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Abstract. The nucleation, evolution and coalescence of v@dbe well-established
mechanism leading to ductile fracture under tengimminated loading conditions.
From a theoretical point of view, the same mechanaso applies to shear-
dominated loading conditions. Here, an attempt aslento provide for the first time
tomographic evidence of damage nucleation and &walwnder shear-dominated
loading in a modern engineering material. Monot@xperiments are performed on a
flat double gage section smiley-shear specimen henlaminography stage of a
synchrotron X-ray line. Based on fifteen scansha& éntire gage section-at-a—voxel
resolution—of ~pnt, the mesostructural evolution inside a ferritenitai steel
(FB600) is imaged in 3D up to the instant of spexinfracture. It is found that the as-
received material includes a volume fraction of @b0.015% CaO patrticles. Upon
mechanical loading at stress triaxialities evolvingm 0 to 0.3, the ductile matrix
detaches from these-g®-diameter second phase particles, creating a profad
space whose principal axis is aligned with the q@pal direction of the applied
macroscopic field of deformation. The void spacetitmes to grow while developing
micro-crack like features. A large deformation gs@ is performed on a
representative volume element of the particle-matnesostructure replicating the
experimental observations of void growth in an agpnate manner. Furthermore,
the simulation results suggest that a porosityoasds 0.05% is already sufficient to
cause the ductile failure under shear-dominatedihgathrough the formation of a

band of localized plastlc deformation at the meates@he—eemmned—e*penmental-

Keywords: Ductile damage, simple shear, void evolution, sstretate, in situ 3D
synchrotron imaging
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1. Introduction

Research over the past five decades has establishethe nucleation, growth
and coalescence of voids are the main events anés®scopic level leading to the
ductile fracture of polycrystalline materials. Ugimicromechanics, it has been shown
that the rate of void growth is governed by thessrtriaxiality and the equivalent
plastic strain (e.g. Rice and Tracey, 1969). Curvasrk on ductile fracture leverages
substantial recent progress in experimental andpatetional mechanics. These
activities contribute to the understanding of thdufe mechanisms (e.g. Baczmanski
et al. (2016), Kim and Yoon (2015), Matsuno et(2D15), De Geus et al. (2016),
Daehli et al. (2016), Khan and Bhasin (2017), Khadgt al. (2016), Lee et al.
(2015), Scales et al., 2016) and the developmeenbé&nced porous plasticity models
to predict ductile failure (Tutyshkin et al. (201%)hai et al. (2016), Shutov et al.
(2015), Ling et al. (2016)). In real materials, #féect of anisotropy on ductile failure
is also often relevant. It may be related to this@ropy of the matrix material (e.g.
Benzerga and Besson, 2001), void shape effects@algganu et al. (1993), Madou
and Leblond (2012)) or a combination of both (kgralavarma and Benzerga,
2008).

Ductile failure is a plastic deformation processiaihincludes a damage phase
that terminates with the initiation of cracks doevbid coalescence. The coalescence
mode depends on the normal and shear stresseg antinlayer of voids, resulting in
either internal necking or localized shearing @ iitervoid ligaments (e.g. Tvergaard
(1990), Benzerga and Leblond (2010), Morin et 2016), Torki et al. (2017)). Even
though the mechanism transition is smooth, a diffeation between shear-dominated
and tension-dominated loading can be meaningfuhwhscussing void coalescence.
However, this distinction may not be necessary whetussing microstructural
evolution during the damage phase. From the pointi@v of micromechanics,
damage for shear- and tension-dominated loadingheracterized by the same
mechanism of void nucleation, growth and shapewtar. However, for the sake of
simplicity, the effects of shape evolution and tiota have been neglected in the early
models of ductile damage (e.g. Gurson (1977)), evlaidlvanced porous plasticity
models (e.g. Gologanu et al. (1993), Danas andePGastaneda (2014), Morin et al.
(2016)) provide a more complete treatise of theedlgthg micromechanical problem.

What is missing to date is clear experimental evigeon the fracture process under
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shear-dominant loading conditions along with a destration that shear-induced

damage is indeed responsible for the crack inttiasifter simple shear loading.

The fracture of ductile materials including paeglreceived significant attention
in the literature, but most studies focused onsstretates with positive stress
triaxialities only (e.g. Argon (1976), Steglich aBdocks (1997), Ghahremaninezhad
and Ravi-Chandar (2012), Daehli et al. (2016))cklet al. (1989) investigated the
nucleation of voids from cylindrical particles umd@mple shear numerically. Their
results demonstrate the effective stress reduetgsociated with particle debonding
and void nucleation at zero mean stress. Horstenetyal. (2000) reported that the
number of voids nucleated per unit area in castedlum A356 under torsion is
higher than that for tensile loading. Moreover, $temeyer et al. (2000) proposed a
void nucleation rule that depends not only on thgliad strain, but also on the stress
triaxiality and the Lode angle paraméteFhis proposal is a significant modification
as compared to the widely-used void nucleation afl€hu and Needleman (1980)
which relates the rate of void nucleation to theieg@ent plastic strain only. It is
noted that Horstemeyer et al. (2000) considere@ffeet of the Lode angle parameter
on the void nucleation rule only, while their vagdowth rule depended on the stress
triaxiality and strain only (McClintock, 1968). lother words, the damage is
considered to nucleate due to shear, but its grasitexpected to be prohibited.
Another modification of the void nucleation ruleshlaeen proposed by Morgeneyer
and Besson (2011) by incorporating a dependendbeohode parameter of the strain
rate tensor. They captured the flat to slant cteaksition numerically during ductile
tearing. Mohr and Treitler (2008) analyzed the tine& mechanism in the pressure die
casting alloy AI-10Si-Mg-Mn at different stress atxialities. According to their
metallographic observations, final fracture is alsvalue to the linking of micro-
cracks. In their material, particle cracking led woid nucleation and subsequent
microcrack formation at positive stress triaxiakitj while particle debonding appeared
to dominate at nearly zero stress triaxiality slektremely challenging to interrupt a
fracture experiment during the final stage of voi@dlescence (or micro-crack linking)

since the stored elastic strain energy is usualfficient to drive the coalescence

The term “Lode parameter” is not explicitly empldyley Horstemeyer et al. (2000), but their idea of
introducing the ratio ofallJ, is mathematically equivalent to introducing theleangle parameter (e.qg.
Mohr and Marcadet, 2015).
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process in most specimens. Micromechanical sinaratiare therefore particularly

valuable in view of understanding void coalescence.

