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Chapter 1

Introduction

1.1 Industrial background and motivations

Aluminum alloys have been widely used for a long time in aerospace industry. Nowadays,

increasing payload and fuel efficiency of aircraft has become a major issue for the aerospace indus-

try. This has lead to the development of very high strength 7xxx alloys (e.g. 7075, 7150, 7055 and

7449), very high damage tolerant 2xxx and 6xxx alloys (e.g. 2024 and its variants, 2056, 6013 and

6056) [35, 118]. The latest and upcoming generation of Al-Cu-Li alloy has received much attention

for military, space and commercial application because they offer low density, improved specific

strength, damage tolerance and high stiffness to weight ratio as compared to the conventional com-

mercial 2xxx and 7xxx series aluminum alloys [39, 57]. The marriage of Li to Al offers the promise

of substantially reducing the weight of aeronautic alloys, since each 1 wt. % Li added to Al reduces

density by 3 % and increases elastic module by about 6 %. Second generation Al-Li alloys, includ-

ing 2090, 2091 and 8090, all contain Li in more than 2 % concentrations. Although these alloys

have the desired lower density, higher modulus and improved fatigue resistance, they also exhibit

lower ductility and fracture toughness in the short-transverse (S-T) direction [51]. Facing the com-

petition of composite materials in the aeronautic industry, recent alloy developments have produced

15
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a new generation of Al-Cu-Li alloys which contain less than 2 % Li and have a higher Cu/Li ratio

than the second generation alloys (2090, 2091 and 8090) with a trademark AIRWARETM. Among

these alloys, 2198 Al-Cu-Li alloy, shows a good combination of static tensile properties, damage

tolerance and formability. For this reason, they have been considered for the application of fuselage

of new generation commercial airplanes.

1.2 Research objectives

This work is part of a project called ”ALICANTDE”1 aiming at investigating damage

tolerance of the current Al-Cu-Li alloys for aeronautic application, better understand the relationship

between microstructure evolution and damage tolerance properties. This project is divided into three

main research subjects.

The first one concerns the study of precipitation in Al-Cu-Li alloys and investigation of the

relationship between microstructure and mechanical properties. This work has been accomplished

by B. Decreus at SiMAP research center of Insitute Polytechnique de Grenoble.

The second one started at the same time as present work; it deals with the fatigue be-

haviour of Al-Cu-Li alloys. This work is carried out by S. Richard at LMPM of ENSMA Poitiers.

The third one is the present work and aims at the study of plastic anisotropy , thickness

effect and ductile tearing behaviour of Al-Cu-Li alloys. In this study, four different Al-Cu-Li thin

sheet materials are investigated experimentally and numerically. The material microstructure was

examined by optical micrographs and transmission electron microscopy. Initial void volume frac-

tion and intermetallic particles content are characterized qualitatively via X-ray micro-tomography.

Tensile tests are carried out on flat smooth and flat U-notched (with various notch radii) specimens

along different direction; tear tests are conducted on small sized Kahn specimens, mixed-mode load-

1Aluminium-Lithium pour Constructions Aéronautiques Tolérants aux Dommages
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ing Arcan specimens and large M(T) panels. A model describing plastic anisotropy and isotropic

hardening is fitted on smooth tensile and notched tensile tests. The macroscopic and microscopic

fracture surfaces of the different specimens is observed in detail and fracture micromechansims are

analyzed using scanning electron microscopy and high resolution X-ray tomography. Finally cohe-

sive zone model is used to model ductile tearing behaviour of tested materials, transferability from

small sized Kahn tests to large M(T) tests is checked by numerical simulations.

1.3 Structure of this thesis

The present thesis consists of five chapters and two appendices. Chapter 1 gives industrial

background of development of Al-Cu-Li type alloys, motivations of research project, defines also

research objectives and presents an outline of the thesis.

Chapter 2 describes in detail the materials studied, microstructure characterization results

by optical microscopy, Transmission Electron Microscopy and X-ray tomography.

Chapter 3 is devoted to the materials’ plastic anisotropic behaviour. Mechanical test re-

sults and fractography of tested samples are shown and analysed in detail in this chapter for smooth

and notched tensile specimens. Thickness effect on plasticity and ductility is shown via experi-

mental test results on different thick specimens. Dynamic strain ageing effect is checked at room

temperature and high temperature. The identification of plastic anisotropy and analysis of strain

localisation are also addressed in this part.

Chapter 4 deals with materials’ ductile tearing behaviour. Three different tear tests includ-

ing small Kahn specimens, mixed-mode loading Arcan samples and large panel M(T) specimens are

used. Thickness effect on fracture toughness was examined via Kahn specimens. The fractography

of broken Kahn and M(T) specimens are examined in detail via Scanning Electron Microscopy.

X-ray tomography observations are carried out on different arrested Kahn tests including a gallium
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wetting treatment.

Chapter 5 presents modeling results of ductile tearing tests by cohesive zone methods on

small Kahn tests and large M(T) panels. The transferability between different specimen geometry

and specimens thickness is also addressed. Thickness effect are examined by simulation of different

thick specimens via a special node release technique on Kahn samples.

Finally, the first appendix gives all specimens dimensions used in this work and the second

appendix provides all mechanical test results carried out in this study.

1.4 Résumé

Contexte industriel et motivation de l’étude

Depuis les années 30, les alliages d’aluminium sont largement utilisés pour les struc-

tures aéronautiques, grâce notamment à une combinaison entre les propriétés mécaniques élevées

et les caractéristiques d’emploi (capacités de mise en œuvre). Aujourd’hui, l’augmentation de la

charge utile associée aux économies de carburant est devenue un enjeu industriel majeur dans

l’aéronautique. Ceci a abouti aux développements des alliages d’aluminium à haute résistance

de série 7xxx (eg. 7075, 7150, 7055 et 7449), des alliages d’aluminium à haute tolérance aux

dommages de séries 2xxx et 6xxx (eg. 2024 et ses variantes, 2056, 6013 et 6056) [35, 118].

Les nouveaux alliages d’aluminium-cuivre-lithium ont reçu récemment beaucoup d’attention pour

les applications aérospatiales, les principales raisons sont liées à la réduction de la densité et à

l’augmentation de la résistance par rapport aux alliages conventionnels 2xxx et 7xxx [39, 57]. En

effet, incorporé du lithium dans l’aluminium permet à la fois une baisse de la densité et une aug-

mentation du module d’Young : l’ajout de 1% massique de lithium permet une réduction de la

densité de l’alliage de 3% et une augmentation du module élastique de 6%. La deuxième génération

d’alliages Al-Li (2090, 2091 et 8090 à titre d’exemple) comporte une teneur en lithium de plus
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de 2%. Bien que ces alliages aient une densité plus faible, un module élastique plus élevé et une

résistance à la fatigue améliorée, ils présentent une ductilité assez faible, une ténacité réduite dans

la direction de travers-court (T-S) [51], et une anisotropie marquée. Aujourd’hui, confrontés à une

forte compétitivité avec les matériaux composites dans le domaine aéronautique, les métallurgistes

ont développé une nouvelle génération d’alliage Al-Cu-Li comportant moins de 2% de lithium et

une teneur en cuivre encore plus élevé que les alliages de deuxième génération (2090, 2091 et

8090) : les alliages à basse densité sont commercialisés chez ALCAN sous le label technologique

AIRWARETM . Parmi ces alliages, l’alliage Al-Cu-Li 2198 présente un meilleur compromis

entre les propriétés statiques, la tolérance aux dommages et la formabilité que les autres alliages

d’aluminium conventionnels. Cet alliage a notamment été choisi pour la réalisation du fuselage des

avions commerciaux de la nouvelle génération.

Objectif de la recherche

La présente étude fait partie du projet ANR dénommé ALICANTDE (Aluminium-Lithium

pour Constructions Aéronautiques Tolérants aux Dommages) visant à mieux comprendre la rela-

tion entre l’évolution de microstructure des matériaux et la tolérance aux dommages. Ce projet de

recherche se divise en trois grandes parties. La première partie concerne l’étude de la précipitation

dans les alliages Al-Cu-Li et la relation entre microstructures et propriétés mécaniques. Cette étude

a été conduite par B. Decreus au centre de recherche SiMAP de l’Institut Polytechnique de Greno-

ble. La deuxième partie porte sur la résistance à la fatigue d’alliages Al-Cu-Li de la troisième

génération. Cette partie a commencé en même temps que l’étude actuelle. Elle est effectuée

par S. Richard au LMPM d’ENSMA Poitiers. La troisième partie est l’étude actuelle visant à

étudier l’anisotropie plastique, l’effet d’épaisseur et la déchirure ductile dans les alliages Al-Cu-

Li. Dans cette étude, quatre différentes tôles d’alliage Al-Cu-Li sont examiné au travers d’essais

expérimentaux et de simulations numériques. La microstructure des matériaux est caractérisée par
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le microscope optique et le microscope électronique en transmission (MET). La fraction volumique

de vides et de particules intermétalliques des matériaux est quantifiée via la tomographie à rayon X.

Les essais de traction sont effectués sur les éprouvettes de traction lisse et entaillée selon différentes

directions de sollicitation. Les essais de déchirure sont réalisés sur des éprouvettes de petite taille

Kahn, des éprouvettes chargées en mode mixte Arcan et des grandes plaques M(T). Un modèle

décrivant l’anisotropie plastique et l’écrouissage isotrope est utilisé, identifié sur la base des essais

de traction lisse et entaillée. Les faciès de rupture de différentes éprouvettes sont examinés minu-

tieusement au niveau macroscopique et microscopique. Le mécanisme de rupture est analysé via

le microscope électronique à balayage (MEB) et la tomographie à rayon X. Enfin, un modèle de

zone cohésive est proposé pour modéliser le comportement à la déchirure ductile des matériaux.

La transférabilité entre l’éprouvette de petite taille Kahn et de grande taille M(T) est examinée par

simulation numérique.

Structure du mémoire

Le mémoire de thèse se compose de six chapitres et deux annexes. Le chapitre 1 four-

nit brièvement le contexte industriel des développements d’alliages aluminium-cuivre-lithium, les

motivations de la recherche et les objectives de cette étude. Le plan du mémoire est aussi présenté

dans cette partie. Le chapitre 2 présentera en détail les matériaux de l’étude, la caractérisation

multi-échelle de la microstructure par les techniques suivantes : microscopie optique, microscopie

électronique en transmission (MET) ou encore la tomographie à rayon X. Le chapitre 3 sera con-

sacré au comportement anisotrope plastique des matériaux. Les essais mécaniques et les faciès

de rupture seront analysés et comparés minutieusement dans ce chapitre pour les éprouvettes de

traction lisse et entaillée. L’effet d’épaisseur sur la plasticité et la ductilité seront examinés via les

résultats expérimentaux sur les éprouvettes de différentes épaisseurs. Le vieillissement dynamique

est abordé au travers d’essais de traction à différentes vitesses. L’identification de l’anisotropie
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plastique et l’analyse de la localisation de déformation seront aussi présentés dans ce chapitre. Le

chapitre 4 se chargera du comportement en déchirure ductile des matériaux. Trois différents types

d’éprouvettes (Kahn, Arcan et M(T)) seront utilisés. L’effet d’épaisseur sur la ténacité sera ex-

aminé via les éprouvettes Kahn. Les faciès de rupture des éprouvettes Kahn et M(T) seront analysés

en détail via la microscopie électronique à balayage (MEB). Les observations de tomographie en

haute résolution à rayon X seront effectuées sur les essais Kahn interrompus y compris un traite-

ment de gallium pour mettre en évidence la structure granulaire. Le chapitre 5 décrira l’analyse

et les résultats de la modélisation de la déchirure ductile en utilisant un modèle de zone cohésive

pour les essais Kahn et M(T). La transférabilité entre les éprouvettes de géométries différentes et

d’épaisseurs différentes sera également discutée dans cette partie. L’effet d’épaisseur sera examiné

par la simulation éléments finis via une technique de relâchement de nœuds sur les éprouvettes

Kahn. Enfin, le chapitre 6 donnera les conclusions et les perspectives de cette étude.

L’annexe 1 donne les dimensions d’éprouvettes utilisées dans ce travail et l’annexe 2 fournira tous

les résultats des essais mécaniques effectués dans cette étude.



Chapter 2

Materials and Microstructure

In this chapter we will start by a brief introduction of aluminium-copper-lithium alloys.

To facilitate discussion on materials’ microstructure, we give a short description of literature survey

on metallurgical considerations of Al-Cu-Li alloys and their typical microstructures. Then we will

present the materials studied and heat treatments applied in this work. The material microstructure

was characterized by various techniques including optical metallographic observation, transmission

electron microscopy and X-ray tomography assessment.

2.1 Introduction

2.1.1 Al-Cu-Li alloys

Aluminium-Copper-Lithium alloys are attractive for aerospace applications because they

combine strength and damage tolerance along with an increase of the modulus of aluminium and

reduction of the density. Each 1 wt % of lithium increases the modulus by about 6% while de-

creasing the density about 3% [35, 118]. However, the early promise of property improvements

with Al-Cu-Li alloys has not been realized. Even the second generation alloys, which contained

around 2% lithium, that came out in the 1980s, experienced a number of serious technical prob-

22
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lems: excessive anisotropy in the mechanical properties; lower than desired fracture toughness and

ductility; hole cracking and delamination during drilling. The anisotropy found in these alloys is

associated with the strong crystallographic textures that develop during processing, with the frac-

ture toughness problem being one of primarily low strength in the short-transverse (S-T) direction

[51]. To circumvent some of these problems, a new generation of alloys has been developed with

lower lithium contents. As illustrated in Fig. 2.1, these alloys are generally of a higher Cu/Li ratio

than the second generation alloys (2090 and 2091 illustrated in this figure). The factors underlying

the choice of Cu and Li concentrations in these T1 (Al2CuLi) precipitate strengthened alloys are

illustrated schematically in Fig. 2.2.

Figure 2.1: Content of Cu and Li in the new generation Al-Cu-Li alloys (2098, 2198 and 2050),

compared to second generation Al-Cu-Li alloys 2091 (Al-Li-Cu-Mg-Zr) and 2090 (Al-Cu-Li-Zr).

The second generation alloy are presented as dashed boxes, the third generation as solid boxes (after

Warner.,[118]).
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Figure 2.2: Schematic illustration of some key property variations as a function of Cu and Li con-

centration in Al-Cu-Li alloys (after Warner., [118]).

2.1.2 Metallurgical considerations

According to Cu and Li content, there are a variety precipitation reactions occurring in

Al-Cu-Li alloys. For Cu in the range 2 to 5%, three main hardening precipitates can be found.

• For low Li contents (≤ 0.6%) the non-shearable Ω (Al2Cu) phase is present in the presence

of silver [60].

• For medium Li content (≤ 1.0-1.5%) the main hardening phase is T1 (Al2CuLi) [38]. The

hardening effect of this phase is very large and it is promoted by the addition of Cu. T1 can

heterogeneously nucleate on subgrain boundaries and dislocations. Its nucleation and growth

are favored by the limited addition of Mg and Ag and dislocations formed through cold work

prior to artificial aging [22].

• For high Li contents (≥ 1.4-1.5%) δ’ (Al3Li) phase also precipitates during artificial aging

and contributes to strengthening but to a lesser extent than T1 [49]; its presence can be detri-

mental to toughness. Heavy precipitation of this δ’ phase is also reported during long thermal
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exposure, (e.g., 1000 h at 85◦C), and may lead to long-term stability issues, if not properly

taken into account in the alloy design.

Fig. 2.3 displays the various precipitates observed by Silcock [102] in Al-Cu-Li alloys ac-

cording to its Cu and Li contents. Table 2.1 lists the possible precipitates and their form in Al-Li-Cu

system. While the Fig. 2.4 gives a schematic view of precipitates and dispersoids that contribute to

strength and toughness in AA2099 and AA2199 alloys after Giummarra et al. [39].

Precipitate Composition Form

δ’ Al3Li plate

θ’ Al2Cu plate

S Al2CuMg sticks

Ω Al2Cu plate

T1 Al2CuLi plate

Table 2.1: Possible precipitates and their forms in Al-Li-Cu system.

2.1.3 Dispersoids and Precipitate free zones

In aluminium alloys, Manganese (Mn) is often added to form Al20Cu2Mn3 incoherent

dispersoids as illustrated in Fig. 2.5b. The role of this phase is to help homogenize slip and thereby

improve damage tolerance with regards to fracture toughness and fatigue [28]. Mn-bearing disper-

soids also help to control grain size and texture evolution during thermo-mechanical processing.

Zirconium (Zr) is added to form the coherent β’ (Al3Zr) dispersoid (see Fig. 2.5a). This is the main

dispersoid used to control recrystallization. In aluminium-lithium, the strengthening δ’ (Al3Li)

phase also precipitates epitaxialy on the surface of Al3Zr dispersoids [40, 108].
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Figure 2.3: Observed precipitates in different Al-Cu-Li systems according Cu and Li contents. (after

Silcock., J.M., [102])

Precipitate free zones (PFZ) are commonly situated around grain boundaries as illustrated

in Fig. 2.6 observed by Özbilen [79] in an artificially aged Al-Li-Cu-Mg-Zr alloy. The PFZ’s may

appear in all alloys where precipitation reactions occur. Precipitate free zones (or PFZ’s) occur for

two reasons [84]: Firstly, the most common reason for the formation of PFZ’s is that precipitates

nucleate heterogeneously on vacancies. A grain boundary is a sink for vacancies so that regions

adjacent to the boundary are unable to nucleate the precipitates, even though the matrix may be

supersaturated with solute. The second reason is the grain boundaries themselves are potent hetero-

geneous nucleation sites. Particles may nucleate first at these boundaries, thereby removing suffi-

cient solute from the adjacent matrix. The solute-depleted region in the proximity of the boundary

therefore remains precipitate-free.

PFZs may be detrimental for the mechanical properties of a material as well as for corro-

sion resistance. The yield strength of the PFZ is significantly lower than that of the main matrix. As

such, strain concentrations may then occur in PFZs which may result in premature failure, which

will especially influence fracture toughness [116].
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Figure 2.4: Schematic of precipitates and dispersoids that contribute to strength and toughness in

2099 and 2199 Al-Cu-Li alloys (after Giummarra et al., [39]).

2.1.4 Constituent phases

In aluminium alloys for structural applications, the coarse intermetallic particles (Al7Cu2Fe

and Mg2Si) form during ingot solidification. These intermetallic particles are detrimental to corro-

sion, fatigue and fracture toughness. A lower volume fraction of intermetallic compounds improve

fracture toughness and fatigue behaviour. For example, the maximum iron content is 0.12% and

silicon is 0.10% in 2224 as compared to 0.50% for both impurities in 2024. Due to the high cost of

complete removal, these impurities are often limited in a certain range.
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b

0.1 µm

Figure 2.5: TEM micrograph of Zr containing dispersoid particles (a) and Mn containing dispersoid

particles (b). The figure (a) refers to an Al-4.8Cu-0.45Mg-0.39Ag-0.14Zr alloy and the figure (b)

refers to an Al-4.9Cu-0.46Mg-0.38Ag-0.32Mn alloy (after Cho et Bès, [26]).

Figure 2.6: TEM micrograph of Al-2.3Li-1.8Mg-0.15Zr-0.1Cu alloy associated with a clear PFZ.

(after Özbilen., [79]).
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2.2 Materials studied

AA2198 is a new aluminium-copper-lithium alloy which was developed by the aluminium

manufacturer Alcan. It is a candidate alloy for fuselage skins and some components of wings for fu-

ture commercial aircraft. Table 2.2 gives the chemical composition limits of AA2198 alloy in weight

percent and in atomic percent. AA2198 has lower Lithium content and higher copper content than

the first and the second generation Al-Li alloys. The general trend in the Al-Li alloy development

is higher copper and lower lithium content than previous Al-Li alloys [57]. The objective of this

composition adjustment is to optimise the toughness and strength. It is important to note that the

Lithium content of AA2198 in atomic percent is much higher than it’s weight percent. Lithium is

the major alloying element when considering atomic percentage.

Cu Li Zn Mn Mg Zr Si Ag Fe

wt. % 2.9-3.5 0.8-1.1 ≤0.35 ≤ 0.5 0.25-0.8 0.04-0.18 ≤ 0.08 0.1-0.5 ≤ 0.01

at. % 1.23-1.48 3.11-4.26 ≤0.14 ≤ 0.25 0.28-0.88 0.01-0.05 ≤ 0.08 0.02-0.06 ≤ 0.05

Table 2.2: Chemical composition limits of AA2198 in weight percent (wt. %) and atomic percent

(at. %).

For this work, two grades of 2198 aluminium-lithium alloy sheets with a nominal thick-

ness of 2 mm (recrystallized sheet materials) and 6 mm (fibrous sheet materials) were supplied by

Alcan Centre de Recherches de Voreppe (Alcan CRV). They are referred respectively to as R (Re-

crystallized sheet materials) and F (Fibrous sheet materials) (see Table 2.3). For each grade, two

different heat treatment conditions T351 and T851 were studied. Fig. 2.7 shows the heat treatment

sequence applied to materials studied. All sheets are first solution heat treated, stretched by between

2-4% and naturally aged to obtain T351 condition materials, then an artificial ageing step was ap-

plied to achieve T851 temper materials.
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Homogenization Solutionizing Quenching 2-4% Stretch

Natural Ageing T3 materials

Artificial Ageing T8 materials

(40 min at 550◦ C) (water) (T–51)

Figure 2.7: Two different heat treatment sequences applied to each grade (recrystallized sheet and

fibrous sheet).

For both 6 mm-thick fibrous materials, sheets having a thickness of 2 mm were prepared

by slicing the 6 mm sheet into two halves using electrical discharge machining. Each slice was then

machined down on both sides to reduce the thickness to 2 mm as proposed in [81, 3] to study thick-

ness effect on plasticity and fracture behaviour. Combining heat treatments and thicknesses results

in six different sheets for which a nomenclature is proposed in Table 2.3. For brevity, heat treatment

T351 will be identified as T3 and T851 identified as T8 in the following, T–51 corresponds to a

mechanical treatment (stress relieved by stretching) which was applied after quenching in our case.

The difference between recrystallized sheets and fibrous sheets is not only in it’s sheet thickness

but also in grain structure which can be seen in the following (cf. section 2.3.2). Thin recrystal-

lized sheets are formed by cold rolling while thick fibrous sheets are by hot rolling. Cold rolling

is conducted at temperature below the recrystallization temperature, while hot rolling is above the

recrystallization temperature to create a finer grain size and less grain directionality.

2.3 Material microstructure

2.3.1 Definition of processing directions

The materials under study are rolled sheets, due to process of rolling which may create an

anisotropic microstructure for sheet metal, it is important to define different processing directions
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Material Heat treatment Grain structure Thickness (mm)

T3R2 T351 recrystallized 2

T8R2 T851 recrystallized 2

T3F6 T351 fibrous 6

T3F62∗ T351 fibrous 2

T8F6 T851 fibrous 6

T8F62∗ T851 fibrous 2

∗ 6 mm sheet machined down to 2 mm in thickness

Table 2.3: Nomenclature of materials studied.

for the following studies. The Fig. 2.8 shows the definition of the different directions of our sheet

material:

• L: rolling direction,

• T: long–transverse direction,

• S: short–transverse direction (thickness direction),

• D: diagonal direction (45◦ between L direction and T direction in the sheet plane).

2.3.2 Optical micrographs

Micrographs of grain structure were obtained by optical microscopy. Specimens were

prepared following a standard metallographic procedure used for rolled-sheet materials: i.e., three

samples were taken from L–T, L–S and T–S planes for each material, grinding with SiC papers,

polishing with 3 and 1 µm diamond paste. The etching was carried out using a Keller’s solution of



Chapter 2: Materials and Microstructure 32

S

L

T

D

Figure 2.8: Definition of L (rolling direction), T (long–transverse direction), S (short–transverse

direction) and D (diagonal direction) of the sheet material in this study.

5% hydrofluoric acid (HF), 10% sulfuric acid (H2SO4) and 85% water for 30 seconds. Specimens

were examined using a PME Olympos, Tokyo optical microscope.

