolar gradient elastic ma-
terials. We have used a second order asymptotic strain
energy density close to the crack tip, using the crack
tip fields as obtained from the asymptotic analysis of
(Gourgiotis & Georgiadis 2009) and (Aravas & Gianna-
kopoulos 2009). We propose that crack deflection will
appear at a direction that maximizes the near-tip strain
energy density along a specific line around the crack
tip. This line requires the determination of the angular
distribution of the radial distance r around the crack
tip, such that the first and the second order strain en-
ergy densities become comparable. The central crack
problem in an infinite medium is examined, for mode
I, mode Il and mixed mode (I+Il) loading. The acquired
results lead to a powerful method for predicting crack
deflection trajectories in materials with microstructure
that can be adequately modeled by dipolar gradient
elasticity.
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By representing a thin adhesive layer with a cohesive
zone, analysis of fracture of bonded structures is great-
ly simplified while providing high qualitative predictive
capability (Carlberger et al. 2008). With this model,
only homogenized stress, deformation and damage
measures are used to represent the state of the adhe-
sive. The stress variables are denoted the peel stress s
acting in the normal direction of the surface and the
shear stresses 11 and 12 acting in the plane of the sur-
face. The work per unit surface performed by theses
stresses during a deformation process is given by

WZTGdW-i-]lTldVl-FTTZdVZ , (1)
0 0 0

where w, v1, and v2 denote the deformation compo-
nents of the adhesive layer measured in the directions
of the corresponding stress components. With mono-
tonically increasing deformation, a pseudopotential
is associated to the state of the adhesive layer. In this
case an evaluation of the path independent J-integral
at the edge of an adhesive layer reveals that W =J. That
is, if J is measured during an experiment, the evolution
of W is also measured. If, at the same time, w, v1, and
v2 are measured, the gradient of W provides o, 11 and
12. Thus, the corresponding cohesive law is measured.
A number of test specimens and procedures have been
developed (Stigh et al. 2010).
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In shear loading, the end notched flexure specimen is
used. This is a three-point bending test rig where the
centrally applied load F is measured. In one method to
evaluate the experiments, only F and v at the start of
the adhesive layer are measured (Alfredsson 2004); in
the alternative method, also the rotations, 6A, 6B and
0C, of the loading and supporting points are measured
(Stigh et al. 2009). The alternative expressions read

9 Fla’ L3R
A
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Evaluations of the same experiments using these two
equations show good agreement.

However, during the final stage of the fracture pro-
cess, the adhesive layer swells, i.e. w > 0 (Stigh and Biel
2014). This swelling is confined to the end of an adhe-
sive layer and it is constrained by the flexural stiffness
of the adherends. This shows that a compressive stress
develops during shear.
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Experiments and direct dislocation simulations have
shown that metallic materials display strong size effect
at the micron and sub-micron scales. Attributed to ge-
ometrically necessary dislocations (GNDs) associated
with non-uniform plastic deformation, this size effect is
especially significant in fracture problems as the plastic
zone adjacent to the crack tip may be physically small
and contains large spatial gradients of deformation.
Since conventional plasticity possesses no intrinsic ma-
terial length, several continuum strain gradient plas-
ticity (SGP) theories have been developed through the
years in order to model observed size effects. Most of
them can be classified as a function of their approach:
phenomenological (Fleck and Hutchinson, 2001) or
mechanism-based (Gao et al., 1999).

The experimental observation of cleavage fracture in
the presence of significant plastic flow (Elssner et al.,
1994) has encouraged significant interest in the in-
fluence of plastic strain gradient effects on crack tip
stresses and many authors have shown that GNDs near
the crack tip promote local strain hardening and lead
to a much higher stress level in the vicinity of the crack
as compared with classical plasticity predictions. How-
ever, although large deformations take place in the vi-
cinity of the crack, very little work has been done to
investigate crack tip fields under SGP accounting for
finite strains.

Very recently Martinez-Pafieda and Betegdn (2015),
in the framework of a mechanism-based approach
and within the finite deformation theory, quantified
the magnitude and the extension of the differences
between classical plasticity and SGP stress distribu-
tion predictions ahead of the crack tip. Their numer-
ical results revealed a significant increase in both the
magnitude and the domain where GNDs significantly
influence the crack-tip fields when finite strains are
considered. This is due to the strain gradient contribu-
tion to the work hardening of the material, that lowers
crack tip blunting and thereby avoids the local stress
triaxiality reduction characteristic of conventional plas-
ticity predictions.

berger, T., & Salomonsson, K. (2010): Some aspects
of cohesive models and modelling with special ap-
plication to strength of adhesive layers. Int. J. Fract.,
165: 149-62.

