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Abstract

High strength metallic materials, notably steel and light-weight titanium and aluminium
alloys, are widely used in aeronautical and other structures. In case of accidental
overload involving high strain rates and quasi adiabatic conditions, these materials are
often susceptible to adiabatic shear banding. The adiabatic shear bands (ASB) are
intense shear localisation zones resulting from thermomechanical instability and
provoking premature material failure. At an advanced stage of the localisation process,
the ASBs have been shown to contain micro-voids (MV) which may coalesce to form
cracks and ultimately lead to the fracture of the structure. Thus the coupled mechanisms
of ASB+MV act as a precursor to catastrophic failure and it is consequently crucial to
numerically model their formation and effects when dealing with structures submitted
to high loading rates. The ASBs are also observed in industrial applications such as high
speed machining where their formation favours the chip serration.

A large scale postulate is used herein to obtain a global insight into the structural
material response. The shear band cluster is indeed contained/ embedded within the
representative volume element (RVE), and not the opposite as usually considered. The
objective here is to enrich a model describing the ASB effects by taking into account the
consequences of the micro-voiding within the progressive failure process. The effects of
ASB and MV initiation and evolution on the RVE (material point) response are double:
kinematic, namely a progressive deviation of the plastic flow in the band plane described
via specific ASB and MV induced velocity gradients; and material, namely a progressive
anisotropic degradation of the elastic and plastic moduli described via ASB and MV
induced second order tensor deterioration variables. The ASB onset criterion is derived
from the linear perturbation analysis and the MV is activated using a critical value for
the local energy release rate. The interest of this advanced constitutive model is
emphasised by comparison with an application oriented (1-D) model where D is a scalar
damage variable.

The enlarged ASB+MV model is implemented as user material into the engineering finite
element (FE) computation code LS-DYNA in the context of standard FE kinematic
formulation. The dynamic shear compression loading of a hat shaped structure is
simulated; the contributions of the ASB on the one hand and MV on the other hand could
be clearly identified and in agreement with experimental results. Moreover, the
limitation of the current numerical approaches to simulate the high speed machining is
evidenced.






Résumé

Les matériaux a haute résistance, notamment les aciers et les alliages a base
d’aluminium et de titane, sont largement utilisés dans I'aéronautique comme matériaux
structuraux et de protection. Dans le cas de surcharges accidentelles impliquant des
vitesses de chargement élevées et des conditions quasi adiabatiques, ces matériaux sont
souvent sensibles au cisaillement adiabatique par bande. Les bandes de cisaillement
adiabatique (BCA) sont des zones étroites de cisaillement intense qui résultent d'une
instabilité thermomécanique et qui conduisent a une rupture prématurée du matériau. A
un stade avancé du processus de localisation, des micro-cavités (MCs) ont été observées
dans les BCAs. Ces MCs peuvent coalescer pour former des fissures et mener a la rupture
de la structure. Ainsi, les mécanismes couplés d'ASB+MC agissent comme un précurseur
a la rupture catastrophique et il est par conséquent important de modéliser
numériquement leurs effets dans des structures soumises a des sollicitations a haute
vitesse. Les BCAs apparaissent aussi dans certaines applications industrielles, telles que
I'usinage a grande vitesse, ou elles favorisent le festonnement du copeau.

Un postulat de grande échelle est appliqué ici ou la longueur caractéristique du volume
élémentaire représentatif (VER) est plus grande que la largeur de bande, et non l'inverse
comme fait communément. L'objectif du travail présenté est d'enrichir un modele
décrivant les effets des BCAs en prenant en compte les conséquences de
I'’endommagement par MC dans le processus progressif de la rupture. Les effets des
BCAs et des MCs sur la réponse du VER sont doubles: cinématique, a savoir une
déviation progressif de 'écoulement plastique dans le plan de la bande décrite via des
gradients de vitesse induits par les BCAs et par les MCs; et matériel, a savoir une
dégradation anisotrope des modules élastiques et plastiques décrite via des variables
tensorielles d’ordre deux de détérioration induite par les BCAs et par les MCs.
L’amorgage des BCAs est déterminé a partir d'une analyse linéaire de stabilité et celui
des MCs par une valeur critique du taux de restitution d'énergie local. L’intérét de ce
modele avancé est démontré par comparaison avec un modele orienté application du
type (1-D) ou D est une variable de détérioration isotrope.

Le modele enrichi ASB+MC est implémenté comme matériau utilisateur dans le code de
calculs commercial par éléments finis LS-DYNA. La simulation du chargement
dynamique de cisaillement par compression d’'une éprouvette chapeau a été conduite ;
les contributions des BCAs d'une part et des MCs d'autre part dans la détérioration de la
structure sont clairement identifiées et en accord avec les résultats expérimentaux. De
plus, la limitation des approches numériques actuelles pour simuler 1'usinage a grande
vitesse est mise en évidence.
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1 INTRODUCTION

1.1 GENERAL CONTEXT

We are here interested in the response of structures submitted to severe conditions in
terms of large deformation, high strain rate and high temperature rise, as notably
encountered during accidental events (ship collision, bird/debris strike against aircraft
parts, ballistics, etc.) or metal forming (deep drawing, high speed machining, etc.). In the
context of the design of engineering structures of large dimensions, the aim is to assess
numerically their current and residual resistance. Failure of structures is known to be
strongly dependent on a large number of parameters, including but not restricted to
amount of strain, strain rate, temperature and loading path, and to result from various
mechanisms operating at different scales, viz cleavage vs. microvoiding or shear
localization. The present work more specifically focuses on the failure of structures
under adiabatic shear banding and further micro-voiding which occurs under high strain
rate loading and low stress triaxiality.

In this context, the present study aims at modelling the adiabatic shear banding and the
consecutive micro-voiding induced material deterioration. High strength and light-
weight materials such as steels, titanium and aluminium alloys are predominantly used
as constitutive materials of aeronautical and other structures. Although these alloys
exhibit excellent mechanical properties in terms of strength, toughness and weight, they
possess a severe weakness in terms of susceptibility to adiabatic shear banding which is
a form of shear localization that acts as a precursor to catastrophic failure.

The adiabatic shear bands (ASB) are intense shear localization zones as seen in Fig. 1.1
which are generated in thermo-viscoplastic materials when they are submitted to high
strain rate loading. The high strain rate does not allow sufficient time for the heat
generated from the plastic work to diffuse away from the deforming zone in the
relatively low heat conductivity materials and by that creating a quasi-adiabatic
condition. The heat causes thermal softening, and when the thermal softening
overcomes the strain/strain rate hardening, conditions are favourable for the localized
shear bands to be formed.



Fig. 1.1 Adiabatic Shear Band seen in 7039 Aluminium alloy. After [1].

The ASB are not only formed in metal alloys but also in glassy polymers. PMMA cuboid
specimens subjected to dynamic impact in a split Hopkinson bar also show crossed
shear bands as shown in Fig. 1.2 (Courtesy of Binti Mat Jali and Longeére).

s e

Fig. 1.2 a) High strain rate compression of cuboid polymer specimens in a split Hopkinsor pressure bar
setup. b) ASB observed in impacted PMMA polymer material. Courtesy of Binti Mat Jali and Longére
(2018).

Once the ASB is formed, the softer material within the band serves as a site for the
nucleation and growth of micro-voids (MV) as shown in Fig. 1.3, see Xue et al. [2]. These
micro-voids additionally contribute to softening mechanism and accelerate the post-
critical drop in strength of the material. The micro-voids coalesce and lead to the
formation of cracks which ultimately fracture the material. The consecutive phenomena
of shear bands and micro-voids are henceforth termed as ASB+MV.
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Fig. 1.3 a) Shear bands observed in Ti-6Al-4V alloy. b) Growth of micro-voids within the shear bands.
After [2].

The ASB+MV are found to appear in the context of various structural and industrial
applications.

The combined action of ASB+MV, on the one hand, is undesirable when it leads to
premature failure for example of aircraft structural parts subjected to impact loading. In
military applications, the failure of the protective armour plates made of very hard steel
under ballistic impacts may also be due to the ASB+MV as shown in Fig. 1.4.

Fig. 1.4 a) Impacted amour steel plate b) Adiabatic shear band containing ultimate crack. After [3].

The US army research laboratory considered the use of titanium alloy instead of steels in
the defence structures due to its high strength to weight ratio. The impact tests on Ti-
6Al1-4V alloy plates using a tungsten fragment simulating projectile (FSP) showed failure
by adiabatic shear plugging. Fig. 1.5 shows the deep penetration of the tungsten FSP into
the titanium plate, see [4].
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Fig. 1.5 ASB formed in titanium alloy plate allows the deep penetration of tungsten penetrator. After [4].

The ASB+MV are also found to occur in industrial application such as high speed
machining (HSM). Contrary to conventional machining, HSM implies high strain rate
which triggers the ASBs leading to the formation of serrated chips, see Fig. 1.6. The ASBs
appearing on the chip might be a boon in terms of reducing the level of force on the
cutting tool and improving chip evacuation [5]. However, the ASBs might also be
considered a bane in the high speed cutting process when the serrated chips lead to the
fluctuation of the cutting force, decreased tool life, rough surface finish and less accuracy
in the machined parts [6].

Transformed shear band

150 Him

Fig. 1.6 Shear bands causing serrated chips observed in AISI 1045 steel machined at a cutting velocity of
432.6 m/min. After [7].



In either case, it is essential to model the ASB+MV phenomena in the numerical
simulation of HSM in order to optimize the process.

On the other hand the ASB+MYV prove to be useful in certain military applications such as
in a kinetic energy (KE) penetrator. A KE penetrator (Fig. 1.8a) also known as a KE
weapon uses kinetic energy to penetrate and destroy the targets (Fig. 1.8b).

Fig. 1.7 a) Tungsten KE penetrator design. b) Deployment of Kinetic Energy (KE) penetrator to destroy
targets. After [8].

In KE penetrators made up of ASB susceptible materials such as depleted uranium
alloys, on impact, ASBs appear on the planes of maximum shear and fail, causing the
outer penetrator material to exit the zone of interaction with the target. The ASBs thus
helps in ‘self-sharpening’ and thereby improving the ballistic penetration performance
of the penetrator, as seen in Fig. 1.8a, refer [9]. If the KE penetrator is made up of a
material resistant to ASB such as tungsten alloy, on impact, the tip of the penetrator will
be mushroomed by strain hardening and blunted causing less efficient penetration on
target as shown in Fig. 1.8b, refer [9],[10].




Fig. 1.8 Illustration of penetration cases and radiographic images of residual penetrators after perforating
armour steel a) U-3/4Ti alloy penetrator: adiabatic shear failure resulting in chiselled nose. b) Tungsten
heavy alloy penetrator: mushroomed head. After [11], [9].

The ASB+MV are thus encountered in numerous applications, and it is therefore
indispensable to model the combined phenomenon for the design, optimization or
ensuring of structural integrity by prediction of the behaviour of the concerned
application.

1.2 CONTEXT OF THE STUDY

The goal here is to represent in a unified model the effects of ASB+MV on the
representative volume element (RVE). The two global objectives of the present work can
be stated as follows:

1. To enrich and improve the embedded-band based constitutive model
characterizing ASB induced failure in order to include the effects of micro-
voiding in the post-critical regime.

2. Numerically implement the enriched model as user material in a finite
element code and evaluate its performance on initial boundary value
problems of increasing complexity.

1.2.1 Experiments

The widely referred experimental work producing ASB is the one performed by
Marchand and Duffy [12] in which they produced ASB by subjecting HY-100 steel tube to
high strain rate torsion. The average stress and strains and the deformation pattern
from the applied grid lines obtained are shown in Fig. 1.9. The stages of deformation
distinguished from the inclination of the grid lines in the different frames in Fig. 1.9 a,b
are as follows:



(Stage1l) Frame1l : Homogenous strain distribution
(Stage2) ByFrame4 : Weakly heterogeneous deformation

(Stage3) Frame5 :  Strongly heterogeneous deformation when the ASB initiates
and propagates and causes a progressive drop in strength.
(Stage4) Frame 6 : Crack appearance within the shear band

This experiment demonstrates the significant consequence in the material of the
presence of ASB and the subsequent crack supposedly formed by the coalescence of
MVs.

The present work does not involve any experimental campaigns. The results of
Marchand and Duffy’s experiment are used herein as a reference for numerically
calibrating the material constants.
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Fig. 1.9 a) Stress-Strain behaviour of HY-100 steel in dynamic shear. b) Photographs of the grid lines
showing deformation pattern at instants of the numbered arrows in (a). After [13].

There are various other experiments evidencing that the premature material failure
caused by the ASB is preceded by the formation, growth and coalescence of micro-voids.
For example, the microscopic observation by Liu et al. [14] in Fig. 1.10 of the crushed Ti-
6Al-4V bars showed ASBs containing voids and coalesced voids (cracks).



Fig. 1.10 Micro-voids and coalesced voids (cracks) seen in the wake of ASB in Ti-6Al-4V alloy. After [14].

1.2.2 Modelling

A large scale postulate is adopted herein contrary to the many approaches in the
literature describing the ASB. In the present approach, the RVE has a length scale greater
than the ASB width; in other words, the shear band is embedded within the RVE.

A physics motivated phenomenological constitutive model was initially developed by
Longere et al. [3] in an irreversible thermodynamics framework which described the
material degradation induced predominantly by the ASB. The aim here is to use an
enriched version of the aforementioned model based on the model developed by
Longeére and Dragon [15] in order to explicitly reproduce the consequences of micro-
voiding in the band wake with a view to clearly distinguish in the post-critical regime
the respective contributions to the material softening coming from the two mechanisms
namely adiabatic shear banding on one hand and micro-voiding on the other hand.

It is important to distinguish the two consecutive mechanisms for the following reasons.
The ASB in itself is a weak discontinuity, causing shape change, as there is cohesion of
matter within the band, whereas the MV is a strong discontinuity with the absence of
matter within, creating irreversible damage in the material and imposing volume change
and related hydrostatic components to the induced strain rate because of the void
growth. Depending on the loading, the ASB does not necessarily lead to micro-voiding
and further failure; and in certain cases, upon unloading, the ASB is quenched by the
cooler surrounding material, undergoes phase transformation and finally becomes
harder at room temperature than the surrounding matrix material. Therefore
considering a unique variable accounting indistinctly for ASB and MV does not allow for



distinguishing the zones in the structure where ASB takes place, with potential initial
properties recovering after unloading and cooling as explained above, and where
irreversible void-growth induced irreversible damage as a precursor to crack formation
takes place.

The effects of ASB+MV initiation and evolution on the RVE (material point) response are
double: material, namely a progressive anisotropic degradation of the elastic and
plastic moduli; and kinematic, namely a progressive deviation of the plastic flow in the
band plane. The material effects of ASB and MV are described by anisotropic second
order tensor variables. The variables describing the state within the shear bands such as
the temperature, strain, strain rate etc. termed as ‘singular’ variables are implicitly
embodied within the deterioration variables. The kinematic consequences of ASB and
MV are described by supplementary induced inelastic strain rates. As large strains and
rotations are involved, objective derivatives are used.

The model also describes the ASB incipience criteria based on a linear perturbation
method taking into consideration the role of softening mechanisms namely thermal
softening and dynamic recrystallization induced softening. The MV incipience is
tentatively treated using a critical value of the local energy release rate.

1.2.3 Numerical simulation

The enriched ASB+MV model is then coded as a user subroutine in Fortran and
implemented into the engineering finite element (FE) computation code LS-DYNA. The
interest of using this advanced model describing the ASB+MV induced deterioration
instead of a simpler engineering oriented model is demonstrated through a comparative
study.

For a model to be considered predictive, it has to satisfy a complete Verification and
Validation (V&V) procedure. In the V&V procedure, models are tested on initial
boundary value problems (IBVP) of increasing complexity against the corresponding
experimental results. To begin with, the model is implemented on an RVE scale i.e. on a
single FE and the material constants are identified at this scale from the given
experiments. Using the constants identified, the model is then implemented on an IBVP
with an a priori known path of the ASB+MV. The model’s performance is assessed
against experiments and if need be it is recalibrated in a loop with the previous step. The
ultimate test of the model’s predictability would be on a complex IBVP where the
ASB+MV trajectory is unknown.



In the present work, due to the lack of quantitative experimental results concerning the
MV, instead of the V&V, the feasibility and robustness of the enriched model is
demonstrated on the RVE and structural scale. The implementation of the model on the
complex IBVP namely simulation of high speed machining is a work in progress.

1.3 CHALLENGES

The present study poses various challenges in terms of modelling, numerical simulation
and conducting experiments which are categorized below as scientific and industrial
challenges.

1.3.1 Scientific challenges

It is required to depict as accurately as possible the physics of ASB+MV phenomenon
using an advanced three-dimensional model distinguishing the distinct and consecutive
mechanisms of adiabatic shear banding and micro-voiding. The post localization micro-
voiding needs to be inserted into the basic model of Longere et al., which describes the
coupling between plasticity and strain localization, preferably in a ‘unified approach’
without distorting much its formal structure, rather than developing another
constitutive model reproducing the coupling between plasticity and ductile damage.
Alternative two-dimensional approaches based on variational methods or finite element
kinematics enrichment can be found in Longere [16].

Dealing numerically with the local softening phenomenon, resulting from a competition
between material hardening and softening mechanisms and which has severe
irreversible consequences at the structural level, would be a challenging task. The model
has to prove itself to be robust enough to control the evolution of this material
instability all along its progress and accordingly overcome the numerical instability the
finite element computation code is subject to in the softening regime and subsequent
meshing dependence of the numerical results.

The ultimate challenge lies in demonstrating the developed model to satisfy the V&V
procedure and thereby proving it to be predictive. The material constants identification
in the V&V procedure consequently creates the need for the availability of experimental
results. As the deterioration mechanisms of shear banding and micro-voiding are
distinguished in the present study, it is required to identify separately the constants
pertaining to each of the specific mechanisms. The difficulty in the experimental work
lies in identifying the instant of MV incipience during the high strain rate tests.
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Numerically implementing the model on the complex IBVP of high speed machining in
the software LS-DYNA comes with its own set of challenges. It is first required to be able
to successfully simulate the machining process using a conventional model after having
defined proper boundary and contact conditions. Then the advanced model needs to be
implemented overcoming the numerical instability and it has to be able to accurately
reproduce the morphology of the chip as examined from experimental results.

1.3.2 Industrial challenges

As stated previously, ASB+MV appear in various industrial and military applications as a
boon or a bane.

Titanium is extensively being researched for use in the military platforms for its high
ballistic performance when used as an armour and its light-weight to increase mobility
or to meet tactical requirements. For example, in Fig. 1.11, by replacing the conventional
materials with titanium in the four shown areas on the US military tank, over 15001bs of
combat weight was reduced without the loss of function or protection. The use of
titanium as a standalone armour material poses the disadvantage of ASB induced failure.

Bustle Blow-off Panels
182 Ib Weight Reduction

Gunner’s Primary Sight Cover
147 Ib Weight Reduction

Internal Armor Changes

NBC System Covers ey
1100 Ib Weight Reduction 81 Ib Weight Reduction ‘

Fig. 1.11 Titanium weight reduction program for US army battle tank. After [4].

On the other hand, it is desirable to manufacture KE penetrators with materials which
fail under shear localization to improve the ballistic penetration. Depleted uranium
produces toxic, radioactive dust and debris when it burns through targets and in the
interest of post conflict management, the United Nations has passed a resolution
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banning the manufacture of DU weapons. Therefore, research has to be conducted to
replace DU with other materials for efficient KE penetrators.

The study of ASB+MV is essential in the context of high speed machining. HSM
experiments at varying cutting velocities in metal alloys susceptible to ASB+MV needs to
be carried out to study the effect of ASB+MV on the process so as to obtain the desired
accuracy in machining, surface finish and tool life. In order to optimize the HSM process,
itis in turn imperative to numerically model the ASB+MV phenomena.

In all the above applications, there is a requisite for accurate numerical simulation of the
ASB+MV process, which in turn requires a user defined, physics motivated constitutive
model describing initiation and consequences of ASB and MV in the material. From an
engineering point of view, the developed model should be feasible to implement on the
scale of actual large structures.