The first unit cell simulations describing porougrastructures were performed
several decades ago (e.g. Tvergaard, 1981), lsubitly recently that almost arbitrary
loading conditions can be considered for 3D unitrm@dels. For example, Liu et al.
(2016) made use of unit cell simulations with astrigpic power-law matrix material
and proportional loading conditions in stress spddeey found that at low stress
triaxialities, the central void collapses while docoalescence occurs at stress
triaxialities above 0.5. They note that void coeéege corresponds to fracture
initiation, while the relationship between void lepise and fracture remained unclear.
Brunig et al. (2014) describe the fracture proasgrowth and coalescence of voids
and micro-shear cracks. Their unit cell simulatidesnonstrate that the onset of void
coalescence is strongly dependent on the Lode gaeanwhich is an effect that they
incorporated into their latest continuum damage lraeics model. With the help of
the results from unit cell simulations, TvergaagDi5a) discusses the important
difference between pure shear and simple shedreircantext of ductile failure. For
both loading conditions, the stress triaxiality dhd Lode parameter are zero, i.e. the
hydrostatic part of the stress tensor is zero dr&l ibhtermediate principal stress
equates to the average of the minimum and maximuntipal stress. However,
localization analysis on single void unit cellseals that a shear stress maximum can
be reached under simple shear (e.g. Tvergaard,)20illfile no localization is
predicted under pure shear, even after introdutnge imperfections (Tvergaard,
2015a,b). This observation is consistent with tmit well simulation results of
Barsoum and Faleskog (2011) and Dunand and MoHr4{2@ho demonstrated the
importance of the Lode angle parameter in additiothat of the stress triaxiality as
far as coalescence for fixed principal stress tiwas is concerned. Dunand and Mohr
(2014) also repeated their simulations for co-rotetl loading conditions, i.e. a
loading scenario where the directions of the ppaktstresses followed the rotation of
the central void while keeping the stress statestzom. For zero stress triaxiality, the
co-rotational loading scenario mimics pure sheanddmns, for which, no shear
localization has been observed. This remarkablierdiice between pure shear (no
void rotation) and simple shear (active void rataji suggests that the initial or

deformation induced anisotropy of the mechanicastesy used in the above
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simulations plays an important role. The effecttloé initial anisotropy can be
removed by substituting unit cell simulations tlghtRVE simulations with a random
void distribution (e.g. Fritzen et al., 2012). Hoxwee to the best of the authors’
knowledge, the difference between plastic localiraunder pure and simple shear

has not yet been studied by means of RVE models.

In this work, the governing mechanisms leadingitopte shear fracture of an
advanced high strength steel sheet material aréyzauh through X-ray micro-
tomography (Flannery, 1987) and related synchratraging methods (King, 2008).
These methods allow for in-situ damage observatainge sub-micrometer scale,
providing unambiguous insight into historically atassible damage micro-
mechanisms, along with the potential for extremétii experimental data to enable
and validate numerical simulations of real mesastmes. Image-driven three
dimensional (3D) structural representations andimeltric measurement of material
displacement and/or strain fields at microstrudtlenagth-scales allow for the detailed

comparison of experimental and simulation results.

Geometrical conditions for sheet material testsnoanreadily be met via
tomography as only axisymmetric or stick-shape-Bkecimens can be tested. This
shortcoming is overcome by synchrotron laminograpfglfen, 2005). The latter
provides an opportunity to monitor in-situ the damarocesses in laterally extended
sheet-like specimens using physical boundary cmmditof engineering relevance
(Moffat, 2010, Morgeneyer, 2011). Similar to syrmhon computed tomography,
laminography is based on the acquisition of a cttb@ of radiographs of the Region
Of Interest (ROI) of the specimen and the subsetgqc@mputer-aided reconstruction
(Helfen, 2011). X-ray beam directions close toithplane directions of the extended
specimen are avoided in laminography. Despiteribeiiable loss of information and
imaging artefacts, laminography is often preferred tomography where the

acquisition angles are limited (Xu, 2012).

The strain fields inside the specimens may be nbthby combining 3D structure
imaging during loading with Digital Volume Corrdlat (DVC). In situ laminography
has recently been demonstrated to yield trustwartegsurements at relevant spatial
resolutions in the case of alloy tearing (Morgemeseal., 2013). DVC is the 3D
extension of 2D digital image correlation (e.g. t8at 2009), both based on the

hypothesis of the conservation of gray levels ind&[3D images (Sutton, 2009, Hild
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2012). There is a need for ‘natural’ markers,inege contrast, in the material micro-
or mesostructure to be able to perform digital wwducorrelation. A global approach
to DVC (Roux, 2008) has been applied to ductileitgain Morgeneyer et. al. (2013,
2014, 2016). In the global approach, the displaceniield parameterization is
identical to that used in finite element modelinBo@x, 2008). Mechanical
regularization may also be used to help convergdie@dlandier-Thomas et al.,
2014). This was performed for Al alloys for whidhdly dispersed particles or voids
with a volume fraction of around 0.3% to 1% serasdmarkers. In steels, the void
and particle volume fraction are often even sulistiy lower so that the natural

marker density may be too poor to perform digitluwme correlation.

It is the goal of the present work to make usexpleeiments and computations to
reveal the governing mechanism leading to the @uétilure of a polycrystalline
multi-phase steel (FB600) under shear-dominantitgadonditions. Experiments on
smiley-shear specimens are performed in a syndmotrray beam line to monitor
the mesostructural evolution through laminographye role of stiff particles with a
diameter of a few micrometers is discussed andptbeess of void nucleation and
growth is analyzed in detail based on the tomogragiiservations and finite element
simulations. A computational large deformation ge@l of a representative volume
element composed of an isotropic elasto-plasticirmaith brittle particles is carried
out to replicate the experimental observations dadgain insight into the

experimentally-inaccessible final stage of the deiftacture process.

2. Experimental procedures

A first series of experiments is performed to chtyaze the macroscopic
mechanical response of the sheet material. Thidveg notched tension, central hole
tension and smiley shear experiments. This seffiesxperiments is referred to as
“macroscopic experiments” to emphasize that obsemns are only made at the
macroscopic level without any attempt to accesssstror strain fields at the
mesoscopic or microscopic levels. The latter is dbgctive of a second series of
experiments on smiley shear specimens which wer réde as “tomography

experiments”.
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2.1. Material

All specimens are extracted from 8 thick sheets of a ferrite-bainite steel
(FB600). The main difference between the FB (ferbiainite) and conventional DP
(dual phase) steels is that it features bainiteeats of martensite islands. In a uniaxial
tension experiment, the material response is lingato about 45@Pa, followed by
positive strain hardening up to a true stress oual630MPa, where necking sets in.
The measured true stress-strain curves (Fig. 1@y shat the material response is
direction dependent, with the highest stressesgbedached for loading along the

transverse direction. The corresponding Lankforttbsaare r,=0.59, r,,=10C and
I, =0.90. Despite its anisotropy, the FB steel is chosente current study due to its

technological relevance and the presence of disdgrarticles that can be easily seen
in laminography images. From the point of view afldre mechanism analysis,
isotopic steels appear to be more suitable, bugrgite high plastic strains attained
before fracture, even initially isotropic polycrgiine materials are expected to have
developed significant plastic anisotropy by the dirfracture initiation becomes
imminent (e.g. Teodosiu and Hu (1995), Manik e(2015)).