Stigh, U., Alfredsson, K.S. & Biel, A. (2009): Measure-
ment of cohesive laws and related problems. Proc.
ASME IMECE-10474, USA

In the present work, a comprehensive study of crack-
tip fields is performed for both phenomenological and
mechanism-based SGP theories with the aim of gaining
insight into the role of the increased dislocation densi-
ty associated with large gradients in plastic strain near
the crack. Following the work of Niordson and Redanz
(2004), a finite strain generalization is implemented in
a general purpose finite element code by means of an
updated Lagrangian configuration and physical implica-
tions of the results are thoroughly discussed, providing
an appropriate framework for damage and fracture as-
sessment within SGP theories.

Results obtained reveal the important influence of
strain gradients on a wide range of fracture problems,
being particularly relevant in hydrogen embrittlement
models, due to the central role that the stress field
close to the crack-tip plays on both hydrogen concen-
tration and interface decohesion (Gangloff et al., 2014).
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The excellent combination of properties like high
strength, low stiffness and high hardness together with
the ease of processing and near net-shape castability
make bulk-metallic glasses (BMGs) candidate materials
for many structural applications. Their fracture tough-
ness, however, can vary over a wide range (generally
between 10 and 200 MPa.m%?) and in terms of ductil-
ity, BMGs behave entirely different whether they are
loaded in tension, compression or bending. Where-
as ductility is rather limited in tension/compression,
BMGs can be quite ductile in bending. Standard frac-
ture-toughness tests are normally done on “bending”
geometries (three-point bending, compact-tension
specimens) but it is not clear how the behavior in
BMGs under these constrained stress-states relates to
that in tension; as such, the extent of validity of non-
linear-elastic fracture mechanics to characterize their
toughness is in question.

Here, we report on a systematic study to compare the
toughness of three different, Zr-based glasses — one
low toughness (< 50 MPa.m%?), one medium and one
high toughness (>150 MPa.mY?) — tested under differ-

ent loading conditions, specifically deep-cracked bend-
ing vs. edge-cracked tension, to understand influences
of sample size and stress-state on the measured frac-
ture toughness of BMGs, as well as to determine the
origin of the large variations in toughness often found
for these materials.
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Dual-Phase steels have long been used in the automo-
tive industry due to their excellent mechanical proper-
ties in terms of strength and ductility, as well as their
low processing cost. The good compromise between
strength and ductility results from the very different
properties of the constituent phases comprising duc-
tile ferrite and hard martensite.

In contrast with their plastic flow properties, the frac-
ture toughness of Dual-Phase steels (quantified by K _
orJ ) has been far less investigated. Common values of
the fracture toughness are around 100[k).m?] or even
lower; but seldom exceed the 200[k).m™]. However, a
minimum level of fracture toughness is required to pre-
vent the propagation of small edge damage or cracked
zones induced by cutting. Therefore, unravelling the
relationship between fracture toughness, microstruc-

ture and damage mechanisms is essential to develop
advanced steels with superior forming ability.
Dual-Phase steels are usually processed following an
intercritical annealing which generally leads to equi-
axed martensite inclusions. An alternative heat treat-
ment, consisting of a double annealing first proposed
N.J. Kim and G. Thomas [1] brings about fibrous mar-
tensite inclusions. A very recent study on such steels
shows that this fibrous microstructure can potentially
lead to a very high fracture toughness, while retaining
good properties in terms of strength and ductility [2].
The general objective of this research is to investigate
the fundamental damage mechanisms that govern the
fracture toughness of Dual-Phase steels. Our approach
is based on the processing of microstructures in which
parameters are varied one by one. In particular, both

263



ICM 12 — 12t International Conference on the Mechanical Behavior of Materials, Karlsruhe, 10-14 May 2015

equiaxed and fibrous microstructures were investigat-
ed in the form of thin sheets.

