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Abstract

A stocky tubular tension-torsion specimen geometag optimized to characterize the
effect of the stress state (stress triaxiality &nde angle parameter) on metals ductility, at
low stress triaxialities. Biaxial tests (proportarand non-proportional) were performed on
36NiICrMo16 steel and 2024-T351 aluminum alloy. fBtf@elds were measured by stereo-
correlation of digital images during the tests. diog paths to fracture (evolution of the
equivalent plastic strain, the stress triaxialitydahe Lode angle parameter at the critical
point) were determined. The evolution of aluminunctdily with respect to the stress
triaxiality measured from tension-torsion testdetéd substantially from that obtained by
Bao and Wierzbicki in 2004. Indeed, the latter sgggd a minimal ductility under shear,
while the tension-torsion technique revealed a maki ductility under shear. Non-
proportional loading paths were shown to have dimence on ductility, by means of tests
consisting in a pre-compression, pre-tension ortgr&on, followed by a proportional
loading sequence under combined tension-torsiorM Qibservations of metallographic
sections from biaxial interrupted tests, a reaktimonitoring of the surface strain and damage
during in-situ torsion tests in the SEM, and a krampagation test coupled with in-situ X-
ray synchrotron laminography brought evidences amfalization phenomena at different
scales, and of the growth of some cavities, evateupure shear, by contrast with the total
collapse predicted by unit cell models. This growthy be due to the significant axial
elongation measured under pure torsion (Swift €ff&hear localization was identified as the
main coalescence mechanism, which justifies thecehof the Hosford-Coulomb fracture
initiation criterion. Used in conjunction with amdinear damage indicator, it accounts for the

measured ductilities, even under possibly non-ptopaal loadings.
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Introduction

The interest on ductile fracture can be explaingddyeral factors: necessity of mastering
metal forming processes, understanding and improwiatgrials and structures limitations in
systems submitted to complex stress states andichvsafety is of paramount importance
(aeronautics, automotive industry, railways, nucleawer generation, civil engineering...).
This subject has drawn attention for several dexalerecent renewal of this interest was
associated with the production of nano-structureetals by severe plastic deformation.
Though a lot has been achieved in understandingrattlling ductile fracture, the need for
more accurate insight in damage mechanisms andlicpve fracture models is still very
high.

Without pretention to exhaustivity — as the worlderiaken in this topic is extremely
large — this section proposes a synthetic ovenagéwmajor contributions on ductile fracture.
First, the parameters used to describe a strets sith be defined, as researchers are most
interested in their influence on failure. Then,neémts from the literature concerning the

macroscopic, microscopic and modelling aspectsuofilé fracture will be presented.

1. Stress state definition

The stress state at a point P corresponding teessstensos is illustrated in Fig. 0-1. It
consists in a hydrostatic component (OQO’) and aaeric component (O'P), and can be

represented in the principal stress space by dsred principal stresse[sfl,az,ag}, with

0, 20, 2 g,. It can also be defined in a unique way by ite¢hinvariants,, J, and J,:

|, =tr(0) (0.1)
J, = %tr (s?) (0.2)
J; = %tr (s°) (0.3)

wheres s the deviatoric stress tensadyis related to the mean stress by :

1
O-ngll (04)

while J, is related to the Mises equivalent stresby:

o = /37, (0.5)
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The stress state P (Fig. 0-1) is often convenieetigressed in the Haigh-Westergaard

cylindrical coordinate frame{f,p, 6?}. In this frame, ¢ is the magnitude of the hydrostatic

componentt = (o,,,0,,,0,,), and o is the magnitude of the deviatoric stress(s,s,,s,).

Therefore:
1
f:*/§0m=ﬁll 0.1)
0 =4/27, (0.2)

The angled, measured from th& axis in thell-plane -which is also the projection @f

on this plane-, is known as the Lode angle. Itsresgion depends on the second and third

2 1 1
invariant. If one considers the units vect®r \/:,——,—— colinear tos;, @ can be
( 3" V6 \/Ej

expressed as:

se= pcos() (0.3)
i.e.

_ A3s

Cos (‘9)_ 2\/3 (0.4)

Besides:
cos(36) = 4cos*(8)-3cos(6) (0.5)

Combining (0.4) and (0.5) yields:

27 det) _3V3 J,

Codd)= S =,
2

(0.6)

The Lode angled ranges from 0 tav3. The relationship between the principal stresses

the Haigh-Westergaard coordinates is:

o, ¢ cog6)
g :i E + ZIO CO{H‘Z—ITJ (0.7)
‘I V3 3 3 '
R
cog &+—
3

A dimensional analysis shows that the stress statebe characterized by two independent

non-dimensional parameters. It is very frequentdustile fracture studies, to use the stress

triaxiality ratiop , and the Lode angle paramet?érdefined as:

16
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n = L, _On
3, o 0.8)

a=1-2¢ (0.9)
7

The stress triaxiality, is the ratio between the hydrostatic stress andvtre Mises

equivalent stress. The Lode angle paraméteranges from -1 to 1. Sometimes, another

definition of the Lode parameter, is used (Lode, [1]):

200,-0,-0
= 202209) - 5 an(p) 010
0,~0;
G3
E—
S € > O)
s 7 [I-plane
o, 01+6,+03=0

Fig. 0-1 Graphical representation of the stred®e sta

It is difficult to design an experiment in whigh and 6 are perfectly controlled and

uncoupled. Indeed, for that to happen, a trulyxialatest would be necessary. One could
imagine pulling a thick cube in three directionsthogonal to each face, but then,

measurements on the specimen would be very tricky.

In practice, in most cases encountered in industoiatexts, metal sheets are used, so that
plane stress states are predominant. In this oagefwo principal stress values are non-zero,
meaning that only one non-dimensional parameteideanribe the stress state. Therefore, the
stress triaxiality and the Lode angle parameterraeindependent and are related in the

following way:
— 2 27 1
6=1-= -Zonin?-=
ﬂacos[ > /7(/7 3]} (0.12)

17
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Fig. 0-2 shows the graphical relationship betwgeand @ in plane stress conditions for a

range of stress triaxiality from uniaxial compressio equibiaxial tension.

Equibiaxial Uniaxial

compression tension
S >

1 T T T

0.5

— 0OF
Plane strain
compression

Plane strain
tension

0.5

a4 1 & | |
-0.66 -0.33 0.33

Uniaxial 1] _]
compression

0.66
Equibiaxial
tension

Fig. 0-2 Relationship between the stress triayiafitio and the Lode angle parameter in plane strtenditions.

2. Macroscopic aspects of ductile fracture

The influence of the stress statedurttility has been extensively documented. Teste ha
been performed on a variety of specimens allowingde range of stress triaxialities to be
obtained. Among commonly used specimens are snmautinotched axisymmetric or plane
strain specimens, and cracked specin{eig 0-3).

Triaxiality

Smooth Notched Cracked
round thick /thin
— A x N
\ O Aa
"'. ,'} \ /f ‘»‘ | \ —
W /| o~ |~ >:—

0.3-0.5

0.5-0.8

0.5-1.5

O

2.0-4.0

Fig. 0-3 Common specimens geometry (Benzerga ahtbhd, [2])

Tests performed by Hancock and Mackenzie [3] onileenstched steel specimens
revealed a strong effect of the stress triaxialyductility, which decreases when the stress

triaxiality increases. They used the results odgman’s analysis [4] to find a relationship

18
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between the stress triaxiality and the fracturaistrBridgman assumed a constant equivalent

plastic strain across the minimum cross section:

£ :2In(L) (0.12)
rO

but a non-constant stress state, resulting inregstriaxiality maximal on the specimen axis :

_1 r
n —§+In(ﬁ+lj (0.13)

Many further investigations have been performedsiMid them have confirmed the trend
exhibited by Hancock and Mackenzie [3] for highdksvof triaxialities. However, difficulties
intrinsic to fracture tests and the need for mareueate failure prediction capability and
improvements in the experimental and numericaldéehave encouraged researchers to
develop new techniques. For instance, Bridgmannasdua heterogeneous stress field in the
gage section, but it is also the case for thersfiaid which, most of the time, is maximal in
the bulk of the specimen. But most tests realirethé past (and some today) are monitored
using extensometers or gauges, which only givevarage information on the strain level on
the surface of the gage section. To address tlssseed, several improvements have been
brought on specimen geometries, experimental setipsltiaxial devices, full-field

measurements) and post-processing.

Subsequently, hybrid experimental and numericalistudave become more and more
frequent. This approach consists in performingnéteielement analysis of the test yielding
the strain and stress field in the bulk of the spea. The onset of fracture is determined with
the experiment (load peak, load drop, first cradkible during the test...). At the

corresponding increment in the simulation, the puwith maximal equivalent plastic strain is
defined as the location of fracture and the lo¢ediis as the fracture straig ¢ . Bao and

Wierzbicki [5] have used this approach to invedegductility of aluminum 2024-T351. They
conducted a series of tests on several specimenegeeswhich allowed to explore a wide
range of stress triaxialities, from -1/3 to 1. lRegative stress triaxialities, they used upsetting
specimens (Fig. 0-4a). For stress triaxialities frono 0.4, they used butterfly specimens
pulled through two pins in order to induce combinezhsion and shear in the gage section
which featured various orientations with respedhmloading direction (Fig. 0-4b and c), and
also central hole specimens for uniaxial tensidg.(6-4d). For stress triaxialities from 0.33

to 0.95, they used notched axisymmetric specimatis warious radiuses (Fig. 0.4e). A few
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years later, Barsoum and Faleskog [6] investigatectile fracture of a mid-strength steel
(Weldox 420) and a high-strength steel (Weldox 96G)ng a hybrid experimental and
numerical analysis as well. To avoid misinterpieted due to the multiplication of specimen
geometries, they designed a tubular specimen, fagtuan external and internal
circumferential notch, proportionally loaded und@embined tension and torsion (Fig. 0-5).
Different stress states were obtained by varying pinoportions of tension and torsion.
Fracture locuses obtained in both studies in tleespf the equivalent plastic strain and the
stress triaxiality are shown in Fig. 0-6a and FEig/a. For high values of triaxiality (higher
than 0.4 for aluminum 2024-T351 and 0.8 for Weldé®0), the authors found a monotonic

decrease of the ductility with stress triaxialidgain confirming known trends. Their studies

however revealed a slope discontinuity in the frexctocus, occurring at a stress triaxiality of
0.4 for aluminum 2024 and 0.8 for Weldox 420. Theuks of aluminum 2024-T351 even

shows a complex evolution of ductility for low anegative ranges of stress triaxialities.

*@ %
. |

(a)
Fig. 0-4 Specimen geometries used by Bao and WkiZ5]

H

- «—|‘-—-—-——
> =
~ ~

2t
() (b)
Fig. 0-5 Tension-torsion specimen used by BarsondhRaleskog [6]
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Fig. 0-6 (a) Fracture locus of aluminum 2024-T3b)L \(ariations of the stress triaxiality during test low and

moderate stress triaxialities (Bao and WierzbifKj).

[§ 0.8
Weldox 420 (
k= 1.03
/ ~~uniaxial 0.6 ——y—
1 & / \ © - :"
/ o /
o 2’\ U 1 '
- 4 \o ®
R e o : 2 I /
3f v--5 ©° o0 e O 2 failure
T F . ""/o\..\ ¢ b l
o . o” !
— - ° e I'.
= gt \
. \
T .‘—. “
-0.2RM \
[ - S
LR -
I 0.4 -
; .8 P 0.05 0.1 15 0.2 0.25 0.3
P
T "
(a) (b)

Fig. 0-7 (a) Fracture locus of Weldox 420 (b) Vaaas of the stress triaxiality and the Lode par@méduring
tests at moderate stress triaxialities (Barsoumratelskog, [6])

Though simulations indicate the location where plastic strain is maximal and where
failure is thus likely to initiate, the choice diet pertinent values to plot on fracture locus
remains tricky. Indeed, Bao and Wierzbicki [5] colesed an average triaxiality, defined as:

1% -~
N == [mdes (0.14)
Et 0

While Barsoum and Faleskog [6] considered the fuzdlie. However, the stress state is not
necessarily constant throughout the test as camselbe in Fig. 0-6b and Fig. 0-7b. In
particular, necking induces an increase in thessttgaxiality. It is not obvious to determine
which value should be taken into account: indeedsitlering an average triaxiality leads to
an underestimation of this parameter, but if thediog path deviates substantially from a
radial one, taking only the final value into accoumy not be pertinent either. Therefore,

when conducting fracture tests and analyses, r&se@ are more and more careful to plot the
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evolution of both the triaxiality and the Lode paeter all the way to fracture and to optimize
the specimen geometry in order to limit the evolutof the stress state throughout the test
(Dunand and Mohr [7]) (Fig. 0-8).
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Fig. 0-8 (a) and (b) loading paths to fracturehia Space{/],zp} and {g?, Ep} (c) optimized butterfly specimen

in combined shear and tension (Dunand and Mohr [7])

3. Microscopic aspects of ductile fracture

The stages of ductile failure have been studiedesine 1970’s. Their understanding has
benefitted from the advent and progresses in dptm&roscopy, scanning electron
microscopy (SEM), and, more recently, X-ray comguteicro-tomography, which allows
observations of the bulk of a specimen, provideat the latter is thin enough to be “X-ray
transparent (500um to 2mm, depending on the mhteiasity and beam energy) and the
defects to be viewed are large enough with resjoettie spatial resolution of the technique

(about 1pum).

Metals are heterogeneous media: single or duaeppalycrystals containing ceramic or

intermetallic particles or fine dispersoids. Thétla character of some inclusions and/or the
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mismatch of their mechanical properties with tho$e¢he surrounding matrix make it the

most favoured sites for void nucleation at largeiss.

Ductile failure is a three stages process: voiddeatie, grow and coalesce. The presence
of these voids is responsible for the dimpled aspefracture surfaces, very characteristic of
ductile failure (Fig. 0-9).

(b)
Fig. 0-9 Ductile fracture surfaces of (a) an alumn2024-T351 sheet (Bron et al. [8]) and (b) a WWeld20

tubular specimen with torsion-dominant loading @am and Faleskog [6])

The mechanisms of void nucleation depend on sevachbrs, such as particle/matrix
interface strength or stiffness mismatch, partisiee, distribution, shape and orientation
relative to the loading direction, matrix flow propes and stress state. Void nucleation
occurs either by decohesion of the particle/mait@&rface or by particle cracking (Argon and
Im [9], Beremin [10], Babout et al. [11]) (Fig. @)L General trends have been observed: for
instance, a matrix with high yield strength or leamthg exponent will favor particle cracking,
while a matrix with low yield strength or hardenimxponent will favor particle/matrix
decohesion. In some multiphase materials, damagelsa initiate in a brittle phase or at the
interface between two phases (Bugat [12], Mairal.€ftL3]). Sometimes, initial voids exist in

the material.

Matrix: pure aluminium

Matrix: 2124 alloy

100 um

(a) (b)
Fig. 0-10 Examples of (a) particle decohesion dndérticle cracking in aluminum alloys with diféat matrix
properties (Babout et al. [11]) (c) martensite fuae and ferrite/martensite decohesion in a DR §iéaire et al.

[13]).
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During loading, voids grow and usually link. Diféet modes of coalescence exist. The
most commonly observed are internal necking, wigeosvn voids impinge each other, and
void sheeting, in a micro-shear band (Fig. 0.11)jdé&nces of coalescence by void necklace
formation have been reported by Benzerga [14]eelstontaining elongated MnS inclusions

and loaded in tension along the rolling direction.

| (b)

(@)
Fig. 0-11 Examples of coalescence by (a) interegkimg (Benzerga et al. [15])( b) void sheeting r{Berga

[14]) (c) necklace columns (Benzerga [14])

The effect of the stress triaxiality on void grovethd coalescence is strong and has been
extensively investigated. At high levels of stragaxiality (e.g. notched tensile or pre-cracked
specimens), voids expansion is observed in mosiscad coalescence occurs by internal
necking, while at low levels of stress triaxialitygids evolve by rotation and distortion, and
coalescence occurs by void-sheeting. The micrastraicfeatures also play an important role
in void growth and coalescence. For instance, thisofropy of initial void distribution of
aluminum 2139 has been investigated by (Morgenelyal. [16]) using synchrotron radiation
computed tomography, and was shown to have a sirdhgence on the toughness of the
material. Thus, voids initially forming chains ihet rolling direction grew and linked in the
rolling direction when loaded in this direction, M) when loaded in the transverse direction,
they also grew in the loading direction, but kepgtigh degree of alignment with the rolling
direction. Besides, void sheeting coalescence isy vauch dependent on the void
configuration and relative positions. This effect Heen analyzed by Weck et al. [17] who
conducted tensile experiments coupled with SEM>a&mdy tomography on copper sheets in
which they had introduced rows of artificial thréulgoles, 10um in diameter, equally spaced,
and forming an angle of 15° or 45° with the loaduigection. Coalescence occurred by
internal necking between the holes for the 15° enghile the 45° angle favoured intense

shearing between the holes (Fig. 0-12).
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Fig. 0-12 Coalescence by (a) internal necking @ddid sheeting in copper sheets (Weck et al.)[17]

Quantitative analyses of nucleation mechanisms baea undertaken. Among them, one
can quote an estimate of the local stress necefwavgid nucleation due to fracture of MnS
inclusions by Beremin [10], based on experimentsitef element analysis and
homogenization theory. Simultaneously, Le Roy et [&B] estimated a strain for void
nucleation due to BF€ in carbon steels. Smooth tensile bars were iastt, restored, and
then, reloaded to fracture. The nucleation stra@s Wefined as the pre-strain necessary to
cause a reduction in the fracture strain. A fewyédater, Pardoen and Delannay [19] used a
similar technique, but also measured the effet¢hefstress triaxiality on the void nucleation
strain in copper. Babout et al. [11] combined X-tagnography and finite element analysis to
establish a critical stress for particle crackingaluminum matrixes artificially reinforced

with spherical ceramic inclusions.

Void growth has been quantitatively analyzed asl.wdlrini et al. [20] measured
cavities enlargement in a sintered-forged steetasnimg spherical alumina particles, using
notched tensile specimens with various notch rgute;strained at different levels at room
temperature and broken in liquid nitrogen. Theyinested the void size on the fracture
surface and found that the void growth rate in@saxponentially with the stress triaxiality.
Void dimension measurements have also been perfhmséng quantitative metallography or
tomography. For instance, Chae and Koss [21] pmaedr metallographic observations on
polished sections of broken notched round barassess the field of void area fraction using
a fixed grid and determined the local area fracabihe onset of coalescence. Furthermore,
they combined local measurements with finite elenagratlysis to map the local strains and
stress triaxiality to the local porosity. Maire at [13] performed non-proportional loading
tests and X-ray tomography to quantify damageatidn and cavities rotation in aluminium
matrixes artificially reinforced with hard sphefligaclusions. They underlined the importance
of taking into account the plastic strain harderamgl the nucleation threshold in a damage
model aimed at describing metal forming. Shen et[2] observed and quantified void
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growth and coalescence in aluminum 6061 pre-crackpdcimen via synchrotron
laminography, and they identified the critical voidlume fraction for coalescence, which
they used in a micromechanical damage model. Ghm@ezhad and Ravi-Chandar [23,24]
conducted a series of interrupted tests on alumi@@®l as well, for moderate stress
triaxialities (smooth and notched tensile specimessd low stress triaxialities (Arcan
specimens loaded in combined tension/shear or assijon/shear), to characterize damage in
a multiscale framework. Analysis of polished andhetl sections with optical microscopy
showed signs of flow localization (Fig. 0-13). Ches in grain size at various stages were
used to estimate local strain levels, which we@ashto be much larger than those estimated
from strains averaged over a characteristic spatidi@ension and used to calibrate strain-
to-failure criteria. Damage was found to occur gudte, at plastic strain levels of about 1 at
the grain scale and the ductility was found to Imeamotonic decreasing function of the stress
triaxiality even in the range of low triaxialitypnversely to most macroscopic observations.
More specifically, for low stress triaxialitiesnél failure was reduced to a narrow region

within a localized deformation band.

(b)
Fig. 0-13 (a) Flow localization at the center of a@hminum 6061-T6 tensile notched specimen
(Ghahremaninezhad and Ravi-Chandar [23]) (b) Shgdri an aluminum 6061-T6 Arcan specimen near the

fracture surface (Ghahremaninezhad and Ravi-Chdadyr

4. Modeling of ductile damage

The literature on ductile failure modeling is extedy large. Some models have been
proposed for damage initiation, in particular, tastisiguish between particle cracking and
decohesion. Among them, Argon and Im [9] proposedd@eation criterion depending on the
interface strength and strength of the brittle ipkt which they identified experimentally as
was mentioned in section 3. Beremin [10] proposedrgroved criterion which, assuming a

homogeneous stress field in the particle and uBsigelby’s theory for ellipsoidal inclusions,

26



Introduction

accounts for plastic strain incompatibility and tpe shape effect. Lee and Mear [25] found
numerical solutions for stress concentrations factGrand K at the interface and in the

particle; these factors depend on the particle dsfaio, the remote stress triaxiality, the
elastic modulii mismatch and the matrix flow prdpes. They found that as the stress
triaxiality increases, particles tend to debondrfrthe matrix rather than to crack; when the
particle aspect ratio increases, the differen¢edxen I and K increases as well, an so does
the ratio K/K,, meaning that the larger the particle aspect rét®more likely the particle to

crack.

A series of models of void growth have been proga@s® improved in the past decades.
Cockcroft and Latham [26] proposed an empirical eldzhsed on a void growth mechanism
controlled by the maximum principal stress. Ricd @nacey [27] analyzed a spherical cavity
in an infinite rigid and perfectly plastic mediutnaded axisymmetrically. They came up with
an analytical expression of the void growth ratedsnction of the stress triaxiality and the

equivalent plastic strain rate.
dR 3 -
— =0.283exp —=n |de 0.15
R P(Zﬂj p ( )

Their model was modified by Thomason [28] to accdanthe change of shape of the initial
spherical void. Later on, Gurson [29] proposed a ¢genized behaviour of porous plastic
metals based on a micromechanical study of a gsmlecavity in an infinite rigid and

perfectly plastic medium obeying, plasticity and of yield stress, loaded axisymmetrically.

Damage is accounted for via the void volume fractioThe subsequent yield surface reads:

- 2
Ue‘; +2f cos)EEm) -1-f%2=0 (0.16)
o
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Subsequent extensions of this model have been gedpg, was replaced by a yield stress
with the possibility of isotropic hardening. Tveagd and Needleman [30] introduced two
parametersy, andq, to account for the interaction between voidss ithe Gurson-Tvergaard-
Needleman model (GTN). The dependency of theserpdess on the geometry, the matrix
flow properties and the ratio between yield strasd elastic modulus, has been investigated
by Faleskog et al. [31].