2.2. Macroscopic experiments

“Smiley” shear specimens (SH) of rdén width, containing two parallel shear
gage sections (Fig. 2a) have been extracted frarshieet metal using wire-EDM
cutting. The exact shape of the gage section @j.had been originally identified
for an aluminum AA2198-T8 and is provided in RothdaMohr (2016). The
experiments are performed under displacement dommo a 10BN hydraulic
universal testing machine (Instron 8801). Custondertagh pressure clamps are used
to apply the clamping force on therihwide specimen shoulders. All specimens are
loaded at 0.#m/minwhich results in a strain rate of the order of/s0at the gage
section level. A random speckle pattern is appitethe specimen surfaces to measure
the surface displacement with planar digital imagerelation (2D DIC) using the
commercial software VIC2D (Correlated SolutionsheTimages are acquired at a
frequency of Hz using a digital camera (Point Grey, model GS3-US$%MV-C, 2448
x 2048 pixels) with a 1:1 macro lens (Tokina, f2L80mm focal length), resulting in

a spatial resolution of 2@n/pixel The first camera’s field of view covers the whole
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specimen gage section (approximately 50mm, inctudine blue dots shown in Fig
2a). A second digital camera (Point Grey, Model G&&s3120S6M-C, 4240x2824
pixels) positioned behind the specimen monitorexdgpecimen gage sections with a
resolution of 3.fum/pixel

To identify the plasticity model parameters anddbtdate the plasticity model for
large strains, two additional types of specimenehaeen tested using the same

experimental procedure as for the SH specimen:

* Notched tension (NT20) specimens with an®d@wide shoulder section
and circular cutouts with a notch radius of Ra22) reducing the width of

the gage section to rfnat the specimen center (Fig. 2c).

» Tension specimens with a central hole (CH). The SpEeimens feature a

20mmwide gage section with avbndiameter hole at the center. (Fig. 2d).

2.3. Synchrotron laminography experiments

Experiments on smiley shear specimens are alsedavut on beamline ID15A
at the European Synchrotron Radiation Facility (EpRDuring the in-situ shear
experiments, the loading is applied monotonicdilptigh fifteen displacement steps.
After each step, a scan (i.e. a series of 3,00@geaphs) is performed with a
stationary X-ray beam with the sheet thicknessctima being inclined at an angle of
60° with respect to the X-ray beam axis. Duringhescan, the radiographs are taken
while the specimen is rotated around its thickri@esction. To perform the rotations
around the thickness direction, a custom-made hgpdiame is mounted onto a
motorized stage (Fig. 3). The 3D images used im tiork are obtained with a
~60keV white beam. The series of radiographs aedug then used to reconstruct 3D
volumes by using a filtered-back projection alduort (Myagotin, 2013). The
parameter optimization is performed automaticallging a GPU-accelerated
implementation of this algorithm (Vogelgesang, 20Tthe fast GPU implementation
Is used to automatically optimize reconstructiorapeeters before processing the data
offline. The optimized parameters include the fotatcenter in the projections and
the optimal inclination angles between rotationsaand beam and towards the
detector coordinates. The reconstructed volumealgize of 1600x1600x900 voxels.
The physical size (length) of one cubic voxel isado 1.095m After scanning the
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specimen prior to loading, an additional 14 scares taken during the step-wise
monotonic loading procedure. The last scan cormdpdo the fully-opened final

crack.

As mentioned in the introduction, a few examplesehamerged in the open
literature where the strain distribution inside emmtls can be determined through
optical flow techniques. However, the tomographyagmes of the present FB600
material do not exhibit a sufficient density of unal markers for digital volume
correlation. As an alternative, we therefore penfoplanar DIC on projected
laminography volumes. For this, all black featupeesent in a 438um thick slice
(being parallel to the specimen mid-plane) are qutg)d on one 2D plane.
Subsequently, planar DIC is applied onto the ptegémages to determine the in-
plane components of the strain field. Note that mregful results are only obtained
with this technique under the absence of straild fggadients along the specimen

thickness direction.

3. Computational models

Finite element simulations will mainly serve tworposes: firstly, the results
from simulations assuming a homogeneous matenalgfnout the gage section are
used to estimate the stress state within the speaimen and to extract the so-called
loading paths to fracture, i.e. the evolution @& @guivalent plastic strain as a function
of the stress triaxiality and the Lode angle patameSecondly, simulations are
performed to elucidate the effect of stiff part&clen the damage evolution within the

specimen gage section.

3.1. Finite element model of the shear experiment

The finite element model of the shear experimempises a quarter of the SH

specimens with an element length of abbut 0.025mmand 16 elements over the

thickness. Reduced integration first-order soleh&nts (Abaqus library C3D8R) are
used. The experimentally-measured displacemenoriiss applied to the upper
boundary of the model. The quasi-static simulat®warried out using the FE code

Abaqus/explicit.
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To estimate the stress state evolution throughbat shear experiment, the
material comprised in the gage section is modeked domogenous elasto-plastic
solid. In particular, a non-associated quadratastatity (Mohr et al., 2010) model
with isotropic Swift-Voce hardening is used (gremmve in Fig. 1b). Details on the
model formulation and model parameter identifigatipom uniaxial tension and
notched tension experiments can be found in RothMahr (2014) and Mohr and
Marcadet (2015).

3.2. Finite element model of RVE subject to sheamdant loading

Three-dimensional unit cell models (e.g. Barsound draleskog (2007),
Scheyvaerts et al. (2011), Nielsen et al. (2012koglu et al (2012), Dunand and
Mohr (2014)) are usually limited to porous struesiof cubic symmetry which may
lead to unrealistic predictions of localization eige This problem may be
successfully overcome by Representative Volume EBign(RVE) models featuring
an isotropic void distribution (e.g. Fritzen et @012) used such a model to explore
the initial yield response of porous solids). Due the exceptionally high
computational costs associated with the localipasinalysis with 3D RVE models, a
simplified 2D RVE model is employed here. Even oD effects are neglected in
this model, its predictions are expected to be meadistic than those obtained with
3D unit cell models. Our two-dimensional RVE modehsists of about 60,000 first-
order plane stress elements with reduced integraffdg. 4a). Particles of |Bn
diameter are introduced in the finite element mdaefinely-meshed circles, being
embedded in the matrix material through a hard Ipgrantact. In the vicinity of the

particles, an element length ¢f = 0045 chosen. The particles are randomly

distributed and modeled as purely elastic with ainkps modulus of 188Paand a
Poisson ratio of 0.3. To avoid triggering localiaatthrough non-associated plastic
flow, the matrix material is modeled as a Levy-vbtises solid with the same
hardening behavior as the macroscopic Swift-Voaeldrang response (green curve
in Fig. 1b). Periodic boundary conditions are agbli while a multiple-point
constraint (MPC) subroutine is employed to conth@l macroscopic stress triaxiality
and the direction of the principal stress througHoading. The RVE simulations are

run using the implicit FE-code Abaqus/Standard.