The Essential Work of Fracture (EWF) method [3] was
used to quantify the work per unit area needed at the
crack tip for material failure separating it from the to-
tal work expended for material failure. An extension of
the EWF method also allows us to separate the work
of necking from the work of damage [4]. In addition,
tomography experiments were conducted in order to
study the nucleation and growth of cavities within the
sheets. These preliminary measurements constitut-

WALTER OCHENSBERGERY?, OTMAR KOLEDNIK?

ed the basis for the development of a micromechan-
ics-based predictive model of the toughness of Du-
al-Phase steels.
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The majority of failures in technical applications can be
attributed to fatigue crack propagation. Cracks under
low-cycle fatigue conditions and short fatigue cracks
cannot be assessed with the conventional stress inten-
sity range AK-concept, since linear elastic fracture me-
chanics is not valid. For such cases, Dowling and Begley
(1976) proposed the experimental cyclic J-integral AJ*®
for the characterization of the fatigue crack growth
rate. However, severe doubts exist concerning the
application of AJ®P. The reason is that AJ®® relies, like
the conventional J-integral, on deformation theory of
plasticity, which idealizes the elastic—plastic material to
be nonlinear elastic. Therefore, fundamental problems
appear due to the strongly non-proportional loading
conditions during fatigue crack propagation.

The configurational force concept provides a possible
solution to this problem, since it enables the deriva-
tion of the J-integral for elastic—plastic materials with
incremental theory of plasticity, called J** (Simha et al.
2008). This J** overcomes the theoretical restrictions of
the conventional J-integral and is physically appropri-
ate to characterize fatigue crack propagation, however,
it is, in general, path dependent. In two recent papers,
we studied the possible application of this J/**-integral
for the assessment of the driving force for fatigue crack
growth (see Ochensberger and Kolednik 2014, 2015).
A driving force term in fatigue should allow the pre-
diction of the crack propagation rate of a fatigue crack.
The purpose of the current presentation is to show how
J¢? shall be used to evaluate correctly the driving force
for fatigue crack growth, in order to characterize the
crack growth rate during fatigue. Therefore, the path
dependence of J*7 is studied in numerical investigations
conducted on two-dimensional C(T)-specimens with
long cracks subjected to cyclic Mode | loading. Crack

extension occurs by an increment after each load cycle.
The maximum load is varied so that small- and large-
scale yielding conditions prevail in the specimen. Three
different load ratios, for zero-tension, pure tension and
tension-compression loading, are investigated.
Theoretical considerations and comparisons with the
cyclic crack tip opening displacement A8 show that
the cyclic, incremental plasticity J-integral for a contour
enclosing the active plastic zone of the moving crack
tip, DJepactPZ, reflects the magnitude of the “driving
force” for fatigue crack propagation. The results show
that the parameter DJepactPZ is also able to reflect
crack growth retardation after application of a single
tensile overload. The validity of the experimental cyclic
J-integral DJexp is also clarified: DJexp is, in principle,
correct for stationary fatigue cracks, but does not ex-
actly quantify the “driving force” during fatigue if crack
extension occurs.
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In the present work the creep crack growth (CCG)
behavior of two polycrystalline Ni-base superalloys,
A617B and C263, is studied. In the microstructure of
C263 a large volume fraction of intermetallic y’ phase
and a high density of grain boundary (GB) precipi-
tates are observed. Significantly smaller amounts of
Y’ phase, as well as a lower density of GB precipitates
characterize the solution annealed alloy A617B. Thus,
alloy C263 exhibits better creep resistance than alloy
A617B. However, alloy C263 shows a higher sensitivity
to creep crack propagation. The objective of the pres-
ent work is to identify the microstructural parameters
which govern CCG. For this purpose, compact tension
CCG tests were performed according to ASTM E 1457. A
preliminary scanning electron microscopy investigation
showed that CCG occurred along high angle GBs. Using
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focused ion beam micromachining (FIB), thin foils were
cut out from the material close to the creep crack. This
allowed to study the microstructure which governed
CCG. The thin foils were studied using transmission
electron microscopy (TEM). GB particles were charac-
terized using energy dispersive X-ray (EDX) analysis and
selected area electron diffraction. The density of parti-
cles at the GBs was characterized by the ratio between
the sum of the projected areas of GBs carbides and the
area of the GB region which was affected by carbides.
The results of the mechanical and microstructural in-
vestigations suggest that the alloy with the higher den-
sity of GB carbides is less resistant against CCG. These
results are discussed in the light of previous findings
and areas in need of further work are highlighted.
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With respect to a fracture originating any defect,
breaking strength is determined sometimes by crack
initiation stress and sometimes by crack propagation
limit stress. The crack behavior in the process of static
fracture is controlled by mechanical conditions and ma-
terial structures. Incidentally, all casting materials have
shrinkage porosity which decreases static strength.
Since shrinkage porosity has micron order tip radius,
shrinkage porosity is most likely to behave as cracks in
the static fracture. Therefor the authors consider that
static strength of casting materials can be evaluated
from computer simulation regarding shrinkage poros-
ity as cracks whose area is equal to projected area of
shrinkage porosity on the plane perpendicular to the
principal stress. However, there’s no reproducibility of
the shrinkage porosity for its shape and arrangements.
Therefore, in static fracture it should be considered
that behavior of the shrinkage porosity is possibly dif-

ferent from that of cracks.