In the process of implementing the model on numerical simulation, the industry is also
required to carry out experimental campaigns for the purpose of material
characterization. An ultimate failure criterion needs to be defined which may vary with
each engineering application on which the model is implemented and would also
depend on the level of conservativeness imposed on the design. For instance, the
presence of ASB may be acceptable whereas the appearance of MV may not be desirable.

The developed ASB+MV model is therefore required to be highly reliable and predictive
to ensure the integrity of the structures and to augment the performances of weapons
and industrial processes.

1.4 ORGANISATION

The chapters are organized in the following manner. Chapter 2 details the physical and
mechanical aspects of ASB and MV, the development of the constitutive model and the
numerical feasibility and the qualitative analysis of the model on an RVE scale. Chapter 3
presents the numerical implementation of the model on initial boundary value
problems. Firstly, the motivation for using the current advanced model describing the
ASB induced material deterioration is demonstrated by a comparative study. Then the
numerical implementation of the enlarged ASB+MV model on a HSS is assessed followed
by the motivations to implement the model on a complex IBVP viz. high speed
machining. The conclusions are drawn in Chapter 4 and the prospective work is
suggested.
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2 THE PHYSICS MOTIVATED
APPROACH

ABSTRACT

Adiabatic shear banding (ASB) is a dynamic localization phenomenon resulting from
thermomechanical instability under high strain rate involving quasi adiabatic conditions
and low stress triaxiality loading conditions. High strength steels and lightweight alloys
of titanium and aluminium are highly susceptible to this phenomenon which leads to
premature material failure. At an advanced stage of the localization process, the
adiabatic shear bands have been shown to contain micro-voids which coalesce to form
cracks and ultimately lead to the fracture of the structure. A physics-motivated, three
dimensional unified constitutive model accounting for the coupled effects of ASB and
micro-voiding has been developed in the context of large deformation, high strain rate
and high temperature rise. The influence of the softening mechanisms such as thermal
softening and DRX induced softening on the ASB onset is also considered here. The
enlarged model is herein implemented as user material into the engineering finite
element (FE) computation code LS-DYNA in the context of standard FE kinematic
formulation and its performances are assessed.
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2.1 INTRODUCTION

Adiabatic shear banding is a distinct deformation mechanism which occurs in
viscoplastic solids during high strain rate and impact loading acting as a precursor to
failure such as plugging failure, ductile fracture, explosive failure, etc., see [1],[2],[3]. The
Adiabatic Shear Bands (ASB) are seen typically in high strength metals and alloys such
as steels and titanium and aluminium alloys (as well as in some glassy polymers) which
are often used as component materials for aircraft and other structures. The ASBs are
undesirable when they cause catastrophic failures of structures such as protection
plates for ballistic applications [4] involving military or civil threats (missile, bird strike,
etc). On the other hand, they are desirable in military application such as kinetic energy
penetrators in which the formation of ASBs on the side ends of the penetrator helps in a
self-sharpening-like mechanism ([5],[6],[7]). They also find application in high speed
machining in which they have mitigated effect in the sense that they help to reduce the
cutting force but at the expense of cutting force oscillation and rougher surface finish
[8],[9]. In the context of engineering design, it is thus crucial to be able to numerically
reproduce the consequences of this phenomenon.

The ASBs are narrow regions of intense plastic shear deformation and strength
softening resulting from thermo-mechanical instability induced by a competition
between hardening and softening mechanisms in the regions of low stress triaxiality
during high strain rate loading. The mechanisms causing the softening which triggers
the ASB formation are mostly plastic dissipation-induced temperature rise and possibly
dynamic recrystallization (DRX) in certain materials. The ASBs appear, for example, in
AA7075 aluminium alloy cylinders under compression loading (Fig. 2.1a) when loaded
at a strain rate of 2500/s in the form of an ‘X’ in the cross section of the specimen (Fig.
2.1b) (Courtesy Manar and Longere). The shear bands are distinctly oriented causing
local degradation of the material properties and a form of induced anisotropy at the
scale of the specimen.

As stated by Bai and Dodd [10], a metal alloy exhibiting excellent mechanical properties
in terms of strength, toughness and weight may possess a severe weakness in terms of
its susceptibility to the adiabatic shear banding. The latter is a complex mechanism
requiring a careful consideration of the variables playing a role in the formation and
propagation of the shear bands. The consequence of the presence of ASB is shown, for
example, in the experiment performed by Marchand and Duffy [11]. A thin-walled
tubular steel specimen (Fig. 2.2 a) was subjected to high strain rate torsion by means of
torsional Kolsky bar. The deformation pattern (Fig. 2.2 b), the average stress and strain
(Fig. 2.2 c) were inferred. By combining (Fig. 2.2 b) and (Fig. 2.2 c), three stages of
deformation were distinguished: the 1st stage showed homogenous strain distribution,
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the 2nd stage is a weakly heterogeneous deformation and the 3rd stage is a strongly
heterogeneous deformation when the ASB initiates and propagates and causes a
progressive drop in strength of the material leading to premature structural failure.

Fig. 2.1 AA7175 aluminium alloy a) Undeformed cylindrical specimen b) Cross-section of the specimen
after high strain rate compression loading under microscope showing ASB. Courtesy of Manar and
Longere (2018).

In the literature, many approaches describing the ASB degradation have been proposed
at a scale lower than the bandwidth implying the use of a very fine meshing, where the
mesh size is smaller than the band width, during finite element analysis; see e.g. Peirs et
al. [12], Bonnet-Lebouvier et al. [13]and Teng et al. [14]. Yet, knowing that the ASB
width is of the order of some tens or hundreds of micrometers, such an approach is not
suitable for structures of large dimensions (an aircraft and even a part of an aircraft)
requiring coarse meshing, and on the other hand the material within the band is
generally different from the one outside as the former may have undergone significant
transformations even though material in the band remains in a solid state. With the aim
of reproducing the ASB-induced failure in large structures, Longére et al. [15] developed
a three-dimensional phenomenological model in a large scale postulate approach in
which the representative volume element (RVE) has a length scale greater than the
width of the ASB amounting to a global insight into the material response, see Fig. 2.3.
The effects of ASB initiation and evolution on the RVE (material point) response are
double: kinematic, namely a progressive deviation of the plastic flow in the band plane,
and material, namely a progressive anisotropic degradation of the elastic and plastic
moduli. The performances of the ASB-model have been assessed considering the
dynamic shearing of a hat-shaped structure, see [16] then a ballistic problem, see [4].
Large scale approaches based on variational methods and enriched finite elements can
be found in [17] and [18],[19] and a review of ASB-oriented modelling approaches in
[20].
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Fig. 2.2 After [11] a) Torsional specimen b) Deformation stages observed by means of grid lines c) Shear
stress-shear strain curve obtained during experiment.

Once the ASB is formed, the softer material within the band serves as a site for the
nucleation and growth of micro-voids. These micro-voids additionally contribute to
softening mechanism and accelerate the post-localization drop in strength of the RVE in
the large scale postulate framework. The micro-voids coalesce and lead to the formation
of cracks which ultimately fracture the material. The evidence of the presence of micro-
voids within the ASB was shown by various experimental observations ([21],[2],[22]).

Longeére and Dragon [23] , for example, carried out experiments on shear compression
specimens (SCS) (see Fig. 2.4a) dimensioned to allow for generating a local shear loading
under a global compression loading. The observation of the fractured surface of the SCS
(see Fig. 2.4 b, c) showed elongated dimples as the result of micro-voiding in the wake of
the ASB. It is clearly seen that the fracture occurred due to two successive mechanisms:
adiabatic shear banding and then micro-voiding.
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Fig. 2.3 Scale postulate concept. After [20]. Up: Body crossed by a shear band. Bottom left: small scale
postulate: the RVE length scale h is lower than the bandwidth w. Bottom right: large scale postulate: the
RVE length scale h is greater than the bandwidth w.

Fig. 2.4 After [23] (a) Shear compression specimen; Microscopic observation of fractured surface (b) 3D
view showing ASB; (c) Detailed 3D view showing elongated dimples in the band plane

The constitutive model developed by Longere et al. [15] reproduced the material
degradation induced predominantly by the ASB. The aim here is to enrich the
aforementioned ASB-model in the post-localization regime in order to reproduce
explicitly the consequences of micro-voiding (MV) in the band wake and thereby to be
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able to clearly distinguish in the post-critical regime the respective contributions to the
material softening coming from the two mechanisms namely adiabatic shear banding on
one hand and micro-voiding on the other hand. Indeed the ASB does not necessarily lead
to micro-voiding and further failure, and in this case, when unloaded, the ASB-
containing material may recover properties close to its initial ones. On the other hand,
considering a unique variable accounting indistinctly for ASB and MV does not allow for
distinguishing the zones in the structure where ASB takes place, with potential initial
properties recovering after unloading and cooling as explained above, and where
irreversible void-growth induced damage as a precursor to crack formation takes place.

An initial enriched model including MV is proposed in [24]. The original enlarged
(ASB+MV)-model is revisited herein, see also [25], and modified in order to represent
some operating physical mechanisms. The modified model is then implemented as user
material into the engineering finite element (FE) computation code LS-DYNA in the
context of standard FE kinematic formulation. The numerical feasibility on a simple
finite element and a parametric study of the model are conducted here.

In Section 2.2, the physics and the mechanical aspects of the phenomena of adiabatic
shear banding and micro-voiding and their consequences are discussed. A general
framework of modelling these mechanisms is also laid out. The more specific
constitutive model is detailed in Section 2.3 along with deterioration incipience criteria
in Section 2.4. The numerical issues encountered in the finite element implementation
and performance of enriched ASB+MV model by numerical implementation on RVE scale
are shown in Section 2.5. Finally the conclusions are drawn in Section 2.6.

2.2 PHYSICAL AND MECHANICAL ASPECTS

Considering the various stages leading up to the rupture, the materials accommodate the
deformation in different ways. Some possible deformation accommodation paths are
illustrated in Fig. 2.5. A material exhibits elasticity during initial loading after which it
may either pass into elasto-plasticity or directly into damage stage leading to rupture
depending on whether it is ductile or brittle. For ductile materials, further loading may
lead either to diffused damage or localised elasto-plasticity. The diffused damage and the
localised elasto-plasticity bring about the ultimate rupture of the material.
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Fig. 2.5 Typical ways for a material to accommodate the deformation

Standard ductile materials follow the black arrow path as shown in Fig. 2.5 in which the
diffused and localised damage is preceded by elasto-plasticity. Geomaterials (concrete,
ceramics, etc) for example, generally follow the blue arrow deformation path. When
loaded well below the glass transition temperature T, polymers show also a (quasi)

brittle behaviour. When loaded around T, the polymers exhibit a viscoelastic behaviour.

The formation of ASB takes place following the steps of the red arrows. The high
strength metals and alloys under high strain rate loading first exhibit elasto-plasticity.
During this stage, the self-heating caused by plastic dissipation and/or softening due to
dynamic recrystallization lead to the formation of a localized shear deformation (ASB)
which causes material strength deterioration and alters the kinematics of the plastic
flow. Further, damage is encountered within the shear bands causing the material
failure.

The scenario for ASB- and MV-assisted failure (path following red arrow in Fig. 2.5) is
depicted in Fig. 2.6. The regular mechanism of polycrystalline plasticity is in action
during the initial stage of hardening. Then the formation of the ASB reduces the material
strength. The drop in the material strength in the post critical stage is potentially
accelerated by the formation of micro-voids in the wake of the ASB. The micro-voids
coalesce and ultimately rupture the material.
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Fig. 2.6 After [11],[2]. Successive mechanisms acting during ASB induced deterioration.

In the following subsections, the salient physical and mechanical features involved are
presented.

2.2.1 Physical considerations

The physical features and the formation process of the adiabatic shear bands and micro-
voids are presented in this section.

2.2.1.1 Adiabatic shear banding

As mentioned above, the ASBs are distinctly oriented shear localizations resulting from a
thermo-mechanical instability phenomenon. The heat produced from the plastic
deformation during high strain rate loading, when not having enough time to be
conducted away leads to local increase in temperature giving rise to a ‘quasi-adiabatic’
condition. This causes a local thermal softening of the material. Thermo-mechanical
instability comes into play as a competition arises between the thermal softening and
strain or/and strain-rate hardening. When the rate of this thermal softening surpasses
the strain/strain rate hardening, the material deformation becomes unstable and
concentrates in narrow softened bands which are termed as ASBs. This widely accepted
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mechanism of ASB inception and growth was first proposed by Zener and Hollomon
[26].

In some cases, for example in steel, the ASBs exhibit phase transformation due to high
temperature within the band (>1200K) and appear as distinct white bands after being
quenched once unloaded as seen in Fig. 2.7. The shear band width usually ranges
between 10-100um as stated in [10].

M
100 pm
Fig. 2.7 Evidence of phase transformed ASB in steel. After [22].

2.2.1.2 Micro-voiding in the ASB wake

Although the ASBs occur in conditions of negative or nil stress triaxiality, micro-voids
have been observed to form and grow within the bands. The micro-voiding could be
initiated in the band wake by the hydrostatic tension when there is a change in the
loading path. Or as stated in [20], when the loading is interrupted after the formation of
the ASB, the quenching of the hot band by the surrounding bulk material may lead to
phase transformation involving possible volume increase (as for martensitic
transformation) and strain incompatibility-induced crack formation at the band/matrix
interface. However, the ASB induced failure is generally observed under monotonic
loading. For example, a thick wall cylinder implosion technique was carried out by Xue
et al. [2] to produce shear bands on Ti-6Al-4V alloys. The microscopic observation of the
ASB showed spherical void nucleation (Fig. 2.8a). The spherical voids were later seen to
elongate to ellipse shape rotate along the direction of the shear momentum (Fig. 2.8b).
Impact tests on hat shaped specimen by Peirs et al. [1] showed micro-cracks in the wake
of the ASB oriented along the highly deformed grains which is different from the ASB
orientation Fig. 2.8c.
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Fig. 2.8 Microscopic observation of ASB showing a) Spherical void nucleation. b) Elongated micro-voids at
a later stage. After [2]. c¢) Micro-cracks observed within the ASB. After [1]

Various perspectives on the stress triaxiality condition for the formation of micro-voids
have been proposed which is discussed in section 2.5.1.4. Under a global shear pressure
loading, Longere et al. [27] demonstrated that micro-voids can initiate and grow around
inclusions in the material. Another theory cited by Odeshi et al. [22] is that the opening
of the voids could be because of the high singular temperatures within the ASB causing
atomic mobility or creating a lower flow stress in the ASB than the surrounding regular
material thereby generating a local tensile stress.

2.2.1.3 Ultimate rupture

The ASB by itself is not a failure mode i.e. a strong discontinuity but it acts as a precursor
to premature material failure. It can be seen clearly in the Kalthoff -Winkler (KW)
impact test performed by Roux et al. [28] on armour steel that the ASB serves as a path
for the crack propagation as shown in Fig. 2.9.

Notches

Projectile

Fig. 2.9 After [28]. a) KW-type impact test configuration. b) Observation of ASB as a precursor to crack.
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The micro-voids which germinate within the ASB coalesce to the formation of cracks
leading to the ultimate rupture of the material. Liu et al. [29] performed dynamic
compression on Ti6Al4V alloy cylinders leading to ASB induced failure. The microscopic
observation of the crushed specimens showed ASBs containing voids and coalesced
voids (cracks) as shown in Fig. 2.10a. Likewise the observation of the fractures surface
of Rittel-Lee-Ravichandran-type shear compression specimens (SCS-RLR) by Longére
and Dragon [23], showed the evidence of micro-voids in the ASB wake, see Fig. 2.10b.

e 2 b

,/ "”; J’ Y, i

)7
,’\
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1

Fig. 2.10 Micro-voids observed in the ASB wake after dynamic compression loading on a) Ti6Al4V
cylinders (After [29]) b) SCS-RLR (After [23])

2.2.2 Mechanical consequences

While modelling of ASB can be widely found in the literature, the subsequent mechanism
of micro-voiding and its modelling as a distinct contribution to the failure process is
largely overlooked. The present work aims to model in a unified approach the ASB and
subsequent MV induced degradation.

2.2.2.1 Preliminaries

According to the large scale postulate, see Fig. 2.3 and Fig. 2.11, the shear band or the
shear band cluster is considered as an entity embedded within the RVE. The vector g is

collinear to the slip direction in the band plane and n represents the normal to the band
plane. Accordingly, the structural tensors used in the following are defined in (2.1)
where () represents the symmetric and ()25 the skew-symmetric parts of the tensor.
According to experimental evidences, the ASBs develop along the planes of maximum
shear stress within the RVE and thus their orientations are calculated.
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N = n®n
M = (g®n)* (2.1)
T =@g®n)®

e
100 2m

Fig. 2.11 ASB orientation vectors

2.2.2.2 Adiabatic shear banding

ASBs are not a type of crack or a conventional ‘damage’ as there is cohesion of matter
within the bands and without any surface separation. Neither are they slip bands which
occur under quasi static conditions as the physics of the phenomenon is different. What
is observed is a large gradient of the shear strain between the matrix and the band. It is
considered here as a ‘degradation’ mechanism as it degrades the mechanical properties
of the overall material /structure in which it is present.

ASBs are therefore classified as ‘weak’ discontinuity which involves a discontinuity of
the gradient of the displacement/velocity i.e. of the strain/strain rate field. A ‘strong’
discontinuity such as a crack on the other hand involves a discontinuity of the
displacement/velocity field. The concept of discontinuity is illustrated in Fig. 2.12.
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Fig. 2.12 Displacement and strain fields in different cases of discontinuity. After [20]

e Material consequences

As the shear band is strongly oriented in space, it anisotropically degrades the elastic
and plastic material properties of the RVE containing the band based on its orientation.
The degradation induced by the ASB may therefore be defined by a 2nd order tensor
variable D defined in (2.2). The components of D are: the scalar degradation intensity
denoted by D and the orientation tensor N of the ASB.

D. =DN, (2.2)

Consider the illustration in Fig. 2.13, the normal to the ASB is in direction 2, in which
case, the deterioration tensor is calculated below:
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ASB , g

Fig. 2.13 Illustration ASB orientation normal to the 2 direction.

0 0 00 0O 00
n={1|—>N= 1 0|-»D=D 10 (2.3)
0 sym 0 sym 0

According to Fig. 2.13, the RVE can be viewed as a 3-layer material or sandwich material
with 1 thin soft layer inserted between 2 thick hard layers, inducing a form of
orthotropy. The resulting elastic shear modulus 24, and elastic axial (Young’s) modulus

E,, are accordingly expected to progressively vanish while the other elastic moduli are

not or less affected.

_9 D e Hip (DASB) —> U K< Uy Ty (DASB) — D¢
T2 = 'uiZ( ASB)elZ Diss >Dasse N Diss >Dhsac (2 4)
Ty, = Epy (Diass ) &5 E,,(Dys) = E. < E, T2 (Dhse ) = Tz
Diasg >Dhsse Dasg >Dhsse

where 7 is the elastic Kirchhoff stress tensor, (z,,E,) and (g, E,) are the initial and
critical, elastic shear and axial (Young’s) moduli. Note that (z,, E;) have non zero values

since ASB preserves matter cohesion. If we want to make an analogy with the (1-D)-
approach [30], D evolving between 0 (sound) and 1 (failed), we should have

(2.5)

{lUlZ (DASB ) = (1_ BDASB );Uo
E22 (DASB ) (1_ EDASB ) Eo

with D,, being authorized to have (i) different instantaneous effects on z,, and E,,

through the constants (5, 5) and (ii) a critical value lower than 1.
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e Kinematic consequences

The kinematic consequences of the presence of the shear band are viewed as those of a
‘macro-dislocation’ considering an RVE as illustrated in Fig. 2.14.

Fig. 2.14 ASB viewed as a super dislocation and the equivalent RVE with kinematic consequences.

The velocity gradient created by the regular plastic deformation outside the band is

designated as L". The ASB induces a supplementary velocity gradient L**® as a result of
glide velocity #"*® in the direction of the unit vector g.

L" =L° +L"*®

[ Ase OC]-/ASBg®n (2.6)
The deterioration-induced velocity gradient L"® for a given band pattern o is
partitioned into symmetric and skew-symmetric parts leading to the corresponding

d ASB

strain rate and spin ®"* respectively as given below.