Representative grain structures are shown in Fig. 2.9 for the 2 mm-thick recrystallized

material and in Fig. 2.10 for the 6 mm-thick fibrous material. Large pan-cake shaped grains can

be found in L–T plane which is typical for a as-rolled sheet metal (see Fig. 2.9 in L-T plane), it

is also shown that the pan-cakes are more equiaxed in recrystallized than that in fibrous materials

(see Fig. 2.10 in L-T plane). In L–S and T–S planes grains are elongated along L and T direction

respectively, constituent particles (Fe, Si) can be seen aligned along rolling direction. The grain

size was measured by using a mean linear intercept method as 200-300 µm along rolling direction

(L), 60 µm in long transverse–direction (T) and 25-30 µm in short–transverse direction (S) for re-

crystallized sheet, 10-15 µm for fibrous sheet. Note that fibrous material exhibits more elongated

and thinner grains than recrystallized material. Grains of the fibrous material can reach more than

1000 µm along the L direction and only 10-15 µm along the S-direction. For both materials, images

taken from different positions along thickness direction (S) show that there is no grain size gradient,

the material can be considered as homogeneous across the thickness. Observation results also show

that there are no significant differences in grain structure between T3 condition and T8 condition
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for each grade (R and F sheets), so the microstructures were showed for T3 condition materials only.

S

T L

L

Figure 2.9: Optical micrographs of the AA2198-T3 2 mm-thick recrystallized material in TS, LS,

LT planes and pseudo-3D grain structure. (L: rolling direction, T: long transverse direction and S:

short transverse direction).

2.3.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy was used to characterize the inter-granular and trans-

granular precipitates. The observations were performed at 200 kV using a TECNAI F20-ST Mi-

croscope on both fibrous materials (T3F6 and T8F6). For each material, a 3 mm diameter cylinder
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S

T L

L

Figure 2.10: Optical micrographs of the AA2198-T3 6 mm-thick fibrous material in TS, LS, LT

planes and pseudo-3D grain structure. (L: rolling direction, T: long transverse direction and S: short

transverse direction).

was prepared by electrical discharge machining and then cut to thin slices (∼0.3 mm). To ensure

the success of investigation, six samples were prepared for each material. Then the slices were

manually polished down to a thickness of 120 µm and finally reduced by electro-polishing using a

solution of 30% HNO3 and 70% methanol maintained at -20◦C under 15 V.

Fig. 2.11 shows the investigation results of naturally aged fibrous material (T3F6). In

this condition, grain boundaries, subgrain boundaries and dispersoids can clearly be seen. Most of

dispersoids are composed of Al20Cu2Mn3 or Al3Zr. The average diameter of Al3Zr dispersoids is
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about 45 nm and their volume fraction lies between 1.2 and 1.8 %. In Fig. 2.11b, it can be seen

that there is no presence of hardening precipitates (T1 and θ’) in this condition. Spectrum analysis

shows that the near homogeneous distribution of smaller dark particles are rich in silver and their

diameter is about 10-15 nm. There is no precipitate decoration on the observed grain boundaries or

subgrain boundaries.

Fig. 2.12 and Fig. 2.13 show the case of artificially aged fibrous material (T8F6). In

Fig. 2.12, hardening T1 (Al2CuLi) and θ’ (Al2Cu) type plate-shaped precipitates can clearly be

seen (Fig. 2.12a). The morphology characteristic of these intra-granular plates was measured by

Small-Angle X-ray Scattering carried out by Decreus [32]. T1 precipitates were shown to present

a thickness around 1 nm and a mean length of 40 nm in T8 condition. T1 precipitates are seen to

decorate the grain boundary (horizontal) and subgrain boundary (vertical) (see Fig. 2.12b). In this

condition, the dispersoids and inter-granular large precipitates can also be seen (Fig. 2.12c). Pre-

cipitate decorations on grain boundary and subgrain boundary are also shown in detail in Fig. 2.13a

and Fig. 2.13b respectively. Precipitate free zone (PFZ) can be seen at some part of grain boundary

areas as exemplified in Fig. 2.13c. However the PFZ was found only in one of numerous images

observed, in general the PFZ of T1 is absent. It is consistent with the results obtained in the work of

Decreus [31] on the same material.
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(a)

(b)

(c)

Figure 2.11: TEM investigation of naturally aged fibrous material (T3F6), grain boundary and sub-

grain boundary (a, b), dispersoids (c) can be seen. Note that there is no precipitates decoration of

the observed grain boundaries and subgrain boundaries.
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(a)

(b)

(c)

Figure 2.12: TEM investigation of artificially aged fibrous material (T8F6). (a) plate-shaped precip-

itates of T1 (Al2CuLi) in {1 1 1} plane and θ’ (Al2Cu) in {1 0 0} palne, (b) precipitates decoration
at grain boundary (horizontal) and subgrain boundary (vertical), (c) dispersoids and inter-granular

large precipitates.
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(a)

(b)

(c)

Figure 2.13: TEM investigation of artificially aged fibrous material (T8F6). (a) precipitates deco-

ration at grain boundary, (b) precipitates decoration at subgrain boundary, (c) precipitate free zone

(PFZ) and inter-granular large precipitates.
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2.3.4 X-ray tomography

The intermetallic particles and initial pores, which act as nucleation sites for voids causing

ductile damage, influence the toughness of the material. The volume fraction of these particles and

their spatial distribution are important microstructural parameters affecting damage evolution and

fracture toughness. The volume fraction of intermetallic particles and pores can be determined by

synchrotron radiation computed tomography (SRCT).

X-ray tomography observations were carried out using procedures already described in

[74]. A number of pieces of materials were prepared by slicing as-received sheets to small block

(dimensions 1 x 1 x 10 mm3) using electrical discharge machining. Subsequent tomographic scan-

ning of as-received materials could be carried out. X-ray tomography was performed at 20 keV

at beamline ID19 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The

facility provides a highly coherent, spatially and spectrally homogeneous beam with a high photon

flux. The typical imaging time was 0.7 sec. For one volume 1500 radiographs were taken using a

high performance CCD camera and simultaneously the sample was turned 180◦ in steps of 0.12◦.

Flat-field and dark current corrections were performed and reconstruction was carried out using a

conventional filtered back projection algorithm [67]. In the reconstructed slices an isotropic voxel

size of 0.7 µm was obtained. Phase contrast imaging has been performed allowing to enhance the

detection of edges. At the beamline ID19 this is a straightforward technique as advantage is taken

of the radiation coherence by adjusting the sample detector distance to obtain near-field Fresnel

diffraction effects.

Fig. 2.14 shows typical 2D sections from X-ray tomography data taken for as-received un-

deformed 2mm-thick recrystallized material (Fig. 2.14a) and 6 mm-thick fibrous material (Fig. 2.14b)

both in T8 temper condition in LS plane. Intermetallic particles composed of iron and silicon (white)

can be seen to be elongated and aligned along the rolling direction. Hardly any initial porosity can be

found for both recrystallized and fibrous materials. The constituents and void content was measured
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via grey value thresholding, the mean value was taken. The mean constituents content is 0.34% for

recrystallized material and 0.4% for fibrous material. The initial porosity is very limited (≤ 0.04%)

compared to other aerospace aluminium alloys (e.g. AA2024, AA2139) [21, 73]. Fig. 2.15 pro-

vides a 3D rendering of the constituents and pores distribution for T8 recrystallized material. Notice

that the intrinsic constituent particles and void content of the parent material are exaggerated [74] by

the 3D nature of Fig. 2.15, representing the intermetallic particles and void content of a thick cube

of material (180 µm × 180 µm × 180 µm) rather than a 2D section in traditional metallographic

imaging.

20 µm 20 µm
L

ST
⊗ ⊗

L

ST

a b

Figure 2.14: 2D images of as-received undeformed materials from high resolution X-ray tomog-

raphy: (a) Recrystallized material (T8R2) in the L-S plane, (b) Fibrous material (T8F6) in the L-S

plane. Constituent particles are composed of Fe and Si (white).

2.4 Conclusions

In this part the materials’ microstructure was characterized by various techniques in a mul-

tiscale. Metallographic observations conducted by optical microscopy indicated that the materials



Chapter 2: Materials and Microstructure 41

L

T

S

Figure 2.15: 3D images of as-received T8 recrystallized material by high resolution X-ray tomogra-

phy. The constituents and pores are in white. The size of the box is 256 pixels = 179.2 µm in each

direction.

under study have a strongly anisotropic grain structure. For both recrystallized and fibrous materi-

als, large pan-cake shaped grains were observed in the L–T plane. The pan-cakes are more equiaxed

in recrystallized than that in fibrous materials. The constituent particles can be seen aligned along

rolling direction. Elongated thin form grains can be seen in L-S and T-S planes, there are no grain

size gradient across sheet thickness. It is important to note that the 6 mm-thick fibrous materials

have much thinner grains and more grain directionality than 2 mm-thick recrystallized materials,

grains in the fibrous material can be larger than 1000 µm along the L-direction.

TEM investigation results show that there is a large difference between artificially aged T8

material and naturally aged T3 material. For T8 material, inter-granular precipitates can be found

along almost all grain boundary or subgrain boundary areas. Hardening T1 and θ’ type precipitates

are formed in this condition. Precipitate free zone can be found in one of images observed while

in general the PFZ is absent. For naturally aged T3 material, hardening precipitates T1 and θ’ were

not found; there is no precipitate decoration at grain boundaries or subgrain boundaries. In this
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condition dispersoids can be seen more clear than in T8 condition due to on presence of precipitates,

most of dispersoids composed of Al-Cu-Mn and Al-Zr. Their average diameter is about 45 nm and

their volume fraction lies between 1.2 and 1.8 %.

The initial pore and inter-metallic particle content was examined by high resolution X-ray

tomography on as-received undeformed materials. It is shown that in AA2198 alloy, hardly any

initial pore can be seen. The volume fraction of inter-metallic particles and voids content is only

0.34% for recrystallized material and 0.4% for fibrous material. These values are very limited in

comparison to other aluminium alloys (e.g. AA2024, AA2139 etc.).

2.5 Résumé

Nous présentons dans ce chapitre les matériaux et en particulier la caractérisation des

différentes microstructures des matériaux étudiées. Deux nuances de l‘alliage d‘aluminium-lithium

2198 ont été étudiées sous la forme de tôles. La première nuance est une tôle de texture recristallisée

d’épaisseur 2 mm qui a été obtenue par un laminage à froid (nuance notée R2). La deuxième nuance

est une tôle de texture fibrée d’épaisseur 6 mm qui a été obtenue par un laminage à chaud (nuance

notée F6). Pour chaque nuance, deux traitements thermiques ont été étudiés : T351 et T851. Les

microstructures fines des matériaux ont été caractérisées par différentes techniques d’observations

muti-échelles. L’observation métallographique menée à l‘aide du microscope optique montre que

les matériaux de l’étude présentent une structure granulaire anisotrope. Les observations au micro-

scope électronique en transmission (MET) ont permis de mettre en évidence des différences impor-

tantes entre les matériaux en état T3 et les matériaux en état T8 : la texture T8 se démarque par la

présence de précipités durcissant (T1 et θ’) dans la matrice et des précipités inter-granulaires plus

grossiers aux joints de grains. Enfin, la porosité initiale et le volume des particules intermétalliques,

examinés via tomographie haute résolution à rayon X. sont en proportion très limitée (0,34% pour
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le recristallisé et 0,4% pour la structure fibrée) comparativement aux autres alliages d‘aluminium.



Chapter 3

Plastic Anisotropic Behaviour

Anisotropy of mechanical properties in sheet materials originates from rolling process.

Characterization of the anisotropy and its amplitude is essential for a study of sheet metal. In

this part, we will present the specimens used for mechanical tests, experimental procedure, testing

conditions and test results. The strain rate sensitivity has been investigated on smooth tensile tests

at room temperature and high temperature. The influence of thickness on plasticity and damage

has also been examined. In the second part, the macroscopic fracture mechanisms were studied by

metallographic observations on cut section of broken specimens. The scanning electron microscopy

was used for the microscopic fractography studies. The third part deals with the identification of

plastic anisotropic behaviour by an anisotropic yield criterion proposed by Bron and Besson for

sheet materials. Finally a localization indicator based on Rice’s analysis of bifurcation is used to

analyse finite element simulations and predict observed fracture plane orientations.

44
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3.1 Mechanical tests

3.1.1 Specimens for mechanical tests

In this part, mechanical tests are conducted on two different kinds of flat specimens (see

Fig. 3.1 for geometries). The ST12 specimen is a conventional smooth tensile sample used to de-

termine the elastic-plastic behaviour under uniaxial loading condition. The differently U-notched

tensile samples NT05, NT1 and NT2 are used to investigate notch strengthening and stress triaxiality

ratio effects on damage.

In order to characterize the anisotropy of sheet materials, specimens for mechanical tests

are prepared along different directions in the sheet plane (L–T plane). Because all materials studied

are thin sheets (2 mm and 6 mm thick), it is difficult to take equivalent tensile specimens along the

short-transverse direction (S). The plastic anisotropy is therefore investigated in the sheet plane.

64
12

10r

ST12

NTr

Figure 3.1: Geometry of test specimens (all dimensions in mm): smooth flat tensile specimen ST12,

notched flat tensile specimen NTr with radii of 0.5, 1 and 2 mm.

3.1.2 Experimental setup and testing conditions

All tests are carried out at room temperature under displacement control on a servo-

hydraulic testing machine. Tests conducted on smooth tensile specimens ST12 are conducted along
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three different directions (L, T and D) in the sheet plane. ST12 specimens are tested with two dis-

placement gages to record both longitudinal and transverse strain (see Fig. 3.2). This allows for a

determination of the R-value (Lankford coefficient see eq. 3.1) defined as the ratio of the true de-

formation along the width of the specimen to the true deformation along the thickness (S direction).

The latter is computed assuming plastic incompressibility.

Lk =
εw

εs
(3.1)

In the following, the smooth tensile experimental curves are plotted using the plastic load

line displacement ∆LLp/L0 (corrected for elastic deformation, L0: specimen gage length (64 mm))

measured by the testing machine. It represents a global measure of material’s ductility. In contrast,

the extensometer recorded displacement can give a precise measurement of longitudinal and trans-

verse deformation used to compute Lankford coefficient (eq. 3.1). Fig. 3.2 shows a ST12 specimen

setup during mechanical test. For each material, smooth tensile tests are conducted at different

strain rates varying from 10−5 to 10−3 s−1 along each direction (L, T and D) to examine the strain

rate sensitivity which will be discussed in detail in the section 3.3. For this part, the experimental

results of smooth tensile tests are shown for the strain rate of 10−4 s−1.

For notched specimens, opening displacement is measured on both left and right sides and

the mean value is used. The difference between both measurements is always less than 3 %. The

setup of notched NT tensile test can be seen in Fig. 3.3. For notched samples, tests are performed

along two directions (L and T) for NT1 samples and along three directions (L, T and D) for NT2

samples. While NT0.5 are tested along L and T directions on one fibrous material (T3F6); The cross

head speed is 0.2 mm/min for all notched tensile tests.
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Figure 3.2: Smooth flat tensile specimen ST12 setup with longitudinal and transverse gages during

test.

Figure 3.3: Notched flat tensile specimen NTr setup with left and right gages during test.
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3.2 Experimental results

3.2.1 Smooth tensile tests

Fig. 3.4 shows the nominal stress (F/S0) as a function of the plastic elongation for both

2 mm-thick recrystallized materials (T3R2 and T8R2); where, F is the load and S0 is the initial

cross section. In Fig. 3.4 left, it can be seen that the artificially aged material (T8R2) presents

indeed higher yield and ultimate strengths, i.e., in longitudinal (L) direction, the yield stress is 64 %

higher than that of naturally aged material (T3R2) whereas the hardening capability and ductility

of T8 material are lower than for the T3 material. For each condition (T3 and T8), differences

in engineering stress between L, T and D directions are not significant probably owing to process

of recrystallisation introduced by cold rolling. Due to pre-strain effect (mechanical treatment of

stretching conducted in rolling direction), the longitudinal (L) direction is slightly harder than long-

transverse (T) and diagonal (D) directions. Fig. 3.4 right, shows the reduction of the specimen

width as a function of the tensile strain. T3R2 and T8R2 materials have very similar results. L, T

and D directions follow almost the same line. Results (dots) are compared with the isotropic case

(line) showing a large deviation although the plastic behaviour can be considered as ”isotropic” in

the sheet plane. The computed Lankford coefficient Lk and the principal mechanical characteristics

of recrystallized materials are gathered in Table 3.1.

Fig. 3.5 provides the results for both 6 mm-thick fibrous materials (T3F6 and T8F6). From

Fig. 3.5 left, it can be seen that both fibrous materials show a strong plastic yielding anisotropy

which is much higher than corresponding anisotropy observed on both recrystallized materials (see

Fig. 3.4). i.e. the yielding stress of L loading test is 20% higher than D loading for T8 fibrous

material (only 9% for T8 recrystallized material). For both recrystallized and fibrous materials, L

direction is the strongest; the D direction exhibits a much lower yielding limit which is typical of

Al-Cu-Li alloys [30, 45, 71, 103]. As observed in both recrystallized materials, fibrous materials
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follow the same trends: the T8 material presents higher yield and ultimate strengths but a lower

hardening capability. Notice that the T3 material tested along the L direction fails while the load

is still increasing and consequently exhibits no necking. This result was reproduced on several test

specimens and is not an artifact. For this case, complementary tests were carried out at a higher

temperature (cf. section 3.3.2) to investigate this unusual behaviour. The reduction of the specimen

width as a function of the tensile strain for both fibrous materials is shown in Fig. 3.5 right. Results

(dots) are also compared with the isotropic case (line). For T3 material, it is shown that a large

deviation for L and T direction whereas D-direction is close to the isotropic case. In the case of T8

material, similar results were obtained except for T direction which is also close to the isotropic case

as the D direction. Results clearly indicate that for tests along the L direction thickness reduction is

higher than width reduction. The computed Lankford coefficient Lk and the principal mechanical

characteristics of fibrous materials are also gathered in Table 3.1.
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Figure 3.4: Tensile tests on smooth specimens ST12 along L, T and D directions for recrystallized

materials (T3R2 and T8R2). Engineering stress (F/S0) as a function of the normalized plastic load

line displacement ∆LLp/L0. Width reduction (∆W/W0) as a function of the axial strain ∆l/l0.
The testing strain rate is 5.2 × 10−4 s−1. (F : force, S0 initial cross section, ∆LLp: load line

displacement corrected for elastic deformation, L0: specimen gage length, ∆W : width variation,

W0: initial width, ∆l displacement measured by the longitudinal extensometer, l0 extensometer

gage length.)
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Figure 3.5: Tensile tests on smooth specimens ST12 along L, T and D directions for fibrous mate-

rials (T3F6 and T8F6). Engineering stress (F/S0) as a function of the normalized plastic load line

displacement ∆LLp/L0. Width reduction (∆W/W0) as a function of the axial strain ∆l/l0. The
testing strain rate is 5.2 × 10−4 s−1. (F : force, S0 initial cross section, ∆LLp: load line displace-

ment corrected for elastic deformation, L0: specimen gage length,∆W : width variation, W0: initial

width, ∆l displacement measured by the longitudinal extensometer, l0 extensometer gage length.)
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T3R2 T8R2

YS UTS YS/UTS UE Lk YS UTS YS/UTS UE Lk

L 290 389 0.745 18.0 0.49 476 504 0.944 7.3 0.48

T 258 386 0.668 18.3 0.50 441 497 0.887 8.7 0.50

D 257 380 0.676 22.1 0.52 435 490 0.888 9.0 0.52

T3F6 T8F6

YS UTS YS/UTS UE Lk YS UTS YS/UTS UE Lk

L 325 440 0.739 13.0 0.52 496 531 0.934 14.0 0.64

T 296 414 0.715 15.4 1.63 473 514 0.920 12.3 1.03

D 262 362 0.724 21.1 1.0 414 454 0.912 13.0 1.06

Table 3.1: Room temperature tensile properties of tested materials (T3R2, T8R2, T3F6 and T8F6)

along L, T and D directions. (YS: yield strength for 0.2% plastic strain (MPa), UTS: ultimate tensile

strength (MPa), UE: uniform elongation (%), Lk: Lankford coefficient for a plastic deformation of

5%.

3.2.2 Notched flat tensile tests

Fig. 3.6 shows results of mechanical tests conducted on notched flat specimens NT2 the

nominal stress (F/S0) as a function of the notch opening displacement (NOD); where F is the load

and S0 is the initial minimum cross section. As expected the notch leads to an increase of maxi-

mum loads compared to smooth tensile specimens. For recrystallized materials (T3R2 and T8R2),

plastic anisotropy keeps the same trends as the smooth tensile tests with L direction being strongest

and D direction is weakest. The ductility of T3 condition materials is much higher than T8 con-

dition materials which is consistent with smooth flat tensile tests. i.e. the NOD of T3 material in

L loading test is 2 times higher than T8 material in the same loading. For both fibrous materials

(T3F6 and T8F6), plastic anisotropy is reduced compared to smooth tensile tests especially in the
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case of the T8 material. There are no difference between L-loading and T-loading tests. For the

ductility, D-loading has always higher NOD than L- and T-loading tests. Test results with different

specimen notch radii are shown in Fig. 3.7 in terms of nominal stress (F/S0) as a function of the

notch opening displacement (NOD). Curves are presented here for the case of T3 fibrous material

in T-loading for the brevity (other test results can be found in appendix 2). NT05 test has a slightly

higher load but a lower ductility than NT1 and NT2 tests. The reduction in ductility owing to higher

stress triaxiality for smaller notch radii is well observed. For other directions and materials, this

effect is also obtained. These tests will be used together with ST12 tests to adjust coefficients of a

set of constitutive equations accounting for plastic anisotropy following [19].
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Figure 3.6: Tensile tests on notched flat specimens (NT2) along L-, T- and D-loadings. F stands for

the load, S0 stands for initial minimum cross section, NOD stands for notch opening displacement.
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Figure 3.7: Tensile tests on notched flat specimens with different radii 0.5, 1 and 2 mm for T3

fibrous material loading in T direction. F stands for the load, S0 stands for initial minimum cross

section, NOD stands for notch opening displacement.

3.3 Strain rate sensitivity

In order to characterize the strain rate sensitivity of tested materials, smooth tensile tests

were first performed at three different strain rates varying from 10−5 to 10−3 s−1 at room tempera-

ture for all materials studied. It is well established that strain rate sensitivity is strongly influenced

by temperature [12, 41, 46, 121], further complementary tests were carried out at a higher temper-

ature. In our case this temperature is set to 393 K (120◦C) which is slightly lower than material’s

artificial ageing temperature (155◦C). The objective is to insure no additional ageing during tests.

For brevity, selected curves will be presented here (other test curves can be found in appendix 2).

3.3.1 Experimental results at room temperature (293 K)

Fig. 3.8 shows the results of tests for both fibrous materials in T3 and T8 conditions

(T3F6 and T8F6). A slightly negative strain rate sensitivity was observed, this usually corresponds

to dynamic strain aging (DSA). The strain rate sensitivity coefficient SRS [2, 13, 46], can be defined
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as:

SRS =
σ2 − σ1

logε̇2 − logε̇1
(3.2)

where, σ1 and σ2 are the flow stresses at 6 % strain at the strain rates ε̇1 = 10−5s−1 and ε̇2 =

10−4s−1, respectively. Table 3.2 gathers the measured SRS coefficient of tested materials along

L-, T- and D-loading direction at room temperature (293 K). All materials present a negative SRS

which is more pronounced for fibrous materials than for recrystallized materials, especially in the

case of T3F6 material.
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Figure 3.8: Tensile stress–strain curves of fibrous materials T3F6 and T8F6 along different loading

directions. True strain ln(∆l/l0)measured by the longitudinal extensometer (initial gage is 22 mm),
curves are cut at maximum loads. (L, T and D directions for T3F6 material, T direction for T8F6

material) under three testing strain rates varying from 5.2 × 10−5 s−1 to 5.2 × 10−3 s−1 at room

temperature (293 K).
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3.3.2 Experimental results at 120◦C (393 K)

Fig. 3.9 shows the experimental results at 393 K for T3 fibrous material in L loading. In

this case, test exhibits a failure without necking and negative strain rate sensitivity at room tem-

perature (see Fig. 3.5 and Fig. 3.8). while at a higher temperature, it is shown that the strain rate

sensitivity become positive and failure with necking.