As for a circumferential notch, it is reported that ten-
sile strength of notched specimens is equal to that of
specimens which has a crack of the same size of the
notch when notch tip radius is smaller than certain
value. Meanwhile, when tip radius is dull, the tensile
strength depends on the tip radius. Whether tensile
strength depends on tip radius or not can be explained
by a magnitude relationship of crack initiation stress
and crack propagation limit stress. The crack initiation
stress depends on the notch tip radius. In contrast, the
crack propagation limit stress doesn’t depend on be-
cause when a crack exists at the notch tip, stress state
is dominated almost only by the crack. When a notch
tip is sufficiently sharp to crack initiation stress doesn’t
exceed crack propagation limit stress, initiated crack at
the notch tip can propagate stably with the load incre-
ment. Subsequently, if applied tensile stress exceeds
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crack propagation limit stress, the crack propagates
unstably in another moment. The authors believe that
the notch can be regarded as a simple crack in this
case. On the other hand, when a notch tip is sufficient-
ly dull to crack initiation stress exceed crack propaga-
tion limit stress, fracture from the notch doesn’t have
a stable crack propagation step. In short, specimens
break immediately after the crack initiation. Terefore,
tensile strength depends on notch tip radius with a
sharp notch, and doesn’t with a dull notch.

The authors believe that the magnitude relationship
of crack initiation stress and crack propagation limit
stress decides existence of stable crack propagation in

any defect including shrinkage porosity. The shrinkage
porosity as mentioned before, it appears to be need-
ed that clarifying relation between defect shapes and
crack behavior such as crack initiation, stable propaga-
tion and unstable propagation.

In this study, tensile tests were performed to circum-
ferential notched specimens with variant notch size
and tip radius. AZX912 non-combustible Mg cast alloy
is adopted. In this paper, we will discuss crack behavior
in static fracture considering material structure. Finally
we will examine possibility of the method that regard-
ing shrinkage porosity as cracks in strength evaluation
of casting materials.
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Welding using low transformation temperature (LTT)
filler materials is an innovative method to mitigate
welding residual stresses. In particular due to the se-
lective producing of compressive residual stresses in
the weld and in the heat affected zone (HAZ) a signif-
icant enhancement of the cold cracking resistance of
highly stressed welded components can be expected.
For the effective usage of these materials an in-depth
comprehension of the microstructural developments
during welding is necessary to determine the complex
processes that occur during residual stress formation.

Solid-state phase transformation kinetics and the
evolution of thermal and elastic strains in two dif-
ferent modern LTT weld filler materials (one Ni- and
one Mn-containing alloy) are monitored in-situ at the
HEMS (High Energy Materials Science) beamline at
the synchrotron light source PETRA Il in Hamburg. The
transferability to real components is ensured by using
a realistic MAG welding process under consideration of
constructive constraint conditions. Here, two different
constraint conditions are considered. During welding
of multilayer joints, the local phase transformation and
strain evolution of each individual layer is investigated
in transmission geometry using a photon energy of 100
keV. Further, the changes in already welded layers are
studied, when further layer are welded on top.

Debye rings are recorded by means of an area detec-
tor at a counting rate of 2 Hz. Evaluation of complete
Debye rings in the diffraction images provides local in-
formation about phase fraction and transformation ki-
netics. 15° “cake pieces’ of the Debye rings are defined
and integrated to investigate the phase specific strain

in longitudinal and in normal direction to the weld line
in the (partially) coexisting martensite and austenite
phases. The measurement results are compared to
in-situ diffraction experiments using a conventional
high strength weld filler material.

Due to the reduced temperature of martensite start
(MS), crucial differences in the transformation be-
havior are observed. In contrast to the LTT weld filler
materials the conventional filler material shows higher
values of MS and faster martensite transformation ki-
netics.