10
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To define the boundary conditions, we introduce@laetesian framée,, e,) with
its origin at the RVE’s lower left corner. The ufalened RVE consists of a square
with an edge length df = 400um. The periodic displacement boundary conditions

are chosen such that a macroscopic deformationegrieiof the form
F=F;e,Qe; +Fye,Qe;+F;6,Qe; 1)

can be applied. For this, the RVE is deformed byamnbination of normal
displacementd];, as well as a tangential displacem#ptin the direction ofe,. In

matrix notation, we have

U U
1 — —
. T T
0 1+
L

The conditions for the displacements of the nodested at the corners of the square

read
( 1u(0,0)=0
ul(L, O) = Ul
u; (LL) =Ug+ Uy
1 u,(00)=0 (2)
u,(L,0)=0
uZ(O, L) = Uz

\ uZ (L, L) = UZ
Periodicity is ensured through the conditions

U
u; (L, X;) —uy(0,X;) = Uy + Ttxz

Uy (LX) = uz(0,X,) = £ X, (3)
DY) (Xll 0) — Uy (Xl, L) = U2

According to the boundary conditions, the averagfernation gradient of the RVE is

solely controlled by three degrees of freedom

U(t) = {Ull U21 UT}f (4)

which are represented by red arrows in Fig. 4bsélofollowing the technical details
provided in Section 3.4. of Dunand and Mohr (201K, macroscopic stress state as

11
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well as the direction of the macroscopic principtiess, which is kept constant, are
then controlled through a Multi-Point ConstraintF®) which is updated after each
time increment. The resulting applied historiestioé applied displacements are
shown in Fig. 4b.

4. Reaults

4.1. Results from macroscopic shear experiment

Figure 5a shows the experimentally-measured foiggatement curve (black
solid dots) for the SH experiment up to the poithieve the measured force dropped
abruptly (the vertical line corresponding to a dtogzero force is not shown; a high
speed acquisition system would have been needeaptared this in detail). For ease
of discussion, selected instants have been suwessabeled from@) to (6). The
force-displacement curve for the SH-specimen eigipionounced work hardening
up to the force maximurf@) which is reached at about 90% of the displacertent
specimen fracture. Beyond this point, the forceel@lecreases slowly until specimen

fracture occurs at instafg).

Detailed pictures of the surface strain fields wittine left gage section are shown
in Fig. 5b-g for the instant®), W), 2), @) and(6) as well as after final fracture. In

all contour plots, we show the effective surfacaist

g="\el e g el 5)

2
V3
with &€, and &, denoting the logarithmic principal strains. Asmied out by Butcher
et al. (2017), the effective strain may deviatglgly from the von Mises equivalent
strain in case of non-proportional loading paths.tie central (elastically-deforming)
part of the specimen moves up, the material inghge section is subject to large
deformation and large rotations. The notches chdhgi shape from a blunt to a
sharp notch (e.g. compare notches in Figs. 5b axd At the same time, a
hypothetical line connecting the notch roots, edatounterclockwise by about 24°,
changing the angle from about +10° (in Fig. 5b}14° (Fig. 5e) with respect to the

vertical axis. After the force maximum (inst), the degree of concentration of

12
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plastic deformation within the gage section incesasubstantially. At instai®), the

width of the red band in the strain contour (ilee tegion where the effective strain
exceeds 90% of the maximum value) is only aboupfr?@ide. With a subset size of
15 pixels and a step size of 5 pixels, the compeféekctive strain at this point is

aboutz =1.4.

Upon close examination of the DIC pictures, smadicks are first detected at
instant(4) on the notched gage section boundary (as higlklighy white arrows in
Fig. 5b). The cracks grow in a stable manner betfaigd specimen failure is observed
at instant(6). The final crack path lies within the zone of hegheffective strain that
has been observed at inst§6). Given that the stress state at a free boundamyata
be pure shear (i.e. the free boundary conditarn=0 cannot be satisfied by a stress

tensor of the forms = 7(t Os+st)), the strains achieved at inst{d) cannot be

interpreted as fracture strains for pure shear. él@w the effective strain achieved at
the specimen center at instdA) may be interpreted as a lower bound for the fractur

strain under shear loading.

4.2. Results from numerical simulation of the fuaetexperiments

Table 1 summarizes the identified plasticity modalameters for the FB600
steel. The numerical simulations for notched temsiod central hole tension are in
good agreement with the experiments as far aslthmlgforce-displacement response
and surface strain fields are concerned (Fig. l6@retoy partially confirming the
validity of the phenomenological plasticity mod&he numerical simulation of the
SH experiment (solid line in Fig. 5a) had been pampat instanf4); the occurrence
of cracks in the experiments between pol@sand(6) would make the comparison

with a crack-free simulation invalid.

The good agreement of the strain contour plotsign F (simulations) with the
corresponding experimental results (Fig. 5b) presicadditional support for the
choice of the plasticity model as far as the edimnaof the mechanical fields within
the specimen gage section is concerned. The detaslemparison of the
experimentally-measured and numerically-predictedairs fields reveals local
differences of less than 5%. It is noted that tfiecéve strain had been defined as

user-defined output variable in the FE model touemshe comparability of the
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experimental and numerical results. The evolutibthe stress triaxiality fields within
the specimen gage section is shown by the rightinwolcontour plots in Fig. 7. For
each instant, the stress triaxiality contour is vamofor the specimen surface
(z=%t/2), the mid-plane(z=0) and for the quarter planéz==t/4). On the
specimen surface, the stress triaxiality is venselto O throughout the entire gage
section. However, at the gage section boundaries;zero stress triaxialities are
observed. In particular, we observe a tensile zati@n which the triaxiality reaches
values of up to 0.58 near the mid-plane. The comeparof the triaxiality fields on the
specimen surface and mid-plane also reveals thdwraugh-thickness gradient in
stress triaxiality builds up throughout the expen To elucidate this effect, we
plotted the evolution of the stress triaxiality agunction of the equivalent plastic
strain for all sixteen elements located at the ispexc center (Fig. 8a). While a
maximum stress triaxiality of 0.11 is reached om $pecimen surface, a maximum of
0.35 is reached on the specimen mid-plane. In tedfntise Lode angle parameter, we
have a maximum ofg =0.36 on the specimen surface, ar@i=0.56 on the
specimen mid-plane (Fig. 8b). For reference, we alow the evolution of the stress
state for the material point, at which the highegtivalent plastic strain had been
reached in the simulation of the SH, CH and NT20eeixnents (Figs. 8c and 8d).