Analytical methods for ductile damage analysis beeorapidly limited due to the
complexity of the criteria derivation. Indeed, simfyhg assumptions are necessary.

Therefore, such methods are not always suitabtedst real cases. Numerical methods, such
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as finite element analysis, prove very useful tecdbée more accurately ductile failure. In
particular, unit cell models are much popular irs tield. Such models consist in meshing a
three dimensional box inside which lies a void widriodic boundary conditions. Mean
stress components are prescribed on the boundatiieobox, with control of both the

triaxiality and the Lode angle parameter. Such ymmslallows a verification of analytical

solutions, gives a point of comparison with a modeljust brings an understanding of some
damage processes, but, due to the periodic boundamgitions, does not capture the

influence of a heterogeneous distribution of voids.

The Gurson model captures quite well the effectthefstress triaxiality on void growth,
for high levels of triaxialities. However, compams with unit cell computations such as
Koplik and Needleman [32] revealed that the Gunsmdel predictions of void growth rates

are inaccurate; for example the void growth Ao 1/3 is overestimated (Fig. 0-14). Another

limitation is its unability to predict shear locadtion and fracture under low triaxiality, unless
void nucleation is introduced. Thus, for pure shélae Gurson model predicts no damage
change, which is in contradiction with unit cellidies and experimental observations. Zhang
et al. [33] and Barsoum and Faleskog [34] conduatat cell studies, under different stress
states and found that not only does damage evaiderdow triaxiality, but also, the Lode
angle parameter has a strong effect on the rat®idf expansion and coalescence, and on
strain localization, especially the stress triaijak low (Fig. 0-15). Hence a recent extension
of the GTN model was proposed by Nahshon and Hugoni [35] who introduced the Lode
parameter to represent damage growth under sheandt®d stress states. This efficient but
phenomenological approach has been criticized stheedamage parametdt, loses its
physical meaning. Tomography observation of arcesteacks in Kahn tear test samples
Morgeneyer and Besson [36] have shown that theédlatant transition and slant propagation
of the crack result from a change in micromechasi$ram high stress triaxiality to shear
coalescence. The incorporation in the GTN model oficleation term controlled by the Lode
parameter of the plastic strain rate tensor alltmaaccount for this transition and to reproduce

the slant propagation of the crack in FE simulation
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Fig. 0-14 Evolution of the void volume fraction titespect to the deformation for different valuéstoess
triaxiality. Comparison between the Gurson modesfetd line) and unit cell calculations of Koplikdan
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Fig. 0-15 Unit cell calculations : (a) evolution thie void volume fraction with respect to the defation for a
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fixed triaxiality and different values of the Logrameter (Zhang et al. [33]) (b) evolution of adlization
indicator with respect to the deformation for aefixtriaxiality and different values of the Lode gaeter

(Barsoum and Faleskog [34]).

The Gurson model also assumes initially sphericadsyowhich remain spherical
throughout the loading, which, in practice, is Iarttue for stress triaxiality around 1.5.
Gologanu et al. [37,38,39] derived a model whickoants for void shape effects (GLD
model). It assumes axisymmetric prolate or oblatkipseidal cavities loaded
axisymmetrically. An initially spherical cavity tda to become prolate at low triaxiality and
oblate at high triaxiality (Fig. 0-16a). In commamn with the Gurson model, it does not
overestimate the void growth rate wher= 1/3 (Fig. 0.16b).
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Fig. 0-16 (a) Shape variation of an initially sphal cavity predicted by the GLD model (b) Evolutiof the
void volume fraction with respect to the deformatifor various stress triaxialities; comparison besw the

GLD and Gurson model (Benzerga and Leblond [2])

Benzerga and Besson [40] proposed another exteaitve Gurson model to account for
plastic anisotropy, while combined plastic anisoyropnd void shape effects were

implemented by Keralavarma and Benzerga [41,42héor-axisymmetric loading.

One can note that models such as Rice and Trac¢wpi{Z3urson [29] and its extensions
do not take into account the presence of a partigikin the voids. Bordreuil et al. [43]
modified the Rice and Tracey [27] void growth modeltake into account the contact
between an inclusion and the matrix. In connectiotih a specific plastic potential, their

analysis led to a compressible plastic constitulawe, which predicts void growth even at

zero stress triaxiality.

Models resulting from homogenization techniqueseh&een proposed. Aravas and
Ponte-Castafieda [44] developed a model for theopiastic behaviour of a porous medium
that predicts the anisotropy induced by the chamyése shape and orientation of the voids.
Danas and Ponte-Castafieda [45] derived a modehdepeon the porosity and average pore
shape (Fig. 0-18 and Fig. 0-19).For high stresxialities, their model predicts void growth,
and a decrease evolution in ductility as the sttaagiality rises. The stress versus strain
curve features a peak load, and a subsequent deciHze Lode parameter in this range has a
weak influence. For low stress triaxialities, anugdbrcollapse of the voids is predicted, along
with a simultaneous strain localization and a saddeop in the material load-carrying
capacity. The strain at the onset of this unstgbis found to be highly dependent on the
Lode parameter. Such softening is not predictedNalgshon and Hutchinson’s extension of
the Gurson model [35] and was criticized by Hutsbim and Tvergaard [46] who assert that
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void collapse will, on the contrary, produce lardecalization strains, due to the surface

contact of collapsed voids.

Fig. 0-17 Collapse of an initially spherical voidedicted by unit cell calculation for shear-domin&ading

(Nielsen et al. [47])
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Fig. 0-18 Influence of the Lode parameter on tiesststrain curve for a fixed value of stress tality (a) high

triaxiality (b) low triaxiality (Danas and Ponte-§afieda [45])
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Fig. 0-19 Influence of the Lode parameter on vaipext ratio curve for a fixed value of stress ighty (a) high

triaxiality (b) low triaxiality (Danas and Ponte-§€afieda [45])

The necessity of accounting for the Lode paramietetuctile failure is now accepted.
Besides models resulting from micromechanics ordgenization, phenomenological models
have been developed as well in this direction.ifstance, Gao et al. [48] proposed an elasto-

plastic model depending oh, J, and J,, and extended the GTN model applicability by
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replacing the Mises equivalent stress by the nevwabpnt stress, to include the effect of the
third invariant on ductile failure. Bai and Wierzki [49] proposed a model of metal plasticity
and fracture with pressure and Lode dependencechwhilows to distinguish between

materials that depend weakly or stronglyloor the Lode parameter.

Bai and Wierzbicki [49] showed the applicability tife Mohr-Coulomb (MC) [50,51]
fracture criterion, extensively used in soil medbanto ductile fracture of uncracked bodies.
This criterion accounts for the dependency of failio both the triaxiality and the Lode angle
parameter. According to the MC criterion, fracteeurs when the combination of normal

stressg, and tangential stress on a plane of normal arbitrarily cutting a material element

reaches a critical value:

maxz +¢0, =G, (0.17)

which yields:

\/:l-"'cl2 (01_03)+C1(01+03):2C2 (0.18)
One can recognize the Tresca equivalent st(e§s— 03) in Eq. (0.18). Using successive

transformations (Bigoni and Piccolroaz [52]) and tiaedening law, Bai and Wierzbicki [49]

expressed this stress-based criterion in the mstexss-strain spa{iw ,/7,@}. This criterion

was extended by Mohr and Marcadet [53] to the Haos@oulomb criterion (HC) by
replacing the Tresca stress in the MC model byHbsford equivalent stress in order to

improve its predictions.

5. Goal of the study

As mentioned in the previous sections, the efféthe stress state on ductile failure has
kept many researchers busy for several decades.réegntly, experimental studies focused
on high triaxiality levels and very little was satithe Lode parameter. Controlling both the
stress triaxiality and the Lode parameter experialbnis tricky, especially as most tests are
conducted in a plane stress context. However, nigaieand theoretical investigations
showing that the Lode parameter should be takem &wcount when modeling ductile
fracture, especially for low levels of stress trédity, have drawn the attention on the
necessity of monitoring the history of both theseameters when constructing a material

fracture locus.
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While the possibilities given by unit cell model® avery rich, the comparison between
the many modeling approaches that exist in thisl f&d the experiments is challenging, at
the macro scale where accurate quantitative fragitediction is not always achieved, and at

the micro scale, where mechanisms differ accortbrige microstructural features.

The work that has been undertaken in this thegiss aat contributing to a better
understanding of ductile damage mechanisms in heetalaterials. A contribution is the
design of a specimen for fracture testing of bulktenials that will allow a wide range of
stress states to be obtained, the effect of tiessstate on the ductility to be investigated and
fracture criteria to be calibrated, and at the pscopic scale, the effect of the stress state on

damage mechanisms to be clarified.

The first chapter will present thoroughly the expemtal protocol that was developed
and applied successfully to 36NiCrMol16 steel to stigmte, at the macroscopic scale, the
influence of the stress state on the material tityctin the second chapter, the same protocol
will be applied to obtain the fracture locus ofralaum alloy 2024-T351 for proportional and
non-proportional loading. This fracture locus Wik compared to that obtained by Bao and
Wierzbicki [5] and extensively quoted in literatur® recently-proposed shear localization
criterion, the Hosford-Coulomb criterion (Mohr aiMhrcadet [53]), will be calibrated and
validated for each material. The third chapter willestigate the damage mechanisms for
stress triaxialities lower than 1/3, for 36NiCrMo&tel and 2024-T351 aluminum alloy, by
means of microscopy on tests to fracture, integdigests or in-situ tests in a SEM. Finally,
the fourth chapter will bring insight on the damagechanisms of aluminum 2024-T351
analyzed by X-ray laminography at intermediatesstteiaxialities, by means of an in-situ test
performed on a CT specimen. The mechanisms hidhlit¢éhe third and fourth chapter justify

the use of a shear localization criterion sucthagHosford-Coulomb criterion.

33






Determination of the Effect of Stress State on the
Onset of Ductile Fracture through Tension-Torsion

Experiments

In this chapter, a tubular tension-torsion specimeiproposed to characterize the onset
of ductile fracture in bulk materials at low strassxialities. The specimen features a stocky
gage section of reduced thickness. The specimemedgois optimized such that the stress
and strain fields within the gage section are apprately uniform prior to necking. By
applying different combinations of tension and imms the material response can be
determined for stress triaxialities ranging fronradpure shear) to about 0.58 (transverse
plane strain tension), and Lode angle parameteragimag from O to 1. The relative
displacement and rotation of the specimen shouldensell as the surface strain fields within
the gage section are determined through steredalighage correlation. Multi-axial fracture
experiments are performed on a 36NiCrMo16 highrgjtie steel. A finite element model is
built to determine the evolution of the local sresd strain fields all the way to fracture.
Furthermore, the newly-proposed Hosford-Coulomletinge initiation mode[53] is used to
describe the effect of stress state on the ondedaifire.
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Recent research on ductile fracture emphasizesftaet of the third stress invariant on
the onset of ductile fracture in metals. Exampteguide the recent studies by Barsoum and
Faleskog [6], Nahshon and Hutchinson [35], Bai aNeerzbicki [49] and Nielsen and
Tvergaard [54] which all hypothesize on the dependeof the equivalent plastic strain to
fracture on the third stress tensor invariant indit@h to the stress triaxiality.
Micromechanical demonstrations of the effect of Loele parameter have been presented
among others by Barsoum and Faleskog [34], DandsPante Castaneda [45] and Dunand
and Mohr [55].

At this stage, it is still very difficult to drawoacrete conclusions on the effect of the
Lode angle on the onset of fracture based on expeats. Reliable experiments characterizing
the effect of stress state on the onset of dufileture are difficult to achieve, in particular
due to necking prior to the onset of fracture imtlwalled specimens. Hybrid experimental-
numerical techniques have been developed to addhessissue. Mohr and Henn [56]
subjected flat butterfly-shaped specimens to contbteasion and shear loading. Due to the
heterogeneity of the stress and strain fields insgfecimen gage section, they made use of a
finite element model to determine the stress arminshistories at the location of fracture
initiation. This technique has been developed gurthy Teng et al. [57] and Dunand and
Mohr [7] by optimizing the specimen shape to redagperimental errors, and through the
use of more advanced plasticity models for the ifleation of the loading path to fracture. In
the case of sheet materials, the butterfly testauipnique requires a local reduction of the
initial specimen thickness. This machining procedmay affect the mechanical properties of
the specimen material (see Mohr and Ebnoether) WBich adds to the uncertainty in the
experimental results. Flat notched specimens peoaidobust alternative to this technique to
characterize the fracture response at stressdtites above 0.33. It is now common practice
to take a hybrid experimental-numerical approachnalyze notched tensile experiments (e.g.
Dunand and Mohr, [59]). Similarly, other sheet spen geometries are being used to cover
different stress states. The maturation of digitedge correlation techniques (e.g. Bornert et
al., [60], Sutton et al.,, [61]) also contributedgrsficantly to the success of hybrid

experimental-numerical approaches.

In the case of bulk materials, tubular specimemns lma extracted to perform combined
tension-torsion experiments. The first experimaitthis type have been performed already
one century ago. The most prominent are those ljyoif@and Quinney [62] which were

instrumental in the development of multi-axial pieisy models of metals. Taylor and
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Quinney [62] used rather slender thick-walled tulvdsile more stocky thin-walled tubes are
used today. For example, Nouailhas and Caillet&3§l ised 1mm thick tubes with an inner
diameter of 14mm and a free length of 24mm to ihgate the tension-torsion response of
single crystal superalloys. Zhang and Jiang [64{lisd the propagation of Liders bands in
1045 steel using a 1.1mm thick tension-torsion ispexc of an inner diameter of 20.2mm and
a gage section length of 25.4mm. Khan et al. [G5,88d a tubular specimen of 12.7mm
inner diameter with a 50.8mm long, 1.4mm thick gagetion to perform tension-torsion
experiments on Al6061-T6511 and annealed Al-1100.

Multi-axial stress states in tubular specimens @ilag be achieved through combinations
of tension and internal pressure. While the aboxpeementalists used tension-torsion
experiments for plasticity characterization, tendrmernal pressure experiments have been
performed to study both the plasticity and dudiiseture of metals. For example, Kuwabara
et al. [67] tested Al 5154-H112 tubes of 76.3mmeoutiameter and 3.9mm wall thickness
under tension and internal pressure. Korkolis et[@8] subjected Al-6061-T6 tubes to
internal pressure and axial load to investigatepiasticity and fracture under biaxial loading.
Their specimens featured a nominal diameter of 51lenmall thickness of 1.65mm and a test

section length of 229mm.

Shear buckling often limits the validity of tensitorsion experiments to moderate
strains. In order to test engineering materialsredlway to fracture under combined tension-
torsion loading, Barsoum and Faleskog [6] introdluaesymmetric circumferential notch into
the tube wall, thereby concentrating plastic defaiom into a very narrow region. To
investigate the ductile fracture of Weldox steét&ey used a nominal specimen diameter of
24mm, a wall thickness of 1.2mm within the notckedtion and of 3.2mm outside the notch.
The notch radius was only 0.5mm, which createstaunbal radial stresses when tension is
applied. Their experimental program covered stieasialities (at the onset of fracture) from
about 0.3 to 1.2. Another strategy for preventihgas buckling is to shorten the specimen
gage section. This approach has no obvious negeftieet when applying torsion only, but it
changes the stress state in tension. For pureoteagiplied to the specimen boundaries, the
stress state in the tube walls is no longer urglaeinsion, but close to transverse plane strain
tension instead, as circumferential deformatioprizhibited by the boundary conditions in

stocky tension-torsion specimens.

Lindholm et al. [69] designed a stocky tubular spem for dynamic torsion testing of

metals. It featured an inner diameter of 12.9mrgage section length of 3.1mm and a gage
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section thickness of 0.8mm. Note that the choica @éry short gage section in a specimen
for dynamic testing is not only driven by stabildgnsiderations, but also necessary to ensure
locally quasi-static loading conditions. Gao et[&D] modified the Lindholm specimen to
perform static fracture experiments on Al 5053-H1(&&tracted from plate stock). The
specimen gage section was 2.5mm long and 0.75mek. thihe tube inner diameter was
13.1mm, the outer diameter 25.4mm. In a follow-apgr, Graham et al. [71] show that this
experimental technique covers a range of stregsiatity from 0 to 0.6. A very recent study
on the ductile failure of aluminum 60161-T6 undembined tension and shear has been
completed by Haltom et al. [72]. They used a tubsfgecimen of a uniform inner diameter of

44.3mm and a wall thickness of 21mm within the 10lang test section.

In this chapter, a stocky tubular specimen is presefor characterizing the onset of
fracture in bulk materials at low stress triaxiabt Combined tension-torsion fracture
experiments are performed on an initially isotropigh strength steel. Using a hybrid
numerical-experimental procedure, the loading patlps to the onset of fracture are
determined and presented in the space of stressiality, Lode angle parameter and
equivalent plastic strain. These results are sulesdty used to identify the parameters of an

Hosford-Coulomb fracture initiation model.

1. Specimen design

1.1. Specimen geometry

Fig. I-1 shows a sketch of the axisymmetric speaigeometry proposed for the testing
of metals under combined tension and torsion. Tgeximen geometry is characterized by
five parameters (Fig. I-1b): the inner diameter the gage section thickness the gage
section heightn , the wall thickness of the shoulder region, and the fillet radias(Fig.

I-1b). The main considerations in specifying thecapen dimensions are:

(1) the maximum axial force and torque may not excé¥iklll and 600Nm, respectively;
this limitation along with the availability of saible specimen clamps led to the

choice of D=20mm.

(2) the thickness-to-diameter ratip,p , needs to be small to reduce the gradients in the

stress and strain fields along the radial dire¢teominimum thickness of t=1mm is
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chosen in view of uncertainties in the experimentasults associated with
dimensional inaccuracies in the initial specimenrgetry (for example, a machining
tolerance of+5Qum equates to an uncertainty of 5% in the reportestage stress

fields)

(3) the shoulder-to-gage section thickness raéip; , needs to be sufficiently large to
prevent the plastic deformation of the shoulderiolega shoulder thickness of
e = 2mm IS chosen to prevent the plastic deformation of sheulders even for

high strain hardening materials.

(4) the height-to-thickness ratios /t , needs to be small to prevent buckling under

torsion;

(@) (b)

Fig. I-1 (a) Schematic of specimen geometry, (lpngetry parameters and FE mesh.

In addition, the results from a finite element stuelvealed that

(5) the greater the height-to-thickness ratio, t , the smaller the radial gradient in
stress triaxiality (Fig. I-2a). Based on (4) and, (& gage section height of

h = 2mm IS chosen.

(6) The greater the fillet radius , the more uniform the stress fields. Howewershould
be small to keep the effective buckling length shdWe chose a radius @f=1mm ;
for this radius, there is no noticeable notch dff@ben tension is applied to the
specimen, i.e. the radial stresses are still nédyigmall as compared to the axial and
circumferential stress components (Fig. I-2b).
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Fig. I-4c provides a summary of the final specintgmensions. The overall length of the

specimens is 90mm with a free length between theirsga clamps of 40mm.

Triax. a
0.8 T A R X d 0.025
A 2 Sy 0_6 tension
0.6 - 0.02F .
Ho5 =
h=1mm S /
= 0.4 e h=2mm| 04 = & 0.015 :
— h=4mmA 03 § tension-
0.2t ' E 0.011 torsion
Lode N - - o —‘ 02 _‘%
O o -0.1 e 0.005%
e : | | ; 0 0 torsion
“0 02 04 06 08 1 0 05 "
Radial coordinate [-] Radial coordinate [-]

(a) (b)
Fig. I-2 Stress distribution inside the gage secpdor to necking: (a) Influence of the gage smttieighth on
stress state uniformity along the radial direct{bh variation of the radial stress along the radiiatction. A

radial coordinate of 0 and 1 corresponds to theriramd outer gage section surface, respectivelie Nat the
free surface conditiorr,, = O appears to be only approximately fulfilled duettle normalized ordinate axis.

These profiles are obtained by FE calculationshgisi Levy — von Mises material and a isotropic Swif

hardening law, with a hardening exponent of 0.2.

1.2.Analytical estimate of the achievable streatest

Given the stockiness of the specimen gage sectimn,achievable stress states are
computed assuming zero plastic circumferentialirstiaurthermore, plane stress conditions
(along the radial direction) are assumed. For ayhen Mises material, the flow rule yields

Og = 0.5022_ (1.2)
The Cauchy stress tensor may thus be written as
c=0e,e, +050e, ey +7(e, Uey, +e,Ue,) (1.2)
where o denotes the stress along tag-direction, andr is the shear stress in tige, ,e,) -
plane.

The stress state is characterized through the sstigsxiality and the Lode angle

parameter, which were defined in (0.8), (0.10) éhd1), in the Introduction. The stress state

in the specimen gage section is controlled by #tie 1of torsion and axial loading. Based on

the specimen diameter, the axial forcer and the torquem , the biaxial loading angl® is

defined as
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FD _o
tanf =—— —
B oM T (1.3)

Combining Egs. (0.8), (0.9), (0.10) and (1.3), #teess triaxiality and the Lode angle

parameter can be expressed in terms of the bi&ding angle,

n= . __tnf (1.4)
V3 \Jtan? g+ 4 '
8=1-2aco 6\/_3;% (1.5)
z (tar? B+ 4)

The Lode angle parameter is plotted as a functigheftress triaxiality in Fig. 1-3, whil@

is used as curve parameter. Note that this rektipnbetween the Lode angle and the stress
triaxiality is only valid for plane stress condit& For g=0° (torsion only), the stress state
corresponds to pure shear which is characterizeg by and 8 =0. The same Lode angle

parameter value is achieved f#=90 (tension only) where the stress state corresptmds

transverse plane strain tension. A uniaxial strsse =033 and 8=1) prevails for

combined tension-torsion loading At155° .

Lode angle parameter [-]

Plane strain
tension

| | [3:900 ‘
0 0.2 0.4 0.6
Stress triaxiality [-]

p=0°

Fig. I-3 Theoretical range of stress states achievaith the current geometry.

2. Experiments

2.1. Material

All specimens are extracted from an annealed 30nameter bar of the high strength
steel 36NiCrMo16. Tab. I-1 shows the chemical cositjsn as provided by the manufacturer
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ThyssenKrupp. Large strain compression tests onni-Bange cubes extracted along the bar
axis and the transverse direction revealed no ealie anisotropy in the material behavior at
the macroscopic level.