ASB - ASB,ap\ g @
A o D 7 M,
a

PS8 oc ) pA e gene (2.7)
) ;7/ ] a)ifSBoczj}ASB,a-rija

The introduction of L*® facilitates the smoothening of the boundary discontinuity
caused by ASB as it is done in crystalline plasticity, see Fig. 2.14. The kinematic
consequence of the presence of ASB is thus shown by the total inelastic strain rate d"
resulting from the superposition of regular plastic strain rate d"® by the singular
strain rate induced by ASB d"(**®

in _ qin(PP) in(ASB)
di" =d"®® 4 g (2.8)
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Table 2.1 Summary of kinematic and material consequences of ASB

Kinematic consequence Material consequence
ASB - ASB,a a
;™ oc Z 7MY
LSSB oc Z]/ASB “g (-Z ; ASB ASB.ac Hip (DASB ) = M K M 712 (DASB) = Tipc
oC z ]/ T Dasg —>Dhasse Dass —>Dhasse
E,, (DASB ) —>E <E, Ty (DASB) = Ty
) ) ) Dass >Dhasae Diasg >Dhssc
d_l_n — d_l_n(PP) + di}n(ASB)

2.2.2.3 Micro-voiding

The weak discontinuity (ASB) serves as the path for the initiation of micro-voids which
coalesce to form a strong discontinuity (crack) and the material fails. Like the ASB, the
micro-voids formed in the wake of the ASB also have an effect on the deterioration and
kinematic response of the material. In the current study, the contributions to the
material effect and kinematics coming from the mechanisms of ASB and MV are clearly
distinguished. The presence of the MV induces the following consequences on the
material.

e Material consequence

From Fig. 2.8, different configurations of micro-defects developing in the ASB wake can
be distinguished. Accordingly, Fig. 2.15 shows an illustration of the possible micro-void
shape and orientation.

a) The first simple configuration assumes ideal spherical voids in Fig. 2.15a. In this
case, the spherical MV contributes to isotropic degradation (TrD) and
hydrostatic plastic strain rate (d”) accounting for volume change.

b) Then the second configuration considered shows elliptical voids which possess
an orientation (n",g") which may or may not be the same as that of the ASB (Fig.
2.15b). These types of elliptical voids contribute to anisotropic degradation rate (
D=2, N*; N*=n"®n") and hydrostatic and deviatoric (d?) strain rates (with
the corresponding tensor M*=(g ®n")*) accounting for volume and shape
changes respectively.

¢) The third configuration in Fig. 2.15¢ presents micro-cracks with orientation n”,
g and which influence the anisotropic degradation rate (@MV ,N*). When crack

opening is not taken into account, there is no MV related strain rate.
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Fig. 2.15 Illustration of micro-void configurations. a) Spherical void configuration b) Ellipsoidal void
configuration c¢) Micro-crack configuration.

During the damage process leading to the crack formation, one has for the configuration
in Fig. 2.13 assuming collinearity of the ASB and MV orientations:

Hip (DMV)_)O 712 (DMV)_)O
Dy =Dy e N Dy >Dve
E, (DMV)_>O T2 (DMV)_)O
Dy 2Dyve Dy >Dyve (2 9)

e Kinematic consequence

Similar to the ASB, the MV induces an additional velocity gradient L' as a result of

MV

glide velocity 7™ in the direction of g*.

L" =L"+L"

MV (2.10)
L™ o p"Wg*r® x4 Em |

The MV induced velocity gradient L™ partitioned into symmetric and antisymmetric
parts leading to obtain the strain rate d" and spin ®"" respectively as given below with
T* = (g*®n*)"™. In case of MV configurations accounting for the void expansion, an
additional hydrostatic term appears in the strain rate, where | is the identity tensor and

&" is the mean strain rate.

m
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- MV

. ann*a . €m
di;.\ﬂvocz;/'v'v’ M + 3 I

MV -MV a1 *a
of o 3 7T
o

- aFaNFa . i
L:\J./'V ocZ}/MV’ g;"n" ; (2.11)

Thus the total inelastic strain rate d" has now contributions from plasticity and micro-
voiding as:

in _ qin(PP) in(MV)
d" =d™ 1 (2.12)

Table 2.2 Summary of kinematic and material consequences of MV

Kinematic consequence Material consequence
é‘MV
MV - MV,a o *a ~Fa m
LiJ' o Z}f g nj + Iij
a 3
MV MV, g *a ér?:lv iy (D’V'V)_)O T1p (DMV)_)O
dij oc Z;/ M+ Drv >Duave N Dav = Duave
a
MV W o *a Ey, (D) >0 7y (Dyy ) =0
a)ij * 27/ Y Tij Dwv =Dy Dy >Dyve
[24

in __ qin(PP) in(MV)
d" =d"® +d

2.2.2.4 Combined effects of ASB and Micro-voiding

The combined effects of the ASB and MV can be modelled in a unified approach.
e Material consequence

The deterioration induced by the ASB and the subsequent MV can be embodied in a
single deterioration tensor as follows:

Dij :DASBNij +:DMVN; (2.13)

The effect of the combined deterioration of ASB and MV can be seen on the strain
hardening force r(x) as presented in Fig. 2.16. The black curve represents the strain
hardening solely as a function of the isotropic hardening variable x. The blue curve
carries an additional influence of the temperature i.e. thermal softening. The purple
curve is subjected to the ASB and MV induced deterioration and hence the reduction in
hardening or conversely softening behaviour.

33




rx)

o r(x,T)

: RN

A

s i\ rsTD

H H «
ASB MV >

incipience incipience

Fig. 2.16 Strain hardening force influenced by thermal softening and ASB+MV induced deterioration

e Kinematic consequence

The ASB and MV induced supplementary kinematics are incorporated in the total
inelastic strain rate.

in _ qin(PP) in(ASB) in(MV)
di' =dj" +d; +d; (2.14)

A schematic representation of the kinematics is shown in Fig. 2.17 where F in all the
three cases represents the plastic potential in absence of the deterioration mechanisms.
Fig. 2.17a shows the case of regular plasticity before the appearance of ASB during

which the total inelastic strain rate reduces to d" =d" "™ =TI""mwhere '?P is the

regular plastic yield intensity and m:(3/2)x(s/o-eq) the yield direction. The ASB

in( ASB)

formation in Fig. 2.17b superposes an additional strain rate d =I""*M, causing

progressive deviation of the yield direction. Finally, the micro-voiding in Fig. 2.17c
further contributes to the yield intensity '™V (assuming collinearity of ASB and MV) and
keeps on deviating the yield direction, provoking in particular a plastic expansion
termed as MVhydrostatic.
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Fig. 2.17 Schematic representation of the evolution of yield direction (a) before ASB initiation (b) during
ASB formation (c) in the presence of micro-voids (MV) in the wake of ASB. F is the regular plastic potential
in the absence of deterioration mechanisms.

Table 2.3 Summary of kinematic and material consequences of ASB and MV combined

Kinematic consequence Material consequence

D; =D, N; + Dy N;

din = 0P . () . gin) ﬂlﬁg)) -0 T%g)) —0
E,(D)—>0 |7,(D)—>0
DD, DD,

2.3 CONSTITUTIVE MODELLING

This section deals with the more specific form of the unified constitutive model
describing the ASB and the consequent MV induced deterioration. The
phenomenological model describing ASB induced failure originally developed by
Longere et al [15] has been conceptually improved by Longere and Dragon [24] to
incorporate the effects of micro-voiding (MV) in the post critical stage. The model used
in the present work is mostly based on the enlarged model in [24] while making some
simplifications/modifications. The role of dynamic recrystallization on the onset of ASB
in the materials susceptible to this mechanism has also been considered here. The aim of
the enriched model is to clearly distinguish the contributions to the degradation coming
from the ASB on the one hand and the MV on the other hand. The constitutive model
presenting the dynamic recrystallization in the context of the model under consideration
can be found in [31].

The constitutive model developed here is a phenomenological one wherein the
consequences of the presence of the ASB at the global RVE scale on the regular
properties are described. The salient physical features described by the model are:
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e SOFTENING INFLUENCING ASB ONSET:
¢ Plastic dissipation induced thermo-mechanical softening
¢ Dynamic recrystallization induced softening
e CONSEQUENCES:
e Material degradation: Anisotropic material degradation due to ASB+MV
e Kinematics: Degradation (ASB+MYV) induced specific finite strain kinematics

The scale postulate adopted influences the choice of the state variables. From the
numerical perspective, the representative volume element (RVE) corresponds to the
finite element (FE) integration point. When a reduced integration with a single Gauss
point is considered, the FE represents the RVE. Fig. 2.3 illustrates the difference between
what is considered a ‘small’ and ‘large’ scale postulate. In the large scale postulate, the
RVE and the FE contain the shear bands whereas in the small scale postulate the
meshing is done on a smaller scale within the bands.

The material within the band is weakened as it is characterized by very high values of
shear strain and temperature. Locally within the bands the shear strains may range
between 5 and 100, shear strain rates between 104 to 10%/s and the local temperature
reaching several hundred degrees (see [32],[33],[11]). As the ASBs are distinctly
oriented in space, they induce a form of anisotropy in the mechanical properties of the
overall material/structure. In the following, the properties associated with the material
inside the ASB are termed as ‘singular’ and the properties associated with the material
outside the band are referred to as ‘regular’.

2.3.1 Large anisotropic strain framework

As very large strains and rotations are encountered during the ASB process, a finite
elastic-plastic deformation framework is adopted. The following are the simplifying
assumptions considered here:

e Moderate elastic deformation
e Strain hardening limited to the isotropic one
e Absence of the strain rate memory

The deformation gradient F is decomposed as the product F=VeQF? (see Fig. 2.18),

where Ve denotes the pure elastic stretching, Q the rotation of anisotropy axes and Fdp
the inelastic deformation including plasticity and deterioration.

36



Fig. 2.18 Decomposition of the deformation gradient F in the presence of anisotropy. After [15]

This allows for decomposing the total rate of strain rate tensor d and the spin tensor ®
as follows:

d=d°+d" ; 0=W+0'+"

T . . (2.15)
dln de(PP)+dm(ASB)+dm(MV)

: (Din =(Din(F’P) +(Din(ASB) +(Din(MV)

where d° and ®° represent respectively the elastic rate of strain and spin, W = QQ"
the rotation rate of anisotropy axes relative to ASB orientation. The inelastic spin rate
in

®" is composed of plastic spin rate """ and the spin rates ©"**® and ®"™" induced

by ASB and MV respectively.

\%
The objective corotational derivative A of a 2nd order tensor A is given by

\% .
A=A—-WA+AW (2.16)

Taking into account the negligible elastic rotation ®° and relative small regular plastic

spin """, the rotation rate W is reduced to:

W=wm _(min(ASB) +0)in(MV)) (2.17)

In the following, the tensors X defined in the intermediate configuration C re

t
inter a

transported to the current one C, denoted by a tilde X via X = QXQ'.
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2.3.2 Thermodynamic framework

In the framework of irreversible thermodynamics, the (regular) state variables to
account for accordingly are: the elastic strain tensor e° =InV?*, the absolute temperature
T, the isotropic hardening variable x. The singular temperature and other singular
state variables are not explicitly calculated in the model, but their effects on the material

degradation are embodied in the degradation tensor D.

Helmholtz free energy w(ee,T,K; f))is assumed as the state potential comprising of a
reversible part y° (ee,T; f)), a stored energy part y° (T,K‘; D) and a purely thermal part

w' (T)as shown in (2.18). The presence of ASB affects both the elastic and plastic

properties.
w (e, T, D)=y (¢, T;D)+y? (T, D)+ (T) (2.18)
Constitutive state laws derived from the state potential in (2.18) allow for expressing

the elastic Kirchhoff stress tensor t, strain hardening force r, deterioration driving

force G and entropy s, as follows:

oy oy’ oy oy’
i = Fo aei? Lo ae§ Po Py Po E
~ oy oy’ oy’
G, =-— —_— = — + = 2.19
i 2 aDij [po aDij £o 6Dij ( )
oy ow* oy’ dy’
S=—p, —=— + +
Po> =P ot (p(’aT Poor TP T

The model should satisfy the Clausius-Duhem inequality in order to be consistent with

the irreversible thermodynamics. Therefore the intrinsic dissipation 9, . is expressed as:

int

Dy =73} — (¥ +5T) 20 (2.20)

D, is decomposed into regular plasticity related term 9., and singular ASB+MV

induced term 9 Using the Gibbs relation pol/)=rijd§+rk—(§ij[~)ij—pOST the

sing *

dissipation components are written as:
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@int = CDreg + @sing 20

oy (2.21)
=7, :dJ‘.’i +G; :D;; 20

— - P > .
Doy =7 1A —rx 20, D =

sing

The normality rule is preserved during phases of ASB and MV such that a collinearity
exists between the regular plastic strain rate d;'"and the deviatoric part of the

in(ASB) in(MV)

Kirchhoff stress tensor s, the singular strain rates (dij ,d;

) and the orientation

5 5 Y ASB Y MV 5
tensor (M, M *) and finally the degradation rate tensor (D ,D ) and the tensor (N,
N"). The evolution laws are correspondingly derived from dissipation potentials namely
the viscoplastic potential ¢, and viscous-degradation potential ¢, = ¢,g; +4,,, as:

- 0p, _ _
in __ p _ Ain(PP) in(ASB) in(MV)
di" =2 =d ") 4 d" ) 4 g
ij
._99,

— 2.22
£=— (2.22)

v v ASB v MV
Ijij =%= Ijij + [Sij

oG,
The evolution laws in turn require the definition of a plastic potential H and/or a yield
function F depending on whether non-associated (H=F) or associated flow rule
(H=F) is followed.

2.3.3 Constitutive equations

A more precise form of the constitutive equations adopted in the current study is
presented in this section. In the following sections, for simplification, elliptical void
shape is assumed with the orientation along the direction of the ASB as represented in
Fig. 2.19. Hence the structural tensors corresponding to the ASB and MV are considered
to be the same (N, M).
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Fig. 2.19 Elongated micro-voids oriented in the direction of ASB

2.3.3.1 Preliminary considerations

e [Elastic stress tensor

Following the work of Halm and Dragon [34], see also Longere and Dragon[15], the
elastic stress tensor in presence of induced anisotropic degradation is assumed of the
form:

v _
oe;

ij

W _ e

e 1y 2065 —aKAT Iy —a(es,D,, 1 +€5D; )—2b(es D, + Dyey )
i

T = o Lo

(2.23)

The form given to the stress tensor in (2.23) is such that it takes into account material
degradation based on the orientation of the shear bands. Aand x represent the Lamé
elasticity constants and K = (34 +24) /3 the bulk modulus. aand b are ASB+MV related
constants inducing orthotropic elastic energy degradation - they may have different
values for ASB and MV in a future work. In the thermal part, & represents the thermal

expansion coefficient, T, the initial temperature and AT =T —T, the rise in temperature.

Consider now the illustration in Fig. 2.20 (copy of Fig. 2.13), the normal to the ASB is in
direction 2, in which case, the deterioration tensor is calculated below:
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Fig. 2.20 Illustration of a case of ASB orientation

0 0 0O
n=|1|->D=D 10 (2.24)
0 sym 0

By neglecting the thermal dilatation, the components of 1t for the above case (Fig. 2.20)
deduced from (2.23) are:

7, = A6, +2ue’, —aes,D,,
= (/1+2y)efl+(/1—a[322)e§2 + A€,
7y = A5 + 215, —a[ €5,D,, +€;,D,, |- 20(e5,0,, + D,e5, )
= A(ef, +5, 65 )+ 2u€5, - a[egz D,, +(ef, +€5, +e5) 522}—4b522e§2 (2.25)
= (A-aD,, )(ef,+e%)+| (2-2aD, ) +2( 1~ 20D, ) &,
T, = A€l +2ue, —aes,D,,
=(A+2u)e, +(/1—a[322)e§2 + A€,

7,, = 248}, — 2be},D,, = 2(/1 ~bD,, )elez
Ty = 2440,
Tps = 2H€5 — be)zze;s =2 (:U —-bD,, ) €

The resulting (symmetric) stiffness matrix C, t=C:e°, reads
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[A+2u (1-aD) A 0 0 0
(A-2aD)+2(u-20D) (i-aD) 0 0 0
A+2u 0 0 0
= 2.26
€] 2u-tv) o o | %
2u 0
| sym 2(u-bD)

Failure under shear loading yields an upper bound for deterioration intensity 2D, as shown
below:

7, =2(u—bD,)e, =0 — DC=%—>DC(b=,u)=1 (2.27)

A reduction in the material strength is seen in the direction normal to the ASB (7,,) and
in the corresponding shear direction (z,,). It is seen that the constants a<0 and b>0
contribute to the reduction in Young’s modulus E,, whereas only b acts in the reduction

of the shear modulus g, .

e Strain hardening force

Experimental observations have shown that in absence of ASB and MV the coupling
between strain hardening and thermal softening may be described in a product form
allowing for using the method of separation of variables

=h'(x)g(T) (2.28)

The form of the thermal softening corresponding to steel is shown in (2.29) wherev is
the material specific thermal softening constant

g(T)=exp(-uT) (2.29)

For materials such as titanium alloys, in accordance with experimental observations, the

function in (2.30) satisfies the thermal softening characteristics with T,

« being a

reference temperature such that g(T,.)=0. <> are Macauley brackets defined as

(x) = max(x,0).
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T t
g(T)= 1—{T—j (2.30)

ref

The strain hardening function is expressed in (2.31) where R is related to the

saturation of isotropic hardening (Voce law).
h'(c) =R, [1—exp(—kx)];h(x) =R, [K+%exp(—k1c)} (2.31)

We are here assuming that this product form can be extended for ASB and MV

p

r(K,T;f))zpog—l/’::po 681/; =h'(K)g(T)W(f)) (2.32)

In the following equations the thermal softening function in (2.29) is used. The

deterioration function w(D)is expressed below where x,and y,are ASB+MV related

deterioration constants. The form of the deterioration function w(D)is adopted of the

same exponential form as the thermal softening function in (2.29) as the singular
temperature rise within the shear band is the main contributor to the material

deterioration. The expression of w(D)in (2.33) is tentatively retained for other

materials such as Ti alloys even though the form of their thermal softening function is
different.

W(Dij) = exp(—zlf)” _% Ifjij Ijji j (2'33)

2.3.3.2 State potential

According to the preliminary considerations above, the state potential reads after
integration of the constitutive state laws in (2.23) and (2.32) with respect to their
different arguments:

l//(ee,T,K'; f))z(//e(ee,T;f))H//p(T,K; f))+y/T (T)

PV (ee,T; f)) = %ee :C(D):e® —aK Tr(e®).AT

py” (T.x:0) = h(x)g (T)w(D) (2.34)
/Oo‘/fT (T) =~Po ZLTOAT ?
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2.3.3.3 Constitutive state laws

The complete expressions of the conjugate forces associated to the state variables,
considering steel oriented thermal softening function, are shown below:

7y = Aeg | +2ue; —aKAT 1, —a(e;, D, 1 +€5D; ) - 2b(e; D, + Dyef))

mn="nm " ij

r=R,[1-exp(—ki) |exp(-uT )exp(—;(lﬁkk - % D, I5,k)
(2.35)

G, = ae; e +2beje; +R, [zﬁ %exp(—kzc)}

-EXp(_UT)eXp(_%Dkk _% Ijkl Ijlkj[;(l I +Zzljij]

The expression of the entropy is not detailed here. The diminution of the stress t is
caused by the isotropic heating and ASB+MV induced anisotropic degradation. The
competition between hardening and softening is embodied in the isotropic hardening
conjugate force r: the strain hardening capability or/0dxis decreased by the thermal
softening function ¢g(T). In addition, as the deterioration D evolves, the deterioration

related function w(D) magnifies the loss of the strain hardening capability as illustrated
in Fig. 2.16. In isothermal conditions and in the absence of deterioration, r reaches a

saturation stress R, [l—exp(—kzc)]exp(—uTo) relative to isotropic hardening. The
deterioration conjugate force G has contributions from the reversible part y®and
stored energy part w" of the free energy which correspondingly represent the elastic
and stored energy release rate. Gin the following is contained in AG,; and AG,,

through the scalar quantity G obtained by the projection of G onto the band plane. In
particular, the values of G at the ASB and MV onset are considered namely G, and

G, respectively and the quantities AG,i; and AG,,, which are defined as:

G=G;N;
AG,s =G -Gy (2.36)
AG, =G -G,

It is to be noted that the deterioration conjugate force exists and evolves even before the
deterioration onset. A finite supply of local energy release rate ( G,g;,G,,, ) is required to

activate the deterioration (ASB, MV). The deterioration onset criteria and calculation of
G, and G,,, are defined in section 2.4.
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2.3.3.4 Yield function

Various void induced damage models exist in the literature. Lemaitre [35] modelled
ductile damage considering non-dilatant effect of void growth. The dilatant void growth
models of Rousselier [36] and GTN (Gurson-Tvergaard-Needleman) ([37],[38]) are
widely used damage plasticity models to describe ductile damage. The ASB induced
degradation, in the present study, was initially described using a thermo/elastic-
viscoplastic-deterioration (TEVPD) model. Now, in order to describe the post critical
micro-voiding, rather than using another plasticity-ductile damage coupled model, a
‘unified approach’ is adopted wherein the MV induced consequences are merged within
the TEVPD framework without distorting much its formal structure. The unified
enlarged model has some analogies with Rousselier model [36] for its dependence on
hydrostatic stress via an exponential function that allows for reproducing void growth
under shear loading.