Regarding the LTT alloys the martensite formation
counteracts the thermal contraction strains, which
leads to a significant decrease of the tensile strain dis-
tribution during cooling down. Therefore, in contrast
to the conventional filler material the LTT alloys are
found to exhibit relatively low residual strain, which is
attributed to the low martensite transformation tem-
perature. Moreover, the LTT strain distributions, as well
as the directional evaluation of phase transformation,
show periodical oscillations, attended by defined alter-
ation of the interference peak intensity. This transient
effect can be attributed to local changes in crystal-
lite orientation (grain rotation) and is differently pro-
nounced for the different alloys.

Results show that the transformation kinetic is depend-
ent on the position of the welded layer. Furthermore,
the strain evolution for each layer differs. This can be
attributed to both, the local chemical mixing between
weld filler and base material which affects the mar-
tensite formation and the constraint condition applied.
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Modern “small scale” technologies are in need of
methods for the testing of materials for mechanical
properties at microscopic length scales. In particular,
fracture toughness at the micron scale has been re-
cently probed using samples machined by the focused
ion beam (FIB) method. FIB micromachining technique
allows a rather good degree of flexibility in shaping the
specimens, thus microscopic beams with straight sin-
gle-edge notches have been produced and tested main-
ly as cantilevers or in a 3 point bending-like setup. The
main concern associated to the FIB milled specimens,
however, is that FIB-based machining is damaging and
modifies the specimen surface; FIB milled surfaces can
become amorphous doe to ion implantation and irra-
diation and/or they can be contaminated by redepo-
sition. Moreover, and this is particularly important for
fracture toughness tests, FIB milled straight-through
notches always have a finite tip radius. These features
have been documented to potentially cause errors in
fracture toughness measurements at the microscale.

To circumvent the main problems associated with
FIB-milled specimens used for fracture toughness
testing, we explore the testing of microscopic chev-
ron-notched cantilever beams. Two simple, brittle and
isotropic model materials are used to probe the tech-
nique; namely, nanocrystaline alumina with a grain
size ~65nm, and amorphous fused quartz. Microscop-
ic chevron-notched cantilever beams of rectangular
cross-section are machined using standard FIB mill-
ing. The beams contain a thin triangular ligament (the
chevron notch), which is placed near the beam end at

which the cantilever is attached to the bulk material.
Cantilevers are deflected up to the point of fracture
using a nanoindentation apparatus. We find that for
sufficiently thin chevron notches, the crack is regularly
initiated at the apex of the triangular ligament under a
load that is lower than that corresponding to the onset
of crack instability. Subsequent increase in load there-
fore at first drives the crack thus created to propagate
within the plane of a chevron notch in a stable manner,
before instability and final fracture of the specimen
take place. Test data are interpreted using compliance
calibration curves calculated by three-dimensional fi-
nite element simulation of each beam individually, af-
ter measurement of its dimensions from SEM images.
Data obtained are consistent with what one would ex-
pect for the material at hand, suggesting that the tech-
nique is reliable despite the small specimen size, and
that it can therefore be transposed to other materials.
Advantages of the method are that the obtained tough-
ness values are not affected by the finite radius of a FIB
milled notch since the instability is developed from a
real (sharp) crack. In addition, at the onset of unsta-
ble growth, the majority of the crack front is situated
away from the FIB-machined surface. Thus, the meas-
urements should be minimally influenced by milling-in-
duced defects. The influence of environment-assisted
slow crack growth on the test data, which are well
known to be operative with alumina and fused quartz
in air, is also examined in terms of various specimen
geometries and shown to be negligible in the present
tests; there lies a third advantage of the method.
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To be able to use tungsten as a structural material in
power generation, the characterization of its mechani-
cal properties, in particular with respect to fracture, is
essential. Previous studies on polycrystalline tungsten
already showed that the microstructure has an im-

mense influence on the fracture toughness. However,
these studies have been mainly carried out at the mac-
ro-scale. To gain insight into the mechanical response
of individual grains, an experimental programme with
small scale fracture specimens was set up. Since the
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standard procedure for fracture toughness testing is
not valid on this size scale, the experimental studies
were closely accompanied by finite element simula-
tions.

The aim of the present work is to find a procedure
to determine the fracture toughness of such small
non standard specimen. The tested free-standing mi-
cro-bending beams have a typical dimension of 30 um
in width and thickness and 160 um in length. They
were fabricated by micro-electro-discharging machin-
ing followed by surface cleaning and notching by fo-
cused ion beam. A Charpy notch was chosen as it leads
to a more controlled crack initiation as the resistance
against crack propagation increases with increasing
crack length. The single crystalline beams starting with
an orientation of the {001}<100>-crack system along
the loading direction were loaded using a nanoindent-
er.