C Mn Si S P Cr Ni Mo Cu Al

0.37 0.41 0.25 0.016 0.011 1.72 3.74 0.28 0.25 0.03

Tab. I-1 Chemical composition of 36NiCrMo16 providey ThyssenKrupp Steel (in weight %)

2.2.Experimental procedure

A servo-hydraulic axial/torsion and internal pressipading frame (TEMA Concept,
France) is used to perform all experiments (Figa)- The vertical and rotational actuators
cover a range of £100kN and +600Nm, respectivehe $pecimens (part #1 in Fig. I-4b) are
attached to the testing machine using annular pressamps (part #3 in Fig. I-4b). The
mechanical connection between the testing machdettze specimen is established through
tangential frictional stresses between the corgadfces only. For this, a female connector
matching the exact dimensions of the specimen deoukgion is rigidly connected to the
testing machine (part #2 in Fig. 1-4b). The aligmmef the upper and lower connector is
verified prior to testing using a short tube of dang wall thickness. After verifying the
alignment and degreasing all surfaces, the specismeanserted in the lower and upper
connectors. Due to the tight fit of the specimeto ithe testing machine (no longer movable
by hand), both actuators can already be put imoefgontrol mode to avoid any straining of
the specimen gage section during set-up. Subsdgu#rg outer pressure ring is tightened
(part #4 in Fig. 1-4b) to apply a normal pressuralt connecting surfaces. Note that the inner
piece of the female connectors is also rigidly catee to the machine, i.e. the shear stresses
are transmitted between the specimen and the gestachine through both the inner and
outer specimen surfaces, thereby reducing the mawirshear stresses in the mechanical

connections by about a factor of two.

Throughout the experiments, the biaxial loadinglang kept constant using different
control settings:

* For B=0°, the rate of rotation is prescribed (0.019°/s)jlevbperating the vertical

actuator under force controk(= o).
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» For 0<pB<55 (shear-dominated), the rate of rotation is préscti(0.019°/s), while

the axial position is incrementally adjusted suwdt 13 remains constant.

 For 55°< <90 (tension-dominated), the axial displacement ratepriescribed
(0.002mm/s), while the rotation is incrementally ustied such that3 remains

constant.

» For B=90°, the axial velocity is prescribed (0.002mm/s), iwhoperating the

rotational actuator under torque contrel (= o ).

(©) (d)
Fig. 1-4 (a) Photograph of the experimental setbpwsng 1-specimen, 2-axial/torsion load cell, 3tqis 4-

cameras, 5-lighting, (b) clamping device (c) ledtreera view of the specimen with DIC area of inte(é©l)

highlighted, (d) specimen dimensions.
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2.3. Displacement and strain measurement

The displacement fields within the gage section armhrt of the shoulder regions are
measured using stereo Digital Image CorrelatiorC{DA thin layer of matt white paint is
applied onto the specimen surface along with akiépeckle pattern (Fig. 1-4c). Two digital
cameras Pike F505B 2452x2054 equipped with 90mmrankmses (Tamron, model SP
Af90mm F/2.8 Di) are used to monitor the specimenfage from two different radial
perspectives at a frequency of 1Hz. The cameraosemse positioned at a distance of about
800mm from the specimen surface with an F11 apettuensure sufficient depth of field for
measuring large rotations. The relative positiontlod cameras and the respective focal
lengths are identified from preliminary measurersemnt a rigid target. The displacement field
is computed based on the acquired images usinyItb8D software (Correlated Solutions)

assuming an affine transformation of a 21x21 psxdset (with24um per pixel).

Based on the measured initial shape, a cylindrozairdinate systemeg,ey,e,) IS
established such that thes, -vector coincides with the specimen axis (Fig. I-4h)e initial
position of a point on the specimen surface is tfiean by the position vector

X = Re,[O] + Ze, ' (1.6)

while its current position on the deformed specirmgriace reads

X =reg[6] +ze, (1.7)
The functions
r=r[R,0,Z] (1.8)
6=0[R,0,Z] (1.9)
z=7[R,0,Z] (1.10)

are obtained from stereo digital image correlation.

The DIC position measurements serve two purposestlyi the relative motion of two
points A and B positioned on the respective upperlawer specimen shoulder (Fig. I-4d) is
determined,

AU (1) = z,(t) -z (1) (1.11)
AG(t) = G,(t) — G,(t) (1.12)
Secondly, the surface strain field is computed ftbenposition measurements. Re-writing the

vector of the current position in terms of the basztors associated with the initial

configuration,
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X = Xger[O] + X,€,[O] + xzez, (1.13)
with

X, =rcodf-0), x, =rsin@-0] and x, =z (1.14)

the surface deformation gradient is given as

1(%+ ij [

—| RL 0O 0Z
F=
1o 0% -
R 0© 0Z
The nominal strain tensor is then computed as
e=1(F+F")-1 (1.16)

after verifying thatox, /0@ 0O holds true for all measured deformation fieldsaimattempt
to compensate for fluctuations in the strain fielde to the polycrystalline nature of the
microstructure (and the noise in the DIC measurésyewe report the spatial average of the

surface strain fields over a square are@ef200x20Qum,

£ /2
<g >:1IadZ: oV (1.17)
A yl2 e,

In the sequel, the componerys &, and y of this average nominal strain tensor are refetoed

as circumferential, axial and shear strain, re$pegt

In addition to the nominal strains, we also evauae average logarithmic surface strain

tensor<g,, >. For this,F is decomposed into a rotati®and the right stretch tensor,

2
U=R'F=>Au, 0Oy (1.18)
i=1
which yields
2
g, =Y In(A)u;, Ou, (1.19)
— '

2.4. Average Cauchy stress estimates

Throughout the experiments, the axial foree and the torquem are measured.
Neglecting the radial gradient in the mechaniaad8 within a cross-section, the average true

axial stresy and the average true shear stressan be estimated,
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F
= (1+¢
o (D + 1)t A+e,) | (1.20)
and (using Bredt’'s approximation)
2M  1+¢,

7=
(D +t)’t1+¢, (1.21)

with D andt denoting the initial inner diameter and initialdkmess, respectively.

2.5. Experimental results

2.5.1.0verview

Experiments are performed for five distinct biaxiehding angles:3=0°, B =341°,
=55, f=695° and #=9C. As illustrated in Fig. I-38=0° corresponds approximately to
pure shear,3=55 to uniaxial tension, angz=90 to transverse plane strain tension. The
experiments for the intermediate loading anglgs=341° and pB=695° feature
approximately the same Lode angle paraméget 054), but two distinct stress triaxialities

(n =018 ands = 049).

The measured force-displacement curves -(Au) and moment-rotation curves
(M -A@) are shown as dashed lines in Fig. I-5. Relativ@pldcements are measured
between two points A and B, located on the showddetion of the specimen, at a distance of
8mm from the symmetry plane (Fig. I-4d). The enccath dashed curve corresponds to the
point where a sudden drop in force/torque occurs.ths instant, a macroscopic crack
becomes visible on the specimen surface (specimamufe). A monotonically increasing
moment-rotation curve is measured for pure torgi@s 0°). In all experiments with tension
applied, we observe a modest decrease in the #xieé-displacement curve prior to
specimen fracture. At the macroscopic level, iinigresting to observe that a higher axial
displacement can be achieved when applying toisi@aldition to tension (compane - au
curve for g=695° with that for 3=90).

The loading paths in terms of the measured nonsudhce strains are shown in Fig. I-6a

and b. The maximum shear strain under pure toiisigr= 155, while a maximum axial strain
of &, = 045 is observed for3=69. The plot of the evolution of the circumferentsitain

(Fig. 1-6b) reveals that the assumption of plamaiistconditions along the circumference is
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not full-filled in reality. According to the stereDIC measurement, the magnitude of the
circumferential strain (contraction) is about 10%tloe axial strain. The loading paths in
terms of the average true shear and axial str¢Bgpd-6¢) are approximately linear which is
an immediate consequence of keeping the loadinig ggonstant throughout loading. From
a theoretical point of view, the non-linearity imetaverage true stress loading paths is only

due to the non-zero circumferential strain (see EQ22) and (1.23)).

T
o I —— . =90 |
BOR [ paurt T Wit 3=69.5)
. .|
—40-F =55° —
: <&
w30 -
| P [=34.1°
100} .
10 .
0 | | | 0 | |
0 0.2 0.4 0.6 0 10 20
u[mm] 0[]
(@) ()

Fig. I-5 (a) Axial force-displacement and (b) toequtation curves for different biaxial loading éexy Dashed
lines stand for experiments, while solid lines dtéor simulations. The solid black dots on the datian curves
indicate the instant of onset of fracture as ptedidy the HC model.

T
1.6 p=0° .

500[-

=0.8

0 500 1000
& [MPa]

(a) (b)
Fig. I-6 Loading paths: (a) nominal shear versualatrain, (b) nominal circumferential versusabstrain, (c)

average true shear versus true normal stress.

2.5.2.Surface strain fields and localization

Selected strain fields just prior to the onsetratfure are shown in Fig. I-7 next to the
photographs of the fractured specimens. The comt@ps demonstrate the uniformity of the

strain field along the circumference up to fracturgiation. For =90 the final crack is
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located near the plang = 0 which is attributed to the localization of plastieformation at

the specimen center. The same observation and argumld also true fop=55 (Fig. I-7¢c
and d). However, the final crack meanders alongcihumference ford=0° (Fig. I-7e),
where the strain field remains more or less unifaprio the onset of fracture (Fig. I-7f).

in
€22

o

E—
2

-2

-0|.4 -0|.2 (I)
(e) (®
Fig. I-7 Photographs of the fractured specimensmaedsured surface strain fields at the onset ofufra. (a)-(b)

B =90°, (c)(d) B =55°, (e)-(h B =0°.

To shed some light on the localization of defororatprior to specimen fracture, we
extracted the distribution of selected componeritshe logarithmic surface strain tensor

along the z-axis from the digital image correlatiesults (Fig. 1-8):
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 Fig. I-8a to ¢ summarize the results 8=90. At force maximum (poinf1) in
Fig. I-8a) and slightly beyond (poifit)), the distribution ofs" along the z-axis

is approximately uniform. Note that we plotted tin&iltered strain distribution
(dashed lines) along with that obtained after apglya moving spatial average
filler on a 20@um kernel (solid line). When the strain exceeds alib5, the
strains tend to localize within an aboithm long region of the gage section
(necking). This observation is consistent with timess- sectional view of the
fractured specimen (Fig. 1-8¢c) which shows a prawwed through-thickness

neck.
» For tension-torsion loading g&=55 (Fig. 1-8d to f), the localization of plastic

deformation occurs at a surface strain of abefjt10.2. The zone of plastic

localization is only abouto.smm wide and therefore more narrow than for

B=90. A maximum surface strain of abouwt’ 005 is reached prior to

specimen fracture, which is twice as high as tbajg=90.

« For B=0° (pure shear), the variation of the shear compongnt of the

logarithmic strain tensor is plotted as a functdrZ (Fig. 1-8g to j). The plots at
different stages of loading show a more or les$oumi distribution at all stages
of loading. Specimen fracture occurs at a surfacains of abouts! = 058.

Unlike for =55 and 9C.The corresponding fracture surface is not inclired,

perpendicular to the, -axis.

3. Finite element analysis

Necking prior to the onset of fracture appearsdabavoidable for biaxial loading angles
greater thares - (except for low ductility, high strain hardeningaterials). As a result, the
mechanical fields exhibit significant variation®md) the radial directions. In order to obtain
accurate estimates of the stress and strain fietide the specimen, a finite element analysis

of each experiment is performed.
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3.1. Finite element model

The specimen geometry is discretized with four-naxisymmetric elements with a twist
degree of freedom (type CGAX4R of the Abaqus/steshdéement library, Abaqus, 2011).

F [kN]
8
|

TS aes whom e

0 I I I
0 0.2 0.4 0.6

u[mm]
()
a0t 0 2 g

301 R
=25 -
=z
=3
=20 -

15 -

10§ E

400} -

300 -

200} -

M [N.m]

1004 .

0[] ) 0%

@ (h) 0]
Fig. 1-8 Evolution of the surface strains throughtaading: (a)-(c) 8 = 90°, (d)-(f) B =55°, and (g)-(i)
L =0°. The solid (dashed) lines in the central plotsegpond to the strains obtained from the displac¢me
measurements with (without) averaging ove2@0 p/m period. The rightmost column shows longitudinatscu

through the fractured specimens.
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Based on a mesh size convergence study with repeicé evolution of the equivalent
plastic strain in the specimen center, the specigsge section is discretized with 40 first-
order elements along the radial direction (Figb)-I'he degrees of freedom of the nodes on
the top surface are all coupled in a virtual ripmdy via one reference node on the axis of
rotation (node N1 in Fig. I-1 b). Similarly, thegtees of freedom of the nodes on the bottom
surface are coupled to those of the reference N@J&ll displacements and rotations are set
to zero for the latter. A tension (respectivelyston) test is simulated by applying an axial
displacement (respectively rotation) on the refeeenode N1, as measured by DIC. For
combined loading, a user subroutine (UAMP) is erygib to mimic the experimental
procedure: for 3>55, the axial displacement is prescribed and thetiostahistory is
incrementally adjusted such thatremained constant. Analogously, f@r<55, the rotation
is prescribed while the axial displacement is aeégisncrementally. At least 100 implicit time

steps are performed to complete a simulation.

3.2.Constitutive equations

A basic J-plasticity model is used to describe the elastsit response of the material
in an approximate manner. The isotropic yield fiorcis expressed in terms of the equivalent
von Mises stresg = g[¢] and a deformation resistange: k[z ],

flo.&,]=0le] -k[£,]=0 (1.22)

Furthermore, an associated flow rule is assumed,
00
de? = (dg.)— 1.23
(980) 5 (123)

with gz defining the increment in the equivalent plasti@is. Only monotonic loading

paths are considered and we thus limit our attertttoa simple isotropic hardening model.
Following the work of Sung et al. [73] and Mohr addrcadet [53], a combined Voce-Swift

model is used,

k=Kz] =k +QlL-e" )+ AE, +&,)" (1.24)

with the Swift parameterga, ¢, n} and the Voce parameteks, Q, b} .
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3.3. Identification of the plasticity model paraerst

The isotropic hardening parametess={A,n, ¢, k, Q, b} are determined through

inverse analysis. For this, a virtual extensometetefined between two nodes of the finite
element mesh which measures the same relativeadepent as the optical extensometer
between the points A and B specimen shoulders irexperiments (Fig. 1-4d). The residual

identification error is defined as the sum of tkative difference between the predicted and

measured forces and moments,

FAX—FAGIY [MAS-MEAY
QZ{X]:ZZ exp Fﬁilm [)d expMﬁ’k&m [)d (1.25)

Bk exp exp

The residual is minimized using a derivative-freecldér-Mead algorithm (Matlab
Optimization Toolbox). Tests corresponding g&{ 0 5590} are used for the identification.
An initial guess of the hardening parameters isioled from a separate fit of the Voce and

Swift models to the approximate stress-strain cuwhtained from the torsion experiment
(assumingz 0O+/37, &, Dy/\/§) as shown in Fig. I-9. The same figure also shthes

combined Swift-Voce hardening curve that is obtdiaéer optimization (red solid curve). A
comparison of the seed and final hardening paraméteshown in Tab. I-2. A plot of the
simulations results for the final set of paramei{adid lines in Fig. I-5) shows reasonable
agreement with the experimental results, althoumginet could be room for improvement on
the yield surface front, as the simulation tendsriderestimate the values of the force and the

torque for multiaxial tests.

1200 T

1000

g
s 800
1]
© 600} 7
»
o
© 400 — — — experimental |
> — Swift (seed)
200k Voce (seed) _|
optimized
0 I
0 0 1

5
Equiv. plastic strain [-]

Fig. I-9 Identification of the isotropic hardenitayv.
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E (GPa) v A (MPa) € n k (MPa)  Q (MPa) b
200 0.3 529.4 3.10 0.08 372.3 146.4 4.64
200 0.3 712 7.18 0.13 307 92 3.24

Tab. I-2 Hardening parameters before (first ling) after optimization (second line)

4. Determination of the loading paths to fracture

The termloading path to fractures used to make reference to the evolution of the
stresses and strains at the point(s) within thecisp where fracture initiates. At the
macroscopic level the polycrystalline material mnsidered as homogeneous solid. The
macroscopic material description becomes invalierahe eventual formation of shear bands.
However, at the macroscopic level, the onset aftir® is expected to be imminent with the
onset of shear localization. It is emphasized #ibfracture strains reported in this work
correspond to macroscopic strains which are exgetdebe significantly lower than the
strains to fracture at the microscale (see Haltoral.e[72] for a comparison of measured
macroscopic and grain strains). In the sequel, tifterent methods are considered to

determine the loading paths to fracture.

4.1. Method I: Surface-strain based estimates

Several simplifying assumptions are made to okddinst estimate of the loading path to

fracture:
(A1) Small elastic strains;
(A2) the Levy-von Mises flow rule applies;
(A3) the circumferential strain is zero;

(A4) the mechanical fields do not vary along the radia¢éction and plane stress

conditions prevail within the gage section;

(A5) the stress-state remains constant throughout Igadin
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With the above assumptions in place, Eqgs. (1.6)(and) are applied to calculate the stress
triaxiality and the Lode angle parameter. Furtheemthe equivalent plastic strain at the onset
of specimen fracture may be calculated as

g =\E\/sm 1g, +(tre,)’ (1.26)

after evaluating the logarithmic surface strain ¢enbased on the surface deformation

1w
F O
: {O 1+5ZJ (1.27)

In (1.29), , and ¢, denote the measured shear and axial surface sttitie specimen

gradient

center at the instant of specimen fracture. Aceaydo (AS5) the loading path corresponds to a
vertical line in the plot of the equivalent plasiicain as a function of the stress triaxialityd(re
dashed lines in Fig. I-10a).

Fig. I-10a also includes error bars for the estedatquivalent plastic strains to fracture.
As an alternative to Method I, the strains to fuaethave been computed using the complete
measured loading history which accounts for thereno circumferential strain and the small
non-linearity of the loading path in true strain @pa(integration of equivalent strain
increments instead of using (1.26)). The comparisbows that Method | systematically
underestimates the surface strains to fracture. drteertainty in the stress triaxiality (not
shown) is associated with assumption (A3). Evatumatiof the stress triaxiality for

de,/de, # 0 Yyields

n= 1 +x)tang
= 1.28
3 /@+K—K)taR f+3 (29
with
Z(dng +1
K= —dgz (1.29)

2+ %

de,

Assumingde, /de, = -0.1 corresponds to an uncertainty of about 5% in tress triaxiality,
irrespective of the biaxial loading angle. For epéen for g =90° the stress triaxiality

estimated by Eq. (1.28) is 0.54 as compared to &c68rding to Eq. (1.4).
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4.2.Method II: full FEA analysis

Assumptions (Al) through (A5) can be omitted wille tavailability of finite element
simulations. However, it is necessary to specutatethe exact location of the onset of

fracture. Formally, we note the two key assumptioinglethod Il as

(A6) the finite element simulations provide an accuraescription of the

experiments (even for very large strains)

(A7) fracture initiates at the point of maximum equivaletrain within the central

specimen section

1T
00
0.8+ . i /=0° f=34.1° [=55° [=69.5°  p=90°
3 341° %
k7
o 06 —
©
Q.
=04 b
3
g
0.2 =
0 | J
0 0.2 0.4 0.8
Stress triaxiality
(a) (b)

Fig. I-10 (a) Loading paths to fracture as deteadinsing the (i) Surface-strain based method (dbasdetlines),
and (ii) full FEA method; (b) distribution of thejeivalent plastic strain within the specimen cresstion at the
onset of fracture as obtained from FEA. The solidsdndicate the locations of loading path ext@ttiFor

[ = 34.1° and55°, an open dot highlights the location of onsetratfure as predicted by the HC model.

Assumption (A6) is partially validated by the agremt of the measured and simulated force-
displacement and torque-rotation curves. This ageee is rather difficult to achieve as the
results from multi-axial experiments are sensitwesmall changes in the yield surface/flow
potential assumptions. It appears to be very diffito confirm assumption (A7) with state-
of-the-art experimental techniques. The fact thatdbserved fracture plane of each specimen
intersects the plane Z=0 is one minor partial \sl@h. The analysis of marks and features on
the fracture surface did not yield any valuableinfation. Thus, unless the experiment can
be stopped right at the onset of fracture or higked tomography becomes available,

assumption (A7) will be one of the key sourcesmdartainty in the reported loading paths to
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fracture® When using the experimental data to calibrateaettire model, it is recommended
to repeat all finite element simulations with thadilerated fracture initiation model active to
make sure that the onset of fracture indeed oadutse location assumed during calibration.

Fig. 1-10b shows the specimen cross-sections aingtant where the equivalent plastic
strain on the specimen surface equals that measupatimentally. The contour plots clearly
illustrate the gradient in equivalent plastic stralong the axial as well as the radial direction.
Black solid dots in Fig. I-10b highlight the loaats where fracture initiates according to
assumption (A7). The corresponding loading pathmiobd from Method Il are shown as
black solid lines in Fig. I-10a. The comparisonhwihe loading paths obtained by Method |
shows a significant difference between the loagiath to fracture on the specimen surface
and that at the point of the highest equivalenstdastrain inside the specimen. The only
exception is the pure torsion experiment wherehigbest equivalent plastic strain is reached
on the specimen surface. B»*34.1°, 55° and 69°, a triaxiality-offset can beiced between
methods | and Il, even for small strains. This efffis due to a gradient of axial stress in the

radial direction, which is about 10% of the maxiraalal stress. Fop = 55°, the triaxiality

increases throughout loading due to necking. f=84.1°, the stress triaxiality decreases as
the equivalent plastic strain exceeds 0.2. Thisedse is due to an increasing radial gradient

of axial stress field which decreases the axialsstnear the external gage section surface.

5. Fracture modeling

The Hosford-Coulomb fracture initiation model (H@as introduced by Mohr and
Marcadet [53] to predict the onset of fracture dvanced high strength steel sheets (DP590,
DP780, TRIP780) under monotonic loading. It is ldase the assumption that ductile fracture
is imminent with the shear/normal localization oéfarmation within a narrow band
(Barsoum and Faleskog [34], Dunand and Mohr [55]).

The recently proposed Hosford-Coulomb (HC) fractumgiation model is used to
describe the reported experimental data. We briedlall the model formulation before
identifying the three model parameters. Readersedegred to Mohr and Marcadet [53] for

details on the HC model.