Material T3R2 T8R2 T3F6 T8F6

L -10.6 -2.4 -9.4 -9.7

T -7.0 -2.3 -19.8 -6.9

D -3.5 — -15.3 -5.1

Table 3.2: Strain rate sensitivity SRS (MPa) for different tested materials along different loading

direction at room temperature (293 K). The data is calculated at 6 % plastic strain.

5.2 × 10−4s−1

5.2 × 10−5s−1

T3F6 - L

True Strain

T
ru

e
S
tr

es
s

(M
P
a
)

0.240.200.160.120.080.040.00

500

450

400

350

300

250

200

393 K

Figure 3.9: Tensile stress–strain curves of fibrous material T3F6 in L loading at 393 K for two

testing strain rates 5.2 × 10−5 s−1 and 5.2 × 10−4 s−1.
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3.3.3 Analysis of DSA effect on necking

A possible explanation of fracture occurring before necking in the case of T3F6 material

L-loading is the presence of a DSA effect together with the strongly anisotropic texture of the ma-

terial. For an uniaxial tensile test subjected to an axial loading F , necking occurs when F reaches

a maximum (∂F/∂l = 0). The maximum loading, at which necking begins, occurs when the slope

of the stress-strain curve satisfies the following condition:

dσ

dε
= σ (3.3)

For a power-law material, which has the relation:

σ = K (1 + εp/ε0)
n

(3.4)

where, K, ε0 and n are material constants. The corresponding strain at the onset of necking is

ε = n− ε0 (Considère law).

σ(393K) = 296(1 +
εp

0.0242 )0.2099

σ(293K) = 324(1 +
εp

0.0301 )0.2697
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Figure 3.10: Experimental tensile stress–strain curve and fitted one at 293 K and 393 K in fibrous

material (T3F6) of L-loading. The testing strain rate is 5.2 × 10−4 s−1.



Chapter 3: Plastic Anisotropic Behaviour 58

Fig. 3.10 shows the experimental tensile stress strain curves and the fitted ones at 293

K and at 393 K. It is shown that at room temperature the fracture strain is around 0.13, which is

considerably below the theoretical value for the onset of necking 0.24 (n − ε0). For the same case

at 393 K, the strain to fracture is 0.20 which is higher than the corresponding value for the necking

0.186. Similar result in a 5xxx aluminium alloy was observed by Kang et al. [53, 52]. However at

room temperature, T- and D-loading tests exhibit a normal fracture feature other than the L-loading,

probably due to the strongly anisotropic texture of material (see cf. section 3.5). The anisotropy of

DSA effect and its interaction with anisotropic texture are, however, beyond the scope of the current

investigation. The main objective of the current investigation is to identify materials anisotropic

behaviour and the relationship between microstructure and fracture mechanisms.

3.4 Thickness effect on smooth and notched specimens

For both 6 mm-thick fibrous materials (T3F6 and T8F6), specimens having a thickness

of 2 mm were prepared by slicing the 6 mm samples into two halves using electrical discharge

machining. Each slice was then machined down on both sides to reduced the thickness to 2 mm as

proposed in [81, 3] to study thickness effect on plasticity and fracture. Mechanical tests are carried

out under the same condition as for 6 mm-thick samples. The testing strain rate is set to 5.2 x 10−4

s−1.

Fig. 3.11 and Fig. 3.12 provide the experimental results of 2 mm-thick smooth tensile and

notched tensile tests in comparison to 6 mm-thick specimens respectively for T3 material and T8

material. For both case of smooth tensile tests (Fig. 3.11a and Fig. 3.12a), reducing the sample

thickness does not modify the plastic behaviour showing that the material does not present a plastic

behaviour gradient; however failure occurs for lower elongation due to a more pronounced sensitiv-

ity to plastic instability. In the case of notched specimens (Fig. 3.11b and Fig. 3.12b), for both T3
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and T8 condition, 2 mm-thick samples have a lower strength and ductility than 6 mm-thick samples

due to a lower stress triaxiality. For T3 condition, the strength difference between L- and T-loading

tests is smaller than the corresponding anisotropy observed in smooth tensile tests. Ductility is lower

for L-loading than for T-loading. In T8 condition, there is no difference between L- and T-loading

in terms of strength. As far as ductility is concerned, L-loading specimens fail always earlier than

T-loading probably due to pre-strain effect produced in the longitudinal direction (2-4 % stretching).
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Figure 3.11: Comparison of 2 mm- and 6 mm-thick samples in the case of smooth tensile tests (a)

and notched tensile tests (b) for T3 fibrous material.
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Figure 3.12: Comparison of 2 mm- and 6 mm-thick samples in the case of smooth tensile tests (a)

and notched tensile tests (b) for T8 fibrous material.
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3.5 Failure mechanisms and strain localisation

3.5.1 Macroscopic failure

Macroscopic fracture surfaces obtained on smooth flat tensile specimens lie in an inclined

plane which can be characterized by two angles φ and θ as schematically shown on Fig. 3.15-a.

Considering a very thin plate under plane stress condition, the theoretical localization angle φ is

given by:

φth =
π

2
− arctan

√

Lk

1 + Lk
(3.5)

where Lk is Lankford coefficient.
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Figure 3.13: Post-test specimens of smooth flat tensile tests along L-, T- and D-loading for 2 mm

thick recrystallized materials.
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Figure 3.14: Post-test specimens of smooth flat tensile tests along L-, T- and D-loading for 6 mm

thick fibrous materials.

Fig. 3.13 and Fig. 3.14 show the macroscopic fracture surface of broken samples along

L-, T- and D-loading directions for recrystallized materials and fibrous materials respectively. For

L-loading, all materials exhibit very similar fracture surfaces which are perpendicular to loading

direction; angle φ is near 90◦. In T-loading, recrystallized materials have similar fracture surface

as corresponding L-loading samples whereas for fibrous materials, more complex fracture surfaces

were observed due to stronger necking (see Fig. 3.14 of medium column). For D-loading, fracture

surface is inclined both in sheet plane and thickness direction.

Observed fracture angles for T8F condition material (2 and 6 mm) are shown on Fig. 3.15-

b. For T and D loading φ is close to the theoretical value whereas it is equal to 90◦ for L loading.

Note that θ is not equal to 90◦. Similar trends are observed for T3-state except in the case of L load-
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ing where θ is significantly lower and equal to 36◦. Necking is also an important factor to consider.

Large necking is obtained for D loading whereas it is less pronounced for L and T loading. Once

again L loading for the T3 state is a special case: necking is not observed. Analysing fracture sur-

face on NT specimens is more difficult. However trends in terms of ductility (i.e. necking) and

fracture angles are consistent with observations made on ST specimens.

φ θ

lo
ad
in
g
di
re
ct
io
n:
L,
T
or
D φ θ φth (T3Fa) φth (T8Fa)

L 90◦ 40–45◦ 50.9◦ 52.0◦

T 54◦ 57–65◦ 58.3◦ 56.3◦

D 57–60◦ 45–50◦ 54.7◦ 55.1◦

a: 2 and 6 mm

(a) (b)

Figure 3.15: (a) Schematic view of the fracture plane angles φ and θ. (b) Observed fracture plane
angles (T8Fa) and comparison with the theoretical value for φ (eq. 3.5).

3.5.2 Fracture mechanisms at the microscopic level

Two main fracture types were observed using scanning electron microscopy (SEM) as

exemplified in Fig. 3.16. The first one (type I) consists in a fibrous fracture surface associated with

friction marks and involving failure at grain boundaries (Fig. 3.16-a, c). The second one (type II)

consists in a classical dimple fracture surface where voids are initiated at iron containing phases.

In the case of the investigated materials this type is always associated with the first one as shown

on Fig. 3.16-b, d. Specimens in which a higher stress triaxiality ratio develops are expected to fail

by pure dimple fracture. Pure type I fracture surface is observed for ST specimens tested along L

and T direction as well as notched flat specimens in the T3 state and tested along the L direction.

In all other cases type II is observed in test specimens. In particular it is present in ST specimens
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tested along the D direction which exhibit significant necking. Notice that for reduced 2 mm-thick

D-loading specimens which exhibit higher strain localisation, both fracture type I and type II can be

observed (see Fig. 3.17).

L-loading D-loading

(a) (b)

(c) (d)

5
0

µ
m

10 µm 5 µm

Figure 3.16: L-loading (a, c) and D-loading (b, d) smooth tensile specimen fracture surface for T3F6

material via SEM observations.
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Figure 3.17: Smooth tensile specimen fracture surface of T8F62 material in D-loading.
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3.6 Modeling of plastic anisotropy

3.6.1 Constitute equations

The material under study presents a complex anisotropic plastic behaviour which cannot

be represented by a simple quadratic yield surface such as the one proposed by Hill [47] which

is unable to satisfactorily describe simultaneously yield anisotropy and Lankford coefficients in all

directions. To overcome this difficulty, the yield condition proposed by Bron and Besson [19] is used

in this work. This phenomenological yield function was developed to represent plastic anisotropy of

aluminium alloy sheets. It is an extension of the functions given in Barlat et al. [11] and Karafillis

and Boyce [54]. Plastic anisotropy is represented by 12 parameters in the form of two fourth order

symmetric tensors. Four other parameters influence the shape of the yield surface uniformly. The

model is based on the definition of an equivalent stress σ function of the stress tensor σ:

σ = (α1σ
a
1 + α2σ

a
2)

1/a (3.6)

with α2 = 1− α1. σ1 and σ2 are respectively given by:

σ1 =

(

1

2

(

|S2
1 − S3

1 |a + |S3
1 − S1

1 |a + |S1
1 − S2

1 |a
)

)1/a

(3.7)

σ2 =

(

3a

2a + 2

(

|S1
2 |a + |S2

2 |a + |S3
2 |a

)

)1/a

(3.8)

where S1
1 , S2

1 and S3
1 (resp. S1

2 , S2
2 and S3

2) are the eigenvalues of a modified stress deviator s1

(resp. s2) defined as: s1 = L1 : σ (resp. s2 = L2 : σ) where the fourth order tensors L1,2 have the
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following form using Voigt notation:

Lk =
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(3.9)

The yield surface is finally expressed as:

Φ = σ −R(p) (3.10)

where R(p) corresponds to the flow stress expressed as a function of the cumulated plastic strain p.

R(p) is expressed as:

R(p) = R0

[

1 +K0p+K1(1− e−k1p) +K2(1− e−k2p)
]

(3.11)

Parameter R0 is set to the normalised yielding stress in rolling direction (L) for each material, K0,

K1, k1, K2 and k2 are all adjusted to fit the smooth and notched tensile tests.

3.6.2 Identification of material parameters

The identification of the various material parameters was performed following the proce-

dure similar to the one proposed by Bron and Besson [19]. In order to identify parameters, tests

carried out on ST specimens (L, T and D-loading) and NT specimens (L, T and D-loading) were

used.

Step I – Optimization of ST tests

The elastic properties Young modulus E is set to 74 GPa and the Poisson’s ratio is 0.3.

This part of the optimization aims at adjusting the plastic hardening parameters (Ki and ki) and the
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anisotropic parameters ck
i . As the yield function is optimized for thin sheets, c5

i and c6
i are taken

equal to 1. The identification is carried out on ST12 tests along L, T and D direction. Measured

Lankford coefficients were also included in the database of adjustment. This optimization step pro-

vides all values of parameters fitted to describe the anisotropy of strength and Lankford coefficients.

Step II – Optimization of ST and NT tests

As reported in the section of mechanical tests, NT specimens with different radii are used

to identify the yield surface for an anisotropic material. This step is to optimize all parameters using

ST and NT tests simulanetously. Added NT specimens are used to adjust the yield surface isotropic

parameters a and α under triaxial stress condition. As 3D calculations of NT tests are much more

costly, NT2 tests along L and T direction are first added to smooth tensile ST tests in the database.

Finally NT1 tests are added to the optimisation database. Final optimized material parameters are

gathered in Table 3.3 (elasticity and hardening) and in Table 3.4 (anisotropic plastic yield surface)

for all materials.
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Material E (GPa) ν R0 (MPa) K0 K1 k1 K2 k2

T3R2 74 0.3 261 3.543 0.087 643 0.293 16.7

T8R2 74 0.3 426 0 0.091 641 0.277 15.9

T3F6 74 0.3 294 0 0.022 187 0.775 10.2

T8F6 74 0.3 475 0 0.093 655 0.292 16.5

Table 3.3: Parameters identified for elastic behaviour and work hardening (Young modulus (in GPa)

is pre-fixed, R0 (in MPa) is set to the yield stress in rolling direction (L) for each material).

Material a α
c1
1 c2

1 c3
1 c4

1 c5
1 c6

1

c1
2 c2

2 c3
2 c4

2 c5
2 c6

2

T3R2 16.1 0.680
1.125 1.149 0.721 0.905 1 1

0.631 0.691 1.386 1.170 1 1

T8R2 13.7 0.700
1.097 1.130 0.811 1.006 1 1

0.693 0.752 1.295 1.055 1 1

T3F6 17.8 0.716
1.186 1.028 0.461 1.129 1 1

0.467 0.666 1.478 1.252 1 1

T8F6 16.9 0.700
1.216 1.195 0.638 1.249 1 1

0.683 0.798 1.512 1.281 1 1

Table 3.4: Parameters describing anisotropic yielding and plastic flow (c5,6
i=1,2 were set a priori to 1

for thin sheets).
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3.6.3 Results of the optimisation

Fig. 3.18 a shows a comparison between simulations and experiments in terms of the

nominal stress F/S0, and reduction of width, ∆W , as a function of elongation for smooth tensile

along L, T and D direction for both recrystallized materials (T3R2 and T8R2). The nominal stress

vs. elongation curves of experiments and simulations agree quite well except for L-loading on the

transition between elastic and plastic zone. This can be explained by the presence of kinematic

hardening together with pre-strainning along the L-direction [73]. This effect has been taken into

account in [73, 101]. As the effect is smaller in our case, simpler isotropic hardening function can

also give a satisfactory result. Fig. 3.18 b gives the simulation results for notched tensile tests in

terms of the nominal stress F/S0 as a function of notch opening displacement (NOD). A good

agreement between experiments and simulations is also obtained.
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Figure 3.18: Comparison of experiments (lines) and simulations (symbols) for recrystallized mate-

rials in the case of smooth tensile tests (a) and notched tensile tests (b).

For strongly anisotropic fibrous materials, the identification results are shown in Fig. 3.19
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and Fig. 3.20, respectively for T3F6 material and T8F6 material. The anisotropic behaviour is well

reproduced by the Bron-Besson yield function. As reported in section 3.4, the sheet thickness has

no influence on the elastic-plastic response for smooth tensile tests, however, has a strong structural

effect on notched tensile tests due to a change in stress triaxiality. So in this part, we can use the

fitted parameters of 6 mm-thick tests to predict reduced 2 mm-thick tests. The prediction results in

comparison with experiments are shown in Fig. 3.19b, and in Fig. 3.20b.
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Figure 3.19: Comparison of experiments (lines) and simulations (symbols) for T3 fibrous materials

in the case of smooth tensile tests (a) and notched tensile tests (b). For clarity curves corresponding

to the T3F62 -NT1 case have been shifted 100 MPa along the vertical axis.

The shape of the yield surface can be represented in a normalised stress plane (σTT/R0,

σLL/R0). Fig. 3.21 gives the difference in yield surface between von Mises criterion and Bron-

Besson yield function. It is shown that material behaviour differs radically from the von Mises yield

surface (solid line). The stress path corresponding to a material point located at the center of the

notch at the free surface (i.e. σTL = 0, σSS = σTS = σSL = 0) is also plotted in this graph.

This shows that NT1 specimens allow to test biaxial stress states which strongly differ from uniaxial

tension. These tests are useful for parameter identification as the yield surface strongly differs from
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Figure 3.20: Comparison of experiments (lines) and simulations (symbols) for T8 fibrous mate-

rials in the case of smooth tensile tests (a) and notched tensile tests (b) [25]. For clarity curves

corresponding to the T8F62 -NT1 case have been shifted 100 MPa along the vertical axis.

the von Mises ytield surfaces in this region.
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Figure 3.21: Normalised Bron-Besson yield surface (dashed line) compared with von Mises cri-

terion (solid line). BB-T8F: Bron-Besson yield surface for fibrous material T8F. R0 is set to the

yield stress in L-direction (σ0
L). NT1 L: path of L–loading notched flat sample NT1, NT1 T: path

of T–loading notched flat sample NT1, yielding in NT1 sample correspond to each loading direction

(L and T).
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3.7 Analysis of strain localisation

3.7.1 Rice’s localisation indicator

In an infinite homogeneous medium, localization is assumed to occur when it becomes

possible to form a strain rate discontinuity in a planar band. This band is characterized by its unit

normal ~n and the displacement jump across the band whose direction is denoted ~g. Note that the

magnitude of the jump remains unknown.

In the case of elastoplastic materials, the incremental constitutive equation can be ex-

pressed as:

σ̇ = L : ε̇ (3.12)

where L is the elastoplastic tangent matrix linking the stress rate σ̇ to the strain rate tensor ε̇. Writing

the continuity of displacements and the stress equilibrium, it can be shown [86, 87] that the jump of

the deformation tensor is expressed as: 1
2 (~g ⊗ ~n + ~n ⊗ ~g) and that the condition for bifurcation is

written in the case of finite strains (assuming a Jauman stress rate in eq. 3.12) as:

∃~n, det(A(~n)) = 0 (3.13)

with A(~n) = ~n.L.~n+R

and 2R = −~n⊗ (~n.σ) + (~n.σ)⊗ ~n+ (~n.σ.~n)1− σ

~g is then the eigenvector of A(~n) +R corresponding to the eigenvalue equal to zero.

Based on the previous localisation condition, a localisation indicator can be defined as:

Il = min
~n

det(A(~n)) (3.14)

This indicator can be used to post-process finite element simulations to detect localized zones corre-

sponding to Il ≤ 0where fracture is likely to occur [15, 16]. The actual localization band orientation

does not always correspond to the orientation given by the analysis (i.e. ~n) which assumes a uniform

stress and strain state in an infinite medium whereas gradients exist in practical applications.
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3.7.2 Plastic model with damage

Material softening is needed to trigger localization. In this work this is achieved by cou-

pling the anisotropic plasticity model with the Gurson-Tvergaard-Needleman (GTN) model [112]

as already done in [20, 104, 73]. The yield surface is now expressed as:

Φ =
σ2

R2
+ 2q1f cosh

(q2

2

σkk

R

)

− 1− q2
1f

2 = 0 (3.15)

where f represents porosity. q1 and q2 are model parameters taken equal to 1.5 and 1. respectively.

As tomography does not evidence initial cavities, the initial value for f was taken equal to 0. On the

other hand, voids can be nucleated on intermetallic phases. It is assumed here that strain controlled

nucleation linearly generates 1% porosity for plastic strains p up to 0.2 ; above this limit nucleation

stops.

Using these simple assumptions fracture of the various specimens cannot be reproduced.

It is therefore assumed that softening by void nucleation and growth will generate zones where strain

localization is possible. Inside these localization bands damage nucleation (e.g. by grain boundary

decohesion or by nucleation on strengthening particles) will lead to rapid fracture.

3.7.3 Results

Finite element simulation of the various specimens was performed using the Zset software

[14, 36]. Meshes were constructed using 20 nodes bricks with reduced integration (8 Gauss points).

Details about the computation procedure can be found in [15]. Symmetries were used to reduce the

problem size. In the following crack paths are predicted by determining zone where Il is negative

(black areas in Fig. 3.22, Fig. 3.23 and Fig. 3.24).

L loading: Fig. 3.22 compares the experimental and simulated macroscopic fracture

paths. A good agreement is found for the T8 condition. In particular the fact that φ = 90◦ is

well reproduced. This is attributed to the low value of the Lankford coefficient (Table 3.1) which
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favors necking along the thickness direction thus leading to almost plane strain state along the T di-

rection. In the case of the T3 condition failure occurs before necking as reported above. Before

necking Il always remain positive so that failure cannot be predicted by the present analysis. A pos-

sible explanation for this anomalous behaviour is the presence of DSA and PLC effect. In addition

PLC effect [72, 100, 99] can be anisotropic thus explaining the difference between L loading and T

or D loading.

T8F∗62

T8F6

L–T plane L–S planeL Loading

Figure 3.22: Experimental and simulated fracture path for L loading.

T loading: Fracture paths are compared on Fig.3.23 showing general good agreement.

The simulation well reproduces the complex crack orientation.

T3F∗62

T3F∗62

T–L plane T–S planeT Loading

Figure 3.23: Experimental and simulated fracture path for T loading.
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D loading: This case is more difficult because the problem has fewer symmetries so that

half of the specimen must be meshed. The through thickness crack path is well reproduced whereas

two different directions are predicted (white dashed lines on Fig. 3.24). One of these directions

corresponds to the fracture orientation.

T8F∗62

T8F∗62

D–D plane D–S planeD Loading

Figure 3.24: Experimental and simulated fracture path for D loading.

The proposed analysis also reproduces the fact that the deformation level required to trig-

ger band localization and fracture is low for L loading, intermediate for T loading and high for

D loading.

3.8 Conclusions

In this chapter plastic and fracture behaviour of four AA2198 sheet materials were in-

vestigated experimentally and numerically. Smooth and notched flat tensile specimens were used

for mechanical tests. For both recrystallized and fibrous materials, T8 state materials have a much

higher strength but lower ductility and hardening capacity than T3 materials. All tested materi-

als present an anisotropic behaviour in terms of stress and deformation with L direction being the

strongest while D direction is the weakest. In the case of both 6 mm-thick fibrous materials (T3F6

and T8F6), the plastic anisotropy is much stronger than in the case of both 2 mm-thick recrystallized
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materials (T3R2 and T8R2).

At the same time, strain rate sensitivity was investigated. At room temperature, a slightly

negative strain rate sensitivity (DSA effect) was observed in all tested materials. This effect becomes

a normal positive effect at a higher temperature (120◦ C) in the tested T3 fibrous material. The

presence of DSA effect may have an influence on the onset of necking. However, associated with

material’s strongly anisotropic texture which has also a strong effect on the strain localisation of

materials. Such an investigation is too complex and is beyond the scope of the current work.

The sheet thickness effect on smooth and notched tensile tests is examined experimentally.

It is shown that reducing sheet thickness does not modify the elastic-plastic behaviour of materials.

Thin sheets keep the same level of strength and anisotropy as thick samples. However reducing

sheet thickness decreases significantly material’s apparent ductility.

The plastic anisotropy of all tested materials can be well represented by the model pro-

posed by Bron and Besson both in terms of strength and Lankford coefficients. The fitted param-

eters on 6 mm-thick fibrous materials can well predict the elastic-plastic behaviour of thinner tests

(2 mm-thick notched samples).

Macroscopic fracture paths as well as microscopic fracture surfaces were investigated.

It is shown that fracture path mainly depends on loading direction and to a lower extend on heat

treatment and sample thickness. At microscopic level, two different fracture types were identified.

One consists in a fibrous fracture surface associated with friction marks and involving failure at

grain boundaries and the second one consists in a classical dimple fracture surface where voids are

initiated at iron containing phases.

A localization indicator based on Rice’s bifurcation analysis is used to predict and inter-

pret experimental fracture paths. The analysis shows that failure of smooth flat specimens is essen-

tially governed by anisotropic plasticity which accounts for the differences observed for L- and T-

or D- loading. The analysis also indicates that this failure mechanism does not control failure for
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L-loading in the T3 fibrous material where necking is not observed.

The database collected in this part will be used for the analysis of ductile tearing behaviour

of materials and the simulation of ductile tearing in the following chapters.