4.3. Results from laminography experiments

Figure 9a shows a representative 1/85thick (i.e. one voxel in thickness
direction) slice of the undeformed specimen, whilg. 9b shows a projection of the
gray value minima over a thickness of 488 The black voxels indicate lower
density matter which was identified as CaO pariddg Kahziz (2015). The volume
fraction of particles greater tharurh (smaller particles are not detected with the
current laminography set-up) is 0.015%. The averpgdicle size seen in the

laminography images is aboyt®.

4.3.1 Strain estimates via planar DIC on projected langraphy volumes

The force-displacement curve recorded during tih@ragraphy SH-experiment
(red cross symbols in Fig. 5a) coincides with thaltermined from repeated

macroscopic experiments. Figure 10 shows the éftestrain fields that are obtained

14



Roth et al. (fourth revision, June 2018)

from planar DIC on 2D projections of a 438 thick stack of laminography slices
located at the specimen mid-plane. The region dimsee notched boundary has been
excluded due to the development of non-negligibteugh thickness gradients in the
strain field. The comparison with the surface strdields measured in the
macroscopic experiments reveals that the shapenagghitude of the strain field are
consistent with the surface measurements and aio the simulations, thereby
validating all three approaches for this materad apecimen geometry. The effective
strain to fracture as identified through planar RIC projected laminography images

Is € =1.5 near the specimen center.

Figure 11 shows the strain profiles for instaftgs(2), () and (6) along the
line indicated in Fig 10a as extracted from (i) gimulation, (ii) the surface DIC
measurement, and (iii) the correlation of lamingima projections. Good agreement
is found for the experimental methods (red and ldueses), while the numerical
simulation (blue dots) slightly overestimates th@oant of strain. As far as the width

of the deformed zone is concerned, similar resultsobtained for all three methods.

4.3.2 Void evolution under shear-dominated loading

Figure 12 shows laminography images of the specimihplane for the time
instants highlighted on the force-displacement esirghown in Fig. 5a. Projected
images are shown for a A thick slice to ensure that full particles are ud#d in
the images. The last pictures before total specifraure (instant§4)-(6)) confirm
that small cracks form at the notched gage sedimmdaries. The picture of the
undeformed specimen (Fig. 12a) shows a circulasmwaith surface roughness of less
than Sm. However, throughout the entire loading historg tiotch shape evolves
significantly, changing from round to blunt. At teame time, the notch roots move in
opposite directions along the horizontal axis. Téuslution could already be seen in
the macroscopic pictures. However, the laminograpicjures also reveal that the
surface roughness increases gradually, with ugn @eep dents at instaf). One
of the dents at the lower notch eventually begingrow deeper into the gage section
(Fig. 12d, instan{3)), generating a crack-like trace in the subseqpésttires. The
total length of this apparent crack is abouys®5in the last picture before total

specimen failure (Fig. 12f, instaf®)).
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To study the mesostructural deformation mechaniean the specimen center, we

focus on a group of three particles that are latatside the narrow zone of high

plastic deformation (see region inside the whitetaregles in Fig. 12). The

corresponding sequence of magnified images is showrrig. 13. The main

observations are:

1.

In the initial configuration prior to mechanicaklding (Fig. 13a), we observe
round particles of about/n diameter with a particle-to-particle distance

greater than 1Q@m.

After loading the material up to an effective straf up to 0.65 at the
macroscopic level (instarfl), Fig. 13b), we can see that the initially round
black areas become approximately elliptical witlkeithmajor axis being
inclined at an angle of about 51° with respecthe horizontal direction.
Incidentally, this direction coincides with thattbe maximum principal strain
in the finite elements simulations. The particleptuticle distance has also
decreased and the hypothetical connecting linestedtcounter-clockwise,
which is due to the simple shear kinematics. Assgnthat the particles
undergo only small elastic deformation, the shapksize change of the black

areas is attributed to void nucleation through madarticle decohesion.

Up to the maximum force (instaf#), Fig. 13e), the voids continue to grow
along their major axis. With respect to the hortabdirection it is inclined at
an angle of 54° at instafz) and up to 69° at instar{#). The void width
remains constant which is tentatively attributedtite presence of a stiff

particle.

After the force maximum (instant&) and (6), Fig. 13f), blunt cracks are
growing from the voids into the matrix. The cradkedtion is different from
the principal axis of the voids and appears to @ggn the direction of

macroscopic shear loading (vertical axis).

Note that Fig. 13f is the last image that we wdpke do record prior to specimen

fracture.

To provide a three-dimensional view of the damagelwtion under shear

dominated loading, we consider a g@thick slice around the specimen mid-plane
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(Fig. 14). The dense metal matrix is made transpanere, while the less dense
particles and voids are shown in blue. Note that ldiminography system cannot
differentiate between particles and voids. In tingt image (Fig. 14a), all blue areas
correspond to existing particles with the initiarpsity being negligible compared to
the particle density. This has been verified with help of energy dispersive X-ray
spectroscopy (EDS) during scanning electron miapgowvhere it was possible to

differentiate between CaO particles and void sp&iace the particles are only
subject to small elastic strains, the increaséh@volume fraction of the blue phase
from Figs. 14a to 14d is attributed to the nuctma@nd growth of voids between the
particles and the matrix material. Most of the vgidwth and rotation is found in the

shear zone which is consistent with the increas$astip strain in this area. Voids have
sharp edges at their ends and are round in thelenidtiich supports the assumption
that the particles are deforming elastically orffjie longest axis of the elongated
voids is not completely parallel to the final frat plane. While the features seen in
the top views just confirm the observations madesmwimonitoring a group of

particles only, the views normal to the plane acfure in Fig. 14 reveal a new
feature. After loading, the voids are not only exted along the direction of loading,
but also along the specimen thickness directions Bbservation suggests that the

voids develop flat crack like features with narremds.

To confirm this observation, post-mortem fractogmaps carried out on the final
fracture surface of the observed crack. Typicafjdadimples that formed in the
central shear zone are highlighted in Fig. 15ayTasult from the first population of
voids that nucleated around CaO particles, and lwhiere sufficiently large to be
seen by laminography. The magnified detail viewFig. 15b shows a large dimple
containing a particle. It can be seen that thispdiems particularly flat compared to
typical voids grown in crack tip fields at highess triaxialities. The areas between
large dimples are either flat or covered with subrometer sized dimples. The latter
are associated with the void sheeting mechanismthiéopresent alloy it is likely that
a second population of much smaller micro-voids hasleated at ferrite-bainite
interfaces. The interpretation of the origin of fla areas is more challenging. A first
scenario is that these were also populated by rdicnples which got smeared out
due to inevitable contact between opposing fractundaces. A second scenario is
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transgranular fracture which cannot be excludededbasn our experimental

observations.

To gain further insight into void evolution, the nebined particle and void
volume fraction has been measured inuB5thick slices. The initial void volume
fraction as well as the void volume fraction evimlotare shown in Fig. 16. The initial
particle volume fraction is around 0.015%. Justohkeffailure, the void volume
fraction is at about 0.065-0.015=0.05% in the sheane. The following
representative volume element (RVE) analysis styosgpports the speculation that
the hard CaO particles in the ferrite matrix materact as triggers of shear

localization at the mesostructural level.