It is worth noting that Mohr and Henn [56] addessshis issue by reporting the loading paths foelaments
within the specimen gage section, knowing thatast one of the reported paths must have led tortbet of
fracture.
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5.1. Hosford-Coulomb (HC) fracture initiation model

According to the HC model, fracture is said toiaig for proportional loading when the
linear combination of the Hosford equivalent strasd the normal stress acting on the plane

of maximum shear reaches a critical value,

O tootro)=0, (1.30)

where

[V

Q

1
HE — {E ((01 - Uz)a + (01 - Us)a + (02 - Us)a)} (1.31)
with a>0 denoting the Hosford exponent of the fractureiatiin model, the friction
coefficient c=2 0, and the cohesiow, > .OMohr and Marcadet [53] transformed the above
criterion from the ordered principal stress spa@g 0,0} to the mixed stress-strain space

{n.8, Ep} for a von Mises plasticity material with isotrofnardening. The transformation is

performed below.

Eq. (1.31) is subsequently rewritten in terms of tmedified Haigh-Westergaard

coordinate§ o,n,8} ,

— — 2y UC
g=0n0]= N
1 ) ) e (1.32)
(= )+ (= 1)+ (1, - 1)) re@+ 1+ 1)
using the Lode angle parameter dependent functions
f(9) = 2cos[r@-8)]. 1,(8) = 2cos[z(3+ &)] and 1,(8) = - zcos[r 1+ &)]  (1.33)

Using the inverse of the isotropic hardening law24). the fracture criterion (1.32) is

transformed from the stress spageg, 7} to the mixed strain/stress spaiegd, £},

ey =k o 16,11 (1.34)
which defines the macroscopic strain at the onkdtacture for proportional loading. Note
that (1.32) and (1.34) are fully equivalent for podional loading. For non-proportional

loading, the strain to fracture, is defined through the integral extension (Fisahel., [74])

y g p
J'm =1 (1.35)
0“f

| M
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5.2. Fracture model parameter identification

The HC fracture initiation model features three eniat parameters: the Hosford

exponenta, the cohesior,, and the friction coefficient. These parameters are determined

based on the loading paths to fracture for 0° (pure shear), 8 =55° (uniaxial tension)

and 8 =90° (plane strain tension). The parameté&s 16, g, =113ZMPaand =005
are identified by minimizing the following residual
&1l de

R: — —p _1 fi = {0° 55° 90° (136)
atomsed| o & 161 or £ = 10557300

with & , denoting the strain at the onset of fracture deitegd using Method Il (section 4.2).

The instants at which the calibrated HC model mtsdhe onset of fracture are highlighted by
blue solid dots in Fig. I-11a. These instants ddeavith the ends of the loading paths to

fracture for the three calibration experimeng < ¢°,55° and90°) whereas the HC model
overestimates the strain to fracture {8r= 34°, and underestimates that f@ = 69°. The
underlying fracture criterion for proportional loadi (Eq. (1.34)) is depicted in Fig. I-11b,
showing the monotonic dependence of the straimdctdre on the stress triaxiality and the

characteristic asymmetric dependence on the Lodle aarameter with a minimum at=0.

We also implemented the HC model into a user natesuabroutine and repeated the
simulations of all experiments with the fracturdiation criterion being active (Eq. (1.35)).
The solid black dots on the curves in Fig. I-5 shiberinstant of fracture as predicted by the
HC model. The reasonable agreement with the raspedisplacements and rotations to
fracture partially confirms the applicability of thHdC fracture initiation model and the
validity of the underlying identification procedureor each loading case, we also compared
the location of the critical element at which fraet initiates according to the model with that

assumed throughout calibration. These locationscade for g = 0 ,695° and90° . However,
for g =34° and B =55°, the HC model predicts fracture at slightly diffet locations as
shown by the comparison of the open and solid mhoEsg. 1-10b. It is thus expected that the

model accuracy could be improved further by repgathe model parameter identification
based on the loading paths to fracture extractenh fthe predicted locations of onset of

fracture.
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Fig. I-11 (a) Predictions of the onset of fractaceording to the calibrated HC model (blue dots),3D plot of
the fracture initiation model for proportional laag.

6. Conclusions

A tubular specimen with a stocky gage section ofoum thickness is proposed to
characterize the effect of stress state on thetafsductile fracture under tension-torsion
loading. Prior to the onset of necking, the radiadient in the mechanical fields is small and
plane stress conditions prevail throughout the gagetion. At the same time, the
circumferential strain is approximately zero. Theedretical range of achievable stress

triaxialities is -0.58 to 0.58 for a Levy-von Misesterial.

Static experiments are performed on specimensagttdrom an annealed high strength
steel bar (36NiCrMo16) for positive stress triaities. The relative motion of the specimen
shoulders as well as the surface strain fieldsdatermined through stereo digital image
correlation. Finite element simulations are perfednof all experiments to estimate the
stresses and strains away from the specimen sufem® each experiment, a loading path to
fracture is determined in terms of equivalent ptastrain, stress triaxiality and Lode angle
parameter. It is found that the loading paths oleifrom finite element analysis are
substantially different from those determined digedrom surface strain measurements.
Except for pure torsion, the equivalent plasti@istrreaches its maximum away from the

specimen surface. Furthermore, the stress triixialisignificantly higher near the specimen
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center when fracture initiates after necking. A iglexperimental-numerical procedure is
outlined and applied to determine the parametetbeiHosford-Coulomb fracture initiation
model.
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I. Bao-Wierzbicki revisited: Ductile Fracture of
Al2024-T351 under Proportional and Non-

proportional Loading

The present chapter is devoted to an investigatiotine effect of the stress state on the
strain to fracture of the aerospace aluminum alB®24-T351 at low stress triaxialities using
the hybrid experimental-numerical technique devedope Chapter I. The ductility of this
material has been studied by Bao and Wierzbjgkiin a wide range of stress states. The
outcome of this extensive experimental campaignaneacture locus which has been cited in
many papers ever since, as it is a very good ithisin of the complexity of the relationship
between the stress state and the ductility. In ¢hepter, proportional and non-proportional
loading cases are applied to the stocky tubulaccepen, and a fracture locus is determined,
and compared with the fracture locus obtained by Bad Wierzbicki[5]. In particular,
higher strain to fracture is found for pure shehah for uniaxial tension, which is consistent
with the results for many other alloys, but contcésl the important results reported by Bao
and Wierzbicki5]. The data from the stocky tubular specimen is tsed to calibrate the
Hosford-Coulomb criterion, introduced in ChapterTihe necessity to extend the Hosford-
Coulomb model with a non-linear damage accumulatigde to predict failure for complex

stress states history is outlined.






Chapter Il

The work of Bao and Wierzbicki [5] has contributgidgnificantly to the development of
ductile fracture initiation models that depend twe Lode angle in addition to the stress
triaxiality. Bao and Wierzbicki [5] performed expeents on a variety of specimens of
different geometry to quantify the effect of strégaxiality on the equivalent strain at the
onset of fracture. Their results suggested thatsthess triaxiality is a non-monotonic, non-
smooth function of the stress triaxiality with adabmaximum in ductility at a stress triaxiality
of about 0.4 and local minimum in ductility at aesis triaxiality of zero (pure shear).

The apparent decrease in ductility for shear-dontinaading has been particularly
intriguing since conventional Gurson-type of modpledict a monotonically decreasing
strain to fracture as a function of the stresiaidy. In the shear-modified Gurson model
proposed by Nahshon and Hutchinson [35], the emolutf the void volume fraction is not
only a function of the equivalent plastic straint blso sensitive to the Lode number. Unlike
conventional Gurson models, the Nahshon-Hutchimsadel can predict fracture through
shear and normal localization at very low stressitlities. Danas and Ponte Castaneda [45]
made use of a homogenization model that accounthéoLode angle dependent evolution of
the pore shape in porous metals. Their approximadédysis suggests a reduction in ductility
as the stress triaxiality decreases to zero deeltapsing voids. Both models can explain the
trends observed in the experimental data of Baovdiedzbicki [5] for aluminum 2024-T351
and that of Barsoum and Faleskog [6] for WeldoxlstBenzerga et al. [75] investigated
theoretically the effect of the loading paths on fhecture locus by means of unit cell
calculations for proportional and non-proportiot@hding, for axisymmetric stress states.
Their investigation suggests that the utilizatidnaweraged values of stress triaxiality to
construct the fracture locus using tests in whiekiations from proportionality is likely to
occur could have a role in the non-monotonic refeghip between the ductility and the stress

triaxiality for low values of the stress triaxiglit

Ductile damage indicator models have also been fieddio describe the apparent non-
monotonic relationship between the strain to fractand the stress triaxiality. Bao and
Wierzbicki [5] proposed a multi-branch model to Ep this relationship. However, as
shown by Xue [76], a smooth relationship among e¢leivalent plastic strain, the stress
triaxiality and the Lode angle parameter can expkan apparent non-monotonic fracture
strain versus stress triaxiality relationship. Esample, assuming a monotonic decrease of

the strain to fracture in stress triaxiality andnanotonic increase as function of absolute
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value of the Lode number can explain the local mumn in ductility for pure shear and a

maximum (kink point) for uniaxial tension.

The experimental data of Bao and Wierzbicki [5] lsdso been explored to develop
stress-based fracture initiation models. Stouglstioth Yoon [77] made use of their data to
show that a Mohr-Coulomb criterion can describe ¢imset of fracture in stress space.
Another criterion in stress space has been propogdéthan and Liu [78] after supplementing
Bao and Wierzbicki’'s [5] data with additional exipeental data points. Bai and Wierzbicki
[49] also explored the idea of a Mohr-Coulomb fuaetmodel in stress space to come up with
the corresponding damage indicator model in thebboed strain-stress space of equivalent
plastic strain, stress triaxiality and Lode angdegmeter. A micro-mechanism inspired ductile
fracture model was proposed by Lou et al. [79,8@kir model had also been validated using
the data reported for aluminum 2024-T351 by Bao\Atnerzbicki [5].

The non-uniformity of the stress and strain figldsgluctile fracture experiments typically
requires a hybrid experimental-numerical analysithefmeasurements (e.g. Mohr and Henn
[56], Barsoum and Faleskog [6,81], Dunand and Mb8}). The data of Bao and Wierzbicki
[5] for aluminum 2024-T351 was obtained using aplsticity model with power-law
hardening. As demonstrated for a variety of alumniralloys (e.g. Barlat et al. [82], Karafillis
and Boyce [83], Bai and Wierzbicki [84], Bron and€3on [85], Giagmouris et al. [86]), nhon-
guadratic yield functions and their anisotropic m@u parts appear to be more suitable for
describing the plastic response of polycrystalli@C materials. However, a possibly more
important source of uncertainty in the hybrid expental-numerical analysis of fracture
initiation experiments is the speculation on theaton of onset of fracture. For instance, in
case significant barreling occurs in an upsettesf, tfracture may not start under uniaxial

compression at the specimen center, but underdbiepading at the specimen surface.

In the present work, tension-torsion experiments performed on stocky tubular
aluminum 2024-T351 specimens. It is found thatsamtropic Hosford plasticity model with
combined Swift-Voce hardening provides a satisfgct@pproximation of the multi-axial
material response of the onset of fracture. Udneghtybrid experimental-numerical procedure
presented in Chapter I, the loading paths to fracame determined in terms of the equivalent
plastic strain, the stress triaxiality and the Laalegle parameter. The calibration of the
Hosford-Coulomb fracture initiation model suggetiat the ductility of aluminum 2024-
T351 decreases monotonically as a function of thess triaxiality, whereas it is a non-

symmetric convex function of the Lode angle paramet
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1. Experiments

We closely follow the experimental procedure fonsien-torsion fracture testing
described in Chapter I. Using a dual actuator systelected combinations of tension and

torsion loading are applied to a stocky tubularcgpen.

1.1. Material and specimen

All specimens are extracted from the same squarefoauminum 2024-T351 supplied
by the distributor McMaster Carr. A 900mm long kath a 100mm x 100mm square cross-
section is chosen instead of a plate or tube ptoduan attempt to minimize the effects of
initial anisotropy. The chemical composition accogito the provider is given in Tab. II-1.
More details on the material microstructure willdmnsidered in Chapter Il

The exact geometry of the stocky tubular specingeshiown in Fig. I-1. It features a
constant inner initial diameter of 20mm. The wdlickness is 2mm in the shoulder area,

while it is only e, =1mm within the 4mm high gage section. The transitimnf the 22mm

to the 24mm outer diameter is achieved throughraidal surface of 1mm radius. The
specimen axis is always parallel to the longitudlver direction. Except for the area that is
inserted into the machine clamps, a thin layer bftevpaint is applied on the specimen

surface along with a fine black speckle paint patte

- Si Fe Cu Mn Mg Cr Zn Ti Other Al

Min  / / 38 03 12 [/ / / / remain

Max 05 005 49 09 18 0.1 0.25 0.15 0.15 remain

Tab. II-1 Chemical composition of aluminum 2024-13om the square bar, according to McMaster-Qarr,

weight %

1.2.Experimental procedure

Readers are referred to Chapter | for details attmuexperimental procedure.

1.3.Measured force-displacement curves
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Two different series of experiments are performpaiportional loading experiments

(monotonic loading with B2 =const) and non-proportional loading experiments (non-
monotonic loading withg = B(t)). The testing program for the first series of expents
covered seven distinct biaxial loading anglgs:0°, f=219°, f=341°, =45, B=5%,

[=695° and 8=9C . The specific actuator control settings were:

o for B = 0° (pure shear) the rate of rotation is (0.099%While a zero axial force is

imposed.

o for 21.9°< B < 55° (shear-dominated), the rate of rotation isspribed (0.019°/s)

while the axial position is incrementally adjussaas to kee constant.

« for B = 69.5° (tension-dominated), the rate of axiadpticement is prescribed
(0.002mm/s) while the rotational position is incesttally adjusted so as to kefp

constant.

« for B= 90° (transverse plane strain), the rate of asiaplacement is prescribed

(0.002mm/s) while a zero torque is imposed.
The non-proportional loading experiments involved proportional loading steps:

* Pre-loading: the specimen is pre-loaded eitherampression $=-90°), tension
(B =+90C) or torsion (3=0) using the actuator settings as for proportionabling.

The pre-loading is monitored by 3DIC, and is stappéen the equivalent plastic

strain on the symmetry plane of the gage sectidiacaireaches approximately 5%.
» Elastic unloading: the specimens are unloadedrimfpece and torque.

* Re-loading: The pre-deformed specimens are re-tbatlethe way to fracture under
proportional loading for either torsionBE0°), uniaxial tension(8=55) and plane
strain tension $=90C). As during the first phase of loading, the copmsling

actuator settings for proportional loading are used.

In sum, seven non-proportional experiments areopaed. Fig. 1I-1 shows a summary of
loading paths in terms of the relative shoulder iomstu and . The measured force-
displacement and torque-rotation curves are plottethshed lines in Fig. 11-2 (proportional

loading) and Fig. 1I-3 (non-proportional loadingr the latter, the pre-loading curves (pre-
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compression, pre-torsion or pre-tension) are nowshas these match the corresponding

recordings for proportional loading shown in Fig2]

All force-displacement curves increase monotonycahd drop abruptly with the onset
of specimen fracture. No sign of necking prior tacfure is observed in any of the
experiments performed. Note that fracture initiatedall experiments before reaching a
maximum in axial force or torque. The force andjte measurements exhibit a Portevin-Le-

Chatelier type of serration as the gage sectioinbdg deform plastically fo3 = 69.5° and
£ =90°. It was shown in literature that for a fixed straate and temperature, an increase in

stress triaxiality leads to more important PLC aons (Wagner et al [87], Benallal et al
[88]).

T T T 1 = =T T
o4 | 0.3 prf—;:l?sion f/prel?;:rfsion =
0.35 B=90° 3=55° - i |
0.3 . 0.2 & i
: p=0°
E 0.1 Va4 pre-tension_|
€ ]
S i p=55°
Ok e pre-compression —
| ~
Y] P SS———
“ pre-compression
D PR L 1
0 2 4 6
0[]
0[]
€Y (b)

Fig. 1I-1 Applied axial displacement and rotatiorsthries: (a) proportional loading experiments, (ton-

proportional loading experiments.
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Fig. 11-2 Force-displacement and torque-rotatiomves for proportional loading. Dotted lines: expental

data. Solid lines: simulations.
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Fig. 11-3 Force-displacement and torque-rotatiorves for non-proportional loading. Dotted linespexmental

data. Solid lines: simulations.

2. Hybrid experimental-numerical results

As discussed in Chapter |, the direct estimationthef stress state and the strains to
fracture based on surface strain measurementsda®wnly a poor approximation of the
loading path to fracture. As an alternative, wefgren a finite element simulation of each
experiment to obtain accurate estimates of the thgpplaths to fracture.

1.1. Plasticity model

Due to the apparent initial isotropy and the mottedrains involved in our fracture
experiments on aluminum 2024-T351, an isotropistplay model is employed to describe
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the material response. Formally, the yield surfeceefined in terms of the Hosford [89]
equivalent stresg, and a deformation resistanke
f(o)=0, —k=0 (2.1)

with

EHf :(%((0-1 _0-2)p +(01 _03)p+(02 _0-3)p)j p (2.2)

In the definition of the Hosford equivalent stress, o, and g, are the ordered principal
values of the Cauchy stress tensd; is the Hosford exponent which is a real within the
interval 1< p < . For the two limiting casep =1 and P = %, the Tresca yield surface is

retrieved, while forp =2 and p = 4, the Mises yield surface is retrieved (Fig. ll-4a)
Isotropic hardening is defined through a linear boration of the Swift and Voce laws,

k=Kz,] =k +Qll-e" )+ AE, +&,)" (2.3)

with the Swift parameterga, ¢, n} and the Voce parametens, Q, b} -

S Hosford 800 | |
(p=6,6)
<500 -
o
=3
o 400 B
(2]
L
Tresca @ 300 .
Mises 5
o
§ 200 -
(2]
£ 100 B
S, S,
1

(=]

| |
0.1 0.2 0.3
Egq. plastic strain [-]

o

(a) (b)
Fig. 1I-4 (a) Yield surfaces plotted in tH@-plane : Mises, Tresca and the identified Hosfoudfaxe. (b)

Hardening curve for aluminum 2024-T351 identifigdilwverse analysis.

2.1. Finite element model

The tests are simulated using Abaqus Standard &.9&Fonjunction with the Zmat
material library (Centre de Materiaux, Ecole desid8i, France). The finite element model is
shown in Fig. I-1b. The part of the specimen lybejween A and B is discretized using four-

node generalized axisymmetric elements (CGAX4),civhaccount for twist around the z-
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axis. Based on a study of the mesh-convergenceregipect to the local deformation fields,
an element size of P5n is chosen within the gage section. The axial aoi@tional

displacement of two reference nodes (N1 and N2ign IFLb) is coupled to those of the top
and bottom surface of the model. Displacementsl@audls are applied on N1, while node N2

is fully clamped.

One hundred implicit time steps are performed toutate proportional loading. Closely
mimicking the experimental procedure, the boundamyditions for proportional loading are

applied as follows:

 for B= 0° 06is imposed onN1 as measured by 3DIC, while zero axial load is

imposed orN1

o for 21.9°< B < 55° the rotationfis imposed onN1 as measured by 3DIC. A
numerical sensor is created to get the value ofdigpie, and the UAMP subroutine is

used to apply the correct proportion of forceNih

« for B = 69.5° the displacementis imposed onN1 as measured by 3DIC. A
numerical sensor is created to get the value ofdtee, and the UAMP subroutine is

used to apply the correct proportion of torqueNdn

o for 3= 90° the displacementis imposed orN1 as measured by 3DIC, while zero
torque is imposed oN1:
For non-proportional loading, 100 time implicit #nsteps are performed during each phase of
loading. Recall that the first phase involves poaipression, pre-torsion or pre-tension and
unloading applying eithan (pre-compression or pre-tension) &(pre-torsion) as measured
by 3DIC. Then, for the second step, the boundangitions are applied similarly to those of
proportional loading fo3=0°, /=55° and=90°.

2.2.Identification of the plasticity model paranmste

The six hardening parametefé\&,nk, Qb}are first identified using the stress-strain

curve obtained from uniaxial tension tests on doglgpecimens along the L direction of the

bar. Then, the plasticity paramefeis identified through inverse analysis, while the

hardening parameters are refined, by minimizing dtitierence between the measured and

computed force-displacement and moment-rotationvesurfor proportional loading, as
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explained in Chapter | (section 3.3). The final sétparameters corresponding to the
hardening curve and the plasticity parameter aosvsehin Fig. lI-4 and listed in Tab. IlI-2.
Good agreement of the experimental curves (dashed)land the simulation results (solid
lines) is observed for all biaxial loading anglesr fproportional loading (Fig. II-2).
Furthermore, despite the simplicity of the hardgnimodel, the model also provides
reasonable predictions of the global specimen resgptmnon-proportional loading (compare
solid and dashed lines in Fig. 1I-3).

p A (MPa) € n k, (MPa) Q (MPa) b

6.6 357.8 0.00795 0.189 149.5 105.2 18.9

Tab. II-2 Plasticity model parameters identifiedibyerse analysis

2.3.Location of onset of fracture

It is assumed that fracture initiates at the instainta drop in the measured force-
displacement curves. An attempt is made to idetiiéylocation of onset of fracture based on
(1) photographs of the specimens right after theetoo$ fracture (Fig. 1I-5) and (2) SEM
pictures of the fracture surfaces (Fig. II-6). Imtaular, abrasive marks on the latter are seen
as indicator of the zones where fracture initiateat. proportional loading within the range 0°
< B < 45°, and for selected cases of non-proportionalifga (3=0° after pre-compression,
[3=0° after pre-tension3=55° after pre-torsion), the upper and lower paftshe specimen
remained partially attached despite the abrupt trag. The z-coordinate of the location of
onset of fracture can therefore be determined fthenpictures of the specimen (e.g. Fig.
[I-5a). For all other tests, the specimen separatddo parts brutally as the loads dropped.
With regards to the location of onset of fractuhe, following observations are made:

e Fracture initiated near the fillet radius for 8B < 34.1° (Fig. lI-5a). Furthermore,
SEM observations provide evidence that crack prdpdgeaarlier near the outer
surface, where clear abrasive marks can be sednthahthe inner surface was the
last to fail, as shear dimples can still be sear tige internal radius (Fig. II-6a). For
non-proportional=0° (after pre-compression, after pre-tension) .(Hlgbd) and
3=55° after pre-tension (Fig. II-5e) and after poenpression, the crack also clearly

initiated near the fillet radius.
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* For proportional loading within the range 45 < 69.5°, the crack meanders within
a narrow band around the symmetry plane (Fig. )I-Btbrasive marks as well as
dimples are visible on many regions of the fracaudace for proportiongd=45° and
55° and do not allow for the determination of tadial coordinate of the location of

onset of fracture (Fig. II-6b). Almost no abrasmarks for3=69.5°.