The yield function F,

total

when both the ASB and MV mechanisms are in operation reads:

F,

o
el = Oeq +3EAGH, exp(gmj—(Ro +r)=o0,>0 (2.37)
where o, is the transformed equivalent stress, (R0+r) the rate independent yield
stress with r the strain hardening force, o, the strain rate induced overstress,

o, =7, /3 the mean stress and & a reference stress. R, is expressed in (2.38) with R,

being the internal stress (thermal softening function related to steel).
Ry =R, exp(-uT)exp (_Zl Dy — % Dy Blkj (2.38)

The second term of the expression of F_, containing o, corresponds to the expansion of
micro-voids with & being the related material constant. The AG,,, in this term has been
modified to AG/, contrary to the previous work ([24],[39],[25]) in order to be

consistent with the MV incipience while deriving the deterioration rate expressed in
(2.46)2 below.

2.3.3.5 Equivalent stress

A transformed equivalent stress o, is used here which incorporates the regular

plasticity and the anisotropy induced in the plastic flow provoked by the formation
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(onset and evolution) of the strongly oriented deterioration mechanisms at stake
(ASB+MYV) through a 4t order tensor P as shown below:

o, = \/gs:P(AGASB,AGMV):s = O+ Ops’ + O (2.39)

eq

where sis the deviatoric part of the stress tensor. o, therefore has contributions from

the regular and singular mechanisms and is composed of the regular plastic von Mises
equivalent stress o,,, and the singular stresses induced by ASB - o, and then by MV-

Owy -
The components of o, are expressed in (2.40) with 7, and 7,, being material
constants relative to the corresponding mechanisms, 7,,, =s:M and o =7:N the shear

stress resolved along the band plane and stress normal to the band plane, respectively.

3

Oum =4|=5:S

Opsg = \/ﬂASBAG,iSB (3Tr2es + 3<O-N >2) (2.40)

Omy = \/UMV AGI\Z/IV (3Tr2es + 3<GN >2)

A power of 2 is used for AG,; and AG,,, terms in the above expression in order to

ensure the concomitance of the deterioration induced rates while deriving their
expressions later in (2.44) and (2.46) below.

One can note that, in the absence of MV (AG,,, =0), F,,reduces to F,, i.e. yield
function in the presence of ASB only. Further in the absence of ASB (AG,;; =0), Von
Mises yield criterion F,; is followed. The different possible cases of the yield function in

the presence or absence of ASB and MV are shown in Table 2.4.

Table 2.4 Form of yield function in the presence or absence of ASB and MV

Operating 2 Feo >0

Mechanisms AG Peq Ov =
AG, 20 o

PP + ASB +MV AG,, %0 O+ s 0wy’ | Fow =0 +3EAGH, exp(?j —(Ry+T)
AG, 20

PP+ ASB AG,,, =0 Oym ‘4 GASBZ Fop,ase = O _(Ro + r)
AG,, =0
PP AGASB -0 Oym ? 1:1‘PP = Geq _(RO + r)
MV
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The expressions for the singular contributions to the equivalent stress are modified here
from the earlier versions in order to take into account the loss of strength of the material
due to ASB and the subsequent MV in the direction normal to the band during tension
loading by adding the stress term o, =7:N in the expression of the transformed

equivalent stress. The scalar function preceding M ®M in the original expression of P
(see equation (36) in [24]) has been limited here to a single term. In a certain way, the a
posteriori addition of o, in the transformed equivalent stress allows for palliating the

aforementioned truncation. During tension loading in the direction normal to the shear
band, presumably the entire load is carried by the shear bands. During normal

compression loading, when 7, =0 and <O'N > =0, the RVE is supposed to contain no

shear bands and the entire load is carried by the regular matrix material.

A scenario in which such a complex loading sequence is encountered is a projectile
impact on Kalthoff and Winkler (KW)-type double notched specimen as shown in Fig.
2.21 [23]. When the projectile impacts, a compression wave travels collinearly to the
impact axis through the impacted part which is translated to local shearing in the notch
tip leading to the formation of ASB. The expansion of the impacted part due to Poisson’s
effect causes another compression wave to travel in a direction perpendicular to the
impacted axis. This wave is reflected as a tension wave creating a tension loading in the
shear localized region.

It is to be remarked that ASB induced deterioration is in operation during the loading
duration when the shear band is still soft. With longer duration or during interrupted
loading, the material within the ASB would possibly undergo phase transformation due
to quenching by the surrounding regular material and become harder. In this case, the
material regains its near original strength except for the irreversible MV deterioration.
This remark is to be taken into account in the prospective work.

- - —= H..
] AN i
ool “ua N . -
A ™ .
T Compression wave
Projectile Notched plate Tension wave

Fig. 2.21 After [23]. Schematic representation of possible wave propagation during KW impact test. (a)
Configuration before impact accounting for plane symmetry. (b) Shear wave in the impact direction
propagation. (c) Tension wave in the perpendicular direction
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2.3.3.6 Viscoplastic and viscous-damage potential

The existence of viscoplastic potential ¢, and viscous-deterioration potential ¢,g;, 4, of

Norton-Perzyna’s type is assumed in the form of power law:

Y H n+1 Z H m+1 W H gq+1
i n+1<Y> Phse m+1<Z> Py q+1<W> (241)

Y and nare viscous constants corresponding to the regular plasticity; Z,m and W ,q

are time-dependence related constants corresponding to the ASB and MV degradation
mechanisms respectively.

2.3.3.7 Evolution laws

A non-associated plasticity is followed such that the plastic potential H=F,_, (<0N )= O)

as expressed below.

H=o0, +3£AGy, exp(%)—(ROH):aV >0

with  o,° =0y’ +0us’ + 0w’ (2.42)

3
O :'/ES:S } Opse = \IMassAClsa T Tuy =3 AGH, T2

The viscoplastic multiplier A jand viscous-deterioration multipliers A,g, Ay, are

expressed below.

- e e e
oF | \Y oF Z oF | \w

The detailed rate equations derived from the plastic potential according to the normality
rule are shown below. In addition to the deviatoric component, the MV induced strain

ginmv)

rate is also composed of a hydrostatic component. The MV expansion described

by the dependence on the mean stress according to exp(c,, / &) was initially proposed by

Rice and Tracey [40].
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in 3 Si
dj " = EAP —
O
in 77 AGZ Tres
dij (ASB) _ 3AP ASB ASB Mij (2_44)

O'eq

2
diijn(MV) _ 3Ap |:77MVAO(-3MVTreS Mij +%AGI\ZAV exp(%] Iij}
eq

£=A (2.45)

vASE 3.2
Dy = _Gres A nssMassAGass Njy
&g
o (2.46)

T2 O,
Dij =3A,, {ﬁ M AG,,, +28AG,,, exp(gmﬂ N;;

eq

[t is to be noted that in the present study void expansion is modelled irreversibly and the
void closure which may take place during change of the loading sign is not taken into
consideration. The inclusion of AG}, in the void expansion term of the yield function

v MV
translates into AG}, and AG,, in the corresponding terms of di™’and Dj
respectively. This ensures the concomitance of the deviatoric and hydrostatic terms of
the rate equation relevant to MV.

The components of the deterioration induced spin rates can be deduced from (2.7) and
(2.44) as:

a)iijn(ASB) =3A, UASBAG/Z\SBTres Tij
= (2.47)
i M AGL, T
wm(MV) — 3AP MV MV " res Tij

1j
(o} eq

2.3.3.8 Viscous stress

The viscous stress in (2.42); is deduced from (2.43)1 and (2.45) as follows:

o, =Y&" (2.48)
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[t is reminded that Y and nare viscous constants corresponding to the regular plasticity
and as such do not depend on D.

2.3.3.9 Temperature rise

The regular temperature rate is calculated from the intrinsic plastic dissipation
expressed in (2.21) assuming adiabatic conditions as:

pcT =7, :d8 —r& (2.49)

As the dissipation progressively concentrates within the band during the ASB process,
the regular temperature rate accordingly vanishes and the regular temperature
saturates; further cooling during unloading should be accounted for in prospective
works.

2.4 DETERIORATION INCIPIENCE CRITERIA

The mechanisms leading to onset of the ASB and MV and the corresponding criteria
adopted are discussed in the current section.

2.4.1 Assumption of adiabatic conditions

While resolving the thermomechanical problem, the heat conduction attenuates the
temperature rise and as a result postpones the ASB onset, see e.g. Bonnet-Lebouvier et
al.[13]. The isothermal vs adiabatic condition can be deduced from @ the ratio of the
characteristic test time t_, and the thermal diffusion time t; . The expression for &

obtained from [41] is shown below :

glew _ 20 Ac (2.50)

i [Loexp(as)] &

where L, is the characteristic length of the specimen, ¢, the thermal diffusivity, Ae

change in strain and ¢ the strain rate. Isothermal condition can be assumed when
60 >>1. Adiabatic condition is assured when € <<1. When &~=1 coupled condition

exists. Assigning @=1, a critical strain rate ¢, can be calculated for transition from
isothermal to adiabatic conditions for a given L,. Adiabatic/quasi-adiabatic conditions

cause significant rise in local temperature making it conducive for ASBs to form.
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Oussouaddi and Klepaczko [42]and Rusinek et al. [43] demonstrated from numerical
simulations that adiabatic conditions can be assumed for copper, aluminium and steel
when the strain rate exceeds 102s1and the critical strain rate decreases with increase in
specimen length.

2.4.2 Softening mechanisms triggering the ASB formation

A criterion for the incipience of the ASB based on the physics of the mechanism is
essential. In the literature, several arbitrary ASB incipience criteria have been postulated
for example based on critical strain, see Zhou et al. [44], strain rate, see Bonnet-
Lebouvier et al. [13], temperature rise, see Teng et al. [14], and energy, see Dolinski et al.
[45]. Although the above mentioned engineering oriented criteria are easy to
implement, they strongly depend on the geometry and loading conditions. Hence there is
a need for a robust physics based criterion consistent with the constitutive equations.
Such a criterion may be obtained from the linear perturbation analysis, see e.g. Anand et
al. [46]. Longere et al. [15] developed a criterion as shown in (2.51) based on simplified
analysis of material instability accounting for the competition between hardening and
softening mechanisms using the linear perturbation method. A detailed account of this
approach can be consulted in the references - Molinari [47], Longere et al. [15], Longere
and Dragon [48].

or or 1.4 or or
Jd 7., rng,—,— |=N3r—| r—-=Y&"+p,.c,| —/| — >0 2.51
(T” * o aTj V3 ( n p”[ax ( aTm (2:51)
-1/n

where Y& "represents the strain rate-induced overstress, or/Oxthe strain hardening
and or /0T the thermal softening effects. The deterioration process is actually assumed
torunassoonas J=0.

This criterion allows for determining G, (= G : N at the instant of ASB incipience).

Two softening mechanisms triggering the ASB formation are considered in the present
study, viz. thermal softening and dynamic recrystallization.

2.4.2.1 Thermal softening

Thermal softening along with quasi-adiabatic condition plays an important role in
provoking the ASB onset. The form of the thermal softening function can be adapted to
different materials as shown in (2.29) and (2.30). It is therefore essential to accurately
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calculate the regular temperature rise causing the thermal softening. The plasticity
induced regular temperature rise shown in (2.49) can also be expressed as:

2
ocT :(M-r}e (2.52)
O

In most studies in the literature, the percentage of plastic work converted to heat i.e. the
inelastic heat fraction g is assumed to be constant; for example £ =0.6in [49], #=0.9

in [50]. However the experiments by Mason et al [51] show that £ is not a constant and

varies with the strain, strain rate and temperature (se eg. [52],[53]) as is potentially the
case in the present study. The form of the inelastic heat fraction can be deduced from
(2.52) as:

pcT = oy p=2m_ L (2.53)

Geq GVM

Before the onset of ASB, the equivalent stress is solely composed of Von Mises stress and
therefore the above expression is reduced to:

ocT = (o D& ; f=1-——— (2.54)

O-VM

As r depends on strain and temperature and o,,, accounts for strain, strain rate and
temperature, £ is expected to depend on strain, strain rate and temperature as well, see

[54]. During the ASB process, the dissipation progressively concentrates within the
bands. Correspondingly, the evolution of the regular temperature outside the bands
diminishes and finally saturates.

2.4.2.2 Dynamic recrystallization

It has been shown that the microstructure also influences the ASB incipience, see eg. Liu
et al. [29]. The micro-mechanisms contributing to the regular material softening and
influencing the ASB onset, which are taken into consideration in the present study, are
the dynamic recovery (DRC) and dynamic recrystallization (DRX). Many studies have
shown that the DRX occurs as a consequence of the adiabatic shear banding
([55],[56],[57])- Contrarily, for certain alloys such as those of titanium, DRX is shown to
contribute significantly to the softening leading to the formation of ASB (see [58],[59]).
The latter approach is considered in the present work and the competition between the
DRX softening and thermal softening provoking the ASB initiation is studied. The
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detailed development of the DRX related model can be found in the article by Longere
[31].

For the initial study on DRX, a critical value of the isotropic hardening variable x, is
imposed to initiate occurrence of DRX. According to Mohamed and Bacroix [60], the

stored energy at DRX onset should depend on temperature. But in the present study, for
simplification, x, is maintained constant and temperature independent.

The DRC and DRX induce a negative hardening effect (softening) and it is modelled in
the hardening term h'(x) as shown in (2.55).

h'(x) =7, (Y (K)){l—exp(—@xﬂ (2.55)

z.is DRC and DRX dependent the saturation value of hardening stress. Y (x) is a non-

dimensional quantity phenomenologically composed of DRC and DRX components
expressed below.

Y () =Yoo + Vo () 7 (¥ () = o (2.56)

where

Y_DRx =Y_max |:1—eXp[—<KA_—KC>j:| (257)

n and Ak, are Kkinetics related constants. Y,.. =Y,is considered a constant. Y__
represents the saturation value of the quantity Y., . The influence of the DRX on the
material strain hardening is shown for example using Ak, in Fig. 2.22. The lower the

value of Ak, , the steeper the drop in strain hardening.
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Fig. 2.22 After [31]. Influence of DRC-DRX related constants on strain hardening.

2.4.3 Mechanisms triggering the MV formation

The micro-voiding triggered during the loading and after unloading are distinguished
here.

¢ Duringloading

Micro-voids can nucleate during the ductile damage process in several ways. The voids
primarily nucleate around inclusions [61] and also at the grain boundary triple points
[62] in the material. The void nucleation may be triggered by the particle-matrix
interface decohesion, the particle rupture or micro-cracking of the matrix around the
particle [63].

e After unloading

As mentioned in section 2.2.1.2, the phase transformation due to quenching of the ASB
after unloading provokes the formation of micro-crack at the ASB/matrix interface. The
question arises whether the micro-cracks observed by Peirs et al. [1] within the ASB are
formed during or after the loading.

The case treated in the current work is effect of MV during the characteristic loading
time.

From a modelling point of view, Chu and Needleman [64]proposed a void nucleation
rate which is statistically distributed over the inelastic strain rate in a Gaussian form as
depicted in (2.58) and Fig. 2.23. The statistical void nucleation function A, is governed
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by three parameters: f;, the maximum void volume fraction possible to nucleate, ¢,
the plastic strain value at which the void nucleation rate is maximum, and S, the

standard deviation of the distribution.

2
f 1{ xk—¢
Aw :—Nexp __( N ]
N2 2\ S
Swy2n N (2.58)

The shortcoming of this type of void nucleation rate is that it is non-nil even for very
small strains and is independent of the loading path.

“An . 4

— An distribution

- Porosity f;

SN\ i "

Fig. 2.23 After [65]. Void nucleation function A, and porosity f; as a function of accumulated plastic strain.

In another approach, Longere et al [61] devised a latent hole nucleation function
overcoming the non-conformity of the former model to small strain and allowing for
taking the loading path into account. The plastic strain at hole nucleation as a function of
the stress triaxiality for different temperatures is shown in Fig. 2.24a. In Fig. 2.24b, void
nucleation domain is given by ®, ; ®,(0) and ®,(x)represent the initial and current

elastic domain of the sound material respectively. Different loading paths (LP) involving
different stress triaxiality is depicted which lead to void nucleation at different amounts
of plastic strain (LP2 and LP3 in Fig.3.25b) and even without plastic strain when the
stress triaxiality is high enough (LP1 in Fig.3.25b).
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Fig. 2.24 After [61] a) Plastic strain at hole nucleation vs. stress triaxiality b) Illustration of various
loading paths on the map of initial and current elastic domains and the void nucleation locus.

In absence of further analytical tools or experimental data, the micro-voiding is
tentatively assumed to initiate as soon as the AG,y, reaches a transition-to-

voiding/critical level AGjg such that G, =Tr(GN) =G,;+AGyy. The AGL is

ASB
calculated as AGLy, =(Q—1)*G,, Where Q is an arbitrary constant greater than unity.
After the MV initiation, AG,is maintained constant at the value of AG{y while AG,,

evolves taking the predominance as the degradation driving force.

2.5 NUMERICAL IMPLEMENTATION

The model in itself does not show the ASB and MV as entities in the finite elements but
phenomenologically reproduces their consequences in the elements.

2.5.1 Numerical issues

Dealing numerically with this local softening phenomenon, resulting from a competition
between material hardening and softening mechanisms and which has severe
irreversible consequences at the structural level, still remains a challenging task. Indeed,
the aim is to control the evolution of this material instability all along its progress and
accordingly overcome the numerical instability the finite element computation code is
subject to in the softening regime and subsequent meshing dependence of the numerical

results.

Explicit time integration schemes are considered for both the initial-boundary value
problem and rate equations of the constitutive model. In other words, the finite element
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computation code, namely LS-DYNA, is explicit and the rate equations are integrated
within a user material subroutine according to an explicit time integration scheme.

2.5.1.1 Regularization and mesh dependence

The viscosity (rate dependency of both plasticity and degradation mechanisms)
contributes to regularize the boundary value problem in the softening regime. Yet, as the
ASB induces a very strong local softening, additional measures need to be applied to
overcome the numerical instability. For this purpose, an adaptive time sub-increment
procedure is imposed on the concerned elements as explained later.

Due to the usage of large scale postulate in the model, an a priori knowledge of the shear
band path and hence mesh refining in the selected regions is not required. A study on
the influence of the mesh size of the initial model describing the effect of ASB was
carried out by Longere et al. [16]and [4]. The large scale postulate requires the ASB to be
embedded within the finite element which in turn implies that it is not feasible to use
mesh of any given size. It was shown that a mesh size of approximately five times the
shear band (~500um for high strength steel) width satisfies the scale postulate. A very
coarse meshing would give rise to a dispersed area of deteriorated finite elements.

2.5.1.2 Sampling of the time increment

The ASB being a strong softening localisation requires additional measure to be applied
in order to avoid numerical instability. For this purpose, the local integration time step
in the concerned elements is reduced by following an adaptive time sub-increment
procedure. A maximum strain increment principle is used (see [66],[16]) where the
adaptive time sub-increment At is defined by the ratio of numerically admissible strain

increment A€ determined numerically and the current strain rate €.