4.4. Scenarios leading to final specimen failure

The final stage of the specimen failure, i.e. laeturing of the specimen into two
parts, could not be observed in the tomography raxgats. With the present
laminography technique, the scanning time for ajleinmage exceeds by far the
duration of the final fracture event. Based on ¢haent experimental evidence, two

scenarios appear to be realistic:

* Fracture scenario #1 — change from stable-to-ulestglowth of the
corner cracks: As mentioned above, two cracks fiorthe tensile region
of the notched boundaries at instéf}, well before the total specimen
fracture. These cracks grow in a stable manneoupé instant). A
first speculation would be to assume that the dgnowft these cracks
becomes unstable at instaf®), explaining the final separation of the

specimen by the unstable propagation of the camaeks.

» Fracture scenario #2 — nucleation of an unstabdekcdue to shear-
induced damage. Figure 14c shows approximatelyoumitlamage along
the path of the final crack. In case the condifmncrack initiation is met
at one location, it is expected that the crack imlnediately propagate in
an unstable manner since the conditions are expedotebe equally-

critical throughout the entire gage section.
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4.5. Results from RVE analysis

We analyze the response of an RVE under remoter Stesining to assess
whether the type of shear damage observed in tperiexents could potentially lead
to ductile fracture (scenario #2). Figure 17 shoesresults from the analysis of the
deformation response of an RVE with randomly-distted particles. The initial
particle density in the computational model is 6%l which matches the
experimentally-measured value. The stress-tridyialolves according to the loading
path to fracture at the location of maximum equeéwmalplastic strain in the global FEA
of the SH experiment (path labeled “SH” in Fig..8Ehis location on the specimen
mid-plane (its in-plane position is highlightedfig. 7e) is close to the area of interest
chosen for the detailed laminography analysis (@mpvith white rectangle shown
in Fig. 12e). In a first approximation, the directi of the principal stress is kept
constant (it decreases from about 50° to 37° ingthbal FEA). In Fig. 17b, a white
arrow indicates the orientation of the maximum @pal stress at the macroscopic
level. For an isotropic material, this orientatioorresponds to the direction of the
maximum principal strain. Due to the assumptionzefo particle-matrix interface
strength, the matrix already detaches from theigbartat an early stage of
deformation. Two cavities grow in the directiontbé maximum principal strain. The
contour plots nicely illustrate that the presentéhe particle prevents the collapse of
the void, i.e. compressive stresses build up incthr@act areas between the particle

and the matrix.

The plot of the evolution of the total strain enefgum of elastic strain energy
and plastic dissipation) in Fig. 17f shows a demeeas the applied deformation
increases from configuration (b) to (e). Given itheversibility of the plastic part, this
decrease corresponds to a decrease in the el&stic snergy. In other words, a
portion of the material comprised in the RVE expeces elastic unloading. When
comparing the strain fields given by Figs. 17d afe, it is clearly visible that the
plastic deformation increases only within a bandhefwidth of the particle diameter,
while the plastic deformation in the material odésithat band remains unchanged.
Knowing that the matrix material exhibits positig&rain hardening only (matrix
softening is excluded), it is clear that the etastirain energy within the band of
localized deformation must continue to increasewbeh stages (d) and (e).

Conversely, it is clear that the material outside band is elastically unloaded. We
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therefore conclude that the band seen in Fig. 4 7#eot just a band of concentrated
plastic deformation, but it is a strain localizatiband (“shear band” in a wide sense)
whose emergence is accompanied by the elastic dintpaof the surrounding
material. We also note that the observed decraasgrain energy corresponds to
softening of the effective response of the RVE hexdce a possible loss of ellipticity.
However, the above observations may also be irggras a sub-cell localization
phenomenon (see recent literature on void coalesceng. Benzerga and Leblond
(2014), Benzerga et al. (2016), Torki et al. (20174n which case classical
localization theory (e.g. Mandel (1966), Rice (197&ay no longer be adequate.
Different from unit cell analyses, the plane of dbzation is not pre-set by the
periodic boundary conditions in case of an RVEthia present simulations, the band
of localized deformation emerges naturally at agl@of about 45° with respect to the
direction of the maximum principal stress. In otleords, the orientation of the
emerging localization band coincides with the diget of maximum shear. This
observation is roughly in line with the resultstioéoretical localization analysis (e.g.
Forest et al., 2005), which suggest that the ptdriecalization in an isotropic elasto-
plastic solid is aligned with the direction of maxim shear in case the eigenvalues of
the plastic flow direction (here at the macroscdewel) are identical, but of opposite
sign (i.e. pure shear kinematics). As the eladtiagirs energy decreases further, the
shear localization bands developing at neighbopadicles begin to interact which
results in an S-shaped band of localization betwsgticles. After the formation of
bands of highly localized plastic deformation, aakris expected to form inside these
bands in a void sheet mechanism, whose tracesdeddbserved in the post-mortem
SEM images.

The result from the above RVE analysis is impor&it shows that shear band
type of failure is possible when subjecting a voiséd solid containing a low volume
fraction (<< 0.1%) of stiff particles to shear-dominant loading. Nét@t no shear
localization would be found (at reasonable strawels) in a Levy-von Mises solid

without any particles.

Comment regarding the model reliability:is difficult to verify the reliability of the
finite element solution. To rule out that meshfacts led to shear localization, we
also repeated the above RVE simulation using theesaesh (with particle features),

but we assigned the same material card to thecfgtand matrix, and assumed
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perfect particle-matrix adhesion (tie contact). Axpected from theoretical
considerations, no shear localization was founthat computational analysis. The
assumption of zero particle-matrix interface sttbngllowed us to reach the point of
shear localization at strains that did not excewsal gtrain levels observed in the
simulations of the notched tension, central hofesittn and shear experiments. The
good agreement of simulations and experimentshieidtter is therefore also seen as
a partial validation of the finite element modeliingmework employed for the RVE
analysis. Given the large shear strains involvesl ,algo performed a single element
simulation for simple shear to quantify the Switiyiating effect. When using the
Abaqus/implicit solver in conjunction with the Jiasgticity model, the normal stresses
under pure shear remain close to zero, even avaqui plastic strains of 2. We also
note that more than 200 implicit time steps havenbgerformed to minimize errors

related to the incremental linearization of thegkimatics of finite strain.

4.6. Results from full specimen analysis with pafticles

The RVE analysis provides a physically-sound exgian of ductile fracture
initiation under remotely applied shear. Here, wpeat the simulations of the shear
experiments using a 2D mesh with elastic partitteslemonstrate that the strain
localization observed for remote straining can adsour for the exact boundary

conditions in our experiments.