3.9 Résumé

Le chapitre 3 est consacré à l’étude expérimentale du comportement anisotrope plas-

tique des quatre matériaux étudiés (deux nuances R2 et F6, et deux traitements thermiques T3

et T8). Les propriétés mécaniques anisotropes des matériaux sont liées au processus de laminage

des tôles minces. La caractérisation de cette anisotropie est essentielle pour l’étude de ces tôles.

Dans ce chapitre, nous présentons les éprouvettes utilisées pour les essais mécaniques, la procédure

d’expérimental, les conditions d’essais et les résultats expérimentaux. La sensitivité de la vitesse de

déformation a également été étudiée. Enfin, l’effet d’épaisseur sur la plasticité et l’endommagement

a été aussi examiné dans cette partie. Les essais mécaniques sont effectués sur les éprouvettes lisses

(ST) et entaillées (NT) selon différentes directions de prélèvement dans le plan de tôle. Les résultats

montrent que la direction longitudinale L est la plus dure et la direction diagonale D est la plus

molle. Cette anisotropie est plus marquée pour les tôles fibrées que pour les tôles recristallisées.

Pour les éprouvettes entaillées, on constate que plus l’entaille est aiguë, plus la charge augmente,

plus la ductilité diminue. Les essais de traction lisse à différentes vitesses, réalisés pour caractériser

l’effet de vitesse en température ambiante et à 120◦C , montrent qu’un léger effet de sensibilité

négative à la vitesse (manifestation du vieillissement dynamique de l’effet Portevin-LeChatelier

(PLC)) est observé dans tous les matériaux à température ambiante. Dans la deuxième partie de

ce chapitre, les mécanismes de rupture des éprouvettes ST et NT ont été examinés via des obser-

vations métallographiques sur les coupes d’éprouvettes dans la direction d’épaisseur. L’orientation

des faciès de rupture dépend non seulement du matériau testé mais également de la direction de trac-
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tion. Le microscope électronique à balayage (MEB) a été utilisé pour l’étude fractographique de la

rupture. La troisième partie est consacrée à l’identification numérique de l‘anisotropie plastique des

matériaux. Le critère d‘anisotropie, développé par Bron et Besson (2004), permet de représenter

de manière remarquable le comportement plastique de tous les matériaux pour les tôles utilisées.

Enfin, un indicateur de localisation de déformation d‘après l‘analyse de Rice (1976, 1980) a été

utilisé pour prédire l’orientation des plans de rupture à l‘aide de la méthode des éléments finis.



Chapter 4

Ductile Tearing

4.1 Introduction

Airplane designers estimate the fracture resistance of fuselage skin thin sheets using duc-

tile crack growth resistance tests. Large center-crack tension panels M(T) are usually used to obtain

a stable crack propagation under Small Scale Yielding (SSY) condition. This is a standard R-curve

test used by aircraft manufacturer to qualify aluminium alloys [4]. However, in some conditions

this test could possibly be replaced by small sized Kahn tear test specimens proposed by ASTM

[5]. It also allows a stable crack propagation but under Large Scale Yielding (LSY) conditions.

The transferability from Kahn specimens to M(T) panels has been studied in detail by several au-

thors; Bron et al. in [21] on AA2024 materials showing that both small Kahn samples and large

M(T) panels have similar failure mechanisms. The transferability was checked using an extension

of the Rousselier model [91]. In the study of Morgeneyer et al. [73] on an AA2139 aluminium

alloys, Gurson-Needleman-Tvergaard type damage model was used to fit model parameters by us-

ing microstructural and deformation data and crack extension on small Kahn test samples. Re-

cently Pirondi and Fersini [82] used the crack tip opening angle (CTOA) criterion to simulate large

M(T) tests. The transferability from Kahn tests to M(T) panels was examined in both cases. The

81
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use of small Kahn specimens rather than large center-cracked panels M(T) significantly decreases

the required amount of material as well as the time cost.

In this part, the results of tests on different kinds of tearing samples, small sized Kahn tear

specimens, mixed-mode loading Arcan samples and large panels M(T) , are given. Most ductile

tear tests in this work have been carried out using Kahn specimens. The experimental results will

be shown and compared on different materials along different loading conditions. Thickness effect

on material’s fracture toughness are investigated via Kahn tear samples on both fibrous materials

(T3F6 and T8F6). The macroscopic fracture surfaces are characterized using polish cross sections

of broken samples. Scanning electron microscopy was used to analyse fracture mechanisms at

microscopic level. X-ray tomography scanning including gallium wetting of arrested cracks in

Kahn tear samples are also conducted.

4.2 Mechanical testing conditions and testing specimens

The ductile tear experiments are performed by using three kinds of tearing specimens,

small sized Kahn specimens, mixed-mode loading Arcan specimens and large panels M(T) (see

Fig. 4.1 for geometrical parameters).

In this work, the small Kahn tear samples [5] are the main tear tests carried out. The test-

ing conditions are similar as in [19]. Kahn tear samples are made by electrical-discharge machining

and not precracked. The radius of the notch root is less than 60 µm. The test consists of tearing

the specimen with two pins. The cross head speed is 0.1 mm/min. In order to measure the crack

growth rate, two techniques are used in this work. The first one is the classical method as described

in the work of Bron [18], straight lines parallel to the loading direction are drawn each millimeter

from the notch root to enable crack length measurements on pictures taken with a fixed digital cam-

era. The second is based on Digital Image Correlation (DIC) techniques. In this work, predefined
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1
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Kahn Arcan M(T)

Figure 4.1: Specimen geometries of Kahn samples [5], Arcan samples [89] and M(T) samples [4]

(all dimensions in mm).

markers were made to measure crack growth rate and the local displacement in the vicinity of the

V-notch using the first method, the measured crack growth rate is relative to the initial geometry.

The crack growth rate measured on the initial geometry is very close to the results measured on the

deformed geometry [21] as deformation along the crack growth direction is very small. The setup

of a Kahn specimen with the classical measurement technique of crack growth is shown in Fig. 4.2

a.

The tear properties of aluminium alloy sheets usually depend on the specimen orientation

and the direction in which the force is applied relative to the grain orientation in the specimen. The

specimen orientation and loading direction is identified by the following two letter code system:

the first letter designates the direction of loading, while the second letter designates the direction of

crack propagation. For both 2 mm thick recrystallized materials (T3R2 and T8R2), Kahn tear tests

are carried out in L-T (loading in L direction, crack growth in T direction) and T–L (loading in T

direction, crack growth in L direction) loading configurations. For both fibrous materials (T3F6 and
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(a) (b)

Figure 4.2: (a) Setup of Kahn tear test (b) setup of mode I loading Arcan tear test, the crack growth

is recorded by digital camera.

T8F6), additional D–D loading samples are also tested. The definition of different Kahn loading

directions can be seen in Fig. 4.3. Notice that D–D loading sample is not symmetric with respect to

the crack extension direction.

The Arcan specimens with mixed mode loading device were first developed by Richard

[89]. Arcan samples were used to study the material’s fracture behaviour under mixed-mode load-

ing. Note that even for pure mode I macroscopic loading, local mixed-mode (I+III modes) can be

observed in the case of slant fracture for thin sheet metals. The reason why slant fracture occurs

is still not well understood. Several experimental studies [125, 83] introduced an external shear

loading (mixed-mode loading) to modify the local state of stress triaxiality to promote one mech-

anism over another (internal necking and void sheet). The purpose of those tests is to shed some

light on the ductile mixed-mode fracture process, its underlying mechanics and influence on crack

extension path. Detail investigation of mixed-mode ductile fracture has been done on an AA2024

thin alloy by Madi et al. [64]. In the present study, mixed-mode tests were performed only on
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Figure 4.3: Kahn tear testing configurations (a) L-T loading (b) T-L loading and (c) D-D loading

(L: rolling direction, T: long–transverse direction and D: diagonal direction in sheet plane).

fibrous material with T8 condition (T8F6) which exhibits unstable crack propagation on small sized

Kahn samples. 2 mm thin recrystallized materials were not tested due to problem of buckling on

mixed mode loading using the current device (Fig. 4.2 b). Arcan specimens are tested using two

loading direction (L-T and T-L, same signification as Kahn sample) and three loading angles 90◦,

60◦ and 30◦ with respect to the initial crack axis as defined in Fig. 4.4. The case of 90◦ loading

corresponds to the pure mode I test as Kahn tear tests. However their boundary condition is not

the same (see Fig. 4.2 b). Kahn tear test specimens are loaded in bending while Arcan tear tests

are loaded in tension. As shown in Fig. 4.4, the smaller loading angle is the closer is to pure shear

loading (mode II). Fig. 4.5 shows the setup of an Arcan test in 30◦ loading angle during the tests

(with Digital Image Correlation).

M(T) tests (R-curve) are carried out in both L–T and T–L loading configurations on both

high strength artificially aged materials (T8R2 and T8F6). M(T) tests were not conducted on two

naturally aged materials (T3R2 and T3F6, medium strength), because heat treated materials (T8R2
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Figure 4.4: Arcan tear tests loading angles Arcan-90◦ (a) Arcan-60◦ (b) Arcan-30◦ (c).

and T8F6) are only ones used for industrial applications due to their high σy/E ratio. The mechan-

ical tests were performed at Alcan CRV research center, a displacement gage is used to measure the

crack-opening displacement across the crack mouth. The initial gage length is 60 mm. A 1000 kN

load cell is used and the cross head speed is 0.1 mm/min. Due to the limited load capacity of the

testing machine (maximum load is 1000 kN), the original 6 mm-thick fibrous sheets were machined

down to 5 mm thick panels for M(T) tests for both L-T and T-L testing.

4.3 Experimental results and analysis

4.3.1 Kahn tear tests

Recrystallized materials: Fig. 4.6 displays the results of the Kahn tear tests in terms of

nominal stress (loading force F divided by the initial ligament area S0) as a function of the crack

mouth opening displacement (CMOD) in L-T and T-L testing orientations for the T3R2 and T8R2

materials. For the T3R2 material (Fig. 4.6a), T-L tests have same level of nominal stress as L-T

tests up to maximum loads (indicating similar initiation toughness). However in the propagation
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Figure 4.5: Setup of an Arcan mixed-mode loading specimen with Digital Image Correlation (DIC)

device.

region L-T sample is tougher than T-L loading sample. The unit initiation energy (UIE, defined

as the integral
∫

F
S0
dδ [34], where dδ is the pin displacement, taken from the start of the test to

maximum load, see Fig. 4.6a) was measured. The measured UIE for all studied materials is shown

in Table 4.1. For T3R2 material the L-T and T-L samples have very similar UIE. In the case of

T8R material (Fig. 4.6b), the nominal stress is very similar for both testing orientations up to the

maximum load of the T-L sample. The maximum load of the L-T sample is slightly higher than T-L

sample, whereas results in the UIE is 40 % higher than for the T-L loading. In the crack propagation

region, similar trends are observed as in T3R2 material: L-T loading sample is tougher than T-L

loading test. Notice that with Kahn samples both recrystallized materials can obtain a stable crack

propagation along both L-T and T-L loading. The crack growth paths and validity of tests are shown

in Table 4.2. Stable crack propagation means that the crack is only growing when the applied dis-
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placement is increased and crack propagation can be stopped when the displacement is kept constant

or decreases. The specimen is in a stable condition. By contrast, unstable crack propagation means

that the crack grows without displacement increase. The specimen is in a unstable condition. If it is

not arrested after some propagation it will cause the catastrophic failure of the specimen.
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Figure 4.6: Experiments on Kahn tear tests in the case of T3R2 material (a) and T8R2 (b), nominal

stress (F/S0) as a function of the crack mouth opening displacement (CMOD).

Fibrous materials: Fig. 4.7 shows the experimental results of Kahn tear tests in the case

of both fibrous materials (T3F6 and T8F6). For the T3 material, before the crack initiation, L-T

configuration loads are slightly higher than in T-L configurations which is consistent with the results

of smooth tensile tests whereas this difference is clearly lower than the corresponding anisotropy

measured for the smooth tensile tests. Stable and straight crack extension is observed in T-L loading

test. For L-T loading, the crack extension is stable but presents a strong bifurcation. In the crack

propagation region, the difference between L-T and T-L samples is not significant; both loading

directions have very similar toughness. T-L sample reached at slightly increased pin displacement

(dδ), the UIE is only 5 % higher for T-L loading than for L-T loading. In the case of T8 condition



Chapter 4: Ductile Tearing 89

Kahn T-L exp.
Kahn L-T exp.

T3F6

CMOD (mm)

F
/S

0
(M

P
a)

76543210

240

200

160

120

80

40

0

Kahn T-L exp.
Kahn L-T exp.

T8F6

CMOD (mm)

F
/S

0
(M

P
a)

76543210

240

200

160

120

80

40

0

(a) (b)

Figure 4.7: Experiments on Kahn tear tests in the case of T3F6 material (a) and T8F6 (b), nominal

stress (F/S0) as a function of the crack mouth opening displacement (CMOD).

fibrous material (Fig. 4.7b), in the crack initiation region, similar trend is observed as in T3 condition

material except that the anisotropy is smaller, it is also consistent with the corresponding results of

notched tensile tests in terms of loads. However, the crack extension is unstable in both L-T and

T-L loading configurations, pop-ins and very strong crack bifurcation were observed during tests.

The tests are less reproducible than for T3F6 material; deviation is observed in L-T and T-L tests.

According to the ASTM B871 standard [5] tests with strong crack bifurcation are not valid. The

validity of tests is shown in Table 4.2. The crack path morphology of all tested materials and

loading configurations can be seen in Fig. 4.10. In order to investigate the crack bifurcation and

delamination problem, complementary tests are carried out on thinner samples for T8F6 material.

The experimental results will be shown and analysed in section 4.4.

4.3.2 Arcan testing

Fig. 4.8 shows the Arcan tear testing results of T8F6 material for 90
◦ loading (Fig. 4.8a)

and 60◦ loading (Fig. 4.8b), respectively. For 90◦ loading (Mode I), in the crack initiation region,
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Material T3R2 T8R2 T3F62 T3F6 T8F62 T8F63 T8F64 T8F6

t (mm) 2 2 2 6 2 3 4 6

L–T (N/mm) 166 116 195 320 124 139 153 175

T–L (N/mm) 165 83 180 337 134 ——– ——– 177

Table 4.1: Unit initiation energy (UIE) (N/mm) of Kahn tear tests for recrystallized materials and

fibrous materials with different specimen thicknesses and loading orientations (L–T and T–L).

a similar trend is observed as for corresponding Kahn tear tests: in the propagation region, L–T

loading samples are clearly tougher than T–L loading. However, the crack extension is still unstable

especially in the case of T–L configuration loading, where an abrupt crack progression of several mm

took place. However, the crack bifurcation is less pronounced than for L-T loading. Fig. 4.8b is

for 60◦ loading (mode I+II) tests. The maximum load of both directions (L–T and T–L) is higher

than 90◦ loading samples. There are no significant difference in the initiation region whereas in the

crack propagation region, similar results are obtained as in Arcan 90◦ T-L loading tests. Specimen

fails after a small crack extension length. The combination of tensile stress with shear stress which

promotes the void sheet formation [37, 7] results in an abrupt failure of specimen. For 30◦ loading

specimens, the crack initiates at the loading holes of specimen, due to a strong shear force, the

sample are deformed strongly along loading direction in the head sections. Testing results cannot

be used. The experimental results are not presented here.

In order to examine the initial crack tip effect on tear properties of the material, several

Arcan specimens were precracked by fatigue (fatigue crack length a0 ≈ 8mm). Tests are performed

along T–L configuration for which unstable crack extension was observed during Kahn tests and

initially un-precracked Arcan tests. The testing conditions (tension loading) and the radius of initial

crack tip is much more similar to M(T) test. For un-precracked Kahn specimens, initial crack tip

radius is much larger and exhibits a lower stress triaxiality and larger disturbed plastic zone than
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Material T3R2 T8R2 T3F62 T3F6 T8F62 T8F63 T8F64 T8F6

t (mm) 2 2 2 6 2 3 4 6

validity (L–T) valid valid valid strong deviation valid slight deviation strong deviation not valid

pop-ins (L–T) no pop-ins pop-ins no pop-ins no pop-ins pop-ins pop-ins pop-ins pop-ins

validity (T–L) valid valid valid slight deviation zig-zag crack ———- ——— not valid

pop-ins (T–L) no pop-ins pop-ins no pop-ins no pop-ins pop-ins ———- ——— pop-ins

Table 4.2: Validity of Kahn tear tests and presence of pop-ins during tests.
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Figure 4.8: Arcan tests for 90◦ loading (a), and 60◦ loading samples (b), nominal stress (F/S0) as

a function of the crack mouth opening displacement (CMOD).

precracked M(T) specimens. It is important to note that Kahn tear test is under large scale yielding,

M(T) test is under small scale yielding while initially precracked Arcan tear test is between the two

cases. Consequently, it can lead to a different ductile tearing behaviour. The experimental results of

precracked Arcan tests are shown in Fig. 4.9. A stable near straight crack extension was obtained by

this type test. All crack path morphologies of Arcan tests can be found in Fig. 4.11 and Fig. 4.12.

4.3.3 M(T) testing

Fig. 4.13 displays the load-opening curves on M(T) samples for both artificially aged

materials (T8R2 and T8F65
1). A slight toughness anisotropy can be identified for the recrystallized

material (see Fig. 4.13a) which is consistent with the trends observed in corresponding Kahn tear

tests. The maximum load of the L-T sample is∼15 % higher than for the T-L sample which is higher

than the corresponding anisotropy measured for the Kahn tear tests (5 % see Fig. 4.6b). However,

for the fibrous material (see Fig. 4.13b), the toughness difference between both loading directions

16 mm thick sheet reduced to 5 mm due to limited load capacity of the testing machine
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Figure 4.9: Arcan test for 90◦ loading (mode I) after 8 mm fatigue precracking, nominal stress

(F/S0) as a function of the crack mouth opening displacement (CMOD).

is not significant, which is consistent with the global trends observed on corresponding Kahn tear

tests (see Fig. 4.7b). There are no M(T) tests for naturally aged materials (T3R2 and T3F6), because

the industrial applications of this alloy require high strength so that artificial aging is needed.

4.4 Thickness effect on fracture toughness

In the case of Kahn tear tests on both fibrous materials (T3F6 and T8F6) which exhibit

strong crack bifurcation during mechanical tests, especially in the case of the T8F6 material, unsta-

ble crack extension was observed. The recrystallized material (both T3 and T8 conditions) exhibits

stable and straight crack propagation. The main difference between both materials is the sheet

thickness. In order to investigate the effect of thickness on the stability of crack growth and fracture

toughness in the case of the fibrous material, specimens having a thickness of 2 mm were prepared

by slicing the 6 mm samples into two 2 mm samples. For artificially aged T8F6 material, several

additional specimens with a thickness of 3 and 4 mm are also tested along the L-T direction to ex-
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Figure 4.10: Schematic view of crack extension path for Kahn tear as function of material, loading configuration and thickness (dashed line

represents the crack path profile in another side surface).
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Figure 4.11: Schematic view of crack extension path for Arcan-90◦ tear tests (dashed line represents the crack path profile in another side

surface).
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Figure 4.12: Schematic view of crack extension path for Arcan-60◦ tear tests (dashed line represents the crack path profile in another side

surface).
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Figure 4.13: M(T) test results for two artificially aged materials T8R2 (a), and T8F (b), nominal

stress (F/S0) as a function of the crack mouth opening displacement (CMOD).

amine the delamination problem. All those mechanical tests are carried out under the same testing

condition as original 6 mm thick samples.

Fig. 4.14 shows the nominal stress (F/S0) as a function of crack tip mouth opening dis-

placement (CMOD) in both L–T and T–L loading directions for T3 and T8 conditions of fibrous

materials (T3Ft and T8Ft). For both conditions, the peak nominal stresses and the CMOD at peak

load of 6 mm thick samples are higher than for 2 mm thick samples. This can be explained by the

stress triaxiality which increases with increasing specimen thickness. Thicker specimens can sup-

port a higher load. The CMOD at peak load can be viewed as the ”deformation to crack initiation”

of Kahn specimens, which increases with increasing specimen thickness. This is consistent with

results of notched tensile tests in terms of ductility. However, increasing the sheet thickness over a

certain limit can become deleterious, as the stress triaxiality increases causing rapid damage growth.

This point has been proven by Rivalin et al. [90] in a pipeline-steel and Asserin Lebert et al. [3] in

6065 aluminium sheets.

For T3 condition (see Fig. 4.14a), in the crack initiation region, both 2 mm and 6 mm tests
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Figure 4.14: Experiments on Kahn tear tests in the case of T3Ft material (a) and T8Ft material (b),

nominal stress (F/S0) as a function of the crack mouth opening displacement (CMOD).

keep similar anisotropy (L-T loading achieves higher loads than T-L loading up to maximum load)

as in smooth and notched tensile tests. However, the maximum load of the 6 mm thick L-T sample is

∼12 % higher than for 2 mm thick specimens tested along the same loading orientation. The crack

initiation CMOD of 6 mm samples can be ∼60 % higher than that of 2 mm samples. Consequently,

the UIE of 6 mm thick L-T loaded sample is ∼64 % higher than for the corresponding loading

direction of 2 mm thick samples and ∼87 % higher for T-L loaded samples (see Table 4.1 for UIE

values). In the propagation region of 2 mm-thick Kahn specimens, T-L loaded specimens have a

higher toughness than L-T loaded specimens. This is not consistent with original 6 mm tests (L-T

loadings have similar level toughness as T-L loadings). The main reason for this result is the zig-zag

crack extension path produced in T-L loading tests (see Fig. 4.10 crack path morphologies). The

origin of zig-zag cracking is probably due to the strongly anisotropic texture of fibrous material, and

needs further work. In general L-T loaded specimens exhibit a stronger crack deviation than T-L

loaded samples (see also in Fig. 4.10 for crack path morphologhies).

In the case of T8 condition materials (see Fig. 4.14b), in the crack initiation region, as
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observed in notched tensile tests, there are no significant differences between both loading orien-

tations for each thickness. However, in the crack propagation region, the 2 mm thick L-T loading

sample exhibits a more straight crack growth path than the 6 mm thick sample along the same load-

ing configuration. This means that the thickness has a strong influence on crack extension path

morphology. In T-L loading of 2 mm thick tests, as illustrated in T3 condition material (Fig. 4.14a),

zig-zag crack path was observed during tests which also result in a higher toughness for T-L loaded

specimens than L-T loaded specimens.

Complementary tests carried out on 3 and 4 mm thick Kahn samples in L-T loading for

the T8F6 material are shown in Fig. 4.15. Test results are compared with 2 and 6 mm thick speci-

mens: the thicker the samples the higher the normalized stress and the larger crack mouth opening

displacement (CMOD). This trend is also followed by 3 and 4 mm thick specimen tests. The ini-

tiation toughness of UIE also increases with specimen thickness (see Table 4.1). The crack path

morphology changes with thickness of specimens. In thick specimens constraint varies through the

specimen thickness, and the conditions vary with the magnitude of the thickness. Different thick

specimens exhibit different out-of-plane constraint which, in addition, varies along the thickness

direction. Variable constraint across the thickness has conseqences for the behaviour of the crack

extension and failure mechanisms. Comparison of crack-path morphologies along different loading

directions with different materials and thicknesses can be seen in detail in Fig. 4.10.

4.5 Analysis of R-curve

R-curves characterize the resistance to fracture of materials during incremental slow-

stable crack extension and results from growth of the plastic zone as the crack extends from initial

pre-crack. They provide a record of the toughness development as a crack is driven stably under
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Figure 4.15: Experiments on Kahn tear tests in the case of T8F material L-T loading with different

specimen thicknesses, nominal stress (F/S0) as a function of the crack mouth opening displacement

(CMOD).

increasing applied K (stress intensity factor). They are dependent upon specimen thickness, tem-

perature, and strain rate [4]. The fracture resistance curve (R-curve) is a function of the crack tip

loading in terms of K, Keff or elastic-plastic parameters of stable crack extension ∆a0 (Krafft et al.