Related to this experimental program a finite ele-
ment (FE) study was performed. The FE model of the
notched microbeam was created taking into account
plastic deformation at the crack tip. Plastic deforma-
tion is implemented using a crystal plasticity (CP) ap-
proach (formulated by [1] and written by [2]) which
allows for specifying the crystal orientation. Further-
more, the fracture process with crack propagation is

described by using a cohesive zone model (CZM). A
distinction between brittle or ductile fracture can be
realized with parameter variations of the constitutive
traction separation law [3].

The developed crack model was applied to simulate
microbending. The simulations of microbending allow
for evaluating the details of the fracture process. The
results reveal details of the developing plastic zone
and which slip systems are active as well as the current
crack growth rate. Furthermore, the computed load
displacement curves are compared to the measured
one. By this comparison, it has been confirmed that
this procedure is suitable to determine values for the
fracture toughness from experimental force-displace-
ment curves for small-scale specimen. For the single
crystals investigated, the obtained values agree well
with the ones from macroscopic tests for the same
crystal orientation.
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Freestanding poly-silicon membranes are of increasing
importance for designing MEMS devices such as pres-
sure sensors, microphones and gyroscopes. It is crucial
to accurately determine the mechanical properties of
such membranes not only to access parameters for de-
signing new devices but also for assuring proper per-
formance and quality in service. Classically, microscop-
ic tensile tests [1-3] or bulge tests [4] were conducted
to obtain Young’s modulus and strength of the mem-
brane material. These methods however are prone to
artifacts due to crack initiation at edge defects (e.g.
predefined notches in tensile specimens [3] or slits in
bulge test samples [4]). In search of a method more
sensitive to the membrane surface rather than spec-
imen geometries, a novel approach has been intro-
duced more recently. By loading the center region of a
circumferentially clamped membrane with a spherical
probe, the membrane is stretched all the way up to
rupture while precisely recording the load-deflection
data. Complementary FEA simulations allow for deter-

mining the failure stresses of individual membranes,
based on the mechanical test data. In a subsequent
step the tests are analyzed via a two-parameter Wei-
bull approach to statistically evaluate the characteristic
fracture strength.

The membranes tested in the given project had a
thickness of only 330 nm over a diameter of 1 mm.
The necessity to apply minute forces while testing the
compliant membranes at quite large deflections with
high precision proves to be challenging. Additionally
the need for statistical verification requires conduct-
ing multiple tests in a reasonable time frame. In the
presented work a commercial nanoindenter has been
used to match the aforementioned requirements.
Lately some methodological improvements have been
implemented to maximize throughput by automation
and improve accuracy by refining the data analysis to
capture the experimental conditions most realistically.
Some of these approaches will be illustrated by recent
data and explained in detail.
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A common wisdom is that cracks in brittle crystals such
as diamond, silicon, or sapphire need excessive energy
to initiate and ‘bursting’ at high speed. Atomistic based
theoretical studies and atomistic simulations, con-
firmed by fracture experiments, have been in accord
with the common intuition of speed (V>2,000 m/sec
in silicon) and energy (G,>1.62g ). Contrary, continu-
um mechanics based theory predicts that cracks can
be slow and initiate at 2g_. Our high-resolution fracture
experiments confirm the continuum mechanics theory.
In this talk, we will introduce our experimental meth-
od. The method consists of gluing a rectangular and
thin precracked brittle crystal specimen inside a rec-
tangular hole in an aluminum loading-frame by two
300 mm thick epoxy resin layers. Crack initiation and
propagation takes place upon heating the assembly on
top of an electrical heating stage by few centigrade,
sufficient to initiate and propagate a crack. A relatively
long (>10 mm) precracks were introduced in the spec-
imens (Sherman & Gleizer 2014; Gleizer & Sherman
2014). The strain energy release rate, G,, was calcu-
lated by quasi-static finite element analysis, and crack
speed evaluated by Wallner-lines technique. With this
method, we are able to manipulate the energy flux
to the crack tip to be low, responsible for low speed
cracks. We will introduce two governing parameters,
dG,/da and dV/da (a-the crack length), and the way to
control them.