(2.59)

After the incipience of ASB, an adaptive time sub-increment of At /2is used to reinforce
the numerical stability. As long as the current time step At fixed by the explicit
computation code according to Courant-Friedrichs-Lewy (CFL) stability condition is less
than At, it is maintained the same. Once the At exceeds At (or At /2 after the ASB
incipience), an optimized integration time integration Af; is used which is given by:
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N=1 if At<At
At

At =— with
o N N=Int(At

. _ (2.60)
= L f At AT

It is to be noted that this procedure applies only to the concerned elements and
therefore does not greatly affect the calculation cost.

2.5.1.3 Band orientation

According to experimental observations, the ASB is oriented in the plane of the
maximum shear stress within the finite element. This requires the information of the
principal stress values. With the knowledge of the plane of maximum shear stress, the
resolved shear stress 7, can be calculated which is then injected into the expression of

ASB incipience criteria and yield function/plastic potential.

2.5.1.4 Stress triaxiality

The ASBs are formed and propagate under conditions of negative or zero stress

triaxiality. Accordingly, in the user material subroutine, an external condition is imposed
v ASB
such that the incipience of ASB and the evolution of D  take place only under positive

or nil pressure.

On the other hand, different arguments have been proposed in the literature regarding
the stress triaxiality conditions for the formation and growth of micro-voids. Bao and
Wierzbicki [67] stated the micro-voids occur only under positive stress triaxiality and
they transform into micro-shear decohesion under an asymptote of -1/3 negative stress
triaxiality. However, Longere et al. [27] demonstrated that the micro-voids could initiate
and grow around inclusions in the material even under shear pressure loading. The
latter view point is adopted herein and hence in the user material subroutine, the MV
mechanism is allowed to operate both under negative and positive pressure conditions.
The MV expansion is also minimally active in the negative stress triaxiality condition,
thanks to its exponential dependence on the mean stress whose form is adopted from
Rousselier [36] which itself is derived from Rice and Tracey [40].

2.5.1.5 Crack formation

A material failure criterion is required in order to numerically process the element
deletion. A theoretical upper bound for D from (2.2) exists considering melting point of
the material as the maximum temperature limit which is explained in [15]. The crude
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theoretical approximation for critical deterioration intensity .= /b is shown in

(2.27).

Numerically implementing the 7D, as a threshold for element failure is not feasible as the

elements would undergo excessive distortion (even though LS-DYNA is able to deal with
large distortion) at such high values of 7. Therefore currently an upper limit for TrD is
imposed in the user subroutine as a criterion for element deletion. It is to be noted that
the numerical simulation of the crack propagation still remains a challenge and it could
be dealt with X-FEM in the future, see for example Wolf et al. [68]

2.5.2 ASB+MV model implementation on RVE scale

The coupled ASB and micro-voiding (ASB+MV)-model is numerically implemented as a
user material in the engineering finite element explicit computational code LS-DYNA.
The first implementation is done on a 3D RVE i.e. a single H-length (3D, 8 nodes, reduced
integration) brick finite element which is clamped on the bottom 4 nodes while the top 4
nodes are subjected to a tangent velocity V leading to simple shear loading. The shear
strain I is defined as I'= J I'dt where I'=V/H and this shear configuration yields a

horizontal ASB plane. A qualitative analysis of the enriched model is done in order to
study the respective and combined contributions to the material response of the two
degradation mechanisms at stake, namely adiabatic shear banding and micro-voiding.

Two cases are studying in the following corresponding to two typical materials
susceptible to ASB: high strength steel for which the ASB onset is controlled by thermal
softening and high strength titanium alloy for which there is a competition
between/combination of thermal softening and DRX for the ASB initiation.

2.5.2.1 High strength steel: Thermal softening-controlled ASB onset

The material under consideration is high strength 30 Ni-Cr-Mo 6-6 steel. The constants
pertaining to plasticity and hardening are obtained from [4]. The constants related to
the ASB and MV induced softening are assigned arbitrary values in the current
performance study.

Table 2.5 Material properties for 30 Ni-Cr-Mo 6-6 steel

Elastic - viscoplastic constants:
p, (kg/m*®) ¢, (Jkg.K) E (MPa) v R_(MPa) R, (MPa) Y (MPa. s n
7800 420 200e+3 0.33 400 920 60
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Thermal properties:

k v (oc-l) To (OC) a (/K) ‘C}crit (/S)
10 1.1e-3 20 le-6 100
ASB related constants:

Z(MPa.sY™ m neMPa% 4z a(MPa) b(MPa)
15 2 0.01 004 004 0O 15e+3

MV related constants:
W (MPa.s"™ a7, (MPa%) ¢ o
20 2 0.08 1 15

Fig. 2.25 shows the shear stress - shear strain plot for 3 different cases. Case 1 is the
material model exhibiting only polycrystalline plasticity (no shear localization) and
hence only smooth thermal softening is seen without brutal drop in stress. Case 2 is the
material with ASB induced degradation. Case 3 is the enriched model with ASB and MV
induced material degradation. The MV incipience and growth induces a delayed
supplementary material softening leading to a more abrupt drop in strength, as
expected. The drop in stress is attenuated by the viscosity of both ASB and MV. In other
words, increasing the velocity, results in a less brutal drop in stress with a smoother
slope. The inertial effects which are known to play an important role during void
growth, see e.g. Jacques et al. [69], are not explicitly accounted for in the present model,
but their regularizing consequences are at least partly reproduced thanks to the viscous
feature of the MV process.

800
700
600

400 N e ASB only

\
\
'
LA
500 “ = Plasticity
L
v
300 . - == ASB+MV

Shear Stress (MPa)

200 N .
100 Seeo.
0

0 0.5 1 1.5

Fig. 2.25 Shear stress vs Shear strain for different cases. Case 1: polycrystalline plasticity only. Case 2:
polycrystalline plasticity + ASB. Case 3: polycrystalline plasticity + ASB + MV

The constants pertaining to the MV in Table 2.5 are chosen in such a way so as to
magnify its effect on the material and kinematics for the sole purpose of visualization.
The MV related constants can be assigned different values to get the desired material
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behaviour. In Fig. 2.26, different sets of MV related constants are used to demonstrate
the capacity of the model to reproduce different forms of MV induced drop in strength of
the material. The stress-strain behaviour using the constants in Table 2.5 is shown in
Fig. 2.26a. In this case, an early MV onset is seen and the MV influences a major part of
the drop in strength. The MV incipience is delayed in Fig. 2.26b and Fig. 2.26¢ by means
of the constant Q. The magnitude of the MV influence is controlled by the constants
W,q and 7, . Fig. 2.26a,b use MV constants which reproduces a more severe drop in

strength whereas Fig. 2.26¢ uses constants to show a gentle drop in strength due to MV.

a
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700 |
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< 600 o
o ] ]
2 500 o
(%] [} ]
& 400 : :
P 300 o
5 b
S 200 Vo
100 | ASB ) ) MV
0 1nc1p1ence= : Incipience
0 0.5 1 1.5
r
b C
800 ' 800 '
700 | 700 |
] ]
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=500 : 2 500 | ;
(%) [} (%) [}
2 400 | : @ 400 | :
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0 0.5 1 15 0 0.5 1 15
r r

Fig. 2.26 Comparison of plots corresponding to different MV onset value and MV constants. Shear Stress
vs Shear Strain with MV constants asa) 2=1.5, W =20, r,,, =0.08b) 2=2.8, W =20, 7,,, =0.08 c)

Q=28 W =25, 7, =0.01.
In the following (Fig. 2.27-Fig. 2.29), constants from Table 2.5 are used. The quantity

G =G:Ncontaining the damage driving force is plotted against the shear strain for Cases
2 and 3 in Fig. 2.27a. An additional contribution of the void-growth is seen once the MV
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initiates in the case ASB+MV. The progression of AG for the case ASB+MV is shown in
Fig. 2.27b. Once the AG, attains the critical value AG}y, it remains constant and

simultaneously the AG,,, initiates and grows.

The fact that AG,; is non zero when MV operates allows the ASB-related process to

operate until vanishing. In other words, MV becomes progressively and not suddenly
predominant, as shown later.

a b
50 30
40 25 ’/
. % 20 ’
Z 30 Pid £ Pt
= 24 S 15 ‘.
% 20 ASB ASB only 510 e AG_ASB
10 incipience == ASB+MV /I === AG MV
MV AGSTE | _ 2
0 | lincipience 0 A
0 0.5 1 15 0 0.5 1 15
T r

Fig. 2.27 (a) G:N for the cases: ASB only and ASB+MV ; (b) AG for the case ASB+MV showing the two
components

For the enriched (ASB+MV)-model, the total inelastic strain rate d,} and its various

components vs the shear strain are shown in Fig. 2.28. The “regular” plastic or the
polycrystalline plastic strain rate is predominant in the initial stages. The contribution of
the damage mechanisms termed as “singular” plastic strain rate becomes prevalent in
the later stages. The singular strain rate is initially composed of the ASB induced strain

rate d"**®) and later by the MV induced strain rate d;""".

v ASB+MV

Likewise the evolution of the total damage rate Tr(D ) with the shear strain and its

two components are shown in Fig. 2.29a. Finally, Fig. 2.29b presents the trace of the
damage rate tensor for the Cases 2 and 3. The significant addition to the TrD for the case
ASB+MV due to the void-growth is clearly seen.
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Fig. 2.29 (a) Case ASB+MV: Damage rate with its components; (b) TrD for the cases: ASB only and
ASB+MV

2.5.2.2 High strength titanium alloy: Influence of dynamic recrystallization

The DRX mechanism is predominantly found to occur in Ti-6Al-4V as a potential cause of
softening leading to the formation of ASBs [58]. In this section the enriched ASB+MV
constitutive model containing DRX aspects is implemented on the RVE scale i.e. a single
brick finite element for the Ti6Al4V alloy. The material properties concerning
viscoplasticity and the thermal properties are obtained from experimental results as
observed in [31]. The ASB, MV and DRX constants are assigned arbitrary values for the
current parametric study.

Table 2.6 Material properties for Ti-6Al-4V
Elastic - viscoplastic constants:
p, (kg/m®) ¢, (Ukg.K) E (MPa) v R, (MPa) R, (MPa) Y (MPa.s'™ n
4500 460 113e+3 0.34 972 1080 400 44
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Thermal properties:
To (OC) a (/K) Tref (K) t écrit (/S)
20 le-6 923 0.6 100

ASB related constants:
Z(MPa.s'™ m 7mMPa®  z  x, a(MPa) b(MPa)
100 2 0.01 0.04 0.04 0 15e+3

MV related constants:
W (MPa.s'™ 4 7, (MPa?%) ¢
75 2 0.05 1 2

DRX related constants:
Y, Y, k., Ax, 1n(MPa)

max C

14 14 02 08 1.36e+4

In line of the work by [31] dealing with ASB only, the competitive influence of the two
softening mechanisms provoking the formation of the ASB, namely thermal softening
and DRX induced softening, and their effects on MV are studied here. Four different
cases are numerically studied here :

(1) no thermal softening and no DRX (No TS & No DRX)

(2) no thermal softening and with DRX (No TS & With DRX)

(3) with thermal softening and no DRX (With TS & No DRX)

(4) with thermal softening and with DRX (With TS & With DRX)

The DRX related constants are chosen such that the ASB incipience and consequently the
start of the drop in strength take place almost at the same time for cases (2) and (3). Fig.
2.30 shows the plot of shear stress vs shear strain for the four different cases. For the
first case, when no softening mechanism comes into play, no material degradation takes
place as expected. The ASB incipience instant is marked by a red spot and MV incipience
by a green one on the curves. It is seen that as calibrated, the ASB incipience takes place
more or less simultaneously for cases (2) and (3) i.e. cases incorporating thermal
softening only or DRX softening only. When both the softening mechanisms act in case
(4), it is seen that the ASB onset takes place much earlier. The MV onset on the other
hand is not directly influenced by the softening mechanisms but it depends on the value
of G, according to the current model.
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Fig. 2.30 Shear stress vs shear strain for different cases of thermal softening and DRX induced softning.

2.6 CONCLUSION

The formation and propagation of adiabatic shear bands (ASB) is a very complex
mechanism. A physics motivated phenomenological model describing the ASB induced
degradation and kinematics in the framework of large scale postulate was initially
developed by Longeére et al. [15]. This model required enrichment in terms of taking into
account the micro-mechanisms that operate in the late pre-failure stage. Experimental
evidence showed the presence of micro-voiding (MV) in the wake of the ASB. Hence, the
existing ASB constitutive model was conceptually enriched to comprise the additional
void-growth induced degradation [24].

This enlarged ASB+MV model is revisited in accordance with the physics of the shear
localization and subsequent ductile damage process. The present enlarged model is
numerically implemented here and has been demonstrated to be numerically feasible at
the representative volume element scale. The qualitative analysis on the RVE shows the
desired behaviour with the supplementary void-growth contribution.

In the current model, arbitrary ASB and MV deterioration related constants have been
employed so as to observe its numerical feasibility and qualitative response. The
challenge remains to experimentally identify the instance of MV onset and hence the
related constants.
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The current model tentatively assumes identical orientation for both the ASB and MV. It

has been shown by Peirs et al. [1] that the micro-cracks within the ASB are oriented in a

direction different from that of the ASB. This scenario has to be taken into account in

future works by using different orientation tensors for ASB and MV which may pose

other issues on objective derivatives (spin to be considered). The phase transformation

of the ASB and the corresponding change in singular material properties with time could

be considered as well.

Finally, the numerical simulation of the crack propagation still remains a challenge and
it could be dealt with enriched FEM, e.g. X-FEM or E-FEM, see [18] and [19] respectively.
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3 APPLICATION TO INITIAL
BOUNDARY VALUE PROBLEMS

ABSTRACT

The numerical implementation of the constitutive model developed to describe the ASB
and MV induced material deterioration is carried out here. Firstly, the interest of
employing the developed advanced constitutive model, tentatively considering the ASB
contribution alone, termed as the ‘D type model’ is demonstrated by comparison with an
engineering oriented model termed as ‘(1-D) type model’. The (1-D) type model uses a
scalar isotropic damage variable to describe the ASB assisted failure in contrast to the D
type model which uses a second order tensor deterioration variable taking into account
the anisotropy induced by the ASB. The performances of the two models are evaluated
considering the dynamic shear loading of a hat shaped structure (HSS) within a
complete calibration procedure. It is shown that the (1-D) type model considered is not
able to satisfy the calibration procedure and that the ASB induced failure requires an
advanced modelling as done in the D type model.

Secondly, the performance of the enriched model comprising the effects of adiabatic
shear banding and micro-voiding mechanisms considering an initial-boundary value
problem is evaluated. To that purpose, the model has been implemented as user
material in the engineering finite element computation code LS-DYNA. Numerical
simulation of the dynamic shearing of HSS is conducted and the interest of accounting
for the pre-failure stage consisting of micro-voiding in the ASB wake is emphasized.

The enriched model is then sought to be implemented onto a more complex IBVP
namely high speed machining (HSM). The HSM of alloys such as those of Ti6Al4V shows
ASBs which contribute to the chip serration and reduction in load on the cutting tool.
The limitations of conventional models used to simulate HSM in terms of their strong
dependency on arbitrary constants are demonstrated by studying the influence of some
parameters on the numerical results obtained from the simulation of the HSM process
using a commerecial finite element computation code, namely Abaqus.
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3.1 INTRODUCTION

The shear localization induced failure often occurs on high strain rate loaded structures
in regions of low stress triaxiality. As stated in Chapter 1, the ASB+MYV are found to occur
either as useful or undesirable phenomena in various applications involving complex
loading path such as failure of armour plates on ballistic impacts, self-sharpening of
kinetic energy penetrators, high speed machining, etc. It is therefore essential to
numerically test the developed ASB+MV model on a structural scale considering initial
boundary value problems which is done in the current chapter.

For a constitutive model to be considered predictive, it has to satisfy a complete
Verification and Validation (V&V) procedure which consists in numerically evaluating
the performances of the model on initial boundary value problems (IBVP) with
increasing complexity against corresponding experimental results. In the literature, the
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models describing ASB are widely calibrated and evaluated using a single IBVP. Indeed,
the high strain rate loading of a hat shaped structure (HSS) is often used to this end, but
this should not be considered as a sole evaluating configuration as the ASB orientation
and path are entirely controlled by the specimen geometry and the predictability of the
model cannot be sufficiently assessed.

In the (V&V) procedure, the model is first numerically implemented at the scale of a
representative volume element (RVE) in order to determine the viscoplasticity and
viscous deterioration related constants for a given material from simple experimental
results such as those of standard tension/compression tests at various temperatures
and strain rates along with high strain rate torsion or/and shear tests. This is the step of
material constants calibration. The model performance is then evaluated and the
constants are further adjusted if needed by considering an initial-boundary value
problem (IBVP) for example using a structure, e.g. HSS [1] or Kalthoff and Winkler (KW)
impact specimen ([2],[3]), as the ASB path in these structures is known a priori. The set
of material constants is expected to satisfy the experimental results obtained from both
the simple tests and the tests on the structures. This is the step of verification. The final
challenging validation step is to test the model on a more complex structure where the
shear band path is a priori unknown, for example, ballistic impact of a thick plate [1],
high speed machining, etc.

In the first part of the chapter, in Section 3.2, the motivation for using the developed
constitutive model to describe ASB assisted material failure is demonstrated by a
comparative modelling and simulation. In both the approaches studied, the ASB is
considered as a deterioration mechanism whose consequences in the material are
described via an internal damage-like variable in the context of phenomenological
modelling. The first approach comprising the use of a scalar internal variable D for
describing the damage of materials has been widely used for decades for various
applications with (1-D) representing the ratio of the remaining strength of the material.
Here, the ability of the (1-D) type model to represent the ASB induced deterioration is
evaluated considering a complete calibration procedure using the commercial finite
element computation code Abaqus. The second approach examined is a physics
motivated and an advanced model developed by Longere et al. [4] and implemented in
the commercial finite element computation code LS-DYNA in which the ASB is
considered as a form of anisotropic deterioration acting on both material properties and
plastic flow. This anisotropic mechanical deterioration induced in the structural material
by the bands is dealt with by using a 2nd order tensor internal variable D. The two
models are tested following the V&V procedure. It is shown that the (1— D) type model is

not predictive and that the D type model is more adapted to describe the ASB induced
deterioration.
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The feasibility of the enriched constitutive model developed in the previous chapter
distinguishing the adiabatic shear banding (ASB) and micro-voiding (MV) mechanisms
on an IBVP is studied here employing the commercial finite element computation code
LS-DYNA. Due to the challenge of obtaining material constants relative to the micro-
voiding, rather than constants identification of the V&V procedure, a model feasibility
study was conducted at the RVE scale in Chapter 2. Likewise here, the feasibility of the
ASB+MV on a structural scale considering the dynamic shearing of the HSS is evaluated
in Section 3.3. In addition, the interest of distinguishing the respective pre-failure
contributions of ASB on one hand and MV on the other hand is evidenced: while the ASB
may cross the whole structure, the MV may cover only a local area. Knowing that the
material inside ASB zones may recover its initial properties after unloading - unless
micro-crack form during this stage -, the structure may be damaged only locally, which
constitutes information of utmost interest for the residual strength of the structure.

The numerical simulation of a complex IBVP using the ASB+MV model is foreseen in
Section 3.4. High speed machining (HSM) implies high strain rate loading and hence
favours the formation of adiabatic shear bands in high strength metallic materials such
as titanium alloys. When formed, these shear bands play a role in chip serration in terms
of chip morphology and reduce the load on the cutting tool. The present study aims at
studying the influence of some parameters on the numerical results obtained from the
simulation of the HSM process using the commercial finite element computation code
Abaqus. The parameters in question include notably the level of the thermo-mechanical
coupling, the method for evaluating the self-heating and the failure criterion. The
limitations of usual models in terms of their strong dependency on arbitrary constants
are discussed. The requirement for an advanced model which is able to describe the
thermo-viscoplasticity, temperature rise consistent with the material state, controlled
strain localization and the micro-mechanisms in operation is postulated.

3.2 MOTIVATION FOR AN ADVANCED MODEL

In this Section no distinction between ASB and MV is done. The term ASB in the
following includes both mechanisms indistinctly.