[58]):

Keff =
P

2WB

√

πaeff

cos(πaeff/W )
(4.1)

where P is the recorded load, aeff the effective half-crack length, W is the half specimen width and

B specimen thickness. The effective crack length aeff , is the total physical crack length plus Irwin’s

correction [50] of plastic zone, rY:

aeff = a+
1

2π

(

K

σY

)2

(4.2)

The physical crack length a is determined by an analytical formula from the measured
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θ
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Specimen Thickness (mm) 2 3 4 6
Slant angle (θ) 41◦ 36◦ 41◦∗ 31◦
∗ V slant fracture surface
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Figure 4.16: Variation of slant angle θ with specimen thickness

compliance of the specimen as follows:
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(4.3)

(valid for 0.2 < 2a
W < 0.8; Y

W ≤ 0.5) where v is the center-opening displacement at center hole, P

the load, E is the Young’s modulus, 2Y =60 mm is total span of gage, a is the half-crack length and

µ is the Poisson’s ratio.

Fig. 4.17a shows the R-curve for T8R2 material in terms of effective stress-intensity fac-

tor Keff , as a function of effective crack length (∆aeff ) in both L-T and T-L loading orientations. It

is shown that there are no difference between L-T and T-L loading up to crack initiation. However,

in the crack propagation phrase, L-T loaded specimens exhibit a higher toughness than T-L loaded

specimens. It is consistent with test results on small sized Kahn specimens. For 6 mm-thick T8

fibrous T8F6, M(T) tests are performed on reduced 5 mm thick panels (due to the limited capac-

ity of the testing machine). The corresponding R-curve is shown in Fig. 4.17b, both L-T and T-L

loaded panels fail at a length of effective crack about 60 mm which is shorter than recrystallized

material (80–90 mm). Notice that the crack of T-L loaded specimens initiates at the same applied
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stress intensity factor (Keff ) as L-T loaded panels. In the stable crack propagation regions, there are

no significant difference between L-T and T-L loadings.
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Figure 4.17: R-curve for AA2198 T8R2 material (a), and AA2198 T8F65 material (b).

4.6 Fracture mechanisms

4.6.1 Macroscopic fracture surface

Ductile thin sheet metals generally exhibit slant fracture surface as shown by various stud-

ies of pipeline-steel and aluminium sheets [70, 69, 65, 59, 106]. However, the slant angle of frac-

ture surface can change with specimen thickness [66, 9] and material microstructure. In this part,

macroscopic fracture surface orientation and crack-path morphologies were first examined on cross

sections of broken Kahn tear specimens. These cross sections are obtained by cutting through the

sample thickness direction in the crack propagation regions of Kahn specimens. Fracture surfaces

can be characterized by the angle θ between the normal to the fracture surface and the loading direc-
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tion (see Fig. 4.18a for definition of angle θ). Fig. 4.18 gives the images of through-thickness cross

sections in various tested materials for T-L loading. It is shown that both 2 mm-thick recrystallized

materials have very similar fracture angles, the θ equals to ∼49◦ for T3R2 material while to ∼47◦

for T8R2 material which is close to the 45◦ shear mode fracture for very thin sheet. For the two

6 mm-thick fibrous materials, it is difficult to obtain a precise value representing for θ as θ changes

along the thickness direction. In the mid-thickness, θ equals ∼30◦ for T3F6 material and ∼32◦ for

T8F6 material. Similar observations have been made on specimens of different thicknesses (see

Fig. 4.19). It can be seen that θ changes with specimens thickness, here we take the case of the T8

fibrous material tested along L-T loading as an example. From 2 mm to 6 mm the fracture surface

keeps in slant form in the propagation regions, with an exception of the 4 mm thick specimen which

develops a V-slant fracture surface (see Fig. 4.19 (c)). For 2 mm thick Kahn samples, θ is ≈ 41◦

which is close to low triaxiality fracture (θ ≈ 45◦) as for 2 mm-thick recrystallized materials. This

angle decreases with increasing specimen thickness, except for the case of 4 mm thick specimen

which fails via a V-slant fracture mode.

Macroscopic delamination cracking was observed on 6 mm-thick T8 fibrous of Kahn tests

loaded in L-T orientation (see Fig. 4.20). The occurrence of delamination cracks in second genera-

tion of thick plate Al-Li alloys (2090, 8090, 8091, 2091) has been demonstrated through experimen-

tal studies by Rao et al. [117] in 1990s and recently by Kalyanam et al. [51] on a third generation

AA2099-T87 alloy. This phenomenon is well known for thick Al-Li alloy plates and high strength

7xxx Al-Zn alloys. This is a possible explanation for the lower fracture toughness along the short

transverse direction (S). In the present case, delamination is not observed when the specimen thick-

ness is reduced to 4 mm and less (3 mm and 2 mm). It can be explained as the stress triaxialiy

which is higher for thick components. Consequently, a higher through-thickness stress is produced

in thicker specimens. Another important reason is the presence of inter-granular precipitation and

inclusions in T8 condition materials (cf. chapter 2, section 2.3.3.). This can result in an embrit-
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tlement of grain boundaries causing grain boundary decohesion. Notice that 6 mm-thick naturally

aged materials do not appear to suffer from macroscopic delamination.

2 mm 2 mm 6 mm 6 mm

T3R2 T8R2

T3F6 T8F6

θ = 49◦ θ = 47◦ θ∗ = 30◦ θ∗ = 32◦

(a) (b) (c) (d)

T

S

T-L loading

θ
n

Figure 4.18: Through-thickness cross sections in propagation regions of Kahn specimens tested

along T-L orientation for all materials studied (∗: θ taken at mid-thickness of cut section). Crack-

growth direction is given by the outward normal to the plane of the paper.
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Figure 4.19: Through-thickness cross sections in propagation regions of different thickness Kahn

specimens tested along L-T orientation for T8 fibrous material (∗: θ is the average value of angle

taken over thickness). Crack-growth direction is given by the outward normal to the plane of the

paper.

6 mm

flat slant delamination

S

T

Figure 4.20: Macroscopic fracture surface of T8 fibrous (T8F6) Kahn specimens tested along L-T

orientation.
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4.6.2 Fractography via SEM

The fractographic examinations at microscopic level are carried out mainly on Kahn and

M(T) broken samples using a Zeiss DSM982 microscope. The typical macroscopic fracture sur-

faces of Kahn and M(T) tear specimens are shown in Fig. 4.21. The crack begins with a small flat

triangular zone perpendicular to the loading direction, followed by a transition to a slant fracture

surface in crack propagation region. This phenomenon has also been seen in previous studies of

other aluminium alloys by Bron on AA2024 alloy [18] and Morgeneyer on AA2139 alloy [73]. It

is well established that flat-to-slant transition is consistent with the evolution of the triaxial con-

straint conditions [56]: in the triangular region, high stress triaxiality is encountered during crack

initiation, while increasing plastic zone size as the crack propagates lead to a loss of constraint and

hence to a decreased triaxiality (see Ref. [21]). The observation by scanning electron microscopy

are conducted at these two different locations on fracture surfaces of different materials, loading

directions and specimen thicknesses.

Kahn M(T)

slant fracture

slant fracture + deviation flat fracture

Figure 4.21: Typical fracture surface of Kahn and M(T) tear test samples.
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Effect of the loading direction:

Selected fractographs are shown in Fig. 4.22–4.25 to illustrate the trends in fracture modes

observed as a function of orientation, material and specimen thickness. Fig. 4.22 shows the case

of T3 recrystallized material (T3R2) for Kahn specimens tested along L-T (Fig. 4.22 left) and T-L

(Fig. 4.22 right) directions.

20 µm 20 µm

20 µm 20 µm

 

2 mm

 

T3R2–Kahn L–T T3R2–Kahn T–L

S

T/L

Figure 4.22: SEM micrography of T3 recrystallized material (T3R2) of Kahn specimens at flat and

slanted regions. The left column refers to L–T loaded samples and the right one to T–L loaded

samples.

No significant difference can be observed between L-T and T-L loading specimens. How-

ever, for each loading, two different failure mechanisms can be identified: in the flat triangular
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region, coarse voiding can be seen; void growth is the controlling damage mechanism. Ductile

failure by internal necking initiated at large intermetallic particles can clearly be observed on the

fracture surfaces. In the slant region, a nearly smooth surface can be seen; void growth is very lim-

ited and very small secondary dimples are observed at a higher magnification. These observations

are similar to those on smooth tensile specimens.

Kahn vs. M(T):

Comparisons of fracture surfaces at microscopic scale between small sized Kahn speci-

mens and large panels M(T) specimens are shown in Fig. 4.23 for the 2 mm-thick T8 recrystallized

material (T8R2) and in Fig. 4.24 for the T8 fibrous material (T8Ft)
2. Same microscopic fracture

surfaces are observed on both Kahn and M(T) specimens; void growth domiant fracture in flat tri-

angular region. While in the slant region, inter-granular fracture was observed. The predominant

fracture mode may be the grain boundary decohesion. For T8 fibrous material in Fig. 4.24, in the

flat region, the large dimples are typically associated with void initiation at particle clusters.

Effect of thickness:

Thickness effect on fracture surfaces are examined on the original 6 mm-thick Kahn spec-

imens and the reduced 2 mm-thick Kahn specimens. The comparison of fracture surfaces is shown

in Fig. 4.25 in the case of the T3 fibrous material (T3Ft). For both thicknesses in the flat triangular

regions, dimple fracture surfaces can be identified whereas at a higher magnification, the appear-

ance of the 2 mm-thick specimen and the 6 mm-thick specimens are different. The dimples are

much smaller for 2 mm specimens than for 6 mm thick specimens. It is consistent with the evolu-

tion of stress triaxiality, which is lower in 2 mm-thick specimen causing a slower void growth than

in 6 mm-thick specimens. Rice and Tracey of void growth model [88] has proved this point numeri-

26 mm-thick for Kahn specimens and 5 mm-thick for M(T) panels
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Figure 4.23: SEM micrography of T8 recrystallized material (T8R2) of Kahn and M(T) specimens

tested in T-L orientation at flat and slanted regions. The left column refers to Kahn sample and the

right one to M(T) sample.

cally and experimentally. In the slant region for both thicknesses, apparent smooth shear areas were

observed on all fracture surfaces as shown in Fig. 4.25. Grain boundary decohesion with friction

marks is the predominant fracture mode in this region.
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Figure 4.24: SEM micrography of T8 fibrous material of Kahn and M(T) specimens tested in T-L

orientation at flat and slanted regions. The left column refers to Kahn sample and the right one to

M(T) sample (∗ sample thickness is 5 mm for M(T) specimens).
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Figure 4.25: SEM micrography of T3 fibrous material 2 mm and 6 mm thick Kahn specimens at flat

and slanted regions. The left column refers to 2 mm thick Kahn sample and the right one to 6 mm

thick Kahn sample.
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4.6.3 X-ray tomography

X-ray micro-tomography is a very attractive technique in materials science to investigate

the fracture mode of tested materials and characterize damage development around crack tips. It

enables visualisation of internal features in opaque samples. In the field of damage/fracture char-

acterization, it has been used for visualising crack in metallic materials [44, 107, 55]. In our case,

high resolution tomographic observations were carried out on arrested Kahn tear samples. Sample

preparation was carried out using similar procedures as in [73]. Cracks were grown in Kahn tear

specimen [5] to a length of about 10 mm. A small block of material (dimensions 1 × 1 × 10 mm3)

was then extracted at the crack tip region using electrical-discharge machining at mid-thickness:

as such, subsequent tomographic scanning of the crack itself could be carried out, as well as the

material immediately ahead of the crack tip. Fig. 4.26 illustrates a schematic depiction of arrested

Kahn sample preparation for X-ray tomography assessment.

Micro-tomographic observations were performed at European Synchrotron Radiation Fa-

cility (ESRF) in Grenoble, on the beamline ID19. The facility provides a highly coherent, spatially

and spectrally homogeneous beam with a high photon flux. The energy of the incident beam used in

this case is 20 keV (for light metal). For one volume 1500 radiographs were recorded for a rotation

between 0◦ and 180◦. Image analysis, segmentation and 3D rendering were carried out using a

commercial software package (Volume Graphic GmbH, VGStudio Max).

When liquid gallium is brought in contact with aluminium the gallium can penetrate the

grain boundaries. Gallium has a very high X-ray attenuation coefficient compared to Aluminium

[62]; this renders gallium layers visible by high resolution absorption micro-tomography. After

being in contact with gallium, the sample was annealed for about 1 h at 100◦ C before imaging

in order to improve the wetting of the grain boundaries. In spite of the heat treatment, low angle

grain boundaries cannot be wetted by gallium and are not visible on the 3D reconstructed images

(approximately 10 % of the grain boundaries) [63, 85]. Fig. 4.27 presents a reconstruction of 2D
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slice of sample wetted with gallium (Ga). Grain boundaries, crack front and intermetallic particles

can clearly be seen at micrometer scale (voxel size is 0.7 µm3). The anisotropic shape of the grains

is also clearly seen in this figure.

10 mm

1 mm

taken from mid-thickness

along crack extension direction

arrested sample

(a) (b)

Figure 4.26: Schematic depiction of arrested crack Kahn sample preparation for X-ray tomography

assessment.

Fig. 4.28 shows 2D tomography sections of the crack in naturally aged recrystallized

material (T3R2) before and after gallium wetting (Fig. 4.28 a and b, respectively) with the crack

growth direction normal to the image plane. On the figure before gallium wetting (Fig. 4.28a), the

aluminium matrix (grey), intermetallics (white) and pores, as well as the crack (black), are clearly

delineated, with the phase contrast fringes highlighting the associated edges/interfaces. It can be

seen that in this material void growth is limited in the crack propagation region close to cracks. It is
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grain boundary

wetted by Ga
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particle

200 µm

Figure 4.27: Reconstructed of 2D slice showing the entire 1x1 mm2 section after gallium wetting.

Crack growth direction is normal the image plane.

mainly due to a limited initial voids volume (cf. chapter 2, section 2.3.4) and low stress triaxiality

in test specimens. In Fig. 4.28b, the grain boundaries can also be seen (running from top-to-bottom

and some in horizontal direction on image), owing to the local segregation of gallium. As reported

above, not all grain boundaries can be seen in this condition. Fig. 4.28a reveals that the main crack

path is inclined with respect to the loading direction. Comparing the crack in the gallium wetted

sample with the sample before gallium wetting indicates that much of the crack path crosses the

grains, trans-granular crack is predominant fracture mode in T3R2 material.

Fig. 4.29a shows the section near crack tip of naturally aged recrystallized material (T3R2)

before gallium wetting, while Fig. 4.29b shows the same location after the gallium wetting. From

image before gallium liquid treatment, some broken intermetallic particles can be seen around crack

tips, but the void growth rest limited. In Fig. 4.29b, the inclined crack crosses grains which clearly

confirms that trans-granular fracture is dominant in thin T3R2 material.
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For the case of artificially aged T8R2, experimental results are given in Fig. 4.30. It is

shown that around the crack tip hardly any void growth can be seen. The section after gallium

treatment shows trans-granular fracture as the main fracture mode in T8R2 material. Compared to

T3R2 material, no significant difference of fracture can be observed, very similar fracture mode was

identified in T8R2 material as in T3R2 material.

In the case of two fibrous materials (T3F6 and T8F6). The prepared X-ray tomography

samples were extracted at the mid-thickness of 6 mm-thick Kahn specimens. So the following

images reveal the fracture mode in center of specimen which is different compared to side part ( cf.

chapter 3, section 3.5.2).

Fig. 4.32 shows 2D tomography sections of a crack in artificially aged 6 mm-thick fibrous

material (T8F6) loaded in T-L configuration before and after gallium wetting (Fig. 4.32 a and b,

respectively) with the crack growth direction normal to the image plane. Fig. 4.32a reveals crack

areas that are oriented in the loading direction and other parts that are inclined with respect to

the loading direction. Comparing the crack in the gallium wetted sample with the sample before

gallium wetting indicates that much of the crack path follows vertical grain boundaries (direction

2) as illustrated in Fig. 4.32b. However, due to a low visibility of grain boundaries in horizontal

direction (direction S), the inter-granular or trans-granular crack path is less clear in horizontal

direction (S). Notice that void growth again rests limited around crack in this material whereas the

fracture mode is different from both recrystallized materials (T3R2 and T8R2).

Fig. 4.32a reveals crack areas that are oriented in the loading direction and other parts that

are inclined with respect to the loading direction. Comparing the crack in the gallium sample with

the sample before gallium wetting indicates that much of the crack path follows grain boundaries.

This is particularly obvious for the parts of the crack that are oriented in the loading direction, but

is also evident for areas that are inclined with respect to the loading direction.

Fig. 4.31 shows the sections in the case L-T loading configuration of artificially aged
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fibrous material (T8F6). Similar results were found as in T-L loading tests, inter-granular cracking

is the predominant fracture mode. At a higher magnification, as illustrated in Fig. 4.31a (before

gallium wetting) some coarse voids can be seen around the crack tip. A more open delamination

crack is clearly showed in Fig. 4.31b.

For the case of T3F6 material, observations were done on L-T and T-L loaded sam-

ples without gallium treatment. Fig. 4.33 provides slice of tomographic images in L-T loading

(Fig. 4.33a) and T-L loading (Fig. 4.33b). For both loadings, some coarse voids can be seen. It is

also shown that crack opening is larger for L-T loading than for T-L loading. The fracture mode of

T-L loading is very similar as in T8F6 material in the same loading orientation (see Fig. 4.32b).

And finally, Fig. 4.34 shows failure in T8F62 material (6 mm-thick sample reduced to

2 mm in thickness). Most of the crack is straight in this case. The strongly deformed grains and the

formation of a shear band can be seen. However, no grain boundary delamination can be seen as in

6 mm-thick samples in the same testing condition. It can be explained by the stress triaxiality which

is lower in 2 mm than in 6 mm-thick sample. The stress in the thickness direction has a predominant

influence on delamination in tested materials (cf. section 4.6.1).
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Figure 4.28: Two-dimensional section of tomography data showing the crack in T-L orientation for the T3 condition 2 mm-thick recrys-

tallized material: (a) without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal to the

plane of the section
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Figure 4.29: Two-dimensional section of tomography data showing the crack tip in T-L orientation for the T3 condition 2 mm-thick

recrystallized material: (a) without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal

to the plane of the section



C
h
a
p
ter
4
:
D
u
ctile

T
ea
rin
g

1
1
9

T

L

a b

T

SL
⊗

loading direction
arrested sample

200 µm 200 µm

Figure 4.30: Two-dimensional section of tomography data showing the crack in T-L orientation for the T8 condition 2 mm-thick recrys-

tallized material: (a) without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal to the

plane of the section
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Figure 4.31: Two-dimensional section of tomography data showing the crack in L-T orientation for the T8 condition 6 mm-thick fibrous

material: (a) without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal to the plane of

the section
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Figure 4.32: Two-dimensional section of tomography data showing the crack in T-L orientation for the T8 condition 6 mm-thick fibrous

material: (a) without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal to the plane of

the section
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Figure 4.33: Two-dimensional section of tomography data showing the crack in L-T and T-L ori-

entations for the T3 condition 6 mm-thick fibrous material: (a) L-T loading orientation; and (b)

T-L loading orientation. Crack-growth direction is given by the outward normal to the plane of the

section
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Figure 4.34: Two-dimensional section of tomography data showing the crack in T-L orientation for the T8 condition 2 mm-thick sheet: (a)

without gallium wetting; and (b) after gallium wetting. Crack-growth direction is given by the outward normal to the plane of the section
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4.7 Discussion

4.7.1 Crack bifurcation behaviour

The tear tests on small sized Kahn specimens show that the 6 mm-thick fibrous materials

(T3F6 and T8F6) exhibit a complex fracture surface in 3D view; in the sheet plane (L–T), crack

bifurcation was observed, and in the thickness direction (S), slant fracture was obtained. When

reducing the specimen thickness to 2 mm (T3F62 and T8F62), the crack turning problem is less

pronounced than thicker ones. It is well established that the sheet thickness has a strong influence

on crack extension behaviour in high strength aluminum alloys [51, 105]. Because different sheet

thickness exhibit different out-of-plane constraint (σ33) and stress triaxiality. Variable constraint

and triaxiality across the thickness has consequences for the behaviour of the crack extension. In

addition to this, the plastic zone also changes with sheet thickness for notched specimens (e.g.

NT and tear samples in ours case). Before crack initiation, 2 mm-thick Kahn specimen has a

smaller plastic zone than 6 mm-thick one. It will be shown in the following chapter with FE-

simulations on different thick specimens. Secondly, the structural effect has also influence on crack

turing behaviour; M(T) panels exhibit more straight crack path than Kahn specimens with the same

material and loading orientation. Between the two case, a near straight crack extension path was

observed on medium sized Arcan sample. The problem of crack turning behaviour has been shown

by Crill et al. [29] on AA2050-T87 Al-Cu-Li thick plate and also on a high strength AA7050-

T7451 Al-Zn plate. The results suggest the crack turning behaviour witnessed in AA2050-T87

Aluminium-lithium alloy is associated with the resistance to changing the mode of crack growth

from plane strain to plane stress behaviour. In a 3D view, the crack is slanted and has a strong

bifurcation in the sheet plane. As a consequence, it will make the modeling of crack extension

become more complex (cf. chapter 5, section 5.3).
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4.7.2 Grain boundary fracture and delamination

The investigation of arrested Kahn specimens via X-ray micro-tomography techniques

shows that void growth is very limited in the propagation regions (slant regions). Grain bound-

ary decolesion is the predominant fracture mode in 6 mm-thick fibrous materials as illustrated here

in Fig. 4.35. As a consequence, a lower fracture toughness in the short-transverse direction (S)

was observed due to delamination crack. And this has been demonstrated via short-bars tests [6]

along S direction carried out by Decreus [31]. Through our work, two essential reasons were iden-

tified. The first one is the stress triaxialiy state in specimens. 6 mm-thick Kahn specimens have

a higher triaxiality ratio than 2 mm-thick ones. It has been proved via tests by reducing specimen

thickness. The fracture mode of 2 mm thick samples is predominantly in shear mode where de-

lamination is not observed. Secondly, from material microstructure characterization, inter-granular

precipitates and inclusions were observed in T8 condition fibrous material (T8F6) but not in T3

condition (T3F6). It can explain that why the T3 material does not suffer delamination as the T8

material even with same specimen thickness. The inter-granular ductile fracture is well known in

high strength aerospace aluminium plates (usually in T8 state) [34, 51, 105]. The competition be-

tween inter-granular and trans-granular fracture has been investigated by Pardoen et al. [80] on an

AA7050 Al-Zn alloy. It is shown that the main parameters increasing the risk of grain boundary

failure are large stress triaxiality and small value of the void spacing. In our case the initial porosity

is very limited and as a consequence, void growth is also limited in the crack propagation regions.

This is consistent with the conclusion of Pardoen et al. study [80].

4.7.3 Thickness effect

Comparing of different thickness Kahn tear tests indicates that thickness affects fracture

toughness. This result is consistent with [119, 3, 9, 90]. It provides clear evidence that ductility
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Figure 4.35: Fracture mode: inter-granular cracks vs. trans-granular cracking.

and fracture toughness increase with increasing specimen thickness until a limited thickness. This

critical thickness varies with materials [120, 90]. As thickness increases, the deformation condition

along the thickness direction progressively changes from plane stress to plane strain. This results

in an increase of the stress triaxiality ratio. However, the increase of the stress triaxiality has two

antagonist effects: for thin sheets: higher stresses are generated in the loading direction leading to a

higher dissipated energy; for thick plates: the void growth rate is increased causing a rapid damage

development [1, 17, 90].

4.8 Conclusion

In this chapter, the tear properties were investigated experimentally. Three different types

of tearing samples including small sized Kahn tear specimens, mixed-mode loading Arcan speci-

mens and large panels M(T) were used

For Kahn tear tests, stable crack extension can be obtained on the two recrystallized ma-
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terials (T3R2 and T8R2) in both T3 and T8 condition. For both conditions, L-T loading tests have

a higher toughness than T-L loadings. In the case of both fibrous materials (T3F6 and T8F6), tests

carried out on T3 condition material can obtain a stable crack extension but with a strong crack

bifurcation especially in the case of L-T loading test. For T8 condition material (T8F6), strong

crack turning behaviour was identified with presence of pop-ins during tests. According to ASTM

standard, the crack bifurcation has passed the valid limit; tested results cannot be used for the inter-

pretation of fracture toughness.