We will show two important phenomena associated
with low speed cracks in silicon crystal. The first is crack
speed dependent stress corrosion cracking, or subcrit-
ical crack growth, for cracks propagating on the (110)
[110] low energy cleavage system of silicon and crack
speed independent stress corrosion cracking on the
(111)[11 2] crack system. For the (110) plane, full SCC
occurs at cleavage energy of 2.2 J/m? up to crack speed
of ~500 m/sec, and terminates at crack speed of ~1200

m/sec where the cleavage energy is 3.5 J/m?(Gleizer &
Sherman 2014; Gleizer et al. 2014). For the (111) cleav-
age plane, SCC at energy of 2.2 J/m? takes place up to
the maximum measured speed of 1200 m/sec.

The second phenomenon is micron scale surface ridg-
es generated when a slow crack is propagating on the
(111)[11 2 ] cleavage system of silicon (Kermode et al.
2008) under bending. The ridges initiate at atomistic
scale jogs generated when the running crack interact
with individual dopants. The jogs generate pile-ups
that terminate at micron scale ridges Ben-Basat Berg-
man & Sherman 2014); Kermode et al. 2013).
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Hydrogen uptake is well known to accelerate fatigue
crack propagation rate due to a change in a crack prop-
agation mode, deteriorating fatigue life drastically.
From the view point of the propagation mode transi-
tion of fatigue crack under hydrogen environment, for-
mation of brittle striation through transgranular crack
propagation has been reported in Fe-Si single crys-
talline and commercial polycrystalline ferritic steels.
Additionally, the crack path was independent of any
identical crystallographic planes. This brittle striation
was explained in terms of micro-void formations and
their coalescence associated with hydrogen-enhanced
localized plasiticity (HELP). The proposed model could
explain the brittle-like fractographic feature as well as
the acceleration of crack propagation rate. This mod-
el has enabled us to estimate the transition condition
by simulation. The estimate has an important role on
prediction of fatigue life under hydrogen environment.
In this study, the hydrogen effect on plastic deforma-
tion and hydrogen distribution at the crack tip have
been analyzed by finite element method (FEM), since
the propagation mode transition noted in this study
has required the FEM-scale analysis which would eluci-
date hydrogen-related factors with a scale ranging from
30.0 um (plastic zone size on steels at K = 40.0 MPavm)
to 150 mm (the distance where the displacement is not
affected by plastic zone at a crack tip): hydrogen distri-
bution, plastic zone size, plastic strain distribution, and
coordination state of hydrogen such as dislocations.
The FEM has been successfully applied to the plastic
zone analysis with hydrogen diffusion near a crack tip.
Here, we noticed a remaining issue in terms of the
plastic zone analysis, namely, simulating hydrogen-lo-
calized plastic zone which is needed to determine the

transition condition under hydrogen atmosphere. The
solution of the remaining issue enables us to estimate
precisely the condition.

We have focused on the influences of hydrogen-affect-
ed plastic deformation and a comparison parameter
for solving the remaining issue of plastic zone size. Me-
chanical factors dominating plastic zone evolution are
considered to be yield strength and work hardening
coefficient. In particular, the influence of work hard-
ening coefficient has never been introduced to simula-
tion of the HELP phenomenon. Additionally, expanded
plastic zone was observed when compared using the
stress intensity factor K in a previous study. Based on
the crack-propagation mode transition mechanism, we
have compared the plastic zone size by using the new
parameter, crack-tip plastic strain.

This study has shown that hydrogen-reduced work
hardening coefficient and the crack-tip plastic strain
play important roles on simulating localization in plas-
tic zone near the crack tip. Namely, special emphasis
of this study was placed on the dependence of yield
strength and work hardening coefficient in hydro-
gen-affected plastic zone evolution clarified through
FEM and the influence of the new parameter.
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Medium- to high-entropy alloys are an intriguing new
class of materials in which three, four, five, or more el-
ements are present in equiatomic concentrations, with
the striking characteristic that they often crystallize as
single-phase solid solutions with simple crystal struc-
tures, despite containing high concentrations of multi-
ple elements with very different crystal structures. Al-
though these alloys are interesting from a fundamental
scientific viewpoint, they can have unusual mechani-
cal properties, which make them attractive for a wide
range of applications.

Here we examine equiatomic medium- and high-entro-
py, face-centered-cubic alloys, which exhibit a remark-
able combination of strengths above 1 GPa, tensile
ductilities of more than 50% and fracture toughness
values exceeding 200 MPaVm at crack initiation and
more than 300 MPaVm (/ > 500 kJ/m?) during stable
crack growth, properties which actually improve from
ambient to cryogenic temperatures. This appears to
result from continuous steady strain hardening, which
acts to suppress instability, consistent with planar dis-
location slip at ambient temperatures which transi-

tions into deformation-induced nano-twinning at low-
er temperatures. We also report initial results of the
fatigue-crack propagation behavior of these materials
in the same temperature range.