The interest of using the advanced constitutive model developed in Chapter 2, which is
presently termed as ‘D type model’, is demonstrated here. In the current section, the
models considered describe the ASB induced deterioration without distinguishing the
micro-voiding contribution. The other simpler model considered for comparative study
termed as ‘ (1— D) type model’ is constructed below.
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The concept of continuous damage mechanics (CDM) using (1-D) type model was
initially introduced by L. Kachanov [5] to describe the damage acceleration leading to
creep rupture. Lemaitre [6] then used it to describe the elastic properties’ deterioration
induced by ductile damage in the form of void growth in materials subjected to tension
loading. Recently, for the purpose of engineering applications and to avoid the
complexity of the constitutive models, Dolinski et al. [7] applied it to reproduce the
material softening induced by ASB formation. This approach is considered in Section
3.2.1.

3.2.1 (1-D) type constitutive model

The approach dealt with in the following also assumes a large scale postulate in which
the characteristic length of the representative volume element (RVE) is greater than the
bandwidth of the ASB.

To characterize the deterioration of the material properties under loading conditions, an
evolving scalar parameter 0<D<1 is used. D=0corresponds to the undamaged state
and D =1 is the failed state of the material. Dis a an isotropic parameter used to reduce
the current strength of a material under loading. (1- D) signifies the ratio of the

remaining strength in the material.

An empirical energy based criterion for ASB evolution proposed by Dolinski et al. [7] is
adopted here. They expressed the ASB deterioration kinetics as being governed by the

rate of plastic strain energy density Wp as shown below where d” is the plastic strain

rate.
W o=1:d° (3.1)

According to the authors in [7], the ASB induced damage D evolution is given by (3.2),
where W, is the critical value of plastic strain energy density at the ASB onset; and W,

the ultimate fracture energy density (see Fig. 3.1) - critical energy at ASB onset was
already suggested by Mazeau et al. [8]. The quantities W, and W, constitute an ASB

related material constant A as shown below. In the context of the present work, the
value of W,, is deduced from the linear perturbation method as presented in Chapter 2,

and accordingly may differ from a FE to another depending on the loading path whereas
in Dolinski et al. [7] its value, which is obtained from experimental results, is unique
whatever the FE and loading path.
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0 if W o<W 1
= - A=—— (3.2)

q

eq

Fig. 3.1 Criterion for ASB induced failure according to Dolinski et al [7]. ASB initiates as soon as W,
reaches W,-leading to drop in stress and the remaining energy in the post-critical stage is Wr-W.

Constitutive equations integrating ASB-deterioration-like process in the (1-D) type
model are derived herein from thermodynamic potentials, namely the free energy and
dissipative potentials, in the general framework of the internal state variables
formulation, which is another difference from the approach of Dolinski et al. The
constitutive model accounts for the strain hardening, thermal softening and ASB-
induced material strength deterioration. The internal state variables to account for
accordingly are: the elastic strain tensor €, the absolute temperature T, the isotropic
hardening variable x and the ASB-related damage variable D. In developing the (1-D)
type model, it is possible to express the equations comprising the (1—D) in different
forms. Here, following the general idea of [7], a coupling is imposed between the ASB-
induced deterioration and hardening at the stored energy part of the state potential. The
state potential is assumed in the form of Helmholtz free energy
w(e®,T,x;D)=y°(e*)+y (x,T;D) and the elastic w°(e®) and stored energy parts

w P (x,T;D) are then expressed as:

e

A
PV = Ee;ejj + /uei?e?i

pov’ =(1-D)h(x)g(T)

(3.3)

The strain hardening function h(x) and thermal softening g(T) function take the same

form as the D type model, see Chapter 2, Section 2.3.3, as:

76



h(x)=R, ‘:K‘+ %exp(—kk)}

g(T) =exp(-uT)

(3.4)

The state laws comprising the conjugate forces namely the stress tensor 1, the strain
hardening thermodynamic force (affinity) r and the deterioration conjugate force scalar
G are derived from (3.3) as:

o=
ij

al// e e
T = Py Pl Ayl +2ue;

= py 2L =@ DN ()9(T) (35)

G =—py 2L = h(x)g(T)

The intrinsic dissipation 9, is formulated as:
P =1:d° —r&c+GD>0 (3.6)
The regular temperature evolution is expressed by the common relation established

with the assumption of adiabaticity ([9], [10]), where the contribution of GDis
tentatively neglected.

. 1:d’—rx

T (3.7)
PoCo

An associated plasticity is followed here with the yield function and plastic potential
given by a single function F shown in (3.8) ; it contains the information about both
regular plasticity and singular ASB-induced strain localization, and allows further for
deriving the internal variables evolution laws in the context of the normality rule.

F(t,r) =0, (1) -[Q@-D)Ryg(T) +r]=0, (3.8)

O (T)=4[=8:s (3.9)
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O¢q is the Von Mises equivalent stress with s being the deviatoric part of the stress

tensor 1.

The plastic strain rate and isotropic hardening variable rate are derived from the yield
function (3.8) according to the normality rule as shown in (3.10) below, whereas the
evolution law of D is derived from the empirical expression in (3.2).

d.p =A8_F=§ i
! or; 2 0o,
PSRN (3.10)
or
D =AW,

The viscoplastic multiplier A is expressed in (3.11) where Y and n are viscosity
constants.

A:<<1—TD>Y> G0

The viscous stress o, in (3.8) is therefore deduced from (3.10)z2and (3.11) as follows:
o, =(1-D)Y&"" (3.12)
Combining (3.8) and (3.11) yields:
0. =(1-D)[ Ryg(T) +h'(x)g(T) +Y&" | (3.13)

It must be noted that the form (3.13) is intentionally close to the form (2) in [7] p.1761
(with exponent b=1), while the strain, strain rate hardening and thermal softening
functions are different (expressed by (4) in [7] p.1761).

3.2.2 Model Calibration and Verification

As mentioned in the Introduction, the first two steps of the V&V process, namely the
constants calibration and verification of the D type and (1— D) type models, are dealt

with in the current section. The first step in numerically implementing the models is to
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identify the deterioration related material constants at the RVE scale by fitting the
numerical results to the experimental one. Then the model has to be verified before
applying it to a complex initial boundary value problem. This verification step is ideally
done on a simple structure with the shear band path known a priori. One such structure
is the hat shaped structure. The model is validated if the simulation results fit the
experimental ones. The material considered in the present section is high strength steel.

(1-D) type model was implemented as a user material subroutine VUMAT in the
commercial, explicit, finite element computational code Abaqus-Exp with the rate
equations being integrated using an implicit scheme. The numerical analyses are carried
out using finite elements of the type C3D8R (Continuum, 3-D, 8-node, Reduced
integration).

3.2.2.1 Step 1: Constants identification

In the case of (1- D) type model, the single damage-material constant is 4 (in (3.2)) and

in the case of D type model, there are seven damage-material constants
(&b, x, 1, Z,m, 1) (refer Chapter 2). In order to identify these constants, the result of

the experiments performed by Marchand and Duffy [11] to study ASB formation process
was used as a base. According to the large scale postulate, the HY-100 steel torsional
specimen used by Marchand and Duffy is indeed rolled out and herein viewed as the
RVE, see Fig. 3.2. The corresponding numerical analyses are carried out on a single finite
element subjected to dynamic shear loading as shown in Fig. 3.2.

RVE

Fig. 3.2 Left: Shear deformation pattern observed in specimen after dynamic torsional loading showing
the desired RVE. After [11]. Right: Brick finite element subjected to dynamic shear similar to the former
RVE.
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Rather than using W, as failure criterion, see (3.2) and Fig.3.1, a critical value of damage

was set to 0.8 rather than 1 for the (1—D) type model. This was done by Lemaitre [6]

based on the experimental observations. At this value of D, the material loses its load
bearing ability completely and the stresses are assigned zero. This step was carried out
for the D type model in LS-DYNA by Longeére et al. [4]. For the D type model, the
theoretical maximum of the deterioration intensity 7. = u/bfor the given material

would be 5, which value is never attained in the present analyses.

The ASB-induced drop in stress is fitted with that of the experimental curve. The Fig. 3.3
shows the superposed shear stress - shear strain plots reproduced from Marchand &
Duffy’s experiment and the numerical results for the (1-D) type model and D type

model.

600
500

400 Marchand and Duffy plot

300
(1-D) type model
200

Shear Stress (MPa)

100 D type model

0 - .

L

0 0.2 0.4 0.6

Shear strain

Fig. 3.3 Experimental and simulated shear stress-shear strain curves for Marchand and Duffy torsion test.

The elastic-viscoplastic and thermal constants for HY-100 identified are shown in Table
3.1. By fitting the ASB-induced drop in stress with that of the experimental curve, the
corresponding value of the constant A of the (1— D) type model was found to be 3x10-8

(J/m3)-1. The ASB induced deterioration related constants identified for the D type
model are presented in Table 3.2.

Table 3.1 Material properties for HY 100 steel

Elastic - viscoplastic constants:
po (kgim’) ¢, (JkgK) E (MPa) v R, (MPa) R, (MPa) Y (MPa.s") n
7800 500 200e+3 0.33 400 510 100 10
Thermal properties:
k v(ECch T, (°C) a(/K)
20 1.5e-3 20 le-6
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Table 3.2 ASB related constants for D type model for high strength steel

Z(MPa.sY™ m nu(MPa®  x  x  a(MPa) b(MPa)
19 2 0.12 0.05 0.05 0 15e+3

3.2.2.2 Step 2: Application to dynamic shear loading of a structure

The hat shaped structure (HSS) used here for the verification of the models was
developed by Couque [12] in which the gauge section is tilted by an angle (32.6°) to the
loading axis (see Fig. 3.4a). This geometry admits constant positive pressure and shear
loading thereby creating a condition of negative stress triaxiality making it conducive for
ASBs to form. The ASB trajectory (i.e. gauge section) is known a priori and hence
relatively fine mesh can be placed in this region. The test consists of directly impacting
the hat specimen in a direct Hopkinson pressure bar setup (Fig. 3.4b) with a striker bar
of a given length (Lstriker) and impacting velocity (Vstriker). The striker and output bar are
made of tungsten.

a b
- \_/smke; Hat Shaped Specimen
d ™~ " . ‘ Striker bar Output bar
AV77 1 1 _Hl_

'— //"'",/': L Le *]‘ ’ Lstriker l )
N 77muE Ll
e
]
{

Fig. 3.4 (a) Hydrodynamic Hat Specimen; (b) Direct Hopkinson bar setup. After Longére et al. [1].

The material used for HSS in the current step is 30 Ni-Cr-Mo 6-6 steel in order to be able
to compare with the available experimental data. The elastic-viscoplastic and thermal
material constants of 30 Ni-Cr-Mo 6-6 steel tabulated in Chapter 2 are very close to HY-
100 steel properties and are shown again in Table 3.3 below, whereas the damage
constants identified from Step 1 are maintained in the current step in the interest of
verifying the models.

The experimental results and the numerical simulation for the D type model are
obtained from [1] and [13]. Experimental and numerical results for both (1-D) and D

type models are compared in terms of:
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e ASBinduced deterioration map
e History of the stress transmitted into the output bar.

Table 3.3 Material properties for 30 Ni-Cr-Mo 6-6 steel

Elastic - viscoplastic constants:
po (kg/m®) ¢, (Jkg.K) E (MPa) v R_(MPa) R (MPa) Y (MPa.s'™ n
7800 420 200e+3 0.33 400 920 60

Thermal properties:
k o (Ch T,(°C) a(K) &, (s)
10 1.1e-3 20 1e-6 100

(1) Severe shock intensity

Consider the first configuration with Lstriker=40 mm; Vstriker=35.6 m/s, which produces a
severe shock. In the post-mortem observation of the specimen (Fig. 3.5a), a macro-crack
is observed in the gauge section on the upper side and a crossing ASB on the lower side.
This implies that the ASB path has served as the site for crack formation. In the
numerical simulation, the shear bands are seen to have initiated on both corners of the
gauge section and propagated and crossed each other. This is the case for both (1-D)

and D type models and it is well in agreement with the specimen observation (Fig. 3.5
b,c). However it has to be noted that this condition is achieved very soon for the (1- D)

type model (step time = 6us) as opposed to 40us step time in the D type model.

Hence the numerical deterioration map in itself is not sufficient to validate the
performance of the models. The pulse transmitted to the output bar of the Hopkinson
setup gives an indication of the intactness of the specimen. So numerical stress histories
in the output bar obtained for the two models are compared with the experimental one.
From (Fig. 3.6 a,b), it is seen that for the (1— D) type model, the material failure occurs

very soon, whereas the D type model is able to trace the experimental stress history.
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Fig. 3.5 Configuration with Lstriker=40 mm; Vstriker=35.6 m/s. (a) Specimen post-mortem; (b) numerical
deterioration map of (1-D) type model (Step time = 6 ps); (c) numerical deterioration map of D type model
(Step time = 40 ps). After [1].

a b

—  Experiment
700 - 700 ~ ~— Simulation
600 - ~ 9007
$ 500 - & 500 -
2 300 - g 300 -
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g 100 +
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0 20 40 60 80 100 0 20 40 60 80 100
Time (us)

Time (ps)

Fig. 3.6 Configuration with Lstriker=40 mm; Vstriker=35.6 m/s. (a), (b) Experimental and numerical
stress histories in the output bar for (1-D) and D type model respectively.

(2) Moderate shock intensity

The configuration with Lsiriker=90 mm and Vswriker=23.7 m/s produces a moderate shock.
In the post-mortem observation of the specimen (Fig. 3.7a), the ASB is seen to have
partially propagated along the gauge sections. In the numerical simulation, for the case
of (1-D) type model (Fig. 3.7b), crossing shear bands across the gauge section is

observed unlike the experimental observation, whereas the D type model shows
partially propagated shear bands similar to the specimen post-mortem (Fig. 3.7c).
Likewise in the stress history (Fig. 3.8), it is seen that the (1-D) type model shows
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material failure at about 8us, whereas the D type model is able to reproduce the full
experimental stress plot.

Fig. 3.7 Configuration with Lstriker=90 mm; Vstriker=23.7 m/s. (a) Specimen post-mortem; (b) numerical
deterioration map of (1-D) type model (Step time = 8.2 ps); (c) numerical deterioration map of D type
model (Step time = 150 ps). After [1].

a b ——  Experiment
600 - 600 - ~—  Simulation

E E 400
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[72] [72]
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Fig. 3.8 Configuration with Lstriker=90 mm; Vstriker=23.7 m/s. (a), (b) Experimental and numerical
stress histories in the output bar for (1-D) and D type model respectively.

(3) Low shock intensity

Fig. 3.9 shows the results for the low shock configuration with Lstriker=200 mm;
Vstriker=17.8 m/s. Again the (1— D) type model shows a full crossing band at 9us but the

D type model shows partially propagated bands similar to the experimental observation.
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Fig. 3.9 Configuration with Lstriker=200 mm; Vstriker=17.8 m/s. (a) Specimen post-mortem; (b)
numerical deterioration map of (1-D) type model (Step time = 9 us); (c) numerical deterioration map of D
type model (Step time = 100 ps). After [1].

Correspondingly the stress histories (Fig. 3.10) reveal that the (1-D) model shows

premature material failure but the D type model is able to reproduce the experimental

result.
a b . ent
B — Xperimen
600 - 600 Simulation
& 400 | & 400 -
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Fig. 3.10 Configuration with Lstriker=200 mm; Vstriker=17.8 m/s. (a), (b) Experimental and numerical
stress histories in the output bar for (1-D) and D type model respectively.

3.2.3 Discussion

In order to understand the discrepancies of the results obtained with the two models
and in particular the reason why the (1-D) type model is unable to reproduce the

experimental results, the damage evolutions are plotted for selected finite elements in
the gauge section (Fig. 3.11). In Fig. 3.12, for the (1- D) type model, the rate of damage
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evolution is seen to be very high and increasing when compared to that of D type model.
It is to be noted that the time scale is in microsecond for the (1-D) type model and in

millisecond for the D type model. It takes approximately 40us for the deterioration to
grow from zero to maximum for the D type model, whereas it takes just about 1us for
the (1— D) type model. Thus it is deduced that this increasing rate of damage for the (1-
D) type model is the cause for the premature failure of the structure in the numerical
simulation. By contrast, the D type model has a self-controlled damage evolution rate.
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Fig. 3.12 (a) Increasing damage rate seen in (1-D) type model ; (b) Self-controlled damage rate in D type
model. After [13]

As it is known that the damage kinetics in the (1— D) type model is proportional to the

damage related material constant A (see (3.2)), it would be interesting to observe the
results with a slowed damage rate by reducing the value of this constant A. The (1-D)

type model was able to reproduce the experimental deterioration and stress-history
(Fig. 3.13) when the constant A was reduced from 3x10-8 (J/m3)1to 9x10-10 (J/m?3)-.
Physically this would imply that the value of the failure strain energy density W, is

increased.

86



However while re-plotting the stress-strain for the single finite element, as done in the
first step for constants identification in subsection 3.2.2.1 but now proceeding with the
new value of A=9x10-10 (J/m3)-L, it is seen in Fig. 3.14 that the stress-strain dashed
response does not fit the experimental curve. The softening due to the ASB is extremely
slow. Thus we see that there is lack of compatibility between the single finite element
and the HSS for this (1-— D) type model. A is supposed to be a material constant in [7]

but in fact it needs to be adapted for different structures geometry and loading
configurations accordingly to ensure model predictability.
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Fig. 3.13 (1-D) type model with slowed damage kinetics (a) Numerical deterioration map; (b) Stress
history in output bar
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Fig. 3.14 (1-D) type model shear stress-shear strain plot for torsion test. The simulated post critical
response is strongly dependent on the experiment (torsion test vs. HSS test) considered for the calibration
of the constant A

On the other hand, it is evident that the D type model satisfies the HSS numerical
simulation with the same set of damage-material constants as identified from the
torsion test. It is to be noted that the numerical stress history in the output bar fits well
the experimental one, except in the latest stage just before the material failure where
there is slight deviation from the experimental plot. This shows that the D type model
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requires further enrichment in terms of taking into account the micro-mechanisms that
operate in the late pre-failure stage such as the void growth. It is to be noted that the D
type model describing the ASB induced deterioration without distinguishing micro-
voiding has stood the test of V&V up to the final step of implementation on a complex
IBVP considering the ballistic impact of a thick plate in [1].

3.3 ASSESSMENT OF THE ENLARGED MODEL

The feasibility of the enriched ASB+MV constitutive model at an RVE scale was
demonstrated in Chapter 2. Following the (V&V) procedure, it is now required to verify
the ASB+MV model on a structural scale. A HSS is used again to that purpose. It is
reminded that the deterioration (ASB, MV) related constants for enriched model are
tentatively chosen in such a way so as to exaggerate the effect of MV in order to be able
to clearly distinguish the respective contributions of the two mechanisms of ASB and
MV.

The enlarged ASB+MV constitutive model has been implemented as a user material
subroutine in the commercial, explicit, finite element computation code LS-DYNA with
the rate equations being integrated using an explicit scheme. The numerical analyses are
carried out using brick finite elements (continuum, 3-D, 8-node, reduced integration)

3.3.1 Case of High Strength Steel

Simulations are carried out for impact of steel HSS in a direct Hopkinson bar setup made
up of tungsten, with a striker bar velocity of 30 m/s; see Fig. 3.4. As it is the case of steel,
only thermal softening is taken into account as the softening mechanism leading to the
formation of ASB. The ASB and MV related material constants used here for 30 Ni-Cr-Mo
6-6 steel are tabulated in Chapter 2 and shown below in Table 3.4.

Table 3.4 Material properties for 30 Ni-Cr-Mo 6-6 steel

ASB related constants:
Z(MPa.s"™ m ne(MPa®)  z  x,  a(MPa) b(MPa)
15 2 0.01 0.04 0.04 0 15e+3

MYV related constants:
W (MPa.s™ a n, (MPa?) ¢
20 2 0.08 1 15

Two configurations are studied in the following: (i) configuration describing ASB effect
only, i.e. with MV onset being deactivated, and (ii) configuration reproducing both ASB
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and MV effects where ASB-related constants are the same as those used in (i). The
elementary responses of the RVE for both cases can be seen in Figs. 2.26-2.30.