Arcan tear tests were performed on artificially aged fibrous material (T8F6) which exhibit

unstable crack extension like Kahn tests. For pure mode I loading (Arcan 90), results were compared

to corresponding Kahn tear tests. L-T loading Arcan tests have a slightly higher toughness than T-L

loading which is different from Kahn test results. However, due to an abrupt crack propagation in T-

L loaded specimens, further investigations need to be done in order to confirm this conclusion. For

the mixed-mode loading (Arcan 60), the crack extension are also not stable (presence of pop-ins).

However, with an initially pre-cracked Arcan specimen, stable crack extension can be obtained in

mode I loading. Which means that the initial crack tip condition has an effect on crack extension

behaviour.

Experimental results on large panels M(T) tests (performed on T8R2 and T8F65 materials)

show that both conditions exhibit a straight crack extension path. For T8R2 material, L-T loaded

panels have a higher fracture toughness than T-L loaded panels which is consistent with experimen-

tal results of small size Kahn tests. In the case of T8 fibrous material (T8F65), there are no difference

between L-T and T-L loading specimens in terms of toughness.

Examination of broken samples at a macroscopic scale indicates that both small sized

Kahn specimens and large panels M(T) specimens have the same fracture surfaces. The crack

begins with a small flat triangular region perpendicular to the loading direction followed by a flat-

to-slant transition. Outside of this zone, typical slant fracture is observed. Observations of fracture



Chapter 4: Ductile Tearing 128

surface at a microscopic scale indicate that two different fracture mechanisms can be identified on

both Kahn samples and M(T) panels. In the flat region, void growth mechanism is dominant due

to a higher triaxiality ratio; very large dimples can be seen. In the slant zone, void growth is very

limited, the failure at grain boundaries is predominant in T8 fibrous material (T8F6).

Investigation of arrested Kahn tests via high resolution X-ray tomography techniques with

gallium wetting treatment gives more accurate results concerning the fracture mode and damage de-

velopment in tested materials. In all materials studied, void growth is limited in the slant regions.

For both 2 mm-thick recrystallized materials (T3R2 and T8R2), trans-granular fracture is the pre-

dominant fracture mode in the crack propagation regions; However, for two 6 mm-thick fibrous

materials (T3F6 and T8F6), in the mid-thickness of samples, inter-granular crack was observed in

both T3 and T8 conditions. In the case of T8 condition material which contains inter-granular pre-

cipitates and inclusions (see TEM observations), delamination cracking was observed in the case of

L-T loading tests.

Thickness effect on fracture toughness were examined on two 6 mm-thick fibrous ma-

terials by reducing sheet thickness to 2 mm in the case of Kahn tear specimens. Experimental

results show that fracture toughness decreases with decreasing sheet thickness, 2 mm-thick tests

have a lower nominal peak stress and a smaller crack mouth opening displacement at maximum

load. Complementary tests on 3 and 4 mm tests in the case of T8F6 material confirm this evolution

of fracture toughness with sample thickness. The results also indicate that thickness has a strong

influence on crack turning behaviour. With thinner specimens, a more straight crack extension path

can be obtained with same kind specimen on the same material.

However, for both fibrous materials, strong crack bifurcation behaviour make the model-

ing of crack extension by finite element method become too complex. The investigation of arrested

tests by X-ray tomography observation also gives a guide for the choice of fracture modeling mod-

els. Due to a very limited void growth, the classical Gurson-Tvergaard-Needleman type models
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[43, 109, 110, 115] are not suitable for the modeling of fracture.

4.9 Résumé

L’objectif de ce chapitre est de comprendre les mécanismes de la déchirure ductile des

matériaux et de construire une base de données expérimentale permettant de modéliser la propaga-

tion de fissure (cf. chapitre 5). Trois différents types d’éprouvettes ont été utilisés dans cette partie

pour l’expérience. L’éprouvette de petite taille Kahn, l’éprouvette à chargement en mode-mixte

Arcan et l’éprouvette structure M(T) (grande plaque fissurée). Pour les essais Kahn, la propagation

de fissure est stable pour les deux matériaux recristallisés en état T3 et T8, la configuration L-T

étant plus tenace que la configuration T-L. Dans le cas des deux matériaux fibrés, la propagation

de fissure est stable pour le matériau en état T3 mais pas pour celui en état T8. Pour le matériau

en état T3, la configuration T-L a le młme niveau de ténacité que la configuration L-T alors que

pour le matériau en état T8, des pop-ins (décrochement dans la courbe force-déplacement) et des

grosses déviations de fissure ont été observés pendant les essais. De ce fait, ces derniers essais ne

sont pas valides au sens de la norme ASTM. Les essais Arcan de chargement en mode mixte sont

réalisés sur le matériau fibré en état T8F6. Dans le cas de chargement en mode-I pure, les résultats

sont cohérents avec les essais Kahn, la propagation de la fissure est plutôt stable. Dans le cas du

chargement en mode-mixte, la propagation de la fissure est instable. Néanmoins, une propagation

de fissure stable a été obtenue avec une éprouvette pré-fissurée par fatigue. Ces résultats montrent

que la condition du fond d’entaille a un effet important sur la propagation de la fissure.

Les résultats de la structure M(T) montrent que la fissure se propage de manière stable et

droite dans les deux matériaux en état T8. Pour le matériau recristallisé, la configuration L-T est

plus tenace que la configuration T-L, ce qui est cohérent avec l’essai Kahn. Pour le matériau fibré, il

n’y a pas de différence entre les configurations L-T et T-L au niveau de la ténacité. Les tôles fibrés
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avec épaisseurs réduites ont permis d’étudier l’effet d’épaisseur sur la rupture ductile. Les résultats

montrent que la ténacité diminue lorsque l’épaisseur d’éprouvettes entre diminue (de 6 mm à 2 mm).

L‘analyse fractographique indique que les surfaces de rupture d’éprouvettes Kahn et d’éprouvettes

M(T) sont similaires. La fissure commence avec une petite région triangulaire perpendiculaire à la

direction de chargement suivie par une zone de transition de plat-à-biseau. Au delà de cette zone,

la propagation de la fissure se poursuit en biseau. Les observations microscopiques montrent deux

différents mécanismes de rupture. Dans la zone triangulaire, la croissance de cavités est dominante

du fait de haute triaxialité de contrainte, des grosses cupules ont été observées. Dans la zone en

biseau, la croissance de cavités est limitée due à une faible triaxialité, la rupture par cisaillement est

prédominante. Les observations d’éprouvettes Kahn interrompues par tomographie haute résolution

à rayon X confirment que la croissance de cavités reste limitée dans la zone de propagation de fissure

en biseau. Les traitements au gallium des échantillons ont permis de mettre en évidence une rupture

inter-granulaire prédominante pour les matériaux fibrés.



Chapter 5

Modeling of Ductile Tearing

5.1 Introduction

The accurate prediction of ductile crack growth plays a key role in thin-walled struc-

tures (e.g. airplane fuselage, space shuttle fuel tank and pipeline). Methodologies to model ductile

crack growth by finite element method have evolved primarily along two lines of development [42]:

approaches based on damage mechanics that use accumulated damage along the crack front as a

growth criterion, and approaches that control crack extension via a macroscopic measure of defor-

mation such as the CTOA (Crack Tip Opening Angle) and the CTOD (Crack Tip Opening Displace-

ment). Current research in the first category often uses the Gurson-Tvergaard-Needleman (GTN)

constitutive model [43, 27, 76, 112] to characterize the void nucleation, growth and coalescence

process which drive crack growth. Various researchers [94, 122] have shown that such approaches

are highly effective in producing geometry- and loading- independent predictions of crack growth

in 2-D and 3-D for typically thick sections of ductile steels. However, the GTN constitutive model

relies upon high levels of stress triaxiality to drive the damage process. Thin aluminum components

cannot develop sufficient through-thickness stress to provide high stress triaxiality at the crack tip;

the void growth and coalescence process more typically occurs along bands of large plastic strain.

131
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Therefore, GTN-based approaches appear less applicable for thin specimens [42].

In the previous chapters, it has been shown that the initial void is limited in the present Al-

Cu-Li sheet materials, and the void growth is also limited in the crack propagation region of arrested

Kahn specimens (cf. 4.6.3). The GTN type damage models based on the phenomena of void growth

and coalescence are not adapted to the modeling of fracture behaviour of investigated materials.

By contrast, the purely phenomenological cohesive zone models (CZM) which describe the crack

extension via a simple traction-separation law (also called cohesive law) can be used to model the

ductile tearing behaviour of current studied materials. The fracture process is represented by the

specified traction-separation law along the predefined crack plane, and the surrounding material is

modelled by its elastic-plastic properties.

Cohesive zone models were first introduced by Dugdale [33] with the idea of a cohesive

force preventing a crack from extending, in the early 1960. The magnitude of cohesive force is

set to the yield strength σY of the material. Later Needleman was the first to use a cohesive zone

model for the analysis of micro damage in ductile materials [75]. Pioneering work was performed

by Tvergaard and Hutchinson [111, 113] for the macroscopic crack extension in ductile materials.

Recently, Scheider et al. at GKSS Research Center have contributed to the application of cohesive

zone models in various materials and problems [97, 96, 98]. For all cohesive zone models, each

separation law is characterized by its specified shape and by two parameters, a maximum tensile

stress T0 and a critical displacement δ0 after which no additional tensile stress is sustained. The

area under the T-δ curves is the separation energy Γ0. More generally the traction vector has one

normal (mode I) and two tangential (modes II and III) components, each of which corresponds to

a separation parameter set, T0 and δ0. As illustrated on Fig. 5.1, Schwalbe et al. give a schematic

description of physical fracture process represented by the cohesive zone model. For pure mode I

loading the normal tensile stress T0N is correlated with a relative displacement dN . For shear mode

(mode II), the cohesive parameters are shear stress T0S and relative shear displacement dS . Fig. 5.2
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shows various traction-separation functions having been used for ductile fracture in literature [124].

In this part, two different traction-separation laws are used to model ductile tearing be-

haviour of studied materials. The first one is the classical Needleman traction-separation law which

was used to model global mode-I fracture with a flat crack extension plane. Secondly, a modified

Scheider mixed-mode separation law is proposed to model mixed-mode slant fracture. The transfer-

ability from small sized Kahn specimens to large panel M(T) tests via finite element simulation by

cohesive zone model was assessed. Thickness effect was investigated numerically on Kahn speci-

mens with a specific node release technique. Stress triaxiality and out-of-plane stress were analysed

along specimen’s thickness and with crack extension length.
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Figure 5.1: Representation of the physical fracture process by separation function within interface

cohesive elements (after Schwalbe et al. [98]).
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Figure 5.2: Various separation laws [124], (a) Dugdale [33]; (b) Barenblatt [10]; Hillerborg et al.

[48] and other authors, brittle materials; (c) Needleman [75]; Tvergaard [111]; Chaboche et al. [24],

ductile materials, polynomial equation; (d) Rose et al. (1981); Needleman [77, 78], exponential

equation; (e) Tvergaard and Hutchinson [113]; Roy et al. [92], trapezoidal law; (f) Scheider [95];
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5.2 Traction-separation constitutive models

5.2.1 Mode I – Traction-separation law

As illustrated in the previous chapter (cf. Ductile Tearing), all tear specimens (Kahn,

Arcan and M(T)) exhibit slant fracture surfaces after a short flat-to-slant transition. In the case

of 2 mm-thick recrystallized materials (T3R2 and T8R2), straight and stable crack extension was

obtained with small sized Kahn specimens, whereas strong crack deviation was observed in the case

of 6 mm-thick fibrous materials (T3F6 and T8F6). Modeling of such strong crack bifurcation is not

meaningful and cannot be used to predict corresponding large M(T) tests which exhibit straight

crack extension path. The ductile tearing modeling was carried out on two recrystallized materials

(T3R2 and T8R2) in the following. In order to model crack extension of Kahn specimens, straight

and flat fracture surface (cf. Fig. 5.5) was first modelled by cohesive zone model (CZM). The

cohesive zone model used in the current case (global mode I fracture) is based on the Needleman

polynomial function [75]. The relationship between the cohesive normal tensile strength, Tn and

the separation distance normal to the crack plane, δn, across the crack plane is defined as:

T (δ) =











27
4 T0

δn

δ0
(1 − δn

δ0
)2 if δn ≤ δ0

0 if δn > δ0

(5.1)

The function is plotted on Fig. 5.3 where T0 is the maximum sustainable tensile stress

(cohesive strength), δ0 the critical normal separation distance at which the traction drops to zero. It

also can be calculated that when the δn equals 1
3δ0, Tn reaches its maximum T0. The separation

energy Γ0 spent in the separation process (area under T-δ curve), is defined as:

Γ0 =

∫ δ0

0
T (δ) dδ (5.2)
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Inserting eq. 5.1 into eq. 5.2, the three parameters Γ0, T0 and δ0 are related by

Γ0 =
9

16
T0δ0 (5.3)

If the cohesive energy Γ0 is known from experiments, the separation distance can be given by

δ0 =
16

9

Γ0

T0
(5.4)

The two most important parameters characterizing the fracture process in present model are Γ0 and

T0 [113].

10

1

0
δn

δ01
3

Tn

T0

Figure 5.3: Traction-separation law used in the case of global Mode-I cohesive elements (flat frac-

ture surface).

5.2.2 Mixed-mode cohesive law

The separation law used for the investigations of slant fracture modeling is based on an

extension of Scheider cohesive law [95]. It is capable of shear separation and can be applied to



Chapter 5: Modeling of Ductile Tearing 138

three-dimensional problems. The separation components tensile force, T n and shear force, T t are

defined as:

TN = TN (δN , δT ) = TN
0 f(δN )g(δT

max)

T T = T T (δT , δN ) = T T
0 f(δT )g(δN

max)

(5.5)

δT
max, δN

max denote the maximum tangential and normal separation displacement having occurred

so far, g(δ) is the interaction function. For pure normal (or pure tangential) separation, the function

g(δ) has the value 1.

The separation function proposed here for slant fracture modeling is similar to the function

presented by Scheider [95], as shown on Fig. 5.4. In order to avoid an unwanted ”elastic” opening

of the cohesive element, an infinite stiffness is chosen for the beginning (δ1 is very small). The

function f(δ) contains one additional parameter, η, to define the start of softening region. The

resulting cohesive law for pure normal (or tangential) separation law is plotted on Fig. 5.4b.

The function f(δ) is written as:

f(δ) =











1 if δ ≤ η

2( δ−η
δ0−η )

3 − 3( δ−η
δ0−η )

2 + 1 if δ > η

(5.6)

The cohesive energy for pure normal or tangential separation can be determined using eq. 5.5 and

eq. 5.6 by

Γ0 =

∫ δ0

0
T (δ) dδ = T0δ0

(

1

2
+
1

2

η

δ0

)

(5.7)

Notice that here the peak stress T0 denotes the maximum normal or maximum tangential cohesive

stress which are different. Consequently, the cohesive energy Γ0 for pure normal or tangential
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ηδ1

Γ0

(a) (b)

Figure 5.4: Scheider cohesive law [95] (a), and modified Scheider cohesive law for mixed-mode

cohesive separation (b).

separation is also different. The function g(δ) in eq. 5.5 defines the interaction between normal and

tangential separation. There is no obvious physical foundation for choosing a specific function. In

our case, the same function is chosen as in Scheider and Brocks [97].

g(δ) = 2

(

δ

δ0

)3

− 3

(

δ

δ0

)2

+ 1. (5.8)
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5.3 Finite element models

5.3.1 Flat crack path model

The simulation of crack growth was realised in the object-oriented finite element code

Zébulon [14, 36]. Table 5.1 summarizes the specimens investigated in the present study. One-

fourth of Kahn specimen with a straight flat crack plane was modelled due to twofold symmetry. In

the 3D FE-model, the plane z = 0 represents the mid section of specimen, and the plane z = 1 mm

represents the side-surface for 2 mm-thick Kahn specimen. There are 4 layers in the thickness direc-

tion (z), the layer thickness is 0.25 mm for 2 mm thick specimens. Eight-node solid elements with

full integration are used for the bulk elements (surrounding material). As reported in the chapter of

”Ductile Tearing” (cf. section 4.6), two different failure mechanisms were identified by scanning

electron microscopy (SEM) observations on broken Kahn and M(T) specimens. For the modeling

of crack extension, the correct way is to model crack growth with two different process regions and

with different cohesive zone parameters (T0 and δ0). The crack plane is divided into two zones, ”flat

triangular” region (zone 1) and ”slant” region (zone 2). The size of zone 1 is set to equal the equiv-

alent flat triangular region measured by SEM observation on Kahn fracture surfaces. The length of

zone 1 and zone 2 for each material and loading configuration is given in Table 5.2. Typical mesh

used for Kahn specimen is shown on Fig. 5.5. The crack extension is in x–direction, the size of the

interface-cohesive elements in x–direction is 0.1 mm for the first 10 mm ligament (0≤ x ≤10).

Specimen H (mm) W (mm) B (mm) a/W

Kahn (no pre-cracked) 60 35 2, 3, 4, 6 0.29

M(T) (pre-cracked) 1030 760 2, 5 0.33

Table 5.1: Tear specimens investigated by FE-simulations.
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(a) (b)

(c)

symmetry plane

crack extension direction

crack extension direction

B/2

zone 2 zone 1

Figure 5.5: FE-mesh of Kahn specimen with straight flat fracture surface (a), magnification of the

initial crack tip region and crack plane (b, c).

As for Kahn tear specimens, straight flat crack plane is modelled for M(T) tests. Fig. 5.6

shows full details of the finite element model for large panel M(T) specimens. One-eight of speci-

men was modelled due to a full symmetry. The crack grows into meshes having element sizes Le

= 0.1 mm for the first 45 mm (126.5≤ x ≤171.5) which then increase to 2 mm in the rest of crack

plane. Interface-cohesive elements in the direction of crack growth have the same size. The crack

plane is divided into two regions as in Kahn samples, the area of ”zone 1” for M(T) panel equals ex-

perimental flat triangular region area. Study on mesh convergence carried out with different layers

of elements over thickness demonstrated that four layers of uniformly sized elements provide suffi-

cient resolution to capture through-thickness variation in constraint. So in our case, four layers of

elements were used to save computation time. For such large thin panel tests (1030 × 760× 2 mm),
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out-of-plane bending is often observed during tests. To avoid out-of-plane bending, symmetric

meshes in the thickness direction are used.

253 mm

2W = 760 mm

V

Y

X

(a) (b)

(c)

symmetry
plane

symmetry
plane

8 node brick
elements

cohesive
elements

initial crack

X

Y

Z

1

8

Figure 5.6: Typical mesh for analyses of M(T) specimen (2W=760 mm): (a) specimen geometry,

(b) one-eighth symmetric mesh for FE-analyses, (c) local view of crack plane region with interface-

cohesive elements.
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5.3.2 Slant fracture model

As observed in experimental tear tests, thin sheet materials exhibit a slant fracture sur-

face after a short flat-to-slant transition as illustrated on Fig. 5.7. Since the tested specimens have

this feature of flat-to-slant transition fracture, the correct way is to model the fracture process with

flat-to-slant fracture surface in finite element models. In this study, we proposed to used the fol-

lowing mesh (see Fig. 5.8) to model crack growth in tearing tests on small Kahn samples and large

M(T) panels. The typical mesh of small sized Kahn specimen is shown on Fig. 5.8. This flat-to-slant

fracture surface is generated by a node position transition in Y–direction with an initial flat crack

plane (e.g. Fig. 5.5). The size of triangular zone is set equal to the measured triangular region. The

initial slant angle is slightly smaller than experimental value so that ”final slant angle” (experimental

value) can be obtained.

slant fracture

flat fracture

Figure 5.7: Flat-to-slant fracture in thin aluminum sheet material.
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(a)

(b)

(c)

X

Y

Z

B

Figure 5.8: FE-mesh for a Kahn specimen with flat-to-slant crack plane: (a) the global full mesh,

(b) a local view focusing on the crack path region, and (c) a local view showing the transition

flat-to-slant crack growth path.
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5.4 Calibration of cohesive zone parameters via Kahn tear tests

5.4.1 Material parameters

It is known that the response of cohesive model is very sensitive to changes in elastic-

plastic properties of the surrounding material [113, 114, 96]. An accurate identification of material’s

elastic-plastic behaviour is important for the following simulations. At first, the identified material’s

elastic-plastic parameters using smooth tensile and differently notched tensile tests (cf. chapter 3)

are used to simulate the Kahn tear specimen’s elastic-plastic behaviour. Fig. 5.9 gives the simulation

results of Kahn specimen by fitted elastic-plastic parameters and von Mises criterion. Compared to

vonMises isotropic criterion, it is clearly shown that the description of plasticity by fitted anisotropic

parameters is very accurate except where crack extension starts at the notch root. The identified

material elastic-plastic parameters on smooth tensile and notched tensile tests can well represent the

background material behaviour of tearing specimens (Kahn and M(T)).

5.4.2 Determination of the cohesive zone parameters

The cohesive zone parameters T0 and δ0 or Γ0 and δ0 which describe the fracture process

by a separation law cannot be measured in a direct way for ductile materials, but have to be identified

by fitting finite element results to experimental data. The determined cohesive zone parameters

for different separation laws are also different, as a result they should not be regarded as model

independent material parameters [124]. They are also different for 2-D and 3-D simulations [96].

In our case, the simulations are all performed in 3-D.

In this work, two different ways have been used for the determination of the cohesive

stress, T0. According to various publications [123, 61, 98], cohesive stress, T0 can be estimated

on a notched tensile specimen. In our case, a NT2 specimen was simulated by finite element using

fitted elastic-plastic parameters, the simulation stopped at the experimental beginning of fracture.
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Figure 5.9: Simulation results of elastic-plastic behaviour for Kahn tear test by fitted parameters

on smooth tensile and notched tensile tests, dashed line represents simulation result by von Mises

criterion.

The tensile stress (axial stress) distribution over the specimen’s ligament is shown on Fig. 5.10

for T3R2 and T8R2 materials along L and T loadings. The cohesive strength, T0 is set to equal

the corresponding maximum value of tensile stress. In second way, it has been suggested by Roy-

chowdhury et al. . ([93]) that the cohesive stress T0 can be set to equal 2 – 3 times σY for aluminium

sheets as the initial value of calibration; where σY is the yield stress of material.

5.4.3 Calibration results

The simulation results of Kahn tear tests using identified cohesive stress on notched tensile

specimens are shown on Fig. 5.11 as exemplified here only for T3R2 material for brevity. It is seen

that the crack initiates much earlier than experimental tests, maximum nominal stresses are ∼10%

lower than experimental values. Fig. 5.12 gives the simulation results of Kahn tear tests using



Chapter 5: Modeling of Ductile Tearing 147

T-L
L-T

n
o
tch

ro
o
t

T8R2

T3R2

X (mm)

σ
2
2
(M

P
a)

6543210

1000

800

600

400

200

0

X
0

NT2 specimen

Figure 5.10: Determination of the cohesive stress T0 on a notched tensile specimen NT2 for T3R2

and T8R2 materials.

2.7σY as cohesive stress T0 for T3R2 material in L-T loading. It can be seen that T0 (2.7σY = 783

MPa) is also little lower than experimental value. Based on these simulation results, cohesive stress,

T0 and separation distance, δ0 are adjusted directly on experimental Kahn tear test results.