» For proportionaB=90°, the crack meanders within a narrow band tieaupper fillet

(Fig. lI-5¢). Almost no abrasive marks are visiblethe fracture surface (Fig. II-6c¢).

* For non-proportionap=90° (after pre-compression and after pre-torsitimg, crack
meanders within the entire gage section (i.e. betwtbe upper and lower fillet, see
Figs. 6f) with no visible abrasive marks on the Sgiktures of the fracture surface.

e For =55° after pre-torsion, the crack meanders betwbenlower fillet and the
symmetry plane (Fig. 11-59).

The corresponding spatial distributions of the egl@nt plastic strain within the
specimen gage section as obtained from finite el¢mealysis are shown in Fig. II-7 for all
experiments performed. Observe that the locatiofisonset of fracture identified
experimentally (which was only possible {&+0° proportional and non-proportional, and for
[3=55° after pre-tension and pre-compression) coencrdth the location of maximum
equivalent plastic strain in the simulations. Facle experiment, the loading path to fracture
is therefore extracted at the integration pointchhifeatured the highest equivalent plastic

strain at the instant of onset of fracture. Theesponding points are highlighted in Fig. II-7.

2.4.Loading paths to fracta

In this section, we are interested in the streste $tistory to fracture during the tests.

As mentioned in the previous subsection, the eianatof/j, 6 and £, are extracted at
the integration point where the Hosford equivalgiastic strain is maximal. The
corresponding loading paths to fracture in {fg€,) and (§,§p)-planes are shown in Fig.

[I-8 for proportional loading. Observe that theess state remains remarkably constant

throughout the experiments. The highest ductility. (strain to fracture) ductility is achieved

for B=0° (&, =0.29). The lowest ductility is observed f@ = 90° (&; =0.13. Between the
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limit stress states of pure sheg =0°) and plane strain tensio()3 = 90°), the present

results suggest a local maximum in ductility foraxmal tension(g =55°, & =0.24).

@) (b)

(©) (d)

(9)
Fig. II-5 Pictures of a few broken specimens (@pporrtional3=0° (b) proportionap=55° (c) proportionaB=90°

(d) B=0° with pre-compression (8F55° with pre-tension (f§=90° with pre-torsion (gp=55° with pre-torsion.

The loading paths for non-proportional loading (Hig9) elucidate the effects of pre-

compression, pre-torsion and pre-tension on ttensto fracture for pure shegp = 0°),

uniaxial tension(g = 55°) , and plane strain tensiq = 90°) :
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* Applying pre-compression increases the materiatilityan all cases. Fof3=0°,
the strain to fracture increases from 0.29 (propoal loading) to 0.32 (after pre-

compression). Fop = 55°, it increases from 0.24 to 0.27. The most sigaiit
increase is observed f@& = 90° : the ductility increases from 0.13 to 0.24, i.¢. b

more than 80%.

* Applying pre-torsion also appears to increase tnaility: from 0.24 to 0.29 for
=55°, and from 0.13 to 0.18 f@=90°.

» Applying pre-tension appears to decrease the dyctiThe strain to fracture
decreases from 0.29 to 0.25 fi#0°, and from 0.24 to 0.19 f@=55°.

A summary of these results in reported in Tab. k@8 Tab. II-4.

Fig. 1I-6 SEM view of fracture surfaces: (a) dimglsurface as observed f8=90°, (b) abrasive marks as

observed fof=55°, (c) shear dimples and abrasive marks obsdordt-0°.
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0° 34.1° 45° 55° 69.5° 90°
' ' ' .y .y e .
0.13
.22 0.24 0.17
0° 0° 55° 55° 55° 90° 90°
Pre-compression Pre-tension Pre-compression Pre-torsion Pre-tension Pre-compression  Pre-torsion

=

1548946

Fig. 1I-7 Equivalent plastic strain fields from FE# the onset of fracture. The solid black dotsdat the

location of maximum equivalent plastic strain & tmnset of fracture, defined as the sudden loag. driee open
black dot indicates the location where D first teex the value 1, if different from the location méximum

equivalent plastic strain.

1) <§> Efnal TTinal B na

0° 0.003 0.01 0.29 0.004 0.01
21.9° 0.14 0.39 0.27 0.14 0.40
34.1° 0.22 0.62 0.24 0.22 0.63
45° 0.25 0.74 0.22 0.25 0.73

55° 0.33 0.98 0.24 0.35 0.98
69.5° 0.45 0.57 0.17 0.44 0.60

90° 0.57 0.11 0.13 0.58 0.09

Tab. 11-3 Summary of results for proportional laagli
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<’7 > sted <§> stepl <,7 > steR <§> ste z~prehloading zfinal ,7fina\ g final

OO
pre- -0.58 -0.07 0.04 0.12 0.071 0.32 0.007 0.019
compression
OO
pre-tension
55°
pre- -0.58 -0.07 0.36 0.94 0.071 0.27 0.38 0.89
compression
55°
pre-torsion
55°
pre-tension
90°
pre- -0.58 -0.07 0.58 0.11 0.071 0.24 0.58 0.08
compression
90°
pre-torsion

0.57 0.13 -0.04 -0.11 0.074 0.25 0.0003 0.0006

0.002 0.005 0.34 0.99 0.042 0.29 0.36 0.98

0.57 0.13 0.34 0.94 0.075 0.19 037 0.91

0.002 0.005 0.58 0.08 0.071 0.18 0.58 0.08

Tab. II-4 Summary of results for non-proportior@dding

The loading path to fracture fg8 = 55° (after pre-torsion) is shown as a dashed line in

Fig. 11-9b to indicate a lack of certainty in thig/brid experimental-numerical result. Fig.
[I-3c shows a substantial difference in the hamgrof the measured and computed force-
displacement curves (compare solid and dashedmes)| In particular, the simulation curve
exhibits a maximum prior to the onset of fractudeich is an indicator of localization within
the gage section. Consequently, the strain tduraaeported in Fig. II-9b for this loading
case is expected to be too large. Another partidigature of this experiment is that the
maximum equivalent plastic strain is reached awagnfthe specimen surface, and not near
the fillet, like all other tests. The loading pathfracture therefore needs to be extracted at a

point where the pre-loading had not yet reachedjaivalent plastic strain of 0.07.
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Fig. 11-8 Loading paths for proportional loadinglaBk line represent the loading history computeximfrFE
simulations, while blue dots represent the fractstrain indicated by the Hosford-Coulomb model (241

b=0.21, c=0.076, m=0.71).
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Fig. 1I-9 Loading paths for non-proportional loagiBlack line represent the loading history comgdtem FE
simulations, while blue dots represent the fracstrain indicated by the Hosford-Coulomb model. t$egith
(a) pre-compression (b) pre-torsion (c) pre-teng&rl.21, b=0.21, ¢c=0.076, m=0.71).

3. Hosford-Coulomb fracture initiation model

The phenomenological HC fracture initiation moddbfr and Marcadet [53]) calibrated
and validated in Chapter | in the case of 36NiCrBlcleel, will also be used here for
aluminum 2024-T351. In the present work, a selfststent framework will be used to
account for the plasticity —which, for this matéria not a Levy — Von Mises model anymore.
Furthermore, it will be extended further to accofmt the effect of severe loading path

changes.
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3.1. Effect of stress state
We refer to Eq. (1.32) for the expression of the é&t@erion in the mixed stress-strain
space {n,?,fp} for a von Mises plasticity material with isotropl@ardening. Here, a

subsequent transformation is performed for a Hdsfasticity material. Thus, the Hosford

equivalent stress at the onset of fracture reads:

olk

Uc{;((fl_ f,)P+(f - f)° +(f, - fs)p)}

O, = (2.4)

[

(Bt -t vttt 20

Using the isotropic hardening law (Eq. (2.3)), ttesulting expression of the Hosford

equivalent strain to fracture for proportional lazgli£l™ is obtained:

1

»

k[A1(1+c>{;((fl )P4 (= 1P+ (1, - fs)p)}

EM[n,0]=k™ (2.5)

o [P

-t thm (- ) et 1, 2)

In the above operation, without changing the matteral form of the model, we substituted
the coefficientA through A in a way thatA is equal to the strain to fracture for uniaxial
tension. In summary, the above isotropic fractuméation model for proportional loading
features three free paramete@s:A and C. Fig. 11-10 shows a plot of the “fracture surface”
defined by Eq. (2.5). The dependence on the stressgality is controlled by the friction
parameterc=C with stress triaxiality independence fe=C. The parameterd (strain to

fracture for uniaxial tension) controls the ovesdthin to fracture.

The corresponding criterion for plane stress camaltis shown in Fig. 1I-11. Recall that
the Lode angle parameter is a function of the sttaaxiality in the case of plane stress.
Irrespective of the choice of parameters, the mdeaiures the characteristic plane strain

valley for biaxial tensionl/3<n<2/3), i.e. the strain to fracture is the lowest forn@astrain

tension(n:ﬂ\/é), and the highest for uniaxigy = 1/3) and equi-biaxial tensio(y = 2/3).
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Fig. 1I-10 Hosford-Coulomb fracture envelope idéed for aluminum 2024-T351 (a=1.21, b=0.21, c=®&0
m=0.71)

3.2. Modeling of the effect of loading path

3.2.1.Linear damage accumulation law

The direct application of (2.5) as fracture initat criterion is only valid for proportional
loading (constant stress triaxiality and Lode anggeameter throughout loading). For non-
proportional loading, a linear damage accumulagenis used (Fischer et al., [74]). L&
denote a damage indicator of initial valle=0; fracture is then assumed to initiate when
D =1 after accumulating damage according to the evautiguation

D:_di_ (2.6)
£'[n.6]

The term damage is introduced in quotedaonly partly represents physical damage due to
progressive void nucleation (which triggers thealaation of deformation at the microscale,
and whose effect on the plastic material resposiseglected). The above evolution is linear
in the sense thaD is a linear function of the equivalent plasticasir for proportional

loading.

To illustrate the effect of the loading path on #teain to fracture, we computed the
fracture envelope for proportional loading all thay to fracture after three different pre-

loadings up to a strain of 0.07 (Fig. 1l-11b):
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1. Pre-compression: the strain to fracture for prapodl loading at; =-1/+/3 is

much higher than that for proportional loading witthe range0<,<2/3 (a).

As a result, less damage is accumulated durindoaicing as compared to direct

loading within the rang®<7 < 2/3. The fracture envelope for two-step loading

with pre-compression (red curve) therefore liesvabthe envelope for single-
step proportional loading (black curve). In otheords, the total equivalent
plastic strain that can be accumulated prior tootiget of fracture increases after

compression.

Pre-tension: plane strain tension is the mostaltistress state. As a result, more
damage is accumulated during pre-tension as comhgarading at any other
plane stress state. The fracture envelope for tep-®ading with pre-tension
(blue curve) therefore lies below the envelope s$orgle-step proportional
loading (black curve). In other words, pre-loadimgder plane strain tension

reduces the overall ductility of the material.

Pre-torsion: pre-loading under torsion increases dbetility for subsequent

proportional loading at stress triaxialities ab@ve

The above model response is in remarkable quaktadigreement with the experimental

observations for two-step loading. The comparisath the experimental results shows that

the main effect of pre-loading on the subsequettdire response under proportional loading

is captured by the model, i.e. pre-compressionmgeetorsion increase the ductility, whereas

pre-tension decreases the ductility.

82



Chapter I

1
0.9} Pre-jcompressu).n
0.8l 0.3r Pre-torsion
0 0.7t o
2 =
© 0.6f 5] Y.
-g -g 0.2 PBportionaI
-g 0.41 -g Pre-tension
& 0.3f ) 0.1
0.2 \w
0.1}
0 0
-0.66 -0.33 0 0.33 0.66 0 0.33 0.66
Stress triaxiality Stress triaxiality
(a) (b)

Fig. 1I-11 (a) Hosford-Coulomb fracture envelope fiwoportional plane stress loading; (b) Fractureetope for
=0 after pre-loading up toz‘p =0.07 under uniaxial compression7(= — 033, red curve), uniaxial

tension 7 = 033, blue) and transverse plane strain tensigr=( 058, magenta). (a=1.21, b=0.21, ¢=0.076,
m=0.71)

3.2.2. Non-linear damage accumulation law

The application of the linear damage accumulataam o our experimental data for non-
proportional loading resulted only in poor estinsaté the strain to fracture. A non-linear
damage accumulation model is proposed to addréssstue. Instead of assuming a linear
relationship between the damage indicator and tjugvalent plastic strain for proportional
loading (black curve in Fig. 1I-12), we assume a-tinear relationship as shown by one of

the dashed curves in Fig. 1I-12. In differentiatnip the corresponding evolution equation

— m_l p—
dD=m — r‘g” - — :jg"_ (2.7)
&'n61) &' 6]

with the exponent>0. Fig. lI-12b shows the damage evolution for aitorexperiment (i)

reads

after pre-loading under compression up &p= 007, (ii) pre-loading under tension up to

&,=007, and (jii) without any pre-loading.
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Fig. 1I-12 Non-linear damage accumulation law: Effect of the exponent m including the special aafsknear
damage accumulation for m=1, (b) Evolution of daenaga torsion experiment after pre-loading unéesion
(blue) and compression (red), as well as for priqpaal loading (black); the dashed lines show thedjztions
for linear damage accumulation (m=1), the soligdirdepict the results for non-linear damage accatioul
(m=0.8).

3.3. Model calibration

In a first step, the fracture initiation model pasters a A ¢} are calibrated based on the
proportional experiments fo8 = 0°, B =55° and g =90° assumingm=1. Recall that the
parameter/ is equal to the strain to fracture for uniaxialgi®en. Consequently, the strain to
fracture for g = 55° provides a good starting value fdr A quick optimization showed that
the parameterst= 113, A = 024 and c = 0.085 provide an exact prediction of the strain to
fracture for all three proportional experiments.

In second step, all four model parametéesA,c,m} are identified through inverse

analysis using the loading paths for non-propogidoading shown in Fig. 1I-9. The exact
integral criterion (2.7) is evaluated for each lmation experiment. The difference between
the experimental and predicted strains to fractsirfien minimized using a derivative-free
simplex algorithm. The “optimal” model parameters a=121, A =021, ¢c=0.076 and
m= 071

3.4. Model validation

The comparison of the experimental and predictemingt to fracture allows for a first

validation of the fracture initiation model. Recd#tlat the end points of the loading paths
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shown in Fig. 1I-8 and Fig. 11-9 correspond to tmeasured instants of onset of fracture. The
corresponding model predictions are shown as $lid dots. Overall the model predictions

agree well with the experimental results. The larghfferences are observed 3+21.9°

(€2 = 029 vs. €= 024) under proportional loading (Fig. 1I-8), and =0° after pre-

tension € = 029 vs. £/ = 024) for non-proportional loading (Fig. 11-9c).

The numerical simulations of all experiments aso akpeated with the fracture initiation
model active at each integration point. The predictnstants of onset of fracture are
highlighted by solid black dots in Fig. II-2 andyFil-3. The overall agreement is good for all
loading cases. For proportional loading, the disgr@ent/rotation to fracture is slightly
overestimated fo3 = 90° and g = 0°, and underestimated for all other cases. This trésul
consistent with the “local” validation shown in Fig-8, where the strain to fracture is
overestimated for3 = 90° and B = 0°. This consistency may be seen as a partial validat
of the assumption of the location of onset of fnaetmade during model calibration. It is
validated more accurately by comparing the assuoeation of onset of fracture (solid dots
in Fig. 1I-7) with the locations at which the daneaigdicator reached unity first (open dots in
Fig. 1I-7). These locations coincide for all loaginases except fof = 55° where the model
predicts fracture initiation on the inner specim&nface while the maximum equivalent

plastic strain is reached within the bulk of thggaection.

4. Discussion

As outlined in the introduction, the experimentabults of Bao and Wierzbicki [5]
(B&W) on aluminum 2024-T351 served frequently as Hasis for the validation of fracture
initiation models in the past. It is therefore woconfronting the present results on aluminum
2024-T351 with those from Bao and Wierzbicki (B&W).

Following the processing procedure proposed by Bad Wierzbicki (B&W), we
calculated the average stress triaxiality throughmading,

1%
<p>=— j n(dg,) (2.8)
gf 0

and computed the von Mises equivalent plasticrstairacture,
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f (5
gl == I(ijd? o (2.9)

The corresponding data points /7 >’§an} from our proportional loading experiments (blue

dots) are plotted next to the Bao-Wierzbicki (B&Wata (red dots) for the same range of
average stress triaxialities in Fig. 1I-13. We aisoluded the calibrated Hosford-Coulomb
envelope for plane stress (blue line) as well asctiterion suggested by B&¥\(red line) in

Fig. 1I-13. The quantitative comparison revealst tihe strains reported by B&W are often
much higher (up to 0.46) as compared to the prasaston-torsion results (up to 0.30). This
might be possibly due to differences in the miauastures of the tested aluminum 2024-T351
alloys. More importantly, the B&W data suggests anthitic decrease of the strain to fracture
between uniaxial tension and pure shear, while data suggests an increase in ductility
instead. This qualitative discrepancy is partidylanportant as the decrease in ductility for
pure shear reported by B&W motivated many recesoitbtical developments. It is speculated
that the experimental techniques employed by B&Whnnot have been fully adequate for

measuring the strain to fracture:

* Uncertainty in the assumed location of onset ofttree: B&W used a flat specimen
with cut-outs and thickness reduction for measutirgstrain to fracture at low stress
triaxialities. As pointed out by Mohr and Henn [86] and Dunand and Mohr [7],
fracture in shear experiments on flat specimenkkéy to initiate away from the
specimen center at a stress state that is vemreift from pure shear. The processing
of the experimental results based on the assumjiidnacture initiation near the
specimen center will result in an underestimatiérthe strain to fracture for pure
shear (see data poid) in Fig. II-13). Unfortunately, the exact dimenssoof the
B&W specimen for shear testing have not been redart the open literature which

makes it difficult to validate or not the above sylation;

* Uncertainties in the displacement measurementppears that B&W measured the
cross-head displacement to fracture for their sbearinated experiments (dat@
and (2)). Extensometer measurements had probably not pessible due to the
specimen shoulder rotation. The distance betweempith attachments was more than

ten times longer than the gage section, i.e. a fgignt portion of the measured

2 We encountered a small discrepancy between theswhown in Fig. 20 of Bao and Wierzbicki [5] ahe
corresponding criteria given by Egs. (8) and (9hefr paper. To ensure the continuity of the falanvelope at
a stress triaxiality of 0.4, we adjusted the patamef the criterion given by Eq. (9).
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displacement to fracture is due to the deformatibtihe specimen shoulders and rigid
body rotation. The accuracy of the extracted sti@ifnacture from such measurements
depends on the accuracy of the mechanical modéheofentire specimen and the

testing system.

» Uncertainties in the boundary conditions: Figs.ab@d 11 of B&W'’s paper bring up
guestions regarding the rotational rigidity andyahent of the specimen grips. For
example, the top and bottom parts of the axisymmefpecimens are no longer
aligned after fracture. If the specimens were dhgHhient during the tensile
experiment, the strain to fracture calculated watih axisymmetric finite element
model might actually be larger than that at thesb$ fracture in the experiment. This
argument could explain the reported high strainsafasymmetric tension (point®
and ® in Fig. 1I-13).

* Uncertainties in the post-necking response: B&Whidied the stress-strain curve
through inverse calibration using the force-disptaent curve for smooth round bars
as reference. The size of the zone of localizedingdn their experiment was very
small as compared to the extensometer length wimlits in a poor sensitivity of the
cost function to variations in the strain fieldigesthe neck. Small uncertainties in this
procedure might have contributed to an overestonatif the strains to fracture for
experiments3) to G of B&W.

It is reemphasized that the above points are satens only which need to be clarified by
future research. Here, we continue our discussipmeliewing the experimental data of
others. According to Luo et al. [91], Khan and L8] measured an equivalent strain to
fracture of 0.29 in torsion experiments on 2024-Tafminum. In their paper, Khan and Liu
[78] also show that the strain measured throughirstgages (0.2) is significantly lower than
that observed in micrographs. Abi Akl [92] made usk various butterfly specimen

geometries to perform shear experiments on alumigQ&#-T351. He found an equivalent

plastic strain to fracture of about 0.3 irrespezinf the specimen geometry.

Experimental data for other aluminum alloys alsogesg a higher strain to fracture for
pure shear than for uniaxial tension. For exampehr and Henn [90,56] observed an
increase in ductility from uniaxial tension to puséear in their results from butterfly
specimens for a cast aluminum alloy. The experiaigesults from Bruenig et al. [93] for an

unspecified aluminum alloy also show a higher dibgtior pure shear than for uniaxial
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tension. A more comprehensive experimental studyleen performed for aluminum 6061-
T6 by Haltom et al. [72]. Their tension-torsionteegenerated 13 data points between pure
shear and uniaxial tension that suggest a decneaketility as function of stress triaxiality in

that range.

From a modeling point of view, our current undamndiag of the fracture initiation at low
stress triaxialities leaves space for justifying thlausibility of the B&W results. Note that
both the stress triaxiality and the Lode angle petar decrease between uniaxial tension and
pure shear. According to the Hosford-Coulomb moatlere is a competition of the effects of
stress triaxiality and Lode angle parameter: a eBs® in stress triaxiality increases the
ductility, a decrease in Lode angle fra#n=1 to 8 =0 decreases the ductility. For advanced
high strength steels, both scenarios have beennaosexperimentally (see Mohr and
Marcadet [53]). However, except for the resultB&W, all of the above experimental data
for aluminum alloys suggests a higher strain tatéree for pure shear than for uniaxial

tension.
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Fig. 1I-13 Comparison of present experimental rss(lhlue data points) with experimental result8ab and
Wierzbicki [5] for the same aluminum alloy. Differefrom the previous figures, the von Mises equaual
plastic strain us shown on the ordinate. The dalashed) lines show the fracture envelopes asl fittedata for

plane stress (axisymmetric) loading.