Firstly, the resolved shear stress 7, is examined as function of time for the elements in

the gauge section (as shown in Fig. 3.11) of the HSS. The ASB model shows a relatively
mild drop in strength in Fig. 3.15 after the ASB onset whereas the loss of strength is
accelerated by the presence of MV in Fig. 3.16 for the ASB+MV model.
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Fig. 3.15 Resolved shear stress history in finite elements located inside the strip of intense shearing, see
Fig. 3.11. Configuration with ASB only. Numerical simulation of the dynamic loading of hat shaped
structure.
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Fig. 3.16 Resolved shear stress history in finite elements located inside the strip of intense shearing, see
Fig. 3.11. Configuration with ASB+MV. Numerical simulation of the dynamic loading of steel hat shaped
structure.
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The evolution of the deterioration variable TrD for ASB and ASB+MV is plotted in Fig.
3.17 and Fig. 3.18 respectively. As expected, the deterioration intensity is significantly
higher for the ASB+MV case, Fig. 3.18, when compared with the ASB only model, Fig.
3.17.
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Fig. 3.17 Degradation variable history in finite elements located inside the strip of intense shearing, see
Fig. 3.11. Configuration with ASB only. Numerical simulation of the dynamic loading of HSS.
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Fig. 3.18 Degradation variable history in finite elements located inside the strip of intense shearing, see
Fig. 3.11. Configuration with ASB+MV. Numerical simulation of the dynamic loading of HSS.
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The numerical deterioration map gives an indication of the presence of ASB/MV in the
finite elements. In Fig. 3.19, for the case of ASB only, the elements in red are subject to
ASB whereas the elements in green are not. Fig. 3.20, corresponding to the configuration
with ASB+MV, shows the elements subject to ASB (Fig. 3.20a, elements in red) and the
elements subject to MV (Fig. 3.20b, element in magenta). These numerical results bring
two comments. Firstly, at the same time, considering ASB only leads to a partial
propagation of ASB in the gauge section (Fig. 3.19), whereas considering both ASB+MV
leads to a complete propagation of ASB (Fig. 3.20). MV in ASB wake thus contributes to
propagating the ASB farther. Secondly, according to Fig. 3.20 and assuming that the
loading ends at the time considered, although ASB has propagated throughout the whole
structure, MV zones cover very limited areas, viz. near the specimen corners. The
material in the ligament between the MV zones, which has been subject to ASB, may
recover its initial properties after unloading due to phase transformation. In other
words, the remaining effect of ASB+MV may reduce to MV alone with only local parts of
the structure affected. In another scenario, the quenching of the material of ASB after
unloading and cooling may cause micro-cracking, leading to a complete fracture of the
structure.

Fig. 3.19 Map of the degradation variable indicator at 40.5us. Elements in red/dark are subject to ASB.
Configuration with ASB only. Numerical simulation of the dynamic loading of HSS.
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Fig. 3.20 Map of the degradation variable indicator at 40.5ps. Configuration with ASB+MV. Numerical
simulation of the dynamic loading of HSS. a) Elements in red are subject to ASB. b) Elements in magenta
are subject to MV.

3.3.2 Case of Ti6Al4V

As mentioned in Chapter 2, Section 2.4.2.2, the works of Rittel and co-workers [14]
suggest that, for materials such as Ti alloys, the phenomenon of dynamic
recrystallization (DRX) potentially needs to be taken into account in ASB initiation.
Unlike the common assumption that DRX is a consequence of ASB, they argue that the
DRX not only precedes the ASB but is also a dominant microstrutural factor in the very
generation of the band. Osovski et al. [15] concluded that the respective influence of
thermal and DRX induced softening depends on the chronology of the process and the
material considered: in case of Ti6Al4V, DRX develops earlier and overrides the thermal
softening effects; on the other extreme case of pure tantalum which does not undergo
DRX, the thermal softening plays a dominant role in the ASB initiation. In the line of their
work, the competition occurring between thermal and DRX induced softening is
analyzed here on a structural scale. The table showing the materials constants of
Ti6Al4V from Chapter 2, see Section 2.5.2.2, is reminded below.

Table 3.5 Material properties for Ti-6Al-4V

Elastic - viscoplastic constants:
o, (kgim®) ¢, O/kg.K) E (MPa) v R_(MPa) R, (MPa) Y (MPa.s'") n
4500 460 113e+3 0.34 972 1080 400 44
Thermal properties:
T,(°C) a(K) T,(K) t & (s)
20 le-6 923 0.6 100

92



ASB related constants:
Z(MPa.sY m 7, (MPa®  x  x,  a(MPa) b(MPa)
100 2 0.01 0.04 0.04 0 15e+3

MYV related constants:
W (MPa.s'™ a7, (MPa%) ¢ 0
75 2 0.05 1 2

DRX related constants:
Y, Y. « Ax, 1n(MPa)

max c

14 14 0.2 0.8 1.36e+4

In order to study the potential effect of DRX on ASB formation and evolution, two cases
are examined in the simulation of HSS:

(1) no thermal softening and with DRX (No TS & With DRX)

(2) with thermal softening and with DRX (With TS & With DRX)

These configurations have to be considered together with those studied in Chapter 2,
Section 2.5.2.2.

The resolved shear stresses for both cases for the selected elements in the gauge section
(as shown in Fig. 3.11) of the HSS are plotted in Fig. 3.21a,b. In the graphs, the red marks
indicate the ASB onset and the green ones MV onset. While examining the two cases for
the instant of ASB onset, it is clearly seen that the case with combined DRX and thermal
softening (Fig. 3.21b) shows relatively early onset of ASB when compared to the case of
DRX induced softening only (Fig. 3.21a). Consequently the MV onset also takes place
earlier for the former case than the latter. The results seen here are similar to the ones
observed in the corresponding cases for the single FE in Chapter 2, Section 2.5.2.2.

The deterioration maps showing the elements with ASB and MV activated respectively at
a given instant (viz. 40.5us) for the above two cases are shown in Fig. 3.22. In the case
considering DRX induced softening solely (Fig. 3.22a), fewer elements show ASB and MV
at the given instant. The combined influence of thermal and DRX induced softening
seems to have accelerated the ASB and MV onset which is seen in the deterioration map
(Fig. 3.22b) in which relatively more elements are seen with the presence of ASB and
MV.

As a consequence, neglecting the thermal softening and considering only DRX induced
softening for materials such as Ti6Al4V as proposed by Osovski et al.[15], would lead to
delay of ASB initiation and underestimation of the ASB propagation. However more
experimental evidence is needed to characterize each material in terms of the respective
influence of thermal and DRX induced softening on the shear localization onset.
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Fig. 3.21 Resolved shear stress history in finite elements located inside the strip of intense shearing, see
Fig. 3.11. Configuration with ASB+MV. Numerical simulation of the dynamic loading of Ti6Al4V hat shaped
structure. a) Case of no thermal softening and with DRX b) Case considering thermal softening and DRX.
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Elements containing ASB Elements containing MV
a
b

Fig. 3.22 Map of the degradation variable indicator at 40.5us. Configuration with ASB+MV. Numerical
simulation of the dynamic loading of Ti6Al4V hat shaped structure. Elements in red/dark are subject to

ASB. Elements in magenta/dark are subject to MV. a) Case of no thermal softening and with DRX b) Case
considering thermal softening and DRX.

3.3.3 Discussion/assessment

The enriched ASB+MV constitutive model is thus demonstrated to be feasible on a
structural scale and shows the desired qualitative performance on the IBVP.

e ASB only vs. ASB+MV
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While comparing the two models exhibiting ASB only and ASB+MV when implemented
on a structural scale, the following conclusion can be drawn. The model with ASB and
MV activated exhibits increased deterioration intensity and therefore accelerates the
drop in strength of the material which is the expected behaviour. Also, while comparing
with the ASB only model, the presence of MV advances the ASB propagation.

Not all elements containing ASB show the presence of MV at a given instant. This would
imply that, upon loading at that given instant, if the material within the ASB recovers its
initial properties due to phase transformation, the only deteriorated region would be the
elements containing MV. It is thus essential to distinguish the two mechanisms of ASB
and MV.

e DRXvs. DRX+TS

In case of materials susceptible to DRX such as Ti alloys, in addition to thermal softening,
the DRX induced softening plays a role on the ASB onset. The influence of the two
softening mechanisms has been studied here concerning two cases namely DRX only and
DRX+TS. It is seen that the combined DRX+TS leads to a much earlier onset of ASB and
consequently MV when compared to the case with DRX induced softening only. It is
therefore important to consider both the softening mechanisms in order to be
conservative in the engineering approach.

3.4 TOWARD COMPLEX IBVP

In the aim of reducing the duration of machining process, high speed machining is
preferred in modern production engineering. High speed machining (HSM) implies high
strain rate loading and hence favours the formation of ASBs in high strength alloys.
When formed, these shear bands play a role in chip serration in terms of chip
morphology and reduce the load on the cutting tool while producing rough surface finish
and causing tool oscillations. To optimize the conditions for HSM of high strength, light-
weight alloys, it is thus essential to conduct numerical simulations. The present study
aims at studying the influence of some parameters on the numerical results obtained
from the simulation of the HSM process using a commercial finite element computation
code, namely Abaqus. The parameters in question include notably the thermal
conditions and some phenomenological criteria.

A number of theoretical and numerical studies have been carried out on the
optimization of the cutting process notably on the Ti-6Al-4V titanium alloy in the small
scale postulate framework, i.e. with a mesh size smaller than the bandwidth. Due to its
engineering-oriented formulation, the Johnson-Cook model and its modified versions
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are the most widely used constitutive models to describe the workpiece material
behaviour during HSM (see eg. [16],[17],[18],[19]). Molinari et al. [20] carried out
numerical and analytical investigations about the role of cutting conditions on adiabatic
shear banding and chip serration during the orthogonal cutting of Ti-6Al-4V. Here we
extend their parametric study by performing numerical analyses of the effect of (i)
plastic dissipation induced self-heating and (ii) the material failure triggered by a critical
strain value. It is shown that the chip morphology is strongly dependent on the arbitrary

crit
p o

values given to the inelastic heat fraction g and the critical strain to failure ¢
Unlike the enlarged ASB+MV constitutive model, described in Chapter 2 and assessed in
Section 3.3, developed in the large scale postulate framework, the small scale postulate
is considered in the present Section. The limitations of the current methods aiming at
reproducing the thermo-mechanical processes operating during HSM, including ASB and
MV, are expected to be overcome by using the enlarged ASB+MV model in a prospective
work.

3.4.1 Constitutive modelling

Some modelling related considerations are presented in this section.
e (onstitutive model

In order to conduct numerical simulations of HSM, various factors characterizing the
process need to be taken into account such as large strains, high strain rate and high
temperature rise. The Johnson-Cook rate dependent model includes a multiplicative
contribution of the combined effects of strain hardening, strain rate hardening and
thermal softening. The Johnson-Cook constitutive equations expressed in (3.14) and
(3.15) are tentatively employed here to model the thermo-viscoplastic behaviour of the
Ti-6Al-4V workpiece material. In the current section, engineering notations are adopted.

Oeq (G)zay(gp,ép,T) (3.14)

With

3..
Geq = ES.S

; p—_— (3.15)
o, =(A+ ng)(ncmg_—;’){l(m _TOO] J
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where o,, represents Mises equivalent stress and o is the flow stress, ¢ and s the

Cauchy stress tensor and its deviatoric part respectively ; | is the identity tensor ; &,

represents the equivalent Mises plastic strain rate and &, a reference strain rate, ¢, the
accumulated plastic strain, T the current temperature, T, a reference temperature and
T, the melting temperature ; A B,n,m are constants.

dPP

The plastic strain rate , the equivalent Mises plastic strain rate ¢, and the

p

accumulated plastic strain &, are expressed by

p

d® =35, gy /gdPP:dPP o=yt (3.16)
€q

e Thermal considerations
The local form of the heat equation reads

pC,T —KAT =Q (3.17)

where T is the time derivative of the temperature T and AT is the Laplacian of T . P,Cp

and k represent the mass density, the specific heat capacity and the thermal
conductivity respectively.

In the present work, the heat generation due to tool-workpiece friction is not taken into
account. The rate of heat generation Q in (3.17) coming from the plastic dissipation is

assumed in the form
Q=p06:d" =po P (3.18)

where f is the inelastic heat fraction, otherwise known as Taylor-Quinney coefficient in

a°P

reference to [21], which represents the fraction of plastic work rate o: converted to

heat. Combining (3.17) and (3.18) yields
pC,T —KAT = fo &P (3.19)

Two different cases of thermo-mechanical coupled analysis are considered here: full and
weak coupling. Full coupling takes into account the heat conduction, as in (3.19),
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whereas the weak coupling assumes adiabatic conditions. In case of weak coupling
(adiabatic conditions), the local form of the heat equation in (3.19) reduces to

pC,T = o &P (3.20)

e Failure criterion

A simple material failure criterion is used here which is given by a critical value of the

crit

equivalent plastic strain ¢, above which the material fails. The failure of the material

results numerically in the finite element deletion.
e Friction at the work piece/tool interface

Although the heat generated due to friction is not taken into account in the present
parametric study, the mechanical contact at the tool-chip interface is simulated with the
Coulomb friction law. The friction coefficient value is 0.5.

3.4.2 Numerical procedure

The numerical simulations are conducted using the commercial, explicit, finite element
code Abaqus.

The geometry for the orthogonal machining set-up is adopted from [20] and is shown in
Fig. 3.23 with a feed t; of 100um. The important feature to note in this geometry is that
the mesh of the workpiece is divided into three different zones: zone A which forms the
chip, zone B the intermediate layer and zone C the workpiece base.

The work piece and the tool are meshed using

e CPE4RT plane strain 4-node finite element with reduced integration with
temperature-displacement coupling in case of full coupling.

e CPE4R plane strain 4-node finite element with reduced integration with adiabatic
condition in case of weak coupling.

The material of the work piece, namely Ti-6Al-4V titanium alloy, is assumed to obey
Johnson-Cook constitutive law with the constants in Table 1 obtained from [20] where
a is the thermal expansion coefficient and E the Young's modulus. Different values of

crit

€p

are assigned for each zone due to the variation of stress triaxiality involved in the
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different zones during HSM. Johnson-Cook model and shear failure criterion used in this
work are those available in Abaqus standard library.

The tool material is CBN (Carbon-Boron-Nitride alloy) and is assumed to be rigid in the
simulation.

The time integration scheme is explicit and the total time period depends on the cutting
speed imposed on the tool. The boundary conditions are specified in Fig. 3.23. The initial

temperature T, for both the tool and the workpiece was equal to 293 K.

Table 3.6 Constants of the Ti-6Al-4V titanium alloy under consideration. After [18].

A (MPa) B (MPa) n C m £, (1/s)
782 498 0.28 0.028 1.0 10-5

k (W/mK) C,(/keK) « (um/mK) T, p (kg/m3) E (GPa)
7.2 560 9.2 1930 4420 114

Rake angle = 0°
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Fig. 3.23 High speed orthogonal machining configuration. After [18].

3.4.3 Parametric study

The numerical simulations are conducted considering cutting speeds ranging from 3m/s
to 350m/s. According to [20] and [22], the numerical model described in Sections 3.4.1
and 3.4.2 above is well able to reproduce the experimental results in terms of cutting
force, thrust force and shear band spacing. It is now required to analyse the robustness
of this model by testing its dependency on certain constants which are chosen
arbitrarily. Firstly, the interest of switching from full to weak thermo-mechanical
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coupling is explored. Then the influence of the critical plastic strain to failure and
inelastic heat fraction on the chip morphology is studied.

(1) Full vs Weak thermo-mechanical coupling

The interest of switching from full to weak thermomechanical coupling would be to gain
computational time. Also it seems reasonable to consider that as the cutting velocity
increases, the conditions are near adiabatic due to the limited characteristic time of the
process. Here, the chip morphology obtained from the simulation of full and weak
coupling are compared with some experimental observations obtained in [17]. In this

subsection, the values of ¢l for the zones A, B and C are assumed to be 6, 3 and 3

respectively and g =0.9 which are close to the values found in [20].

A global view of the numerical simulation at a cutting velocity V of 3m/s in case of fully
coupled analysis is shown in Fig. 3.24 at a given time during the machining process. The
elements in the intermediate layer get deleted as the critical plastic strain is reached
while the tool cuts through the workpiece. The top zone forms the chip which when
closely observed shows mild serration in this case.
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Fig. 3.24 Global view of the fully coupled analysis of orthogonal machining at V = 3m/s.

Local views of the chip during the machining process for cutting speeds of 5m/s,
31.2m/s and 350m/s in case of full and weak coupling are shown in Fig. 3.25.
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b) V=312m/s c) V=350m/s
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Fig. 3.25 Accumulated plastic strain &, map showing the chip morphology obtained from numerical

simulation for full and weak coupling at cutting velocities of (a) V=bm/s (b) V=31.2m/s and (c)
V=350m/s. Experimental chip micrograph after [17].

For a low cutting velocity of 5m/s which lies in the regime of conventional machining
speed, the microstructure evidences the role of shear banding in chip serration, see Fig.
3.25a top. According to Fig. 3.25a bottom, the full coupling produces numerical serrated
chips close to the experiment whereas in weak coupling the chip gets fragmented.

For a higher cutting velocity of 31.2 m/s which falls in the category of high speed
machining, the microstructure shows almost fragmented chips along the shear bands
with a small portion remaining intact, see Fig. 3.25b top. This result lies somewhat in
between of what is observed of full and weak coupling, see Fig. 3.25b bottom.

A very high ballistic-like cutting speed of 350m/s is also explored which lacks
experimental observations in literature. The simulation shows diffused high strain
regions for the full coupling and shear localized, almost fragmented chips for weak
coupling, see Fig. 3.25c. One could possible infer that the accuracy of the results with
increase in cutting velocity increases while switching from full to weak coupling.
However it needs to be backed by experimental evidence.
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(2) Fracture criterion &£

The critical plastic strain to failure is a constant chosen arbitrarily. Here the value of &%;
on the different zones is varied to see if it significantly affects the chip form. At first the
el of zones A and C i.e. the top and the base zones of the workpiece are kept constant at
a value of 6 and 3 respectively and its value at the zone B or the intermediate layer is

varied. The simulation results are shown in Fig. 3.26. It is seen that ¢}, = 2 yields almost

a continuous chip, ¢§;; = 3 shows the initiation of the chip serration and &};; = 4 shows

shear localization.
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Fig. 3.26 Accumulated plastic strain &p map showing the chip morphology for varying ‘9cprit of the zone B

a) ‘9cr:'it =2,b) gcprit =3,¢) gcprit =4

In Fig. 3.27, the &f;, of the zone B is kept constant at 2 and its values for the zones A and
C are varied equally. The trend shows that increasing values of £ render more strain
localized chips. Although this case does not exhibit much difference in the chip
morphology, the previous case with the effect of the &f;; of the intermediate layer is

significant.
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(3) Inelastic heat fraction S

The other arbitrary constant employed in this model is the Taylor and Quinney
coefficient [21] or inelastic heat fraction g allowing for evaluating the plastic dissipation

induced temperature rise, see (3.18). The typical value commonly used for g is 0.9. A
parametric study is carried out here to see if the choice of the value of g is important.
Numerical simulations are carried for g = 0.3, 0.6, 0.9 and for both strongly and weakly

coupled cases. In Fig. 3.28, the results are displayed for some of the cases. The graphs in
Fig. 3.29 show the shear band spacing vs g for strong and weak couplings. The band

spacing equal to zero in the graphs implies that no shear bands were observed.

According to Fig. 3.28, for g = 0.3 no shear bands are seen in all the cases. At the very

high cutting speed of 350 m/s, diffused strain localization was observed for all the
values of S in the strongly coupled analyses. In all other cases, the general trend seen is

that, with increasing value of £, i.e. more the proportion of plastic work converted to

heat, more the chips show strain localization and chip segmentation.
These parametric studies clearly demonstrate that the level of the thermomechanical

coupling (full vs weak]) plays a significant role and that the values given to the constants

ebiand B are significant and cannot be chosen arbitrarily.
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Fig. 3.28 Accumulated plastic strain ¢, map showing the chip morphology for varying f and cases of

thermo-mechanical coupling.