The corresponding finite element mesh (Fig. 18ajuiees 1.3 million first-order
plane stress elements (CPS4R from Abaqus librétryiicludes ten quasi-randomly
distributed rigid particles of /an diameter, which corresponds to a particle volume
fraction of about 0.015% within the gage sectiohe Exact position of the particles
within the gage section is chosen in accordanch thi¢ large particles seen in the
tomography image of the mid-plane (Figs. 12a and).1Becall that Fig. 12 is a
projected image for a 1 thick slice, and hence the apparent particle desaity is
higher than that seen in the 2D FE-mesh. As inRNM&E model, zero strength is
assumed for the particle-matrix interface. The s&ype of boundary conditions as in
the previous homogeneous model of the shear expetiare applied. The numerical
simulation is performed using Abaqus/explicit widpproximately 1.28 million
explicit time increments. It was executed in doulecision on a high performance

cluster in MP-mode with 24 CPUs in parallel.
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A sequence of equivalent plastic strain contoutspi® shown in Figs. 18e to18i.
As in the macroscopic model, we observe a firsistconcentration at the notch
roots. The deformation around the particles evolnes manner that is very similar to
the RVE simulations. The most important aspecthefresults from the detailed 2D
simulation is that a band of localized deformatiorms between two neighboring
particles at the mesoscale (Fig. 18h,m), insidentaeroscopic band of concentrated
shear deformation. Clearly, this type of localieati would be absent in a
homogeneous material without any particles. Theukititon model is not set up for
predicting fracture. Therefore, we still cannot gedfrom the present simulations
whether the total specimen failure is due to pragiag corner cracks or fracture
initiation within the gage section due to shear dgen However, we can confirm that
the shear failure mechanism inferred from the RW&ufations is not only possible
for idealized remote straining boundary conditiolpst it is also possible when the

material is subjected to the actual boundary camttof a real shear experiment.

4.7. Discussion

Based on the experimental and numerical resules, ndfechanism leading to

fracture initiation under shear-dominant loadingditions is summarized as follows:
1. Shear damage phase (observed experimentally) Xg&gb):
a. Void nucleation due to particle-matrix decohesion.

b. Void growth around the stiff particles after decsiba. During the
growth phase, the major principal axis of the visidligned with the

direction of the maximum principal strain.

c. Formation of highly elongated voids with micro dedike features.
For particles of pm diameter, we observe up to /2B long micro-
cracks on either side of the particles. As for ¢gnewing voids, the
major axis of the micro-crack like features is flatao the direction

of the principal strain.

2. Formation of a mesoscopic localization band (onbgesved in the RVE
model): The volume fraction of porous space dushear-damage is very
small since it takes place under nearly isochododitions. The estimated

maximum void volume fraction before macroscopictiae initiation is only
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0.05%. However, as shown through RVE analysis,rg small void volume

fraction is sufficient to meet the conditions féretformation of a band of
localized plastic deformation within a RVE with agyarticle-matrix interface
strength. The RVE simulations suggest that thentateon of the mesoscopic
localization bands is initially close to the diiect of maximum shear (Fig.
19c-d).

3. Formation of a macroscopic crack (speculation)dimshe mesoscopic bands
of localized plastic deformation, additional vom® expected to nucleate at a
smaller length scale, leading to the formation afack through a void sheet
mechanism (traces of which have been observedanptst-mortem SEM

images).

Many elements of the postulated fracture mechanesm® not new. Similar
observations and analyses can be found in the jeeature, but for higher stress
triaxialities only (e.g. Weck and Wilkinson (2008)prgeneyer et al. (2014), Ueda et
al. (2014)). What is new is the direct experimemwtaservation of the above damage
mechanism for shear-dominant loading conditions tednumerical demonstration
that this type of shear damage may potentially keaductile failure. This has only
been possible by combining recent progress in siieature testing (e.g. the
development of the smiley specimen by Roth and M(®2016)) with in-situ
monitoring through laminography. The importancetlué obtained results becomes
more apparent when considering the fact that veavth under shear cannot be
explained through basic micromechanical considematidue to the absence of a

hydrostatic driving force.

An interesting aspect of the results from the mespis simulations is that the
orientation of the final crack is neither perpemdie to the direction of the maximum
principal stress, nor does it coincide with theediion of damage-related micro-
cracks. The apparent micro-cracks are the outcdm@id growth around the stiff
particles. Their orientation is therefore paraltethe direction of maximum principal
strain, i.e. the direction of void growth. Howevehe plane of localized plastic
deformation is initially inclined at an angle ofaat 45° with respect to the direction

of the maximum principal stress.
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It is reemphasized that the experimental obsematexclude the final stage of
the ductile fracture process. The time scale aasmtiwith the transition from the
shear damage phase to a final crack is too shorthi® employed laminography
technique. Tentative conclusions with regards o fthal shear fracture mechanism
are mostly based on finite element simulations. Buthe uncertainty related to the
modeling assumptions made, it is important to réoonthe present conclusions
through additional experimental observations onaodalle high speed imaging
techniques become available. Further optimizatiothe® shape of the shear specimen
might also help in generating even stronger expamial evidence on shear fracture.
Firstly, it might be possible to identify a specmehape that will prevent the
initiation of tensile cracks near the notch bouretarSecondly, an optimized shape
might also reduce the growing deviation of the ssrestate from pure shear

(7=0,0 =0) as the specimen deforms plastically. Based on réseilts from

localization analysis (e.g. Mohr and Dunand, 204§ development of positive
stress triaxialities is expected to favor fractumgiation, while the development of

non-zero Lode parameter values is expected to dielaeture initiation.

There are two potentially-important qualitative ests that our basic elasto-
plastic simulations cannot capture: firstly, theletion of the surface roughness of
the notched boundaries cannot be described. kpeated to play an important role
during the crack initiation from the notches. Faample, the strains at the instant of
corner crack initiation under tension in the SHcapen (about 0.92) are lower than
the strains at the instant of crack initiation imetCH specimens (about 1.17).
Research on edge fracture (e.g. Wang and WierzI#6ki4) has shown the first-order
effect of the edge condition on the fracture ssamDP steels. The second apparent
shortcoming of our simulations is their inability predict the exact shape of the
voids. The simulated shape is different from thenghted crack-like voids in the
tomography pictures (compare Figs. 17n and 13fethat the nucleation of a void
may be seen as the creation of an internal freexdmy, we expect that the same
mechanism leading to a substantial simulation/erpart difference in the notched
boundary roughness, is also responsible for the ag@ement in void shape.

And finally, it is also reemphasized that the pres#bservations were made for a
ferrite-bainite steel FB600. As discussed by Pajmasi et al. (2014), general
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conclusions must be drawn with care since ductibetfire mechanisms can be

material dependent.