5. Conclusions

Tension-torsion experiments to fracture are perémran stocky tubular aluminum 2024

T351 specimens. Different loading conditions arpliad: proportional loading conditions,
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where the ratio between the axial force and thquiers kept constant throughout the tests,
and non-proportional loading conditions, where elpading — pre-compression, pre-shear or
pre-tension — is applied. A hybrid experimental-reuical approach is used in both cases to
investigate the effect of the stress state on thtenal ductility. The fracture locus obtained
from proportional loading tests is compared witht thistained by Bao and Wierbicki [5] and
an explanation is proposed to account for the ésmncies between the two fracture locuses.
The pre-loading is shown to have a considerabkcetin the material ductility. An extension
of the Hosford-Coulomb fracture initiation model ght and Marcadet [53]) using a non-
linear accumulation damage rule is calibrated fymart of the experiments, and is shown to

predict fairly well the onset of fracture.
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lll.  Ductile damage mechanisms and strain
localization in 2024-T351 aluminum alloy and

36NICrMo16 steel at low stress triaxiality

In this chapter, the ductile damage mechanisms @#42I351 aluminum alloy and
36NiCrMo16 steel are investigated at the microscaumale for stress triaxialities lower than
1/3. To this purpose, combined tension and torsststare performed with the stocky tubular
tension-torsion specimen used in Chapters | andTHese tests are run to fracture, or
interrupted and followed by SEM observations. Aes final failure is found to occur very
quickly just before the end of the test, subsequsight on damage mechanisms under pure
shear loading is brought through direct monitoridgring torsion tests in a SEM. The trend
towards localized deformation —observed alreadynaso-scale for aluminum 2024-T351 but
also at micro and sub-grain scale- increases as gtress triaxiality ratio decrease#\
significant axial elongation is measured in bothtengls, even in torsion. This Swift effect
might explain why most voids elongate in one dioecand shrink in the orthogonal one but
do not collapse and why some even grow in nomipalig shear loadingQuantitative data
on damage in the aluminum alloy is obtained. Thestedlographic texture and its evolutions
are shown to play an important role in the steet. stress triaxiality decreases, texture
evolutions become more and more important and laage larger clusters of grains sharing
the same orientation form, this making shear baddgelopment easier and easier. The
coalescence mechanisms observed in aluminum 2024-9i8jgest that the use of the shear
localization Hosford-Coulomb as a failure criteriesireasonable.

The participation of master student Seébastien LHREBR the present work is

acknowledged.






Chapter I

For several decades, advanced micromechanicalestudive been performed to shed
more light on ductile failure under low triaxiaés, especially, shear-dominant loading.
McClintock [94] analytical analysis of void growth shear bands predicts that an initially
circular void elongates in the direction of thesfiiprincipal stress, rotates and tends to close.
Sometimes, total closure is achieved (especialbpmpression exists), but past a certain void
rotation angle, the hole opens up again. Anders@h 95] considered microcraks incled by
45° with respect to the shearing direction in tlagialysis of strain localization in shear. They
found that the strain to localization depends andfack size-to spacing ratio (the lower this
ratio, the earlier the localization), crack facietfon, material hardening but also, to a large
extent, on the initial crack orientation. This innfamt aspect should thus not be neglected in

micromechanical models.

More recent numerical analyses resulting from hgenzation (Danas and Ponte-
Castafieda [96]) or unit cell analyses (Nielsen)[4rédict void collapse under pure shear. In
Danas and Ponte-Castafieda [96], the void aspéxigairedicted to vary by a factor of about
3-5 as the plastic strain increases. According telsen [47] an initially spherical void
elongates and collapses so much that it closesletehpand the surfaces of the void touch.
McVeigh et al [97] investigated numerically the kiteon of voids under pure shear loading
in a high strength steel, where damage occurs Bypéiticles debonding. A unit-cell model
containing a particle with an interfacial coheslaw showed that once debonding occurs, it
propagates rapidly along the particle/matrix irded, and even under pure shear, undergoes
limited growth, due to elastic deformation of thetnx and the presence of the particle,
which props the void open and prevents it fromagping altogether. They also observed that
shear localization is to a large extent controlleg interactions between cavities, and
therefore, strongly depends on the size-to-spacaigp of the second-phase patrticles.
Considering a cluster of prone-to-debonding pasicinder pure shear, they found that voids
grow at about 45° to the shear plane, that pastiale driven towards each other while voids
turn and take a tail-like elongated form. Rahmaal ¢88] studied numerically void evolution
and coalescence in simple shear as well, withoasidering particles embedded in a matrix,
but laying emphasis on the effect of void shape apdcing on their evolution and
coalescence. They found that when the voids arelwiseparated, they rotate significantly
and the influence of their shape is very stronglgte voids will favor coalescence); on the
contrary, when the voids are close to each othey, tan interact more easily and their shape

and rotation are less important.
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Although unit-cell models are very useful to analyhe effects of the stress state, void
shape or spatial distribution on void growth andlescence, to determine critical porosities
or to discuss the quality of model predictions,ythemain artificial microstructures and do
not account for microstructural heterogeneity, fasrthe fact that different microstructures
may respond in diverse ways to a same loading. éi&me necessity of developing reliable
experiments and post-processings to justify theaehof a ductile failure model, and provide
the necessary data for models validation at therogpgte micro-scale. Recently,
experimental studies investigated ductile failureeromechanims for low triaxialities and
brought interesting insight, especially on straocalization through multi-scale strain
measurements. Tucker et al. [99] investigated thexteof stress state on damage for three
aluminum alloys: A356-T6, 5083-H131 and 6061-T6eytassessed the evolution of void
density with respect to the effective strain. Alrde aluminums exhibited void nucleation,
growth and coalescence. However, the void densitgl$ and evolution rates differed for
these materials which had been processed diffgrantd possessed different microstructures
and flow properties. Ghahremaninezhad and Ravi-@dvaf24] or Haltom et al. [72], who
used changes in grain thickness to measure thassaaa small scale, for an aluminum 6061-
T6. The former used Arcan specimens, and the latted tubular tension-torsion specimens.
The strain levels measured at the micro-scale wareh higher than those measured on a
macroscopic gage length. They observed evidencedraih localization in a very narrow
band (a few hundreds of microns wide) and repattiet! void coalescence was limited to a
very narrow region within the localized deformatioeind. Khan and Liu [78] performed pure
torsion tests on thin-walled tubular specimens 02427351 aluminum alloy and also
reported shear localization into a 100um-high lagdjacent to the fracture surface, and
homogeneous deformation outside this layer. Tagod Sherry [100] analyzed ductile
fracture mechanisms of aluminum 2024-T351 usindp sgnhchrotron X-ray and focused ion
beam tomography. They performed tensile tests otthed bars and pre-cracked CT
specimens and observed post-mortem sections of trgecimens. Contrary to what was
reported in literature they found that damage waitecdiffuse in notched-specimens, as it
extended over 4mm from the fracture surface. Howefgeg CT specimens, damage was
localized in a zone of 200pum adjacent to the fra&caurface. They also noticed significant
differences in damage mechanisms between the twoegeies, as concerns cracking or
debonding of dispersoids and the final stagesibfrea They interpreted these differences in

terms of stress and strain gradients, much morees@vehe CT specimen than in the blunt-
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notched bars. Therefore, specimen geometry cangplaje in the mechanisms, distribution

and evolution of damage, which complexifies theeskpental studies in this field.

The present study aims at providing informatiorth&f same nature on strain localization
and damage mechanisms in 36NiCrMo16 steel and Z@84-aluminum alloy at low stress
triaxiality and, in the latter, quantitative data @@mage evolution. It is based on tension and
torsion tests run to fracture or interrupted andofeéd by SEM observations, but also on
direct monitoring of damage during torsion testgied out in a SEM. For such a loading,
surface observations are the most pertinent, agntaahigh triaxiality loadings, for which
damage initiates in the volume and requires tealssglike X-ray microtomography or
laminography for its analysis. The latter technidnzs been used for 2024-T351 aluminum

alloy, but the results will be reported in a sefapaper.

1. Materials

1.1. Material #1: aluminum 2024-T351 (square barckt nearly isotropic)

The first batch of specimens is extracted from asgbar of 2024-T351 aluminum alloy.
The bar dimensions in the longitudinal (L), widtW) and thickness (T) directions are
120mm, 100mm and 100mm, respectively. The chentoalposition as provided by the

supplier is given in Tab. IlI-1.

Si Fe Cu Mn Mg Cr Zn Ti Other Al

Min  / / 38 03 12 [/ / / / remain

Max 05 005 49 09 18 0.1 0.25 0.15 0.15 remain

Tab. llI-1 Chemical composition of aluminum 2024513from the square bar, according to McMaster-Qarr,

weight %

Metallographic sections extracted from (L-T)-, (L'\&hd (T-W)-planes are prepared for
guantitative analysis of the microstructure. Thesetions are polished with SiC paper from
grit #500 to grit #4000, then with a 3um diamondtpaand finally, with an OP-U colloidal
suspension (Struers, France) containing 50 nm-watécles. EBSD analysis of 1.9x2ifn
surfaces with afpmstep is performed using a Scanning Electron mémps (Quanta, Model
FEI 600) equipped with the HKL Channel software.eTmaterial features only weak

crystallographic texture for the observed areas (ald®00 grains). However, the results
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reveal a morphological anisotropy of the polycrifsta microstructure in the L-T and L-W-

planes. The grain dimensions measured by the limarcept method vary between 80um
and 130um in the L-direction, between 60um and bt®0p the T-direction, and between
50um and 70um in the W-direction.

SEM observations with chemical composition analysigal two categories of particles:

1) Coarse intermetallic particlesrich in Al, Cu, Fe, Mn and Si, located in the
vicinity of grain boundaries (Fig. lll-1a). The nsesed surface fraction is 0.74%,
their average major axis length is |88 and their average aspect ratio is 2.3.
Their mean spacing along the thickness directioh58um (approximately two

grains).

2) Fine intragranular dispersoidsrich in Al, Cu, Fe, Mn, Si and Mg. The surface
fraction of intragranular dispersoids is 3.4%, theererage major axis length is

17Inmand their average aspect ratio is 1.9.

Metallographic observations reported do not revaaly large-scale heterogeneity or

anisotropy in the distribution of second-phaseipas.

Near some coarse intermetallic particles, equi-as@ds can initially be found (Fig. IlI-1a).
Their average area is aboytrf2and their surface fraction is about 0.008%. Thademal will

be referred to as alu-1 in the sequel.

1.2. Material #2: aluminum 2024-T351 (round barcitostrongly anisotropic)

A second batch of aluminum 2024-T351 specimen«tim&ed from a 4&m diameter
forged bar. Different from Material #1, Material #2hibits a crystallographic texture with a
large fraction of (111) directions parallel to thar axis. Furthermore, the morphological
anisotropy is more pronounced with severely eloadjgrains: up to 9@¢nalong the axis of
the bar, and only 2@0n in width. As for Material #1, coarse intermetalparticles are found
in the vicinity of grain boundaries (Fig. lll-1bJhese elongated particles are aligned along
bands along the forging direction, with a mean sppof 13qm (approximately seven
grains) along the thickness direction. Their meadtiwis of 5.4m. This material will be

referred to as alu-2 in the sequel.
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1.3. Material #3: 36NiCrMo16 steel (round bar stpokarly isotropic)

The material was delivered in the form of an8diameter bar in an annealed state. Its
chemical composition as provided by the suppligiven in Tab. IlI-2. The material structure
consists of a ferritic matrix which contains a vdow fraction (about 0.04%) of about
manganese sulfides, elongated along the bar @asit Zum long in average (Fig. 1ll-1c). It
also contains 6% of carbides (Fig. Ill-1d). The meaajor and minor axes of these carbides
are 192mand 92.2m respectively, and their mean distance alongahgential direction is

46/m The mean size-to-spacing ratio is 0.6. No inpialosity is detected in this material.

The grain morphologies and orientations were chiaraed on a (8) and a (r-z) section
with EBSD analysis. The material features grainthwtrongly irregular shapes and laths of
tempered martensite within some grains. The aeegagin size is about Zu&nin the radial
direction, 2.um in the tangential direction, and R in the longitudinal direction. The

material is weakly textured. This material will derred to as steel in the sequel.

C Mn Si S P Cr Ni Mo Cu Al Fe

0.37 041 0.25 0.016 0.011 1.72 3.74 0.28 0.25 0.B8main

Tab. IlI-2 Chemical composition of 36NiCrMo16 stéekight %)
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— 200um
© ()

Fig. llI-1 Initial microstructures; (a) alu-1 (b)ua2 (c) manganese sulfides in the steel (d) cabid the steel.

2. Experimental procedures

2.1. 2024-T351 aluminum alloys (alu-1 and alu-2)
2.1.1.Combined tension and torsion notched tubular spensr(alu-1)

The test procedure used on alu-1 was describedtal dn Chapter | and is only briefly
summarized here. Circumferentially notched tubgla@cimens for tension and torsion tests
were extracted with the Z axis parallel to the tediion of the bar (Fig. lll-2a). The inner
diameter is 20mm, the thickness of the shouldest &&mm, while it is reduced to 1mm in
the 2mm-high gage section. As strain localizati®rvery sensitive to machining defects, a
maximum roughness of 0.1um was required on bothntieenal and external surface of the
gage section. As explained in Chapter I, the specigeometry was designed so as to

minimize the stress and strain gradients withinghge section, at least prior to necking.

98



Chapter I

Tests were performed using a servo-hydraulic awigion/internal pressure machine
(Tema Concept). Only the axial and torsion actsatere used. They cover a range of +/-
100kN and +/- 600N.m. A biaxial loading an@lés defined as:

=2 (4.1)
4

whereo (resp.1) is the nominal axial (resp. shear) stress comporecording to Papasidero
et al [101], the stress triaxiality and Lode angle paramet@rcan be expressed as a function
of B:

= L __tnf (4.2)
V3 Jtar? B +4 '
6=1-2aco 6\/_3;% (4.3)
m (tan2ﬁ+4)

Tests were run either to fracture or interruptedraious stages for two values Pf
featuring a large proportion of torsiof=0° (/7 =0 and@:O) and 55°(7=13anc_19:1).
Note thatf3=0° corresponds to a stress state of pure sheate Whb5° corresponds to
uniaxial tension. Rotation was applied with a spee@.019°/s. Fo3=0°, a zero axial force
was imposed, while for other values[®fa procedure was used to apply an increment af axi

displacement ensuring the proportionality betwdenforce and the torque. Thus, stress state

variations were very limited during the test.

Stereo-correlation of digital images (3DIC) wasdise measure displacement and strain
fields on the surface of the gage section. Twotaligtameras (Pike F505B with 90mm
Tamron macro lenses) were used to periodicallyura@452x2054 pixels image pairs of the
notched area on which a black and white paint dpetiad been applied. The 3D
displacement field was then obtained by stereocetation of these digital images (3DIC),
using VIC3D (Correlated Solutions). The lenses watea distance of 80cm from the
specimen, which provided enough depth of field tovaa proper measurement of out of

plane motions due to torsion.

2.1.2.In-situ torsion test (alu-2)

An in-situ torsion test were made in a SEM on ancyical specimen with a diameter of
5mm and a gage length of 14mm cut in the forged dfaalu-2, along the longitudinal

direction (Fig. 11-2b). After careful mechanicahé electrolytic polishing, eight 500*50fn?
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wide patches of square shaped gold microgrids widum pitch were laid on the surface

from the upper to the lower end of the gage lengsing micro-electro-lithography. The

specimen was then mounted on a tension-torsionrigddame with a capacity of 50Nm and

10kN working in a Philips XL 40 SEM and progres$yvwaded in torsion at a rotation rate

of 0.25°/s, while keeping zero axial stress. Tist v&as stopped at intervals to monitor strain
and damage evolution at the surface and capturerbgplution (4096*4096 pixels) images.

2.2. 36NiCrMo16 steel

Tests were run only to fracture using the notchdullar specimens and in the same
conditions as for alu-1, for four loadings casesp=0° (7=0 and§:0), 21.9°
(7= 01landd= 033, 34.1° (7 =0.19 and = 0.54) and 55° =13 and6=1).

An in-situ torsion test was also realized on thiatenial, in the SEM on the same

cylindrical specimen geometry as for alu-2 anchim¢ame conditions.

b A [ 7
> |¢2mm Lo~ '
R1 -
9 < 1mm $ 2mm H
& 20mm b B

(@) (b)
Fig. Ill-2 (a) Sketch of the combined tension-torsinotched tubular specimen (b) Sketch of the dyioal

specimen for the in-situ torsion test in the SEM.

2.3.Post-processing
2.3.1.Combined tension and torsion tests on notched &utsgecimens

For stereo-correlation measurements of displacerieldls on the surface of the gage
section, correlation was made using VIC3D (Corezla®olutions) with a gauge length of 1
pixel (24um), and the subset used to determing@dséion of each pixel of the gage section

was a 21x21 pixel-wide square. As VIC3D automalfcamoothes the results along five
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neighboring points to post-process the strain $ieldhich are given in a cartesian frame, an
independent post-processing tool was developed Wattab to compute the axial and shear
strain fields at each pixel, without filtering, aimda cylindrical frame.

The fracture surfaces of broken specimens were rebdeusing Scanning Electron
Microscopy (SEM). After the interrupted tests, ldadinal (rz) and circumferentialog)
sections were extracted at various locations ofttihes, prepared according to the method
described in section 2, and observed with SEM (@uk&l 600 or Philips XL 40). For alu-1,
some sections were analyzed with a digital optmalroscope (Keyence VHX1000) using
polarized light, after an anodization with Barkeresagent (200mL of distilled water + 10mL
of fluoroboric acid at 24V during 1min30), whichvealed grain boundaries with an excellent
contrast. Besides, for alu-1, image processing Bf Sictures of a fewBz sections was
undertaken using Matlab Image Processing Toollmoarder to compare the damage features

with the voids initially present in LT and LW plase

2.3.2. In-situ torsion experiments

Accurate strain field measurements by digital imegeelation were not attempted, since
the out-of-plane displacements associated withattge rotation of one of the specimens head
would induce an excessive error. However, the disto of the microgrids was used only for

an approximate evaluation of the engineering skamn ) and axial strairg,,. In that case,

2z

e, and } were obtained from the elongatioﬁ_grid and rotationy;y of four different

AL . dx
500*50Qum? grids by: &, = LZ““ andy =~ = tar{a,) (Fig. 111-3).

(0]

A I-grid I dx /

3
Z I
U—grid

Lo

Fig. l1I-3 lllustration of the grids kinematics
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3. Experimental observations

3.1. Aluminum 2024-T351 (materials #1 and #2)
3.1.1.Macroscopic overview

Fig. lll-4a and Fig. 1lI-4b show the evolution dfe torque (resp. force) as a function of
the relative rotation (resp. displacement) meashetdeen two points A and B located on the
shoulder section at a distance of 16mm from eabkrdiFig. IlI-2a), for combined tension
and torsion tests on alu-1 notched tubular specimBmes solid dots on the curves show the
points where the tests were interrupted. Fo0° (resp. 55°), two tests to fractuf¥)-f; and

BO-f, (resp.B55-f; andB55-f,), along with two interrupted tes@O-i; and0-i, (resp.355-iy
and[355-i;) were performed. The corresponding values of fetalivalent plastic strainé

averaged over a 2mm high optical gauge are summaa Tgb. IlI-3. Concerning the in-situ
torsion test on aluminium-2 cylindrical specimefkg. lll-4c shows the torque versus the

engineering shear strajn

Test Bo-f, po-f, PO-iy PO-i2 p55-f; p55-f, P55-; P55-i2
E'f 0.25 0.22 0.18 0.20 0.22 0.17 0.14 0.17
Fraction of maxz‘f 2%  80% 64% 7%

Tab. 11I-3 Summary of the values of equivalent fitastrain reached during tests on notched tubeusi

Fracture is defined as the moment when the loadppeéd suddenly to zero while the
specimen got separated in two parts. Concerningoowd tension and torsion test on alu-1
notched tubular specimens, a slight dispersionhef rotation at the onset of fracture is

observed, as indicated by horizontal error barg. (H-4a and Fig. 111-4b).
Fig. ll-4d shows the evolution of the engineerargal straine,, versus the engineering

shear strain}) during torsion tests. The squares and crosses $tainthe measurements

performed on four grids during the in-situ torstest on alu-2 cylindrical specimen. The data
from the various grids were consistent and coultboaably be fitted by a linear equation
which indicates that the axial elongation repres®4% of the shear strain in alu-2. The light

blue dots stand for the torsion test on the alwtthed tubular specimen, for whief), and y

were deduced from the measurements/\af and A& of an optical gauge of initial height
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AZ 6
L, =2mn on the surface of the gage section,&s:=—and y = M where R, is the
L L

(0] O
initial external radius of the gage section. For tieéched specimen, the final elongation of
the gage section was about 20 microns which casrefspto an average engineering axial
strain of about 1%. Therefore, an axial elongatacurred during the torsion tests. This
effect was more important during the in-situ tonstest on the textured material (alu-2) from
the forged bar. This shear-induced elongation spoeds to the so-called “Swift effect”
[102] observed in many metallic tubes or cylindsabmitted to free-end torsion. Wu et al
[103] found that in aluminum tubes, depending onghge length and thickness and on the
initial texture, the elongation for a shear strairi10% varied between 1 and 4%. This effect
was attributed either to texture development (Tettlal [104]) or, more recently, to tension-
compression asymmetry resulting from mechanicatg, deviation from Schmid’s law or

residual stresses, depending on the metal (Cazadt|l1®5]).

BO- ] pO-f, _cce
po-i; BO-fy p=55 P55-iv P55 PS5,

p55-F,

15 .

’E PS54y p55-; (55, E.
prd =
s 100 & w 10+ |
50 - 5 .
O I | 1 O L 1 |
0 2 4 6 0 0.1 0.2 0.3
A0 [ Au [mm]
(a) (b)
T T T 01 T
10F . U
. 0.08+ ]
8- ‘ .
E
Z _ 0.06~ =1
= sl | L5
ﬂj;_ P Wm Aluminum-2
= 0.04+ B (goid #5) —
o
= 4+ 7 Aluminum-2 ™
(gr;d'u2
0.02 -
2r i ] “ .
1 !Mummum 2
0 1 ! 1 I o leridig) |
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
Eng. shear strain [-] v[]
(c) (d)

Fig. lll-4 Load VS displacement curves (a) M ¥A8 and (b) F VSAu for interrupted tests and tests to fracture
on alu-1 notched tubular specimens (c) M WSor the in-situ torsion test on alu-2 (d) Evolutiaf the

engineering axial strain versus the engineeringissieain measured during in-situ tests.