Research sponsored by the US Department of Ener-
gy, Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division.
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Stress corrosion cracking (SCC) is a degradation phe-
nomenon caused by specific combinations of stress,
environment and material. In nuclear industries and
chemical industries, much attention has been paid to
SCC as a degradation phenomenon of materials and
structures under corrosive environment. SCC life is
estimated by crack growth from the millimeter-sized
crack detected in periodic inspection to final failure.
The process of micro crack formation is major part of
SCC life. To predict SCC remaining life, it is necessary
to consider SCC process of crack initiation. Tohgo et
al. developed a Monte Carlo simulation of the SCC

processes from micro crack initiation to macro crack
growth on a smooth surface based on stochastic prop-
erties for micro crack initiation and concepts in frac-
ture mechanics for crack coalescence and growth. A
number of studies about crack initiation on the basis
of crystallographic investigation have been conducted.
Gertsman et al. measured misorientation of cracked
grain boundaries of polycrystalline materials, and re-
ported that twin (X3) boundaries were immune to 1G-
SCC. PAN et al. reported that general low-angle grain
boundaries and £3 boundaries were immune to IGSCC
in alloy X-750 but then some coincidence site lattice
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(CSL) grain boundaries lying in the range X5- 249 were
found to be cracked. However, the influence of misori-
entation of grain boundary on IGSCC behavior remains
to be clarified.

In this study, to make clear micro crack initiation be-
havior by SCC in sensitized austenitic stainless steel
304, a constant load tests was carried out under 1%
tetrathionate solution environment. Before the tests,
the crystal orientation of specimen surface was meas-
ured by a scanning electron microscope (SEM) with
an electrion back scattered deffraction (EBSD). Tensile
load corresponding to tensile strain of 1% or 2% was
applied under the corrosive environment, and then the
applied load was fixed using compressive spring. Dur-
ing the test, the SCC behavior, such as crack initiation
and growth, was observed by a video microscope every
five minites. After the tests, the crack length and num-
ber of cracks were measured and the crack formation
process was discussed.

As a result of the in-situ observation, initiation of many
cracks, crack coalescence and growth were observed.
Most of the cracks are perpendicular to the loading

direction. The number of cracks and crack length in-
crease with increasing loading time after incubation
period, and then, the number of cracks becomes con-
stant. All cracks initiated in grain boundaries, and the
grain boundaries with the misorientation ranging from
20° to 60° seem to be susceptible to crack initiation.
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An austenitic stainless steel 347H is widely used in high
temperature components due to the excellent creep
strength and oxidation resistance. In the case of power
plants, the metal is used in heat exchanger as re-heat-
er and super-heater tubes. These tubes are joined by
welding for connecting each other.

So, high residual stresses were existed on the welded
joints due to no post weld heat treatment for austenit-
ic materials following some codes. Consequently, po-
tential degradation on the joints could be preceded by
high residual stresses during operation on a condition
of high-temperature and —pressure.

In these days, some failures on the welded joints of
austenitic 347H boiler tubes were happened in ther-
mal power plants. There were some common features
in the failures. Firstly, the cracks on the joints were
found at the heat affected zone within two years since
installation. Secondly, the hardness values were shown
near the HAZ as compared to the bare metal. Also, the
cracks were propagated along the grain boundaries
showing the inter-granular fracture appearance. Ac-
cording to the previous studies, these phenomenons
are assigned to the ‘relaxation cracking’ [1] or ‘reheat
cracking’ based on microstructure analysis. Also, high
density of dislocations was observed on the HAZ using
a transmission electron microscopy. Generally, defects

in the material such as dislocation and planar fault act
as favorable nucleation sites for precipitation [2].
Therefore, in order to decrease or prevent a weld-
ed joint of austenitic metals from relaxation cracking
damage, there is a need to alleviate the residual stress
through the post weld heat treatment together with
an avoidance of grain boundary sensitization through a
carbide formation on grain boundaries.

In this study, the effect of PWHT on long-term reliabil-
ity of a welded boiler tube 347H was investigated. The
PWHT was conducted using a thermal pad at 900°C for
2 hours.

Prior to the long-term test, creep-rupture tests were
performed on the condition of 650°C-176MPa and
600°C-265MPa. The time to rupture was significantly in-
creased upto four times as compared with the as-weld
condition.

In orde