3.4.4 Discussion

3.4.4.1 Assessment of the numerical simulations

It is deduced from the observations of the parametric study conducted in Section 3.4.3
that the chip morphology is strongly influenced by (i) the level of thermo-mechanical
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coupling (full vs weak), (ii) the method for evaluating the temperature rise (via g in

(3.18)) and (iii) the value of the failure strain.
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Fig. 3.29 Variation of shear banding spacing with # for (a) Full coupling (b) Weak coupling

3.4.4.2 Thermo-mechanical coupling

The fully and weakly coupled thermo-mechanical analyses options are readily available
in the commercial finite element code Abaqus. A deeper evaluation of the computation
code is required to understand the differences in the results obtained from the full and
the weak coupling.

3.4.4.3 Evaluation of the temperature rise

It is important to accurately determine the self-heating due to plastic dissipation as the
thermal softening plays a crucial role in the ASB incipience. While the g is assumed to be

a constant in many studies, experimental results of e.g. Mason et al. [23] and theoretical
studies of e.g. Longere and Dragon [9] show that it is, or may be, dependent on strain,
strain rate and temperature, see discussion in Section 2.4.2.1.

An accurate knowledge of the softening mechanisms triggering ASBs is required,
especially in Ti alloys for which a competition between thermal softening and DRX may
take place, see [24], as mentioned in Section 2.4.2.2. It is also necessary to distinguish
the conservative and dissipative mechanisms operating inside the material.

There is accordingly a need for a law governing the temperature rise which is consistent
with the constitutive model and adapted to the mechanisms of deformation of the
material under consideration.
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3.4.4.4 From strain localization to failure

In the current (and usual) numerical simulations involving ASB and conducted in the
context of the small scale postulate (the bandwidth covers several finite elements,
implying that the bandwidth is greater than the finite element characteristic length) the
softening regime leads to unregulated concentrations of high strain regions resulting
from numerical instability, and not from material instability, accompanied by a
pathological mesh size and orientation dependence.

As a consequence, the chip morphology induced by the finite element failure,
conditioned by a constant critical value of the strain, as done in the present work, and
not by a strain rate, stress triaxiality and temperature dependent value of the strain, as
done in e.g. [10], is actually controlled by a numerical instability and not by a material
instability.

A more realistic model would describe the thermo-viscoplasticity followed by controlled
ASB induced strain localization and the subsequent micro-voiding in the wake of the
ASB which ultimately fracture the material through the upper bound of the degradation
variable giving rise to chips.

3.4.4.5 Proposition

There exists limitation of the options available in the standard library of the commercial
FE computation codes. Therefore there is a requirement for an advanced model
accounting for the coupled effects of dynamic plasticity with an inherent inelastic heat
fraction, controlled strain localization and micro-voiding to be implemented as user
material in the FE code.

An example of the constitutive model describing the aforementioned 'realistic’' approach
in the context of the large scale postulate (the band is embedded within the finite
element, implying that the bandwidth is lower than the finite element characteristic
length) would be the enlarged ASB+MV constitutive model detailed in Chapter 2.

The numerical implementation of this constitutive model on the high speed machining
application is in progress.
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3.5 CONCLUSION

The assessment of the numerical implementation of the developed constitutive model is
considered here.

The interest of using the advanced model is demonstrated through a comparative study.
Using the (1-D) type model to reproduce the complex ASB mechanism by a simple scalar
isotropic damage variable presents the advantage of relatively simple implementation.
However, the uncontrolled damage rate observed shows that this model requires an
intrinsic control of the damage rate. Furthermore, this simple linear model is not
predictive as it appears that the material related damage constant needs to be varied
depending on the geometry of the structure and the loading analysed. On the other hand,
the D type viscoplastic/visco-deterioration model is more adapted in describing the ASB
induced material deterioration. The rate dependence of D provides a regularizing effect
and thereby controls intrinsically its rate. In addition, as this model focuses on the
predominant physics of the process, it describes the kinematic effects of the presence of
the bands. It also accurately follows the V&V procedure and is consequently predictive.

The enriched model describing the adiabatic shear banding and micro-voiding
mechanisms has been subjected to modifications in accordance with the physics of the
shear localization and subsequent ductile damage process. The model performances are
evaluated within a calibration procedure. Following this procedure, the model has been
demonstrated to be numerically feasible at the representative volume element scale and
also on a structural scale namely the hat shaped structure. The challenge remains to
experimentally identify the micro-voiding related constants.

For the case of steel, two models have been compared on the HSS: one with effect of ASB
only, the other with ASB and MV activated. Due to the additional deterioration
mechanism of MV, the ASB+MV model shows increased drop in strength and accelerated
propagation of ASB in the elements. At a given instant, not all elements containing ASB
show MV. This implies that upon unloading it is possible for regions with ASB only to
regain its strength on phase transformation and the deteriorated regions are limited
only to the corner elements containing MV. For the case of Ti6Al4V, the influence of
thermal and DRX induced softening on the ASB onset have been studied on HSS using
two cases: DRX only and DRX+TS. The model with DRX+TS shows much earlier onset of
ASB and consequently earlier onset of MV. Therefore neglecting either of the softening
mechanisms would delay ASB initiation and underestimate the ASB propagation.

In order to complete the validation process, the model has to be evaluated on a complex
initial boundary value problem such as high speed machining. The parametric study
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conducted using the conventional Johnson-Cook constitutive model demonstrates that
the chip morphology during high speed machining is strongly influenced by (i) the level
of thermo-mechanical coupling (full vs weak), (ii) the method for evaluating the
temperature rise (via the inelastic heat fraction B often assumed to be constant) and

(iii) the value of the failure strain. Two cases of thermo-mechanical coupled analyses are
explored - strong coupling (with heat conduction) and weak coupling (adiabatic
condition). At low cutting velocities, the strongly coupled analysis renders accurate
outcome and at very high cutting velocities it is possible that the weakly coupled
analysis is more accurate although it needs to be backed by experimental evidence. An
alternative constitutive model accounting for dynamic plasticity, anisotropic strain
localization and micro-voiding is suggested. The inelastic heat fraction is varying
consistently with the material state. The numerical implementation of this model on
HSM application is in progress.
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4 CONCLUSION

4.1 RESULTS VS CHALLENGES

The realistic description of initiation and propagation of adiabatic shear bands and
micro-voids (ASB+MV) and their consequences on the structural material in a wide
range of situations implies modelling as close as possible to the complex physics of the
mechanisms while being tractable and applicable to initial boundary value problems. In
this context, a physics motivated phenomenological model describing the ASB induced
degradation and kinematics in the framework of large scale postulate was initially
developed by Longere et al. [1] and applied to IBVP in [2],[3]. This model required
enrichment in terms of taking into account the micro-mechanisms that operate in the
late pre-failure stage for (at least) two reasons: first, experimental evidence showed the
presence of micro-voids in the wake of the ASB, with ASB and micro-voiding being two
different softening mechanisms from the physics perspective, the former preserving
matter cohesion whereas the latter causes internal surface separation; secondly,
considering indistinctly the two aforementioned mechanisms does not allow for
estimating the residual state of the material after unloading in terms of potentially
recovered and irreversibly damaged zones. Hence, the existing ASB constitutive model
was conceptually enriched to comprise the additional void-growth induced degradation

[4].

This enlarged ASB+MV model is revisited here and has been subjected to modifications
in accordance with the physics of the shear localization and subsequent ductile damage
process. The two main effects of ASB+MV induced deterioration reproduced by the
unified model in the framework of irreversible thermodynamics are: material
consequence, viz. anisotropic deterioration of the material strength; and kinematic
consequence, viz. progressive deviation of the plastic flow in the band plane and
according to the micro-void orientation. It is to be noted that this model considers the
anisotropy of the strongly oriented ASB+MV through the use of second order tensor
deterioration variables. The ASB incipience criteria used is the one originally obtained
from linear perturbation method. The influence of the softening mechanisms such as
thermal softening and DRX induced softening on the ASB onset is also considered here.
The MV incipience is tentatively treated using an arbitrary value of critical local energy
release rate.
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The interest of using the advanced model is demonstrated through a comparative
modelling and simulation. The first, engineering-oriented approach considered is
termed as (1-D) type model and uses a scalar isotropic damage-like variable D to
describe the ASB induced deterioration. The second approach considered is the basic
version of the present physics motivated model termed as the D type model which
describes the ASB induced deterioration without distinguishing the micro-voiding
contribution. The (1-D) type model was numerically implemented as VUMAT in Abaqus;
the experimental and simulation results for D type model were obtained from [1], [2]
and [3]. It was demonstrated that (1-D) type model presents the advantage of relatively
simple implementation, however it showed uncontrolled damage rate. Furthermore, this
simple linear model is not predictive as it appears that the material related damage
constant needs to be varied depending on the structure, geometry and loading analysed.
On the other hand, the D type viscoplastic/visco-deterioration model is more adapted in
describing the ASB induced material deterioration. The rate dependence of D provides a
regularizing effect and thereby controls intrinsically its rate. In addition, as this model
focuses on the predominant physics of the process, it describes the kinematic effects of
the presence of the bands. It also accurately follows the verification & validation
procedure, i.e. it requires a unique set of material constants for a given material
whatever the configuration, and is consequently predictive.

Many approaches describing the ASB in the literature are developed in the small scale
postulate. However, as the ASB width in itself is of the order of micro-meters, this
postulate requires the use of very fine meshing in the finite element (FE) simulations.
Whereas in the current approach, the large scale postulate adopted, facilitates the use of
coarser meshes in FE simulations and thus makes the model feasible to implement on
engineering structural applications. Mesh dependency study of the basic D type model
had been conducted by Longere et al. in [2] which is reasonably assumed valid for the
ASB+MV model too. The large scale postulate requires the ASB to be embedded within
the finite element which in turn implies that it is not feasible to use mesh of any given
size. It was shown that a mesh size of approximately five times the shear band (~500pum
for high strength steel) width satisfies the scale postulate. A very coarse meshing would
give rise to a dispersed area of deteriorated finite elements.

The numerical instability the finite element computation code is subject to in the
softening regime has been overcome by the following means. Firstly, the viscosity
(viscoplasticity and visco-deterioration) of the model helps in regularizing the boundary
value problem. Secondly, the strong localization induced by ASB required
complementary procedure to be applied to overcome the numerical instability, for
which an adaptive time step procedure is followed. In this procedure, a sampling of the
global time increment is carried out after the ASB onset to obtain a local time increment
for integrating the constitutive equations which reinforces the numerical stability.
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The present enlarged ASB+MV model is then numerically implemented as user material
in the engineering finite element code LS-DYNA. Due to the lack of experimental data to
distinguish and separately identify the ASB and MV related constants, arbitrary
constants are tentatively employed here in such a way as to exaggerate the MV effects
for the purpose of visualization. The enriched model performances are evaluated within
a calibration procedure based on the Verification and Validation (V&V) procedure. The
V&V would require identifying the deterioration related constants; instead, following
the principle of this procedure, the model has been successfully demonstrated to be
numerically feasible at the representative volume element scale and also on a structure
namely the hat shaped structure (HSS). The qualitative analysis of the ASB+MV model is
done by comparing with ASB only model in which the MV is deactivated while
maintaining the ASB related constants. On the scale of the RVE, the ASB+MV model
demonstrates the desired behaviour by showing supplementary MV induced material
deterioration and kinematics. On the HSS, it is observed that the presence of MV
accelerates the propagation of ASB, see Fig 3.20, which has not been shown in literature
and thus constitutes a novel result. Also, at a given instant, not all elements containing
the ASB reach the criteria for MV onset; only the corner elements show the presence of
MV. One could infer the following possible scenarios from the given state of elements on
unloading: the material within the ASB might recover its initial properties after being
quenched by the surrounding material and thus phase transformed leaving only the
effect of MV in the respective elements in the corners; or the cooling on unloading might
cause micro-cracking within the ASB leading to complete fracture. The respective
influence of thermal softening and dynamic recrystallization (DRX) induced softening is
also studied on the RVE and structural scale. In both the cases it is shown that the
combined contribution of thermal and DRX softening brings about an earlier ASB onset
as expected. Considering only one of the softening mechanisms would delay the ASB
onset and underestimate the ASB propagation, which is in contradiction with some
assumptions in literature considering that DRX is the unique mechanism controlling the
ASB onset particularly in Ti-6Al-4V titanium alloy.

The calibration procedure also requires testing the model on a complex initial boundary
(IBVP) value problem for which high speed machining (HSM) application is considered.
An initial parametric study is conducted in Abaqus using the conventional Johnson-Cook
model so as to demonstrate the deficiency of the conventional approaches to simulate
the HSM process showing ASB. The study concluded that the chip morphology during
HSM is strongly influenced by (i) the level of thermo-mechanical coupling (full vs weak),
(ii) the method for evaluating the temperature rise (via the inelastic heat fraction g
often assumed to be constant) and (iii) the value of the failure strain. Two cases of
thermo-mechanical coupled analyses are explored - strong coupling (with heat
conduction) and weak coupling (adiabatic condition). At low cutting velocities, the
strongly coupled analysis renders accurate outcome and at very high cutting velocities it
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is possible that the weakly coupled analysis is more accurate although it needs to be
backed by experimental evidence. The alternative constitutive model i.e. the present
ASB+MV model accounting for dynamic plasticity, anisotropic yielding induced by strain
localization and micro-voiding is proposed in which the inelastic heat fraction is varying
consistently with the material state. The numerical implementation of the ASB+MV
model on HSM application is in progress.

4.2 FUTURE WORK

There are still certain challenges that remain which are stated below and some
propositions are made for the future works in terms of experiments, modelling and
simulations.

4.2.1 Experiments

The challenge still remains in terms of identifying the instant of MV incipience from
experiments and hence to distinguish ASB and MV related material constants. The entire
duration of the tests in the Hopkinson pressure bar set-up is of the order of tens of s
and therefore it would be challenging to carry out interrupted tests. One of the
suggested ways to carry out interrupted tests on the HSS is by using stopper rings
behind the specimen as done by Xing et al. [5] shown in Fig. 4.1

Hat-shaped

Stopper .
specimen

ring
e
—

Fig. 4.1 Stopper rings used behind a HSS to carry out interrupted tests in a Hopkinson bar setup. After [5]

Concentrated
shear zone

The post mortems of the specimens from the tests interrupted at various instants could
be examined for micro-voids in the ASB wake and the instant of MV incipience could be
inferred. For the post mortem specimen observation, X-ray computed tomography (XCT)
could be employed. When compared to scanning electron microscope, the XCT is a non-
destructive 3D technique capable of resolving internal structure with micron resolution,
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and does not require tedious sample preparation, see [6]. With XCT, void shape and size
distributions, and interface structures can be revealed. For example, the stages of
reconstruction of the 3D images of a specimen by Zabler et al. [7] using XCT are shown
in Fig. 4.2. In Fig. 4.2¢, the red regions indicate porosity and a macro-crack formed after
strong deformation and yellow regions indicate dense mineral particles which reveal a

healed crack.

Fig. 4.2 After [7]. a) Virtual assembly of 3 tomograms to map the entire height of the sample. b)
Assembled dataset c) Reconstruction of linear absorption coefficients allows grains and phases to be
distinguished.

As impact tests are characterized by exceptionally short durations and very high strain
rates, it is not yet possible to use in situ XCT, which is why the XCTs are generally
confined to pre-test and post mortem analysis. However, modern X-ray imaging
techniques have been developed for studies of dynamical phenomena , see [8], with
spatial resolution ranging from a few micrometres to tens of nanometres, and temporal
resolution ranging from a millisecond to hundreds of picoseconds. Using such advanced
techniques, it would be possible to acquire real time images of the specimen during the
dynamic test and the instant of the MV incipience could be accurately identified. Once
this hurdle is overcome, the ASB and MV related deterioration constants could be
distinguished.

Another experimental campaign proposed is related to high speed machining in the
unexploited very high range of cutting speeds of the order of 100m/s and higher. The
dynamics of the chip formation and the predominant mechanisms in Ti-6Al-4V or other
metal alloys susceptible to ASB at such extreme cutting velocities could be explored. The
experimental results could also be used to validate the ASB+MV model at very high
cutting velocity ranges. Such high cutting speeds cannot be achieved using conventional
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machining tools. For that purpose, a ballistic set-up similar to the one designed by
Sutter and List [9], as shown in Fig. 4.3 could be adopted. The ballistic device consists of
launching the workpiece by means of a gas gun trough a launch tube onto two cutting
tools. Strain gauges on the load sensor record the axial cutting forces. A high speed
camera could be used to record the chip formation.

receiving tube

intensified CCD camera

tools holding
detail of cutting process

specimen

launch tube

Fig. 4.3 After [9]. Ballistic cutting set-up.

4.2.2 Modelling

Certain aspects of the constitutive model could be further improved and some additional
physics of the mechanisms could be taken into account.

Firstly, the orientation of the micro-voids is considered. In the present study, for the
sake of simplicity, the MV is assumed to be oriented in the same direction as that of the
ASB. The microscopic observation of ASB by Peirs et al. [10] in the gauge section of the
impacted hat shaped specimens showed the following stages of formation of micro-
cracks as shown in Fig. 4.4:

(a) The grains within the ASB are initially undeformed.

(b) The grains elongate and rotate under deformation. Micro-cracks are formed in in
the same orientation as that of the elongated grains.

(c) Several micro-cracks are linked together to form cracks.

The different possible orientation of the MV with respect to that of the ASB has to be

taken into account in future works by using different orientation tensors for ASB and MV
which may pose other issues on objective derivatives (spin to be considered).
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Fig. 4.4 Schematic representation and micrographic observation of micro-cracks evolution within ASB.
After [10]. a) Grains are initially undeformed. b) Micro-cracks oriented as the elongated and rotated grains
under deformation. c) Linked micro-cracks.

The phase transformation of the ASB is another feature which needs to be taken into
account in the future works. Two types of bands are distinguished especially in steels -
deformed and transformed bands. The deformed bands are often found to occur as
precursor bands to the transformed bands which frequently follow when the strain rate
is sufficiently high as shown in Fig. 4.5, refer [11]. The high temperature during the
adiabatic shear deformation causes austenitization of the sheared zone in steels. On
unloading, this zone is quenched by the surrounding metal forming martensite which
has the characteristic white etched region.
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Fig. 4.5 White-etching transformed shear band preceded by deformed shear band in AISI 1040 steel.
After [11].

The micro-hardness measured along the longitudinal direction of the ASB in Fig. 4.5 is
shown in Fig. 4.6a. It is seen that there is maximum constant hardness along the
transformed band whereas the hardness decreases in the deformed band region. In Fig.
4.6b, along the transverse direction of the transformed and deformed band in 1040 steel
and purely deformed band in 304 and 1018 steels, the micro-hardness profile shows
that the transformed band is much harder that the deformed band and also the
surrounding matrix material.
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Fig. 4.6 After [11]. Micro-hardness profile of ASB along a) the longitudinal direction in 1040 steel b) the
transverse direction in several steels.

This implies that the phase transformed band is considerable stronger than the
surrounding zones at room temperature but also brittle and therefore it may contain
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micro-cracks. Thus it is essential to model the phase transformed bands and to
recognize the conditions leading up to the phase transformation.

The incipience of ASB in itself need not be considered as a failure criterion from an
engineering point of view as it would prove to be extremely conservative. This is
because, the material still has the load bearing ability after the ASB onset and
furthermore, after an impact load, the material within the band may be phase
transformed and regain its original strength.

4.2.3 Numerical Simulations

Once the experimental challenge is overcome and the material constants relative to ASB
and MV are identified, it is imperative to carry the ASB+MV model through the actual
V&V procedure in order to prove that the model is predictive and reliable.

As the feasibility of the enlarged model has been demonstrated in the present study on
an RVE scale and a relatively simple IBVP namely the HSS, it is now required to
implement the model on the complex IBVP of HSM. This is ongoing work with challenges
involving transferring an available HSM model from Abaqus/CAE to LS-DYNA and
making it operational.

A upper bound of D which depends on the material properties exists, but would be an
exaggerated value of failure criterion for a structural design and would also render
extreme element distortions in numerical simulations. In the present work an upper
limit for TrDis imposed in the simulations as a criterion for element deletion. The model
could be improved with actual simulations of crack propagation by using enriched FEM,
e.g. X-FEM or E-FEM, see [12] and [13] respectively.
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