Pictures of broken specimens are shown in Fig5.lIFor the test on notched tubular

specimens corresponding e0° (alu-1), fracture occurred near one end ofghge section
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(Fig. llI-5a), but still at a location where stress triaxialityzisro. Fig. 11l-5¢ shows the aspect

@) (b) (©)

Fig. llI-5 Circumferential view of broken notchegeximens for notched specimens of alu-1@0° and (b)

of the in-situ alu-2 cylindrical specimen brokertansion in the SEM

55°. (c) View of broken specimens from the torsioisitu tests on alu-2.

3.1.2.Strain localization
3.1.2.1.Suface strain measurements

The engineering shear and axial strain fields caagptrom 3DIC with a step size of one
pixel (24um) just before unloading are plotted ag HI-6a and Fig. 111-6b fof30-i, and Fig.
llI-6¢c and Fig. IlI-6d for55-i; tests onalu-1 notched tubular specimens. One can note
already that the local strain field is much highlean the values averaged over the gage
section, presented in Tab. IlI-3. Indeed, the siep is lower than the grain size and the strain
field is quite heterogeneous. Locally high axiabst values (up to 40% in torsion) can be

reached, in bands that seem perpendicular to beedxis.
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X [mm]
(©)
Fig. 111-6 Interrupted tests on alu-1. Surface istrields measured by 3DIC just before fracture Bori, (a)

engineering shear and (b) axial strain, ang3f&5-i, (C) engineering shear and (d) axial strain

3.1.2.2.At the grain scale

Observation 0Bz sections from interrupted tests on alu-1 notckmetimens, polished
and etched with Barker’'s reagent showed that, duersion, the major axes of the more or
less elliptical grains rotated with respect to theitial average orientation, aligned with the
tube axis. An automatic procedure was developeagusiatiab to post-process EBSD maps
captured with a step size ofsm over 2.35nmx 1.9 mm wide areas oz sections (which
corresponds approximately to 400 grains). The iaotat of the major axis of each grain was
computed with respect to its original orientati@ssumed to coincide with the Z-axis, in
accordance with observations made in the deformditee shoulder section. Following the
same approach as that used to evaluate the shaarfetm micro-grids rotation in the in-situ

torsion tests, the shear strain was thus approruined:
y =tan (o) 4.4)

Fig. lll-7a and Fig. 1lI-7b show the shear stramapy obtained from post-processing of the
EBSD map according to Eq. 4.4. Each dot repredeetposition of the center of a grain. It

can be seen that the strain distribution is quiterbgeneous. Besides, strain levels are much
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higher at this scale than those measured at theorsaale by averaging over the gage section
length. They can reach values up to 2 locally, @eh in average, they are higher. Indeed, on
the histogram on Fig. lll-7c, fof0-i; one can see that most grains present a shean strai
around 0.55 for a macroscopic shear strain of @B¥the histogram on Fig. 1ll-7d, f@55-

i1, most grains present a shear strain around 0.8 fieacroscopic shear strain of 0.23. o

i1, about 52% of the grains have a shear strain legt\wed and 2. The number of neighboring
grains which exhibit a shear strain between 1 anda@ reach 3 for pure shear, while, for

[355-i1, only a few isolated grains have very high sh&airss.
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Fig. IlI-7 Alu-1. Engineering shear strain obtairfeaim grain morphological rotation for (8p-i;and (b)B55-i;.
Local shear distribution for (§0-i;and (d)B55-i;.

3.1.2.3.Subgrain localization

Concerning the interrupted tests on alu-1, mistaigon bands within a few grains,
especially for=0° (Fig. IlI-8d) were clearly revealed by optiaaiscrosopy after etching
with Barker’s reagent. Those “kink bands” suggesdis localization at a scale even finer
than the grain scale that TEM observations woulceat Most of the kink bands were

located in grains very close to the main crack.
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During the in situ torsion test on alu-2, straicdbzation could be observed at small
scales. The strain was concentrated near the oaindaries and even at the grain boundaries
themselves, suspected to undergo sliding (Fig.8d)l- Strain differentials between
neighboring grains gave rise to surface undulatitmsome cases, stress concentrations due
to broken particles lying along the grain boundameght have triggered this intergranular
strain localization, but this is not always the eca8t late stages, very intense slip bands,
triggered by stress concentrations at broken irdergar particles crossed the grain (Fig.
[11-8b) but stopped at the next grain boundarys Istriking to see such coarse slip bands in a
heavily deformed grain, while the neighboring gratil exhibits a relatively homogeneous
deformationy = 0.59. In some cases, one-grain-large (that is tean 2Qim-long) shear
microcracks appeared without any visible brokertigarin the surrounding, at least on the
surface (Fig. IlI-8c). Ahead of such microcrackkear strains of the order of 110% were

measured, based on local grid rotation.

\ \

(©) (d)
Fig. IlI-8 Alu-2 (a) Strain localization at grain boundaries and fragimeof broken or debonded particles
(appearing white on the picture) expulsed from dligial cavities (b) Strain localization into coarslip bands
inside a grain, while the neighbouring grain stikhibits a relatively homogeneous deformatiorn 6,59 (c)
Extreme shear localization and transgranular miceaking at the final stage of in situ torsion (meshear
0.46). Shear strain higher than 110% in the cirelexh (d) Alu-1: kink bands within grains f80-i;.
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3.1.3.Damage
3.1.3.1.Fracture surfaces

SEM observations of fracture surfaces reveal smefdhgated dimples (Fig. I1l-9a) and
abrasive marks (Fig. IlI-9b). These abrasive maes mainly present near the outer radius
where failure probably initiated and where the treéasliding displacements of the crack face
were thus the highest, as it propagated into thethddén most parts of the fracture surface
corresponding td3=0°, the abrasive marks are more or less aligneti wie tangential
direction and up to 200um long. As the proportidriemsion increases, they become less

extended, but are still observable u3tb5°.

Two populations or dimples can be observed#e55°: large ones (about iErwide)
inside which multiple cracked coarse intermetaparticles can be found and small ones
(about 1.3m) containing intact dispersoids. As the stresxiaidy decreases, the dimples
decrease in size (down to 1um in torsion) and becamre and more elongated along a

preferred orientation, especially those located tremexternal radius

Fig. I1I-9 SEM views of fracture surfaces of allbbfioken notched specimens (&0° (b) =55°.

3.1.3.2.Micrographs from interrupted tension-torsion tesis notched tubular specimens
(alu-1)

SEM observations of polished sections after therfopted tests on alu-1 notched
specimens showed that the greatest amount of damagdocated near grain boundaries.
Indeed, for both values @, damage occurred by debonding and multiple fractircoarse

intermetallic particles (Fig. IlI-10a), and wasfdge within the whole gage section.
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100 ym

d

Fig. IlI-10 SEM micrographs from interrupted tests notched tubular specimens of alu-1 [§&p-i; (b) B0-i,
near the crack (¢}0-i, very coarse particle fracture near a grain boundad/nucleation of micro-voids (@p-

i, a very elongated void (€b5-i, void sheeting coalescence

The evolution of the number of voids per unit soefas plotted versus the macroscopic
equivalent plastic strain for the tests on notchdwks in Fig. 1ll-11b. Crosses are used for
voids resulting from debonding, while plain dotsalinclude voids issued from particle
cracking. From this graph, it can be inferred th@itl nucleation mainly comes from particles

breaking, while half of the debonding pores resfintim initial porosity. The void density rate
increases throughout the tests. More coarse pastlmleak fo3=55° than for3=0°, but the
density of voids issued from debonding is the samgoth cases. Besides, according to Fig.

[lI-11c, for both values 0B, the debonding void area fraction does not in@@asch with the
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plastic strain. However, f@=55°, the debonding void area fraction is highantforf3=0° by
a factor 3 and higher than that in the initial sthy a factor 6. The total area fraction for

[3=55° is higher than fg8=0° by a factor 5 and higher than the initial stagea factor 32.
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Fig. llI-11 (a) Evolution of the void number perrface unit for the in-situ torsion test on alufr the
interrupted tests on notched specimens on alwdluton of the (b) number per surface unit (c)aafiaction
(d) average minor axis.

The area distributions (Fig. IlI-12) suggest sonoed\growth for3=55°. For[3=0°, one
may find a few voids with a larger area than thegdat void areas in the initial states.
However, such voids represent only a small fractibthe voids (between 0.05% and 1.8%)
and Fig. lll-12c suggests a slight decrease ofatlerage void area. It seems that those very

few voids come mostly from debonding occurringha vicinity of grain boundaries.

On the other hand, void distortion appears quiternoin the analyzed sections. Pre-
existing voids -mainly issued from particles debogdiare mostly equiaxial, with a mean
aspect ratio of 1.4 (Fig. 11l-13a). After strainimgarly to fracture, the voids are elongated,
with an average aspect ratio of 3.5 0° and 3.8 fo3=55°. A comparison of Fig. 1lI-13b
and Fig. I11-13d or Fig. 11I-13c and Fig. IlI-13dnews that the voids issued from the fracture

of intermetallic particles achieve higher aspediosathan those issued from particles

110



Chapter I

debonding, because they result from the distortiba crack with an initially high aspect
ratio. It was observed that the major axis of nvastls tends to form a specific angle with the
Z-axis of the specimen: 45° f@=0° and 55° fof3=55°, which, corresponds to the direction
of large particles breakage, in both cases, perpeladito the maximum principal stress.
Quantitative analysis based on tests interrupted @#latively late stage showed a definite

increase in aspect ratio of pre-existing initiaiscular voids under pure shear.
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Fig. 11I-12 Voids area distribution in the alu-1rf@a) initial state (b30-i, (c) B55-i2. The red arrows represent
the average value.
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Fig. l1I-13 Aspect ratio distribution alu-1 for (a@jitial state (b) and (30-i, (d) and (e 355-i»

Very little interaction between voids could be atvee until the latest stages, such3@s
i (80% of the fracture strainjlowever, the notable presence of a populationmaiisdimples
on fracture surfaces suggests that micro-void sigedccurs very shortly before final
fracture, through a population of secondary voids\bear transgranular dispersoids. This is
consistent with observations orba section of30-f, showing that a little further away from
the crack, debonding of smaller intermetallic des along grain boundaries occurs, as well

as nucleation of intragranular microvoids (Fig.-10b and Fig. [I-10c). As foB55-i,
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although internal necking may be observed betweeougle of neighboring grown cavities,
most coalescence events occurs by void sheetigg I(FLOd).

3.1.3.3.In-situ torsion test (alu-2)

Fig. lll-11a shows the evolution of the number ofds per unit surface plotted versus the
mean shear strain of the grid for the in-situ tamstest on alu-2. Abovg~ 0.025, cavity
nucleation occurs regularly -mainly due to fractwfeparticles- though with a tendency

towards saturation aboyex 0.34.

Real-time monitoring of the cavities —mainly issdemim particles fracture like for alu-1
— during in situ torsion (Fig. IlI-14) suggests fict a non-monotonic evolution of voids
aspect ratios. During the largest part of the tesit] evolution is limited to a rotation plus
“crack” opening without any lateral extension, utlie latest stage and the initiation of coarse
slip bands in the grain. As a result, the void aspatios -initially quasi infinite due to their
crack-like shape- actually decrease as the voiderbe more circular, the expulsion of

broken and/or debonded particles from surface iemwtas frequently observed (Fig. 111-8a).

N0

Fig. 11I-14 Damage evolution during the in-situgmm test on alu-2 (a) to (c) Rotation and operihg crack-

shaped void which tends to become circular (d) §dion of the same void, which rotates and becoremied
in the direction of the shear plane.
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3.2.Experimental observations for steel (materi@) #
3.2.1. Macroscopic Overview

Fig. Ill-15a and Fig. 11l-15b show the axial andational loads VS displacement curves
between the same points A and B for steel. Theespaonding values of final equivalent

plastic strains}f averaged over a 2mm high optical gauge are sunuped Tab. Ill-4. For

3=55°, loads reach a maximum value and then decrsasmthly, as the gage section
experiences necking. Then, a sudden load drop ®aehile the specimen gets separated in
two parts. For the other tests, no smooth decrisastgserved, and the load just drops abruptly
as a macroscopic crack appears. As previously, elient (the dramatic load drop) is
considered as the instant of the onset of fracture.

Test B=0° [=21.9° P=34.1° P=55°

& 082 062 065 0.7

Tab. IlI-4 Summary of the values of equivalent ptastrain reached during tests on steel notchedstu

Fig. llI-15¢c shows the torque versus engineeringashstrain deduced from grids
deformation for the in-situ torsion test on theektd=ig. 1ll-4d shows the evolution of the
engineering axial strain versus the engineeringussigain, and the triangles stand for the in-
situ torsion test on steel. Here again, an axiahgdtion is observed, since the axial strain
reached 7.5%, and represented 13.5% of the shwam. SPictures of broken specimens are

shown in Fig. I1I-16.
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Fig. IlI-15 Load VS displacement curves (a) F X$and (b) M VSAB for interrupted tests and tests to fracture

on steel notched tubular specimens; (c) MABSyfor the in-situ torsion test on steel.
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@) (b) (©)

Fig. llI-16 Circumferential view of broken notchegecimens for steel notched specimensB&)f and (c) 55°;

(c) View of broken specimens from the torsion itu-$ests on the steel cylindrical | specimen.

3.2.2.Strain localization

For this material as well, strain fields were comepluwith a step size of 1 pixel (24um)
on the surface of the gage section of tensiondarapbtched tubular specimens. These fields
are presented in Chapter I. Contrary to the alumiralloy, the strain field at this scale
seemed homogeneous, as the grains size was muar bxan the resolution of DIC

measurements.

Observation of6z sections from steel notched tubular specimen&eran torsion-
dominated loadings showed a rotation of the ele@tyatanganese sulfides, initially oriented
along the Z-axis. Following the same approach asubked to evaluate the shear stiairom
micro-grids rotation, their rotation was used to estimate the local engineering stiegn s
using Eq. 4.4. The variation gfwith the distance to the fracture plane for test®Iving
some torsion is plotted on Fig. IlI-17a. The los#iain levels are much higher than those
measured at the macro-scale by averaging overdape gection, because of a blatant strain
localization near the fracture plane for tests \kitih proportions of torsior3€0° and 21.9°),
which decreases as the proportion of tension iseseaThis localization band, in which

engineering shear strain can locally reach valpe® @, is very narrow (about 40um).

EBSD analyses performed on broken specimen$$0r°, and 21.9° in the @) plane,
after slightly polishing the fracture surface, sesjgthat deformation occurs with a
reorientation of grains which tends to form clusteharing the same orientation, this making
shear bands development more and more likely tarpespecially in torsion. Misorientation
profiles with respect to the Z-axis were computéah@ tangential lines. These profiles are
shown on Fig. 1lI-17b, where only points with O°sarientation with their neighbours are

represented. Five similar profiles were plotteddach test, and confirm this observation.
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Fig. 11I-17 Steel : (a) Evolution of the engineagishear strain versus the distance to the fragiaree (b) Grain

misorientation profiles for initial configuration.

3.2.3.Damage
3.2.3.1.Fracture surfaces

SEM observation of fracture surfaces reveal commeatures with fracture surfaces of
alu-1 fracture tests: small, elongated dimples .(Higl8b and Fig. IlI-18c) and abrasive
marks (Fig. 111-18a) can be seen. The change irptimsize with the stress triaxiality is quite
limited: for all tests, their major axis is aboub-Rum, their aspect ratio is about 1.7 and
carbides can be seen inside. However a dramaticgeha orientation is observed: as the
stress triaxiality decreases, their major axis bexomore and more oriented in the tangential

direction.

Fig. I11-18 SEM views of fracture surfaces of brokeotched specimens (a) st@el0° (b) stee=55° (¢) alu-1
B=0° (d) alu-13=55° (e) steel in-situ torsion test.

3.2.3.2.Micrographs from fracture tests on tension-torsimiched tubular specimens

SEM observations of polished sections of brokerelstetched tubular specimens
revealed multiple fractures of manganese sulfiges the fracture surface. However, the size
and spacing of the dimples observed on the fraguriaces are not consistent with those of

manganese sulfides. These particles are probablyesponsible for the final failure, rather
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due to late carbides decohesion. On these sectiongoid interaction could be seen away

from the fracture plane.

3.2.3.3.In-situ torsion test

During the in situ torsion tests on steel, no caviticleation was observed on the
specimen surface, within the spatial resolutionthef SEM, even after strain localization.
Instead, beyong ~ 0.22, many one-grain-size long micro-cracks apmabanearly normal to

the axis (Fig. I1I-19), but most of it did not gramto the neighboring grains.

Only those located in the localization band arotimel fracture plane finally grew and
merged (Fig. 1lI-20). Even though they did not playsignificant role in fracture, it is
interesting to illustrate the evolution of a groop small, initially circular, pre-existing
cavities, probably due to pitting during electrdigloing (Fig. I1I-21). They hardly grow, but
rather elongate along the tensile principal digctand shrink along the compressive one,

without a total collapse.

()
Fig. I1I-19 Micro-cracks on the surface of the itugorsion specimen for the steel &0.22 (b)y=0.4

(a) (b) (c)
Fig. 111-20 Evolution of a microcrack near the eofdthe in-situ torsion test on the steel yap.5 (b)y=0.54 (c)
y=0.55
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)
Fig. IlI-21 Evolution of preexisting cavities dugrthe in-situ torsion test on the steel yap (b) y=0.105 (c)
y=0.372

4. Discussion

4.1.Void evolution

Microscopic observations performed on both aluminahoys suggest that damage
occurred mainly by multiple fractures of coarsesintetallic particles, and evolved mainly by
void rotation and distortion, combined with somedvgrowth in cases where triaxiality was
non-zero or, for zero triaxiality, due to the Swveftect. The real-time observations performed
during the in-situ torsion do not support the pcadns of some micromechanical models
concerning the evolution of a void under shear-dhami loading. In particular, the complete
closure of voids under pure shear loading as predlicy Nielsen [47] was not observed here.
Even if, in average, the aspect ratio increasedptad collapse of cavity was observed, and
some cavities were proven to grow, probably du¢heopresence of intermetallic particles
trapped inside, which might prevent their totall@ose at high shear strain, as suggested by
the fact that the mean void minor axis length rewdiclose to that of the particles it
originated from. The observations were actually enoonsistent with the conclusions of
McVeigh et al. [97], who took into account the @ese of particles in a void.

The Swift effect may also play an important parpmeventing the complete collapse of
the cavities, and even, in helping some cavitiegrow. Indeed, the macro-scale axial
elongation due to the Swift effect is weak, but tlogal axial strain field is quite
heterogeneous, as shown in Fig. IlI-6. Therefareally high axial strains might contribute to

the growth of some cavities at nominally zero sttesxiality.

The initial geometry considered in unit cell modeBarsoum and Faleskog [34], Mc
Veigh et al. [97]- corresponds to a prolate or tbkallipsoidal cavity with one of its major

axes aligned with the shearing direction. Such rdigoration is not quite representative of
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the kind of damage observed here in the aluminuloysl since second phase particle
cracking -in a principal plane- rather leads toagsr of microcracks inclined by 45° with
respect to the shearing direction. We remind thasé microcracks first opened without
lateral extension. Thus, the aspect ratio firsteleses as the cracks become “more circular”.
The increase in aspect ratio predicted by seveaglets for shear-dominated loadings seems
to occur at a rather late stage of straining (tlkese reported for interrupted tests on alu-1)

and come only in a second stage.

Besides, the boundary condition®diso simulate damage evolutions in shear in urit ce
models often include a zero axial displacement itmmd— Fleck and Hutchinson [106],
Anderson et al. [95], Rahman et al. [98] — that ldawt capture the significant Swift effect
observed here, likely to postpone the collapsehef tavities. In some other models —
Barsoum and Faleskog [34], Mc Veigh et al. [97]lsén et al. [47]— an axial displacement is
prescribed so as to keep the ratio of tensile gaisktress constant, but the authors do not
generally plot the resulting axial strain, whichnpoat thus be compared to our measurements.
Indeed, the unit cell model allows a control of teess state that cannot be achieved as easily
in experiments. It would be interesting to couplesitu experiments performed with micro-
scale full-field measurements with a unit cell mipdby prescribing the measured

transformation gradient as boundary conditions.

4.2 Void interaction.

The formation of secondary voids and final coaleseeare very fast in the aluminum
alloy, and could only be seen afféd-i, test, interrupted quite late, while the specimers wa
already partially broken, or during the last stagethe in situ torsion test. In their numerical
study, McVeigh et al. [97] as well as Rahman B8] observed that shear localization and
the large amount of voids rotation before fracstrengly depend on the size-to-spacing ratio
of the second-phase particles. In our experimentst coarse particles in the aluminum were
far from each other (size-to- spacing ratio of GdrGalu-1, and 0.04 for alu-2) which explains
why there were so few interactions between thds/antil very late stages. Some interaction
was however observed f@=55° because the axial load favored void growth @distbrtion,
this allowing it to get closer and coalesce. Bo0°, this was more difficult, and only cavities
issued from particles belonging to the same clustxe likely to coalesce, as shear loading
made their ends come closer together.
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5. Conclusion

In the present study, ductile damage of 2024-T3hinimum alloy and 36NiCrMol6
steel has been investigated, for low values oEstteaxialities through combined tension and
torsion tests, run to fracture or interrupted antoWwed by SEM observations, but also

through direct monitoring of damage during torsiests carried out in a SEM.

In 2024-T351, damage mostly initiates by fracturahaf coarsest intermetallic particles
along a principal plane, in the vicinity of graionundaries and is first quite homogeneously
spread over the gage section. In pure shear, émsrgtes arrays of micro-cracks inclined by
45° - a configuration that is not described by ntbstexisting unit cell models. The cavities
aspect ratio first decreases as the cracks operntuaindinto voids that finally rotate and
elongate in one direction while shrinking in thdeat —this leading in a second stage to an
increase in their aspect ratio. Void growth is obsd for n=1/3 but notn=0, at least in
average. In the latter case, the voids do not gedlawhich is attributed both to the presence
of intermetallic particles inside it and to theyreficant axial elongation - Swift effect-
associated to the large measured shear strainh@ikeogeneity of the axial strain field might
explain why, contrary to the average evolution, somoids do achieve a large size in
nominally pure shear loading. When a certain levklstrain is reached (about 0.22),
intragranular micro voids nucleate from dispersadswell as coarse slip bands, allowing
neighboring coarser voids formed earlier at thengkmundaries to join and form a crack
which propagates through the grains. Strain loabn was illustrated at different scales: at a
meso-scale, based on the heterogeneity of surtessa 8elds from DIC or on the larger grain
rotations measured within a distance of 300um ftbenfracture surface and at a sub-grain
scale, based on early flow localization near gt@uandaries and at a later stage, into kink

bands or coarse transgranular slip bands.