The final identification results of T3R2 material along L-T and T-L loading are given in

Fig. 5.13 via nominal stress (F/S0) in terms of crack mouth opening displacement (CMOD) re-

sponses. While Fig. 5.14 shows the calibrated results for the case of T8R2 material. For both cases,

the ductile tearing of small sized Kahn tests can be well represented by mode I fracture using cohe-

sive zone model; the fracture toughness between L-T and T-L loadings can be identified with two

different couples of cohesive zone parameters. The fitted cohesive zone parameters for both T3R2

and T8R2 materials along L-T and T-L loadings are gathered in Table 5.2.
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Figure 5.11: Simulation results of Kahn tear tests by identified cohesive stress on notched tensile

specimen and experimental Kahn tear test results for T3R2 material in L-T and T-L loadings.
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Figure 5.12: Simulation results of Kahn tear tests using 2.7σY as cohesive stress T0, and experi-

mental Kahn tear test result for T3R2 material in L-T loading.
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Figure 5.13: Experimental Kahn tear test results and fitted ones for naturally aged T3R2 material in

L-T and T-L loadings.
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Figure 5.14: Experimental Kahn tear test results and fitted ones for artificially aged T8R2 material

in L-T and T-L loadings.
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T3R2 T8R2

Zone 1 Zone 2 Zone 1 Zone 2

L–T

Length (mm) 0.9 24.1 0.8 24.2

T0 (MPa) 975 820 825 820

δ0 0.21 0.09 0.21 0.08

Γ0 (N/mm) 115.2 41.5 98.63 36.9

UIE (N/mm) 166 — 116 —

σts (MPa) 601 — 754 —

T–L

Length (mm) 0.9 24.1 0.8 24.2

T0 (MPa) 975 820 765 750

δ0 0.21 0.059 0.20 0.08

Γ0 (N/mm) 115.2 27.2 86.1 33.7

UIE (N/mm) 145 — 83 —

σts (MPa) 601 — 716 —

Table 5.2: Fitted cohesive zone parameters and tear properties for T3 and T8 recrystallized materials

(T3R2 and T8R2).

For Kahn tear tests, according to [5], the so-called tear strength σts can be calculated as

follows:

σts = P
A + MC

I (Nominal direct stress + Nominal bending stress) (5.9)

where: P
A = P

bt ,
MC
I = 3P

bt (P is the maximum force, t represents average specimen thickness, b

equals width (distance between notch root and back edge of specimen), M is the bending moment,

C is distance from neutral axis to outermost fiber, and I is moment of inertia), tear strength σts is

given by
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σts =
4P

bt
(5.10)

Measured tear strength σts for both T3R2 and T8R2 materials are given in Table 5.2. For the T8

condition the measured tear strength for L-T sample is ∼9% lower than the fitted zone 1 cohesive

strength and only ∼6% lower for T-L sample. For the T3 condition, the measured tear strength for

both L-T and T-L samples is ∼38% lower than the corresponding fitted ones.

5.5 Predictions of M(T) tests

As reported in previous parts, the large scale M(T) tests are expensive and require a large

amount of time and material. Methods of analysis based on the linear fracture mechanics using

plastic zone corrections can hardly be used since valid tests, according to the standard, would require

very large panels (several meters) [20, 4, 23]. Hence, the numerical simulation of ductile tearing

of large scale M(T) test is of great value. Simulation of the M(T) (R-curve) test by FE-method

allows a fast determination of fracture toughness of materials, it is then possible to give guidelines

for material improvement.

M(T) tests (R-curve) are available only for two artificially aged materials (T8R2 and

T8F65), because industrial applications of aluminium-lithium alloys are based on heat treated ma-

terial’s high strength/stiffness ratio. Due to the limited capacity of the testing machine, 6 mm-thick

fibrous sheets (T8F6) were machined on both side down to 5 mm for M(T) tests.

For the validation of cohesive zone model (CZM), the cohesive zone parameters identified

on small sized Kahn tests are employed to predict the crack extension of M(T) tests. The valida-

tion is checked on T8R2 materials on which straight and stable crack extension was obtained on

Kahn tear tests. The prediction results of M(T) tests are shown on Fig. 5.15 in terms of the nominal

stress (F/S0) vs. opening displacement in L-T loading (a), and T-L loading (b), respectively. It is
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shown that the crack extension resistance is over-estimated in both L-T and T-L loading. The max-

imum load of both L-T and T-L samples is ∼14% higher than corresponding experimental results.

Two reasons can explain this over-estimated results of M(T) tests. First, in the experimental, testing

2 mm-thick M(T) is difficult because of buckling (the dimension of specimen is 1030× 760× 2 mm

in current case). During mechanical tests, an anti-buckling device was used but its two rigid plates

affixed to the central region of the specimen cannot be squeezed to much because of friction. Conse-

quently buckling cannot be completely avoided and the supported load is reduced [20]. As showed

in the study of Bron [20] (see Fig. 5.16), simulation of symmetry condition in the thickness direc-

tion (buckling is not allowed) is ∼40% higher than simulation with a very small perturbation in the

initial node positions. Second, it is the transferability from Kahn tests to M(T) tests via cohesive

zone models. This will be discussed in the following section (cf. 5.6).
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Figure 5.15: Predicted and experimental load vs. opening displacement responses of M(T) tests for

2 mm-thick T8 recrystallized material (T8R2) in L-T loading (a), and in T-L loading (b).
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Figure 5.16: Buckling effect in 760 mm wide M(T) specimens after Bron [20] for an AA2024 thin

sheet (sheet thickness is 1.74 mm).

5.6 Transferability of Kahn to M(T)

The transferability of tests on small sized specimens to large ones is of great interest for

the numerical simulation. In this work, the transferability from small sized Kahn tests to large

M(T) panels using cohesive zone model (CZM) was examined. As reported in the section 5.5, the

prediction of M(T) tests with fitted cohesive zone parameters on Kahn tests are higher than experi-

mental data. Simulation results using two different process regions (zone 1 and zone 2 cf.5.3.1) show

that it is the zone 2 cohesive parameters determine the global response of the M(T) tests, because

for M(T) tests, the ”flat triangular region” (zone 1, 0.9 mm long) is too small compared to ”slant

region” (zone 2, 252.6 mm long). For the study of cohesive parameter sensitivity, three different

cohesive strengths in the slant region are applied on both Kahn and M(T) specimens. Comparisons

of nominal stress vs. opening displacement response are given on Fig. 5.17a for M(T) tests, and

on Fig. 5.17b for Kahn tests. It can be seen that the magnitude of cohesive strength has a stronger
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effect on large scale M(T) tests than on small scale Kahn tests. However, accurate identification of

cohesive strength in Kahn specimens is difficult, very small deviation of load-CMOD curves can

result in a strong effect on the prediction of M(T) test.
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Figure 5.17: Influence of cohesive strength (T2
0) on global load vs. CMOD response for M(T) tests

(a), and Kahn tests (b).

5.7 Transferability of thickness effect

In this work, the transferability between different specimen thicknesses via cohesive zone

model was also examined on Kahn specimens. If it could be transferable, we could use thinner

specimens which exhibit stable crack growth to simulate thicker ones. It would be of great interest

for the simulation of different thickness structures. In our case, the determination of cohesive zone

parameters was carried out on 6 mm reduced to 2 mm thick Kahn tests which exhibit a straight and

stable crack growth in L-T loading. Fig. 5.18a provides the experimental and fitted results. Fitted

cohesive parameters were employed to simulate 6 mm thick Kahn test and compared with its ex-

perimental results. Fig. 5.18b gives the prediction results in comparison to experimental response
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of 6 mm thick Kahn tests. It is shown that with fitted cohesive zone parameters, tear behaviour

of thick component cannot be represented by thin ones even with same specimen geometry. Thin

specimens usually exhibit lower triaxiality than thick ones (cf. 5.8.2), the cohesive model used here

did not take the stress triaxiality into account. The parameters determined on thin specimens are not

suitable for prediction of thick ones, and vice versa.
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Figure 5.18: (a), fitted results of 2 mm-thick fibrous material (T8F62) in L-T loading; (b), prediction

result of 6 mm thick fibrous material (T8F6) in the same loading.
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5.8 Simulation and analysis of thickness effect

5.8.1 Modeling of slant fracture with node release technique

Experiments on Kahn tear specimens provide a good case for investigating the slant frac-

ture phenomenon. Due to convergence problem of slant fracture modeling by cohesive zone models,

a specified node release technique was used here to model crack growth with slant fracture surface.

Objective is to obtain an order of specimen thickness effect on the fracture by analysing stress tri-

axiality and out-of-plane stress, simulations are performed on different Kahn specimen thicknesses

(2, 3, 4 and 6 mm). The crack length is set equal to the experimentally measured value. Fig. 5.19

illustrates the nodal release configuration with a constant crack front for the 3D model (adapted

after [42]). Constant crack front means that all nodes on the crack front are released simultaneously.

As shown in experimental tests, tearing crack growth process (cf. Fig. 5.5) starts from a small flat

triangular region and changes into a slant crack growth region. In the FE-model, the initial slant

angle is set to smaller value than the experimental value in order to obtain the measured fracture

angle. To avoid a brutal crack growth, a special process was developed in this study to release the

node smoothly.

The elastic-plastic behavior is optimized to match smooth tensile and U-notched tensile

tests as described in chapter 3 (cf. Plastic anisotropic behaviour). Due to a slight curvature of lines

initially parallel to the initial crack; the node release technique is applied to each individual node

lying on the potential crack path and not to a line of nodes as in [42].

Stress triaxiality and hydrostatic stress are paramount important parameters in the fracture

mechanisms. McClintock [68] and Rice and Tracey [88] have shown that fracture of ductile metals

are strongly dependent on stress triaxiality χ which is defined as σm/σeq; where, σm is the hydro-

static stress and σeq is the von Mises equivalent stress. Recent analysis by Bao and Wierzbicki [8, 9]

on the dependence of fracture ductility on specimen thickness and stress triaxiality have confirmed
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this point via various experimental tests and numerical simulations on different thick specimens.
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Figure 5.19: Configuration of node release in 3D model with a ”constant” crack front, (a) initial

mesh state, and (b) after nodes released (adapted after [42]).

5.8.2 Variation of stress triaxiality along specimen’s thickness

Fig. 5.20 and Fig. 5.21 show the stress triaxiality (σm/σflow) in different layers of 2 mm-

thick Kahn specimen (Fig. 5.20), and 6 mm-thick Kahn specimen (Fig. 5.21) as a function of

the distance from the crack tip at a load just before crack initiation (∆a = 0). For 2 mm-thick

Kahn specimen, it can be seen that with increasing distance from the crack tip, the triaxiality first
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increases drastically, reaches a peak value, and then decreases. The highest triaxiality peak appears

in the specimen’s midsection (χmax ≈ 1.4), it is also shown that midsection has highest triaxiality

values after the triaxiality peak, and the triaxiality decreases from midsection to the side-surface.

The location of the triaxiality peak in the layers near midsection is about 0.3 mm ahead of the crack

tip. This means that near the midsection the micro-fracture processes are initiated about 0.3 mm

ahead of the crack tip. At the side-surface no distinct triaxiality peak (χmax ≈ 0.65) is observed.

In the case of 6 mm-thick Kahn specimen (Fig. 5.21), similar trends are observed as in 2 mm-thick

one between different positions. However, in midsection of 6 mm-thick specimen, triaxiality is

higher than in corresponding position of 2 mm-thick specimen, the triaxiality peak χmax ≈ 1.75;

the location of the triaxiality peak is about 0.6 mm ahead of the crack tip in the midsection.

Variation of stress triaxiality along the thickness at crack initiation for 2 mm-thick and

6 mm-thick Kahn specimens are given on Fig. 5.22 and on Fig. 5.23, respectively. In the regions

close to crack tip (i.e. ∆x is small, correspond to flat region of broken sample), the triaxiality varies

smoothly near midsection (keeps a high triaxiality level), but decreases drastically when approach-

ing the side-surface which can be seen clearly in the case of 6 mm-thick specimen (Fig. 5.23). In

the regions far away of crack tip (e.g. ∆x = 5 mm, correspond to slant region of broken sample), the

variation of triaxiality is limited along thickness, the triaxiality keeps at a low level (χmax ≈ 0.6).

From the simulation results shown on Fig. 5.20 – Fig. 5.23, it can be concluded that the

distribution of the stress triaxiality ahead of the crack tip and the variation of the stress triaxial-

ity along the thickness are consistent with the fractography observations of broken Kahn samples

(c.f. 4.6.2). In regions near crack tip (flat regions) where the stress triaxiality is high, void control-

ling damage is promoted; in regions far away of crack tip (slant regions), due to a lower triaxiality,

void growth is limited.
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Figure 5.20: Stress triaxiality (σm/σflow) in different layers of 2 mm-thick Kahn specimen as a

function of the distance from the crack tip at a load just before crack initiation (∆a = 0). σm is the

hydrostatic stress, σflow is the flow stress, ∆X is the distance from the crack tip.
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Figure 5.21: Stress triaxiality (σm/σflow) in different layers of 6 mm-thick Kahn specimen as a

function of the distance from the crack tip at a load just before crack initiation (∆a = 0). σm is the

hydrostatic stress, σflow is the flow stress, ∆X is the distance from the crack tip.
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Figure 5.22: Variation of stress triaxiality (σm/σflow) along the thickness at a load before crack

initiation for 2 mm-thick Kahn specimen. ∆x denotes the distance from the crack tip, Z is the

distance from specimen’s midsection (Z = 0).
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Figure 5.23: Variation of stress triaxiality (σm/σflow) along the thickness at a load before crack

initiation for 6 mm-thick Kahn specimen. ∆x denotes the distance from the crack tip, Z is the

distance from specimen’s midsection (Z = 0).
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5.8.3 Variation of out-of-plane stress with accumulated plastic strain

Fig. 5.24 give the variation of out-of-plane stress σ33 as a function of accumulated plastic

strain in flat region (data taken at 1 mm ahead of the crack tip of midsection) for 2-, 3-, 4- and

6 mm thick Kahn specimens. The out-of-plane stress increases with increasing specimen thickness.

It is seen that when the crack length ∆a reaches to 1 mm (i.e. before an abrupt increasing of σ33)

6 mm-thick sample’s out-of-plane stress is near 6 times higher than 2 mm-thick sample’s at the same

position. The variation of out-of-plane stress σ33 as a function of accumulated plastic strain in slant

region is given on Fig. 5.25, the data was taken at 5 mm ahead of the crack tip of midsection. For

all thicknesses, σ33 is much smaller than in corresponding flat region. The σ33 increases smoothly

with accumulated plastic strain, it is hard to detect the position where crack extension ∆a equals

5 mm from those σ33 vs. accumulated plastic strain curves.

5.8.4 Variation of out-of-plane stress with loading time

The variation of out-of-plane stress σ33 as a function of loading time in flat region is

given in Fig. 5.26, the data was taken at 1 mm ahead of the crack tip of midsection. It is clearly

shown that the out-of-plane stress increases smoothly with loading time before the crack length

reaching to 1 mm. When the crack length reaches to 1 mm, an abrupt increasing of out-of-plane

stress is observed; after a short loading time, σ33 decreases to zero. In slant region (see Fig. 5.27,

the data was taken at 5 mm ahead of the crack tip of midsection), as observed on Fig. 5.25, it is also

hard to detect the position where crack extension ∆a equals 5 mm from σ33 vs. loading time curves.
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Figure 5.24: Variation of out-of-plane stress (σ33) as a function of accumulated plastic strain for 2-,

3-, 4- and 6 mm-thick Kahn specimens (data taken at 1 mm ahead of the crack tip of midsection).
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Figure 5.25: Variation of out-of-plane stress (σ33) as a function of accumulated plastic strain for 2-,

3-, 4- and 6 mm-thick Kahn specimens (data taken at 5 mm ahead of the crack tip of midsection).
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Figure 5.26: Variation of out-of-plane stress (σ33) as a function of loading time for 2-, 3-, 4- and

6 mm-thick Kahn specimens (data taken at 1 mm ahead of the crack tip of midsection).
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Figure 5.27: Variation of out-of-plane stress (σ33) as a function of loading time for 2-, 3-, 4- and

6 mm-thick Kahn specimens (data taken at 5 mm ahead of the crack tip of midsection).
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5.8.5 Variation of stress triaxiality stress with CMOD

Fig. 5.28a shows the variation of stress triaxiality stress as a function of crack mouth

opening displacement (CMOD) for 2 mm-thick Kahn specimen for two locations: the first one is

at the crack tip (0 mm) and the second one is 5 mm away from crack tip (slant region). The stress

triaxiality at crack tip first increases with CMOD, reaches a peak value (∼1.5), and then decreases,

when the crack initiates (i.e. CMOD≈0.8 mm) the stress triaxiality drops to zero. In the slanted

region (5 mm away from crack tip), stress triaxiality stress is twice lower than that at crack tip, when

the crack progresses to 5 mm (i.e. CMOD≈1 mm)), the stress triaxiality stress increases drastically

and reaches a much higher peak value, and then drops shortly to zero. Because the node release

is not enough smooth (discontinuity), this peak value should not be taken into account. Fig. 5.28b

shows the simulation results carried out by Bron et al. ([21]) on an AA2024 sheet material using an

extension of Rousselier model [91] (Gurson-like model). It can be seen that in the slanted region

(5 mm away from crack tip), stress triaxiality increases smoothly to a peak value and this value is

lower than that at crack tip.

The simulation results of 4 mm and 6 mm-thick Kahn specimens using nodal release are

given in Fig. 5.29a and Fig. 5.29b, respectively. As observed in 2 mm-thick specimen, similar trends

are obtained whereas the stress triaxiality value is higher in 6 mm than 4 mm and 2 mm ones.
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Figure 5.28: Variation of stress triaxiality (σm/σflow) at crack tip (0 mm) and (5 mm away from

the crack tip) as a function of the crack mouth opening displacement (CMOD) for 2 mm-thick

Kahn specimen (a) and 1.74 mm-thick Kahn specimen (b)([21]) (data taken at midsection of

specimen).
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Figure 5.29: Variation of stress triaxiality (σm/σflow) at crack tip (0 mm) and (5 mm away from the

crack tip) as a function of the crack mouth opening displacement (CMOD) for 4 mm-thick (a) and

6 mm-thick (b) Kahn specimens (data taken at midsection of specimen).
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5.9 Conclusions

This part describes the modeling of ductile tearing behaviour of investigated materials

by finite element simulation using cohesive zone models (CZM). The model applied for global

mode-I fracture is based on the Needleman traction-separation law. Crack extension with flat crack

plane has been simulated on both recrystallized materials (T3R2 and T8R2). Identified cohesive

zone parameters on Kahn tests were employed to predict tearing behaviour of M(T) tests. For both

L-T and T-L loading of T8R2 materials, M(T) tests are ∼14% over-estimated than experimental

values. Two reasons were identify to explain this over-estimated results of M(T) tests. The first

one is buckling effect of large thin sheets, an anti-buckling device was used during mechanical

tests whereas symmetry condition was applied during finite element simulation. The second one is

transferability of cohesive zone model from Kahn tests toM(T) test. Simulation results show that the

identified cohesive parameters are more sensitive for M(T) than for Kahn tests, very small deviation

of load-CMOD curves can result in a strong effect on the prediction of M(T) test. Thickness effect

was assessed using different thick Kahn specimens via cohesive zone models, results show that

fitted cohesive parameters on thin specimens cannot be used to predict tearing behaviour on thick

ones. In slant fracture modeling, mesh of slant fracture surface with flat-to-slant transition was

constructed. Modified mixed-mode Scheider cohesive zone model was implanted to model slant

fracture. However, due to serious convergence problems during calculations, further work needs in

future investigations.

Node release technique was applied to simulate different thick Kahn tests with predefined

slant fracture surface, the constraint along thickness direction was compared on specimens having

different thicknesses. Out-of-plane stress σ33 increases with increasing specimens thickness in both

flat and slant regions. Simulation results confirm that the magnitude of σ33 is much higher in flat

region than in slant region.
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5.10 Résumé

Le chapitre 5 présente la modélisation de la déchirure ductile par éléments finis en util-

isant le concept de zone cohésive. Cette méthode a été choisie du fait que la croissance diffuse des

cavités est inexistante pour les matériaux étudiés. Le modèle utilisé dans le cas de chargement en

mode-I est basé sur une loi contrainte-ouverture de Needleman (1987). La propagation de fissure

des essais Kahn a été simulée avec succès dans les deux matériaux recristallisés. Les paramètres de

zone cohésive identifiés ont été employés pour prédire la déchirure ductile des structures M(T) : la

transférabilité éprouvette/structure étant un des objectives de cette étude. La prédiction est sures-

timée de près de 14% comparativement à l’expérience. Deux raisons ont été identifiées pour expli-

quer cette surestimation : i) la première est l’effet de flambement par voilement étudiés classique-

ment pour les structures en tôles minces ; ii) la deuxième raison est la non-transférabilité du modèle

de zone cohésive identifié sur l’éprouvette de petite taille Kahn vers la grande plaque M(T). En

effet, les résultats de simulation montrent que les paramètres de zone cohésive sont plus sensibles

pour les essais M(T) que pour les essais Kahn. L’effet d’épaisseur a également été examiné dans

cette partie via le modèle de zone cohésive. Les résultats de simulation montrent que les paramètres

identifiés sur une éprouvette mince ne peuvent pas être utilisés pour prédire le comportement de

déchirure sur une éprouvette plus épaisse. Pour la modélisation de la rupture en biseau, une loi

de mode mixte modifiée sur le modèle Scheider (2001) a été spécialement implantée, une sur-

face de fissure avec transition de plat-à-biseau a été construite. Ces travaux n’ont pu être menés à

terme du fait de problèmes de convergences non résolus durant la simulation numérique. Enfin, la

technique de relâchement de nuds a été utilisée pour analyser l’effet d’épaisseur avec une surface

de fissure en biseau. La contrainte hors-plan σ33 a été comparée entre les éprouvettes ayant des

épaisseurs différentes dans les deux régions (plate et biseau). La simulation numérique confirme

que l‘amplitude de la contrainte hors-plan σ33 est bien plus importante dans la zone plate que dans
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la zone en biseau, ceci permet d’expliquer l‘apparition du délaminage lorsque l’épaisseur augmente.



Chapter 6

Conclusions and Prospects

6.1 General conclusions

Aluminium-Copper-Lithium alloys are developed as advanced materials for aerospace

constructions primarily because of their high specific strength damage tolerance balance. Since Al-

Cu-Li alloys usually exhibit a strongly anisotropic behaviour, it is necessary to take this behaviour

into account for structure conception. The current work focuses on the influence of microstructure

on the plastic anisotropy and fracture mechanisms of AA2198 Al-Cu-Li alloy in form of sheets. An

experimental database including tensile tests and tear tests was established. Plastic anisotropy of

sheets was characterized by tests on smooth tensile and notched tensile specimens along different

loading directions. Sheet thickness effect on plasticity, ductility and fracture toughness was inves-

tigated via mechanical tests and finite element simulations. Fracture mechanisms were investigated

using scanning electron microscopy and X-ray tomography techniques. Ductile tearing behaviour

was modelled by finite element simulation using a cohesive zone model.

169
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6.2 Main results

The results presented in this work, can be divided into four main parts related to: (I) the

microstructure of materials (II) the plastic anisotropic behaviour (III) the ductile tearing behaviour

including thickness effect on fracture toughness (IV) the use of cohesive zone model (CZM) and

node release technique for modeling of ductile tearing.

(I) The four material (T3R2, T8R2, T3F6 and T8F6) microstructures have been charac-

terized in chapter 2. Metallographic observations indicated that the materials under study present a

strongly anisotropic grain structure. Large pan-cake shaped grains were observed in the L–T plane;

intermetallic particles are aligned along rolling direction (L). Both 6 mm-thick fibrous materials

(T3F6 and T8F6) have much thinner grains and more grain directionality than both 2 mm-thick

recrystallized materials (T3R2 and T8R2). TEM investigation results show that inter-granular pre-

cipitates are found along almost all grain boundaries or subgrain boundaries areas in T8 condition

material (T8F6); hardening T1 and θ’ type precipitates are also formed at this condition. For nat-

urally aged T3 material (T3F6), hardening precipitates T1 and θ’ were not seen; there are no pre-

cipitate decorations at grain boundaries or subgrain boundaries. X-ray tomography observations of

as-received materials show that the initial void volume fraction is very limited. The volume fraction

of intermetallic particles and voids is∼ 0.34% for recrystallized material (R) and ∼ 0.4% for fibrous

material (F).