5. Conclusions

Advanced porous plasticity models account for tlengation and rotation of
voids, thereby providing a physically-sound micratmanical basis for predicting
ductile fracture under shear-dominant loading comat. Here, an attempt is made to
prove experimentally that ductile damage indeedeates and grows when a real
engineering material is subject to remote shear. this, two recently-developed
experimental techniqgues are combined: due to tlgress in laminography (e.g.
Helfen et al., 2005), mesostructural features iyggstalline sheet materials can now
be observed with a resolution of a few micrometeks. the same time, the
development of a compact shear specimens (e.g. &dhMohr, 2016) makes it
possible to perform a simple shear experiment gage section that is sufficiently

small for in-situ laminography on a synchrotrona¢+beam line.

It has been postulated in the experimental liteeatilhat the ductile fracture
mechanism changes from (some undefined) shear-aedirfracture mechanism to
fracture due to void formation as the stress taliby increases (e.g. Bao and
Wierzbicki, 2004). The present laminographic obagons show that voids do form
inside a 0.8imthick ferritic-bainitic steel (FB 600) when the taaal is subject to a
simple shear type of loading, thereby providingsty experimental support of the
modeling assumptions of advanced GTN type of mof@ets Malcher et al. (2014),
Morin et al. (2016)). Due to the presence of Ca@iglas, voids nucleate by patrticle-
matrix interface failure, grow and develop into micracks throughout the
monotonic shear experiment. Detailed finite elemanalysis of a representative
volume element subject to remote shear suggestsatHaw volume fraction of
particles (0.015% in the present case) is alreaéficent to trigger the formation of
shear-band type of failure at the mesoscopic leVae developed void volume
fraction is very low (less than 0.1% in the lastasi@ement before specimen fracture)
and unlikely to be detected as dilatant plastievflat the macroscopic level. The
reported ductile failure mechanism is well-knowm Fagh stress triaxialities, going

back to the seminal works on ductile fracture ia 1#970’s. However, due to the high
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complexity of shear fracture experiments and tls®@ated localization analysis, it is
only now that this mechanism has also been clegmyonstrated for shear-dominated

loading conditions.
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Tables

Table 1. Material properties used for modeling FB@0r parameter definitions, see

Roth and Mohr (2014))

I:?LZ I:)22 RM Glz GZZ G44

[-] [-] [-] [-] [-] [-]
-0.4283 0.8564 2.7477 -0.3716 0.7848 3.1158

A & n ks Q B
[MP& [-] [-] [MP& [MP& [-]
798.63 6.71E-03 0.096 503.67 141.24 26.81

a E % o,

[-] [GP& [-] [kg/m’]
0.646 210 0.3 7850
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Figure 1. Plasticity of the FB600 steel: (a) Trueess vs. logarithmic strain curves
(from experiments) and (b) inter- and extrapolatiérthe hardening law (plasticity

model).
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detail of the gage section geometry, (c) notcheditae specimen (NT20), (d) tension
specimen with a central hole of radius R=2.5mm (@Je solid dots highlight the

position of the virtual extensometer for relativesspacement measurements. Red

39
[ X )
()
36
e
[ X ]

solid dots denote the reference points for thel laxel strain measurement.
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Figure 3. Set-up for in-situ laminography experitsetfa) (1) X-ray beam line exit,
(2) load frame on laminography rotation set(®) positioning stage(4) camera for
image acquisition(5) optical camera6) image seen by optical camera and (b) close

up of (7) SH specimen ir2) load frame held b{8) pins.
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Figure 4. (a) Finite element mesh of Representafielime Element (RVE) of the
mesostructure with a particle volume fraction d1th%. The magnified area shows

the mesh around a single particle; (b) displacernestories applied through the MPC
user subroutine.
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as determined from DIC. The number labels inditia¢ecorresponding instants in (a).

(g) shows the gage section after fracture.
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the stress triaxiality fields are shown for thegpeen surface (second column), on a
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ACCEPTED MANUSCRIPT

Figure 9. Laminography pictures of the initial stata) 2D section at mid-thickness
without projection (1.095 um thick), (b) projectiof the gray value minima over a
sample thickness of 438 um. This is subsequentbd u®r 2D digital image
correlation. Enlargements of marked areas in (e)(Bpare shown in (c) and (d).
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Figure 10. 2D image maximum contrast projectiongnted) resulting from a 438 pm
thick slice overlaid by the 2D digital image coatbn results for cumulated effective
strain for load steps as labeled in Fig 5a. Thalseld line in (a) corresponds to the
line segment along which the local measurement showrig. 11 is taken. The gage
section shown corresponds to the left gage setiéing. 1a. The maximum strains in
(e) locally attained 1.48, thereby exceeding th&imam value of the color scale bar.
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Figure 11. Comparison of the evolution of the affecstrain for a line segment (red
solid line in Fig 11a for the three different medsoevaluated: planar surface DIC,

numerical simulation and planar DIC on projectediteography images.
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Figure 12. 2D Projection of minimum contrast in7apm thick slice at specimen mid-
plane for load steps as labeled in FigMagnified images of the mesostructure inside

the white rectangles are shown in Fig. 13.
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Figure 13. Magnified images of the mesostructusedim the white rectangles in the
2D projections shown in Fig. 12.
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Figure 14. 3D views of a 440 um wide and 770 uni lsigce normal to the sheet at
(a) instant(0), (b) instant(3), (c) instant (6) and (d) after final fracture. The steel

matrix has been made transparent and particles@dd are colored in blue.
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Figure 15. (a) SEM fractography of the shear fracgurface with several elongated,
dimple-like formations. (b) A zoom on a shear voidginated from a particle, as
marked by the red box in (a).
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Figure 16. Sum of particle and void volume fractiom 55um thick slices of
laminography data in a 400um deep volume along réction for load steps as
labeled in Fig 5a.
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Figure 17. Results from plane stress RVE analy#is witial particle volume fraction

of 0.015% for shear-dominated loading at the maoois level: (a) deformed mesh
after onset of localization, and (b)-(e) contowtglof a particle at different states of

loading, (f) total strain energy history.
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Figure 18. Results from a 2D simulation of the shsgecimen with discretization of

mesostructural features. (a) Finite element megsheofvhole specimen, and close ups
of (b) the gage section, (c) particles close tortbeeh and (d) a single particle. (e)-(j)
contour plots of equivalent plastic strain in thegg section, and (j)-(n) evolution of
the plastic deformation around a group of particles
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Figure 19. Schematic of simple shear failure merdman(a) initial state with particle
in matrix material, (b) void nucleation through fo@e-matrix interface failure, (c)
void growth along the direction of the maximum pipal strain, and (d) development
of a localization band close to the direction ofximaum shear The red lines highlight
the directions of the principal stretches as comgbdtom the polar and subsequent

spectral decomposition of the deformation gradient.

52



Determined stress-state dependent fracture initiation in a ferritic-bainitic steel with CaO
particles

Performed in-situ shear experiment on synchrotron X-ray line
Observed void nucleation and growth under shear-dominant loading conditions

Explained observed failure mechanism through computational shear localization analysis