In 36NiCrMo16 steel, no cavity nucleation was okedrduring the in situ torsion test
within the spatial resolution of the SEM, but, atather early stage, several one-grain-size
long micro-cracks, nearly normal to the axis, whitith not grow. However, small dimples -
nucleated from carbides- were present on the fraturfaces for all triaxiality ratios. This
parameter did not influence much the dimples sla#t, mainly their shape, extremely
elongated in pure shear. Evaluations of the loteas strain based on the rotation of

manganese sulfides revealed intense strain lotializato a very narrow band (40pum wide
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in torsion, with shear strains as high as 2.5).sTiend towards localized deformation

decreased as the stress triaxiality ratio increased,;

The crystallographic texture and its evolutionsnsde play an important role in the
fracture process. In both materials, damage rentainBned inside isolated grains and unable
to develop into neighboring grains, even when élisady a microcrack for quite a long time.
EBSD measurements on steel have shown that astriéss driaxiality decreases, texture
evolutions become more and more important and flanger and larger clusters of grains

sharing the same orientation, this making sheati®development easier and easier.

It might thus be pertinent to consider the polytaiime structure of metals and to put
emphasis on localization phenomena and micro-crdekglopment, instead of focusing on
continua with initially circular voids, when modagdj ductile fracture at low traixiality ratio.
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V. Crack initiation and propagation in aluminum
2024-T351 via in-situ synchrotron radiation

computed laminography

The last chapter presents the first results of argoing work in collaboration with the
Centre des Matériaux (Evry, France), and Lukas éfelfrom the European Synchrotron
Research Facility (ESRF) in Grenoble (France). Haenage mechanisms in the aluminum
2024-T351 used in Chapter Il are analyzed at theronscale, at a higher range of stress
triaxialities (approximately from 0.4 to 1.4). Thiavestigation benefits from the X-ray
laminography technique available at ESRF, and fitbe know-how of Thilo Morgeneyer et

al. for in-situ laminography tests.

The damage mechanisms underlying crack initiatiod propagation in a CT specimen
are assessed in-situ via synchrotron radiation coteg laminography. A quantitative
analysis of the evolution of the porosity providesne parameters that could be used in a
future work in micromechanical models: a criticabidd volume fraction for crack
propagation, and the evolution of the porosity rilsttion. The main result of this part is that
even at this range of stress triaxiality, the predaant coalescence mechanism in aluminum
2024-T351 is shear localization.

The contribution of Frank Nguyen, engineer at Centles Matériaux, to the image

processing of the volumes obtained at ESRF is fydteacknowledged.






Chapter IV

The advances in X-ray synchrotron computed tomdgyragnd laminography make it
possible to characterize more and more preciselyiledcacture and improve its modeling.
Indeed, while conventional two-dimensional metalamnic techniques require destruction of
a specimen to partially access the mechanisms @ndaod proof against artefacts, this fully
three-dimensional technique allows better qualieatand quantitative understanding of
damage. Thus, a more accurate investigation dgaiidh and growth of damage on metallic
materials provided quantitative microstructurdbimation, such as the voids distribution,
size, shape or density, that could bring a betteight in the damage process [107,108,13],
discuss the validity of ductile damage mechanics etsdalibrations [100], allow a direct
experimental calibration of micromechanical modedésameters [109,110,22], validate or
extend void growth models [111]. In particular, &¢rtomography and laminography has
brought another perspective to the understandinthefdifferent growth and coalescence

mechanisms in the flat to slant ductile fractuemsition during crack propagation [36].

In the present work, an in-situ tensile test isfqpened on a CT specimen using X-ray
laminography. A qualitative analysis allows to Hight the main damage mechanisms, which
gives useful information to guide the choice of adel. On the quantitative front, focus is
brought on the characterization of void volume ticat evolution. Besides an average critical
porosity which could be ultimately used in microimnagical models, a damage field is
computed, which allows to link the crack propagatio microstructural heterogeneities.

1. Material

The material investigated is the same 2024-T351 ialum alloy as the one used in the
study presented in Chapter Il. Its description igfly reminded in this section.The bar
dimensions in L, T and W directions are 900mm, 100amd 100mm, respectively.

As mentioned in Chapter lll, the material featurego categories of particles:
intergranular coarse intermetallic particles, nehAl, Cu, Fe, Mn and Si, and transgranular
dispersoids, rich in Al, Cu, Fe, Mn, Si and Mg. Naume fraction of coarse intermetallic
particles assessed via image analysis of a voluim@5mn? is about 1.1%; their average
dimensions are 9um x 4um. Initial porosity can duenfl near these particles. The initial void
volume fraction assessed via image analysis of amwelof 0.5mmis about 0.04% and their

average dimensions. One can note that the icibiatse particles and, more significantly, the
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void fractions estimated by volume analysis arehéighan the fractions measured by SEM
metallography in Chapter lll. A similar observatismas made by Taylor and Sherry [100].
However, in their case, the discrepancies betwdena@d 3D measurements were less
dramatic, as the order of magnitude of the dimers@n which they performed their analyses
was quite similar. In our case, the size of theezexamined by laminography is much smaller
than the size of the zone analyzed by SEM metaid|auy.

2. Experimental procedure

2.1. In-situ test

A test was performed on a 1mm thick CT specimer §pecimen geometry is illustrated
in Fig. IV-1a. It consisted of a 15mm long pre-d&raceated by electron-discharge machining.
The specimen was loaded in the L direction by medre two-screw device to control the
crack opening displacement (COD) which was monitoby digital image correlation,
measuring the relative displacemendbfmarkers, i.e. two markers located at 2.5mm oh bot
sides of the crack and 4mm away from the initigichqFig. IV-1b). The crack propagation
direction corresponds to the W direction. The m-$2st was performed using the synchrotron
X-ray source on line ID19 of the European SynclmotRadiation Facility (ESRF) in
Grenoble. A monochromatic beam of 19keV energyamdxis inclination angle of about 25°
(6=65°) were used (Fig. IV-1c and d). The distandsvben the specimen and the detector is
50mm. Volumes of 1.4x1.4x1.4ninwere reconstructed using 2500 angularly equidistan
projections with an exposure time of 100ms perqmipn, and a resolution of 0.7um per

voxel.
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Anti-buckling device

15 )
CT specimen

Loading device

(b)

Rotation Laminograph
Detector axis

Xray source

(d)
Fig. IV-1 (a) CT-specimen geometry (all dimensiogmsnm) (b) Loading device and CT specim@b (arkers

in red) (c) CT specimen mounted on ID19 beamlines@hematics of the ID19 beamline

2.2.Experiment post-processing

Damage was qualitatively analyzed by extractindises in the LW and LT planes from
reconstructed volumes, at different specimen looatiand for different COD values. LW
sections were extracted at mid-thickness, while dections were extracted at different
locations ahead of the initial notch. This analys&és coupled with SEM observations of the

fracture surfaces.

A quantitative post-processing was also undertak@mder to quantify damage evolution
during crack propagation. Sub-volumes of @335 x 940un? were segmented using
Matlab Image Processing Toolbox to isolate thelcraad the voids. The first direction of
these sub-volumes corresponds to the thicknesstidineT (385um on both side of the mid-
thickness slice) and the second dimension correptmthe crack propagation direction W.
A void volume fraction field was computed for aiéps using fixed grids of 5050x 50pnt

For this purpose, the sub-volumes were divided 1i&dayers of 50um in the L direction, and
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each layer was divided into a grid of %050unf The local void volume fraction was
computed for each square in each layer. Assumingttieacrack path opens following the
location of maximal porosity, the output of this Bsé&s was a map of the maximum void
volume fraction over the 18 layers. This post-pssoag is illustrated in Fig. IV-2. Besides,
for each loading step, a crack opening displacemasyp (COD-map) was computed by
adding all pixels within the crack isolated by imggrocessing. Of course, the results of this
post-processing is strongly dependent on the digat®n of the volume of interest. Here, a
size of 50um is chosen, because it is quite reptaee of average distance between
particles where voids are first nucleated. A fixgal is used to post-process all the volumes,
which probably leads to an underestimation of thiel volume fraction.

S _ L N ‘

. (thickness direction) .
W d ]

_
(propagation direc“‘m’/ - ?
r_ — e i

~ 50pm
L L < Layer #k
(analysis direction) | . A L -
9

=
| .-

1 50pum

One layer

Fig. IV-2 Computation of the void volume fractioelfl.

3. Results

3.1. Qualitative analysis

2D sections of the specimen at mid-thickness inLiveplane are shown in Fig. IV-3 for
different values ofd5. Damage occurred by cracking of coarse interinetphrticles or
growing of pre-existing voids. Most particles brgapendicularly to the loading direction.
At 05=7.3um, at mid-thickness, fracture of a partideated about 15um away from the

notch surface is observed (Fig. IV-3b). The voidvgs a little and coalesces with the crack at
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05=16.8um (Fig. IV-3c). But then, no crack advareeneasured. The crack just opens until
05=42.5um (Fig. IV-3d), when it propagates brutattgalescing with another void located
about 100um ahead of the initial notch and cir@heldlue in Fig. IV-.

When the crack starts propagatingddt42.5um, a small zone (ho more than 150um
from the initial notch surface) can be seen arommd-thickness where voids coming from
broken intermetallic particles grow more than nibar free surfaces. This can be seen in Fig.
IV-4a and b, which show 2D sections of the specinmethe TW plane, located right at the
initial notch tip, and 150um away from it, as thhaak starts propagating. Beside€g;. 1vV-5a
shows a SEM view of the broken specimen fracturéasea. The initial notch tip is located
right at the bottom of the picture, and one canisete first 150pum away from the initial
notch, at mid-thickness, circled in red, clusterbrken intermetallic particles. The tunneling
effect classically observed in ductile fracture mmftched or pre-cracked specimens, which
consists in a flat triangular zone in which theckr@ropagates faster in the mid-section -
where the stress triaxiality is higher- than néwr free surfaces is hardly observed here. The
crack propagates in a slanted way almost immegliatéiis is probably due to the fact that the
notch is not too severe. Indeed, in Bron et al. ¢§8mparison between the fracture surfaces of
notched bars with different notch radii or shapeUior in V) and Kahn specimens show that
as the severity of the notch increases, the tumpelone is more important. On the contrary,
as the severity of the notch decreases, the slapagation begins earlier. Past the first
150pm away from the initial notch surface, a fewderces of void growth can be found, not
necessarily at mid-thickness, but away from thee fearfaces, and at locations where

intermetallic particles broke.

The predominant coalescence mechanism in thisapgstars to be void sheeting. Fig.
IV-4c shows a 2D section of the specimen in the fléhe, about 510um ahead of the initial
notch, atd5=56.9um. The voids circled in red came from freetaf intermetallic particles
and grow while void sheeting occurs between thehesé features can also be found on the
fracture surfacerig. IV-5b shows a zoom of the zone circled in redign Iv-5a, right in front
of the initial notch. Between 50um-large zones wharoken intermetallic particles can be
found lie submicronic dimples, inside some of whatiBpersoids can be seefig( Iv-5d).
These kind of dimples are also found near the $teéaces of the fracture surface, agin
IV-5¢, which presents a zoom of the zone circled ir lnfLFig. IvV-5a. In some places, friction
marks are present on the fracture surface, medhatighe crack faces slide against each other
(Fig. Iv-5e). In-situ, little intermediate steps could betoagd between a void growth and its
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sudden interaction with the crack, and SEM micrpgsashowed no sign of damage around
dispersoids away on either side of the crack, mahe crack tip, suggesting that this shear
localization occurs very brutally, as if the maaéjust unzipped between grown voids coming
from fracture of coarse particles. This observai®in accordance with Taylor and Sherry
[100], who also analyzed broken CT specimens uXingy an FIB tomography.

(e)
Fig. IV-3 2-D sections in the LW plane at mid-thigss of the specimen &6 = (a) Oum (b) 9.8um (c) 16.8um
(d) 42.5um (e) 56.9um (f) 77.4um
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Fig. IV-4 2-D sections in the LT plane in regiomgated (a) at the initial notch ti@g=27.6um) (b) 150um
ahead of the initial notch ti@%$=42.5um) (c) 510um ahead of the initial notds=77.4um)

§ Spot Magn Dot W
40 100 SE

AceN . Spot Magn - 20 4m - D W —————] "5 m
200KV 4.0 1800 33fLMs i - i \a‘E‘I’ISE LMS X

Dot WD ———1 20um % ¢ <
& NN

133 LMS X

Fig. IV-5 SEM views (a) global view of the fractusarface (b) zoom in the zone circled in red; nedvas point
at broken intermetallic particles near grain bouig$a(c) zoom in the zone circled in blue (d) zaarthe zone
circled in green (e) friction marks
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3.2.Quantitative analysis

Fig. IV-6 shows 3D views of thresholded subvoluméeere only the crack and cavities
appear for four values a¥5. The early slant aspect of the crack appearglgléar d5=
42.5um (Fig. 1V-6¢) and subsequent values®falong with the void growth in front of the

crack tip.

The crack path is quite irregular, as can be sedfig. IV-3f for instance. Sometimes
indeed, the crack seems about to interact withairexoids, but finally follows another path.
For example, ab5=16.8um (Fig. IV-3c), the crack seems ready tpagate towards the void
circled in green (Fig. IV-3b). But then, &=42.5um (Fig. 1V-3d), the crack rather coalesces
with the void circled in blue, which came from ttracking of a particle a&5=9.9um located
about 100um ahead of the initial notch (Fig. IV-3bhe analysis of the evolution of the
volume of these two cavities suggests that thekanétonately interacted with the void which

increase rate was higher (Fig. IV-7).
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Fig. IV-6 3D view of thresholded sub-volumes XTW x L = 770x 1335x 940und) for (a) 5= Opm (b)35=
27.6pum (c)5= 42.5um (dp5= 77.4pum

Quantitative post-processing of the porosity isspreed in Fig. 1V-8, in the form of maps

showing the maximum void volume fraction field ihet L direction (i.e, crack opening
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direction) superimposed with the crack opening dispinent map as defined in section 2.2,
for different values o®5. The whiter the zone, the more open the crackiallyi, a few
heterogeneities can be observed in the void volfrawtion field, with locations were initial
porosity is more important —about 5%- (Fig. 1V-8&ye remind that these void volume
fractions are averaged on volumes of 50xmOumx 50um, which explains why they are
much larger than the initial void volume fractionnaunced in section 1 averaged over a
volume of 0.53mm It seems that these initial heterogeneities @rfte, at least partly, the
crack path, as these initial locations undergontiost important and rapid void growth. Thus,
for 85=27.6um (Fig. IV-8b)p5=42.5um (Fig. IV-8c) od5=56.9um (Fig. IV-8d), the largest
increase in void volume fraction occurs at locadiavhich, initially, exhibited the highest
values of porosity. During the loading, the porpsian locally reach values larger than 10%.
Besides, as the crack propagates, its front igndight anymore, as it tends to be more
advanced in zones where the porosity was maxintakgprevious steps (Fig. IV-8c and d).
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Fig. IV-7 Evolution of the volume of two cavitiesdated ahead of the notch.

133



Chapter IV

40

wp .
28
—

24

» [« - - N
N o o
oD [um]

=)

10

wf [%]

Y axis (um)

Y axis (um)

Y axis (um)

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
X axis (um) X axis (um)

(@) | ()

Y axis (um)

0 100 200 300 400 500 600 700
X axis (um) X axis (um)

(©) (d)
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Fig. IV-9 shows the evolution of the average pdgoahead of the crack tip as a function

of the distance to the initial notch, for differarglues ofd5. These values were obtained by

processing the previous maps in the following wdyst, the crack front was determined and

discretized following the 50um boxes sides. Thhis, ¢rack front was propagated at different

distances and the void volume fraction field wasraged along the subsequently propagated

crack fronts. Untild5=20.1um, the average porosity ahead of the cipdkdreases, but the

pre-crack does not propagate and just opens. Theryitical porosity for crack propagation,
from Fig. IV-9, is between 3% and 4%.
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Fig. IV-9 Evolution of average void volume fractigarsus the distance to the initial crack front

4. Conclusion

In the present study, ductile fracture of 2024-T3&luminum was investigated
gualitatively and quantitatively, via in-situ teosi on a CT-specimen under X-ray
laminography. Damage was found to occur by fractoirecoarse intermetallic particles
located at grain boundaries. In this particulare¢asmost no tunneling occurred. Slant crack
propagation was observed almost as soon as propagdarted, and, although growth of
voids nucleated at large intermetallic particlessvedbserved and measured, the governing
mechanism in our case seemed to be void sheetingpiie of the high stress triaxialities
values that could be expected in this specimenvéet 0.4 and 1.4). A field of the void
volume fraction was computed and suggested thatialiniporosity heterogeneities
predetermined the crack path, while providing infation which could prove useful when
using a micromechanical model, such as a critioabgity at which the crack propagates. The
predominance of void sheeting mechanisms justifies utilization of a shear localization
failure criterion such as the Hosford-Coulomb crite in a future attempt to simulate the

slant propagation of the crack.
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Conclusions and perspectives

The main realization of this thesis is the develeptrof a robust experimental protocol
aimed at studying the effect of a wide range oéssrstates on metals ductility. After a
thorough parametric study, a stocky tubular tensoosion specimen was designed, which
allows an accurate and easy control of the stredgs. SAlthough the plane stress conditions
prevailing in the gage section do not allow to umpdeuhe effects of the stress triaxiality and
the Lode angle parameter — which could be intargsth compare the damage mechanisms
with the results predicted by unit cell models vehsuch uncoupling is possible— the history
of both parameters, was registered and taken ictoumt. In the steel investigated, where
substantial variations of the stress state occter afecking, the use of a linear damage
accumulation rule is sufficient to get satisfactprgdictions of the onset of fracture. In the
aluminum alloy, a non-linear damage accumulatioe gives very promising results for the
prediction of fracture in the case of non-proporloleading. Therefore, this protocol is able
to provide reliable experimental databases fordflération of fracture models — like the
phenomenological Hosford-Coulomb model calibratetehin a range of stress states that is
widely encountered in industrial contexts, espégiaheet forming . One particular interest of
the stocky tubular tension-torsion specimen develope this study appeared in the
construction of the fracture locus of aluminum 203&51. Indeed, this axisymmetric
geometry is very well adapted to investigationsearnulre shear loading compared with flat
shear specimens. It is also worth noting that tkgeemental boundary conditions were
applied in the simulations, so as to be able toutagtost-necking behavior under multiaxial

loading. This procedure was successful in the chdecteel.
In the aftermath of this work, further investigaoran be considered.

For instance, an investigation on the effect ofgtrain rate on the ductility of aluminum
2024-T351 would be worthwhile, as this materigbiisne to dynamic strain ageing and since
several works in the literature suggest that thee tof phenomenon can significantly affect

ductility.

Besides, the microstructure, yield stress and mamdecapacity of 2024-T351 aluminum
alloy as well as that of 36NiCrMol6 steel, can hdssantially modified by thermal
treatments. Therefore, these materials could beal use analyze the influence of the
microstructure, yield stress and hardening coedfition the macroscopic fracture locus, but

also on damage mechanisms, using the type of datwvei analyses presented in Chapter Ill.

One can note that in Chapter lll, only specimengestd to proportional loading were
examined by SEM microscopy. No such investigatioaswndertaken for specimens
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subjected to non-proportional loading, as theséyaea were very time consuming. However,
this could be an interesting perspective, to asslksseffect of preloading on particle
cracking/debonding and on voids, and thus, links thicrostructural information to the
macroscopic differences observed in the fractu@nstFor instance, one can imagine how,
during preloading in tension, damage of coarsenmallic particles leads to a predisposition
of the material to break earlier during the secpad of the test. Conversely, closure of initial
voids during pre-compression must contribute toaylethe material failure during a
subsequent loading. However, one can expect a fitthre complexity in these mechanisms.
For instance, during preloading in compression,tgawicleation by decohesion, or particle
breaking in a direction parallel to the loadingediton with no cavity growth, could also
occur. During preloading in shear, pre-existingdgomay rotate and elongate, while cracks
coming from broken particles may grow and becorss &ongated, but still have a preferred
orientation, as observed in Chapter Ill. Then,owd be interesting to investigate what would
happen if tension, or combined tension and torgiere to be applied to such a configuration.
Such sequential biaxial tests could be run in th&Susing the tension and torsion machine
available at LMS, but would provide only surfaadarmation. X-ray tomography would be
very well adapted to this study, more than SEM ttageaphy, of course, because it would
avoid artefacts due to metallographic preparati@ms] because the quantitative analysis
would be more reliable, but especially becauseoitild/ allow to access any location within
the thickness of a stick extracted from the spenig@ge section, which was not the case in
the SEM metallography. Now, after the unloadingsghaef the non-proportional loading tests,
FEA showed that the stress state and strain freldreore heterogeneous in the gage section,
especially for pre-loading in compression or tensiBesides, for torsion-dominated loading,
it would allow to really access the specimen swfadhich disappears during polishing. Such
experimental data would give interesting insigbtbé compared with predictions of unit cell
calculations under non-proprotional loading (Begaeet al. [75]), or other future unit cell
calculations featuring shear-dominant pre-loadings.

Another outlook concerns the in-situ tests undamy)X4aminography. The partial results
presented in Chapter IV were part of a wider expental campaign at ESRF, which
consisted in investigating the effect of the strestate via in-situ tests under X-ray
laminography for three plane stress specimensdégshe CT specimen: a notched tensile
specimen, a tensile specimen with a central hahe, a flat shear specimen. The study

performed on the CT specimen showed that evengat $tress triaxialities, void sheeting is
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predominant in aluminum 2024-T351, and this jussifthe use of the shear localization
Hosford-Coulomb fracture initiation model. Tests the three other geometries would give
precious qualitative and quantitative informatiom @damage evolution under very different
stress states, providing additional justificatioor fthe choice of a damage model, or
guantitative data for micromechanical models. Iswaentioned, in Chapter Il, that the flat
shear specimen is not suitable for the analysduofility under pure shear loading. However,
even if this kind of specimen breaks under uniatealsion near the free ends, it could be
possible to observe in-situ and in three dimensiamage evolution under shear conditions.
Besides, this kind of study should preferentially performed on a material with more
microstructural contrast than aluminum 2024-T3&#&réfore more suitable for digital volume
correlation. The evolution of chosen porosities Idothen be directly compared with the
predictions of micromechanical models, with the suead displacement applied as boundary

conditions to the unit cell, for a direct quaniitatvalidation of the model.
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