(II) Plastic anisotropy and fracture mechanisms were investigated in chapter 2. At first,

an experimental database including smooth tensile (ST) tests and notched tensile (NT) tests was

established. Smooth tensile tests along different loading directions (L, T and D) show that 6 mm-

thick fibrous materials (T3F6 and T8F6) present a stronger anisotropic behaviour than 2 mm-thick

recrystallized materials (T3R2 and T8R2). This anisotropic behaviour was less pronounced on cor-

responding notched tensile specimens. In this part, strain rate sensitivity was also investigated via
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smooth tensile tests. At room temperature, all four materials exhibit a slightly negative strain rate

sensitivity (also called dynamic strain ageing (DSA)). However, this effect becomes positive at high

temperature (120◦C); Mechanical tests carried out on different thicknesses ST and NT specimens of

both fibrous materials show that reducing sheet thickness does not modify material’s elastic-plastic

behaviour. Thin sheets keep the same level of strength and anisotropy as thick ones. However,

reducing sheet thickness decreases significantly material’s apparent ductility and maximum nom-

inal stress of notched specimens. The plastic anisotropy of materials can be well represented by

the model proposed by Bron and Besson both in terms of strength and Lankford coefficients. The

parameters identified on 6 mm-thick fibrous materials can well predict the elastic-plastic behaviour

of specimens when the thickness was reduced to 2 mm by machining. Finally, the investigation of

strain localization based on Rice’s bifurcation analysis shows that failure of smooth tensile speci-

mens is essentially governed by anisotropic plasticity which accounts for the difference observed

along L-, T- and D-loadings. This analysis also indicates that this failure mechanism does not con-

trol failure of L-loading in the T3F6 material where necking is not observed.

(III) Ductile tearing behaviour was examined in chapter 4 by using three kinds of speci-

mens (Kahn, Arcan and M(T)). All tear test specimens exhibit a slant fracture in the crack propa-

gation region which is typical for thin sheet metals. With Kahn specimens, stable crack extension

can be obtained on both recrystallized materials (T3R2 and T8R2). L-T loading tests have a higher

toughness than T-L loading. In the case of fibrous materials (T3F6 and T8F6), crack propagation is

stable in T3 condition but with a strong crack deviation. No stable crack extension can be obtained

in T8 condition (T8F6), strong crack deviation accompanying pop-ins was observed during tests.

These tests are not valid for the interpretation of fracture toughness according to ASTM [5].

Thickness effect on fracture toughness were examined on two 6 mm-thick fibrous ma-

terials (T3F6 and T8F6) by reducing sheet thickness to 2 mm in the case of Kahn tear specimens.

Experimental results show that fracture toughness decreases with decreasing sheet thickness, 2 mm-
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thick tests have a lower nominal peak stress and a smaller crack mouth opening displacement. Com-

plementary tests on 3 and 4 mm tests in the case of T8F6 material confirm this evolution of fracture

toughness with sample thickness. The results also indicate that thickness has a strong influence on

crack turning behaviour. With thinner specimens, a straighter crack extension can be obtained with

same type specimen on the same material.

Arcan tear tests were performed on this material (T8F6). In global mode I loading, L-T

loading specimens exhibit a more stable crack growth than T-L loadings which fail after a short crack

extension. In mixed-mode (I+II) loading specimens, the crack extension are also not stable in both

L-T and T-L loadings. Precracked Arcan specimen was tested along T-L direction in which unstable

crack extension observed in both mode I and mixed-mode loadings, stable crack extension was

obtained in mode I tests. These results suggest that the initial crack tip condition has an important

effect on crack extension behaviour.

Large panel M(T) tests carried out on T8 recrystallised material (T8R2) show that L-T

loaded panels have a higher toughness than T-L loaded ones. It is consistent with the test results on

small sized Kahn specimens. In the case of T8 fibrous material, L-T loading has very similar tough-

ness as T-L loading. Concerning the fracture mechanisms, at macroscopic scale, both Kahn and

M(T) specimens exhibit very similar fracture surfaces. The crack begins with a small flat trian-

gular region perpendicular to the loading direction followed by a flat-to-slant transition. Outside

of this zone, typical slant fracture is observed. Observations of fracture surface at a microscopic

scale indicate that two different fracture mechanisms can be identified on both Kahn samples and

M(T) panels. In the flat region, void growth mechanism is dominant due to a higher triaxiality ratio;

very large dimples can be seen. In the slant zone, void growth is very limited,

Investigation of arrested Kahn tests via high resolution X-ray tomography techniques in-

cluding gallium wetting treatment gives more accurate results concerning the fracture mode and

damage development. Void growth is limited in the slant regions for all tested materials. For re-
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crystallized materials (T3R2 and T8R2), trans-granular fracture is the predominant fracture mode in

the crack propagation regions; However, for two fibrous materials (T3F6 and T8F6), inter-granular

dominant cracking was observed at the mid-thickness of specimens. The results of tomography

investigation give a guide for the choice of ductile tearing modeling models.

(IV) The ductile tearing behaviour has been modelled using finite element simulations,

as it is described in chapter 5. Modeling was performed using cohesive zone model (CZM) sug-

gested by analysis results of fracture mechanisms of materials. The model applied for global mode-I

fracture is based on the Needleman traction-separation law. Crack extension with flat crack plane

has been simulated on two recrystallized materials (T3R2 and T8R2). Identified cohesive param-

eters on Kahn tests were employed to predict tearing behaviour of M(T) tests. In slant fracture

modeling, mesh of slant fracture surface with a flat-to-slant transition was constructed. Modified

mixed-mode Scheider cohesive zone model was implanted to model slant fracture. Serious conver-

gence problem was met with the cohesive zone models. The transferability of cohesive zone model

from Kahn tests to M(T) test was examined in present work. Simulation results show that the iden-

tified cohesive parameters are more sensitive for M(T) than for Kahn tests. Thickness effect was

assessed using different thick Kahn specimens via cohesive zone models, results show that fitted

cohesive parameters on thin specimens cannot be used to predict tearing behaviour on thick ones.

Node release technique was applied to simulate different thick Kahn tests with predefined slant

fracture surface, the constraint in thickness direction was compared for specimens having different

thicknesses. Stress σ33 increases with increasing specimens thickness in both flat and slant regions.

Simulation results confirm that the magnitude of σ33 is higher in flat region than in slant region.
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6.3 Prospects

As observed in the current work, initial crack tip condition has an important effect on

the crack growth stability of tearing specimens. For small scale tearing tests, precracked or side-

grooved Kahn tear specimens are suggested for the future investigations of ductile tearing behaviour

of high strength aluminium alloys (Al-Cu-Li and Al-Zn-Mg).

Concerning the dynamic strain ageing (DSA), it cannot totally explain the premature fail-

ure before onset of necking in our case of fibrous material in L-loading (T3F6). The influence of

texture anisotropy (between L, T and D) and DSA on the onset of necking could be investigated in

further work. It can be assessed by complementary mechanical tests coupled with EBSD (electron

backscatter diffraction) characterization of texture.

A better understanding of loading mixity on crack extension behaviour of Arcan tear tests

needs further work. New design of Arcan specimen (see Fig. 6.1) proposed by Madi et al. [64]

could be used in further investigations. At same time, the size effect on ductile tearing behaviour

could also be investigated by using mode I loading tests.

The transferability from small sized specimens to large ones needs further investigations.

The stress triaxiality is an important parameter in the fracture of ductile metals, the cohesive zone

models (CZM) used here and in numerous literatures often do not take it into account. It makes

the CZM less transferable than GTN models and other micromechanics based models. Current

researches focus on mode-I fracture or pure mode-II fracture, little work has been done for mixed-

mode fracture modeling in 3D. Modeling of slant fracture (with flat-to-slant transition) will be one

of further research in thin-walled structures. In our work, 3D modeling of mixed-mode (mode I,

II and III) fracture was tested, however, due to a serious convergence problem in 3D calculation,

further work is needed.
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Figure 6.1: New design of Arcan specimen used for mixed-mode loading proposed by Madi et al.

[64].



Conclusions et perspectives

Conclusions générales

Les alliages d‘aluminium-cuivre-lithium ont été développés comme les matériaux avancés

aérospatiaux en raison d’un meilleur compromis entre la résistance et la tolérance au dommage. Les

alliages Al-Cu-Li présentent souvent une anisotropie importante, du coup il est nécessaire de pren-

dre cette anisotropie en compte pour le dimensionnement de structure. Le travail actuel se concentre

sur l’influence de la microstructure sur l‘anisotropie plastique et la ténacité de l‘alliage 2198 sous la

forme de tôles. Une base de données expérimentale y compris des essais de traction et des essais de

déchirure a été établie. L‘anisotropie plastique de matériaux a été caractérisée par les éprouvettes

de traction lisse et les éprouvettes entaillées selon différentes directions de prélèvement. L’effet

d’épaisseur sur la plasticité, la ductilité et la ténacité ont été étudiées via des essais mécaniques

et des simulations par éléments finis. Les mécanismes de rupture ont été examinés en utilisant le

microscope électronique à balayage et la tomographie à rayon X. Le comportement de la déchirure

ductile a été modélisé par simulation éléments finis via un modèle de zone cohésive.

Principaux Résultats

Les résultats présentés dans ce travail peuvent se deviser en quatre parties : (I) la mi-

crostructure de matériaux, (II) l‘anisotropie plastique, (III) le comportement de déchirure ductile et

176
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l’effet d’épaisseur, et (IV) le modèle de zone cohésive et le relâchement de nuds pour la simulation

de la déchirure ductile.

(I) Les microstructures des quatre matériaux (T3R2, T8R2, T3F6 et T8F6) ont été car-

actérisées dans le chapitre 2. Les observations métallographiques indiquent que les matériaux de

l’étude présentent des structures granulaires anisotropes. Les grains en forme de crêpe sont ob-

servés dans le plan de tôle L-T; les particules intermétalliques sont alignées selon la direction de

laminage. Les deux matériaux fibrés (T3F6 et T8F6) ont des grains plus minces et une directivité

plus marquée que les deux matériaux recristallisés (T3R2 et T8R2). Les observations MET mon-

trent que les précipités inter-granulaires sont trouvés dans la plupart des joints de grains ou des

sous-joints de grains dans les matériaux en état de revenu artificiel T8; les précipités servant au

durcissement structurel de type T1 et θ’ sont formés aussi dans cette condition de traitement ther-

mique. Pour les matériaux en état revenu naturel T3, les précipités T1 et θ’ ne sont pas observés;

on observe également une absence de précipitation aux joints de grains contrairement au traitement

T8. Les observations effectuées en tomographie à rayon X montrent que la porosité initiale reste

limitée. La fraction volumique de particules intermétalliques et de vides est d’environ 0.34% pour

les matériaux recristallisés et 0.4% pour les matériaux fibrés.

(II) L‘anisotropie plastique et les mécanismes de rupture des éprouvettes de traction ont

été examinés en détail dans le chapitre 2. Tout d‘abord, une base de données expérimentale com-

prenant notamment des essais de traction lisse et les essais de traction entaillée a été construite. Les

essais de traction sur les éprouvettes lisses selon différentes directions de sollicitation (L, T et D)

montrent que les matériaux fibrés d’épaisseur 6 mm présentent une anisotropie plus marquée que

les deux matériaux recristallisés d’épaisseur 2 mm. Cette anisotropie est moins importante pour les

éprouvettes entaillées. Dans cette partie, l’effet de vitesse de déformation a été également examiné

via des essais de traction lisse à différentes vitesses. A la température ambiante, les quatre matériaux

(T3R2, T8R2, T3F6 et T8F6) présentent un léger de sensibilité négative à la vitesse (effet PLC). No-
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tons qu’à 120◦C , la sensibilité à la vitesse redevient positive. Les essais mécaniques effectués sur

les éprouvettes de traction lisse et entaillée montrent que la réduction de d’épaisseur ne modifie

pas le comportement élasto-plastique des matériaux. Les éprouvettes minces ont le même niveau

de résistance et d‘anisotropie que les éprouvettes épaisses. Cependant, la réduction de l’épaisseur

d’éprouvette diminue de façon significative la ductilité du matériau ainsi que le maximum de con-

trainte nominale sur les éprouvettes entaillées. L‘anisotropie plastique peut être bien représentée

numériquement avec le modèle anisotrope proposé par Bron et Besson (2004) au niveau de la con-

trainte et des coefficients de Lankford. Les paramètres identifiés sur les matériaux fibrés d’épaisseur

6 mm peuvent prédire le comportement élasto-plastique des matériaux d’épaisseur 2 mm. Enfin,

l’investigation de la localisation basée sur l‘analyse de Rice (1976, 1980) montre que la rupture

des éprouvettes de traction lisse est contrôlée essentiellement par la plasticité anisotrope qui tient

compte des différences observées selon les directions L, T et D. Cette analyse montre également que

l’instabilité liée à la localisation plastique ne permet pas d’expliquer la rupture prématurée (avant

striction) du matériau T3F6 sollicité dans la direction L.

(III) Le comportement de la déchirure ductile a été étudié en détail dans le chapitre 4

en utilisant trois différents types d’éprouvettes (Kahn, Arcan et M(T)). Toutes les éprouvettes de

déchirure présentent une rupture en biseau dans la région de la propagation de fissure, faciès typique

d’une tôle mince. Avec les éprouvettes de petite taille Kahn, la fissure se propage de manière stable

dans les deux matériaux recristallisés (T3R2 et T8R2). La configuration L-T est plus tenace que la

configuration T-L. Dans le cas de deux matériaux fibrés, la propagation de fissure est stable dans

le matériau en état T3 et est accompagnée d’une bifurcation de fissure importante. La propagation

de fissure n’est pas du tout stable pour le matériau fibré en état T8, des pop-ins et des bifurcations

de fissure ont été observés pendant les essais. Ces essais ne sont pas valides au sens de la norme

ASTM [5].

L’effet d’épaisseur sur la ténacité a été étudié dans les deux matériaux fibrés (T3F6 et
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T8F6) en réduisant l’épaisseur à 2 mm dans le cas d’éprouvettes Kahn. Les résultats expérimentaux

montrent que la ténacité diminue avec la réduction d’épaisseurépaisseur le maximum de la con-

trainte nominale et l’ouverture d’entaille sont plus petits pour les éprouvettes de 2 mm. Les essais

complémentaires effectués sur les éprouvettes d’épaisseur 3 mm et 4 mm ont confirmé la tendance

observée sur la ténacité. Les résultats montrent également que l’épaisseur d’éprouvette a une influ-

ence non négligeable sur la bifurcation de fissure. La diminution d’épaisseur entrane une propaga-

tion de fissure plus stable et plus droite.

Les essais Arcan de chargement en mode mixte sont réalisés sur le matériau fibré en état

T8F6. Dans le cas de chargement en mode-I pure, les résultats sont cohérents avec les essais Kahn, la

propagation de la fissure est plutôt stable. Dans le cas du chargement en mode-mixte, la propagation

de la fissure est instable. Néanmoins, une propagation de fissure stable a été obtenue avec une

éprouvette pré-fissurée par fatigue. Ces résultats montrent que la condition du fond d’entaille a un

effet important sur la propagation de la fissure.

Les essais sur éprouvette-structure M(T) ont été effectués pour les deux matériaux en état

T8. Pour le matériau recristallisé, la configuration L-T est plus tenace que la configuration T-L

ce qui est cohérent avec les essais Kahn. Pour le matériau fibré, la configuration L-T a le même

niveau de ténacité que la configuration T-L. Concernant le mécanisme de rupture, les éprouvettes

M(T) ont un faciès similaire aux éprouvettes Kahn. La propagation de fissure commence avec une

petite zone triangulaire perpendiculaire à la direction de sollicitation, suivie par une transition de

plat-à-biseau. Au-delà de cette zone, une rupture en biseau est observée. Les observations de la

surface de rupture montrent deux mécanismes de rupture différents (similaires pour les éprouvettes

Kahn et M(T)). Dans la zone triangulaire, la croissance de cavités est dominante du fait d’un taux

de triaxialité élevé : de grands cupules sont observées. En revanche, la croissance de cavité est très

limitée dans la zone en biseau ou le taux de triaxialité est plus faible.

Les observations d’essais Kahn interrompu via la tomographie à rayon X haute résolution
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nous donnent des résultats plus précis concernant le mécanisme de rupture et le développement de

l’endommagement. La croissance de cavité dans la zone de propagation de fissure reste limitée dans

tous les matériaux étudiés. Le traitement au gallium à permis de mettre en évidence les joints grains

dans les alliages d‘aluminium. Pour les deux matériaux recristallisés, la rupture trans-granulaire est

prédominante dans la zone de propagation de fissure. Néanmoins, pour les deux matériaux fibrés, la

rupture inter-granulaire est observée au milieu d’épaisseur de l’éprouvette. Ces résultats d‘analyse

peuvent nous aider à choisir le modèle adapté pour décrire l’endommagement ductile de ce type

d‘alliage.

(IV) La déchirure ductile a été modélisée en utilisant la simulation par éléments finis

(décrite au chapitre 5). La modélisation a été effectuée avec un modèle de zone cohésive inspirée par

les analyses des mécanismes de rupture qui montrent que le développement d’endommagement est

très limité dans ces matériaux. Le modèle utilisé pour la simulation de la rupture en mode I est basé

sur la loi de contrainte-ouverture de Needleman (1987). La propagation de fissure d’éprouvettes

Kahn a été simulée avec succès avec une surface de rupture plate prédéfinie pour les deux matériaux

recristallisés (T3R2 et T8R2). Les paramètres identifiés ont été employés pour prédire la déchirure

ductile des plaques fissurées M(T). Pour modéliser la rupture en biseau une loi modifiée de mode-

mixte, basée sur le modèle Scheider (2001), a été spécialement implantée, une surface de fissure

avec transition de plat-à-biseau a été construite. Ces travaux n’ont pu être menés à terme du fait

de problèmes de convergences non résolus durant la simulation numérique. Les résultats de sim-

ulation montrent que les paramètres de zone cohésive sont plus sensibles pour les essais M(T)

que pour les essais Kahn. L’effet d’épaisseur a été également examiné dans cette partie via le

modèle de zone cohésive, les résultats de simulation montrent que les paramètres identifiés sur une

éprouvette mince ne peuvent pas être utilisés pour prédire le comportement de la déchirure pour une

éprouvette plus épaisse. Enfin, la technique de relâchement des nuds a été utilisée pour analyser

l’effet d’épaisseur avec une surface de fissure en biseau. La contrainte hors-plan σ33 a été comparée
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entre les éprouvettes ayant des épaisseurs différentes. La contrainte σ33 augmente avec l’épaisseur

d’éprouvette dans la zone plate et dans la zone en biseau. Les résultats de simulation confirment

que la contrainte σ33 est beaucoup élevée dans la zone plate que dans la zone en biseau, ceci permet

d’expliquer l‘apparition du délaminage lorsque l’épaisseur augmente.

Perspectives

La présente étude a montré que la condition du fond entaille initiale a un effet non

négligeable sur la stabilité de la propagation de fissure. Pour les éprouvettes de déchirure de petite

taille (eg. Kahn), les éprouvettes pré-fissurées ou avec des rainures latérales seront recommandées

pour l’étude des alliages à haute résistance (Al-Cu-Li et Al-Zn-Mg).

Concernant le vieillissement dynamique, il ne peut pas expliquer complément la rupture

prématurée avant la striction dans le cas de matériaux fibré sollicité dans la direction longitudinale

(L). L’influence de la texture anisotrope (entre les directions L, T et D) et le vieillissement dy-

namique doivent être examinés ensemble dans les études ultérieures. Il serait judicieux de réaliser

des investigations complémentaires de façon à caractériser les textures par la technique EBSD (Elec-

tron Backscatter Diffraction). La transférabilité entre l’éprouvette de petite taille et l’éprouvette de

grande taille nécessite de travaux complémentaires. En effet, le taux de triaxialité de contrainte est

un paramètre important dans le mécanisme de rupture de matériaux ductiles : le modèle de zone

cohésive utilisé ici et de nombreux modèles proposés dans la littérature n’en tiennent pas compte.

Il s‘avère que les modèles de zone cohésives sont moins transférables que les modèles de type GTN

ou les autres modèles micromécaniques.

La recherche actuelle concentre sur la rupture en mode I pure ou mode II pure, peu de

travail a été réalisé pour la modélisation de rupture en mode mixte en 3D. La modélisation de la

rupture en biseau serait un des grands sujets dans la recherche à venir pour les structures à parois
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minces. Dans notre étude, la modélisation de la rupture en mode mixte (I+II+II) a été testée, mais

en raison de problème de convergence, il est nécessaire de nouveaux des développements dans la

future. L’étude expérimentale en mode mixte n‘a que partiellement été abordé, elle nécessite des

travaux complémentaires, notamment du point de vue de la conception de l’éprouvette qui s‘avère

beaucoup trop élancée. Une nouvelle géométrie d’éprouvette Arcan (Fig. 6.1) proposé par Madi et

al [64] pourrait être utilisée dans les recherches à l‘avenir.
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Appendix A

Plan of specimens

The specimens used for the mechanical tests during this work are withdrawn from four

different sheets supplied by Alcan CRV. Two 2 mm-thick recrystallized sheets on T3 and T8 condi-

tions, and two 6 mm-thick fibrous sheets on T3 and T8 conditions. For 6 mm fibrous sheets, 2 mm-

thick sheets are also prepared by slicing the 6 mm sheets into 2 mm to investigate sheet thickness

effect. This section presents the dimension of all testing specimens, smooth tensile specimen ST12,

notched tensile specimen NT1 and NT2, Kahn tear specimen, Arcan specimen and M(T) panel.
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Figure A.1: Smooth tensile specimen ST12 (dimension in mm).
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Figure A.2: Notched tensile specimen NT1 (dimension in mm).
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Figure A.3: Notched tensile specimen NT2 (dimension in mm).



Appendix A: Plan of specimens 196

10 25± 0.01

35± 0.02

6
0
±

0
.0

2

r = 3.75± 0.01

1
±

0.02

45
◦ ±

1
◦

4
±

0
.0

2

3
0
±

0
.0

2

6
0
◦
±

0
.5
◦

Figure A.4: Kahn tear test specimen (dimension in mm).
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Figure A.5: Arcan tear test specimen (dimension in mm).



Appendix A: Plan of specimens 198

760

253

Figure A.6: Center-cracked tension test specimen M(T) (dimension in mm).



Appendix B

Mechanical Tests

In this section, all the mechanical tests carried out during this work are shown in curves.
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Figure B.1: . Tensile tests on ST12 specimens along L, T and D directions for the T3R2 and T8R2

materials at three different strain rates.
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Figure B.2: . Tensile tests on ST12 specimens along L, T and D directions for the T3F6 and T8F6

materials at three different strain rates.
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Figure B.3: . Normalized force (F/S0) as a function of Notch Opening Displacement (NOD) of

NT1 specimens along L and T directions for the T3R2 and T8R2 materials.
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Figure B.4: . Normalized force (F/S0) as a function of Notch Opening Displacement (NOD) of

NT2 specimens along L, T and D directions for the T3R2 and T8R2 materials.
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Figure B.5: . Normalized force (F/S0) as a function of Notch Opening Displacement (NOD) of

NT1 specimens along L and T directions for the T3F6 and T8F6 materials.
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Figure B.6: . Normalized force (F/S0) as a function of Notch Opening Displacement (NOD) of

NT2 specimens along L, T and D directions for the T3F6 and T8F6 materials.
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Figure B.7: . Normalized force (F/S0) as a function of the Crack tip Mouth Opening Displacement

(CMOD) of Kahn tear tests along L–T and T–L loadings for the T3R2 and T8R2 materials.
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Figure B.8: . Normalized force (F/S0) as a function of the Crack tip Mouth Opening Displacement

(CMOD) of Kahn tear tests along L–T and T–L loadings for the T3F6 and T8F6 materials.
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Figure B.9: . Normalized force (F/S0) as a function of the Crack tip Mouth Opening Displacement

(CMOD) of Kahn tear tests along L–T and T–L loadings for T3F62 and T8F62 materials.
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