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Abstract

Today, finite element method is a sufficiently deped technique, bringing an indispensable
help to the engineers, during design and optinomasitages of the engineering products. In
certain cases, its role exceeds from the simplent@ogical assistance and makes it possible
to consider physical laws in the intimacy of thedmens inaccessible to the experimentation
(nuclear fission and fusion, cracks propagatiothenmaterials,.). In this context, the present
contribution brings a scientific and technologicmprehension of the chip formation
process. The investigation of chip genesis is motin in itself, but it can inform what
actually happens during the process. From expetahe@md application point of view, the
work is focused on the machining of an aeronaubicvAnium alloy A2024-T351.

This study has been accomplished with four prircgtages. Initially, an orthogonal cutting
model for the case of turning process has beemlettad. The work makes it possible to
emphasize equally on the discretization level legdio an optimised mesh generation to
capture physical phenomenon, as well as on therialabehaviour level considering crucial
aspects of damage and fracture energy.

Onward this model was adapted to the case of thwa doit milling (with a null helix angle),
where the removed material has a half crescent nikerform, presenting a continuously
variable chip thickness tending towards zero (vatbonstant width). This model makes it
possible to distinguish the macroscopic cuttingezbom the microscopic one, based on the
cut thickness. The well-known size effect phenommeab micromechanics was thus found
during macro to micro cutting passage increasinderis strength, due to strain rate
hardening characteristics of the material. Thisngineenon in machining is well-known and
corresponds to the quasi exponential increaseeisplecific cutting energy with the reduction
of the cut thickness.

To facilitate the exploitation and to propose agbgl tool for better comprehension of the
material removal (especially at micro cutting lguel the scientific community and industry,
in the third stagenodified Johnson-Cook material model (strain gnadimsed approach) of
the equivalent stress has been formulated in ABABBSPLICIT via its user subroutine
VUMAT. In spite of the modelling difficulties a aaplete cutting model integrating the size

effect phenomenon has been presented. The aim powide a numerical data on the




Abstract

machined surface which can be compared with theeraxental results. As it is the
microscopic cutting part in high frequency and hsgieed dynamics domain which generates
the machined surface.
During the fourth stage, the model was completedyetbped to simulate the down cut
milling of Aluminium alloy A2024-T351. In additioto the size effect relating to the chip, the
dynamic aspects relating to the machining systemewaken into account through the
proposition of a multi level cutting model, namegbhd dynamic cutting model (HDC-
model). The proposed model combines the rigiditg bfgh speed milling machine (tool, tool
holder, rotor,...) at the macroscopic level with threechanics of mesoscopic level chip
formation.
Finally, turning and milling cutting experiments mgecarried out to validate the suggested
models. The numerical results were compared wigeemental ones at each stage.
In general the results are in good agreement.Hobvgever necessary to note that a number of
parameters can affect the numerical model resths. predictive character of the model is
primarily limited to the physical characteristic$ the machined material. Under these
circumstances one finds itself in the purely expental investigations of 1970-80s, when the
concept of tool material coupling (TMC) was conegivfor the very first time. Today’s
approach, which is both experimental and numerioalyever makes it possible to strongly
reduce the costs and to quantify very interestoogll phenomena such as for example in this
contribution:

» chip segmentation tendency leading to fragmentatrater certain cutting conditions,

» the chip contact length with tool cutting face,

» the amplitude of the machined surface defects dugiabal dynamics of machining

system,

Keywords:

Finite element simulation, Orthogonal cutting moedelhnson-Cook, Damage evolution, Size
effect, Strain rate, Strain gradient, Vumat usettiree, Chip segmentation, Dynamic cutting
modelling, A2024-T351, Experimentation




Résumeé

Aujourd’hui, la méthode des éléments finis estisafiment développée pour apporter aux
ingénieurs, une aide indispensable lors des étiwesnception et d’optimisation des produits
manufacturés. Dans certains cas, cette aide dépassmple assistance technologique et
permet de considérer des lois physiques dans nfiitéi d’'un milieu inaccessible aux
expériences (fission et fusion nucléaire, propagaties fissures dans les matériaux,...). C’'est
dans ce contexte a la fois scientifique et techyiglee que porte notre contribution sur la
formation du copeau. D’un point de vue applicati€epérimental, notre étude est centrée sur
'usinage de l'alliage d’Aluminium A2024-T351

Cette étude a été accomplie avec 4 étapes priesiplah premiére étape porte sur la mise au
point d’'un modéle numérique 2D, de coupe orthogomal tournage. Ce travail permet de
choisir des solutions de détails pour ce modele énigue, aussi bien au niveau de la
discrétisation et de la partition du maillage quraveau du comportement du matériau usiné
sur les aspects cruciaux d’endommagement et d’&néegrupture.

Lors de la deuxieme étape ce modéle a été adam#sadu fraisage de profil en avalant avec
un angle d’hélice nul, ou la matiere susceptiblétrd’ enlevée a une forme en demi lune,
constant sur sa largeur, présente une épaissetini@oent variable et tendant vers zéro. Ce
travail et les résultats obtenus permettent déndisér la zone de coupe macroscopique de la
zone microscopique a partir de I'épaisseur coupéeffet de taille bien connu en
micromécanique a ainsi été retrouvé lors de ceagasmacro-micro a travers l'influence de
'écrouissage due a la vitesse de déformation dweénma. Le phénoméne bien connu
expérimentalement de l'augmentation quasi expoekatde I'énergie spécifique de coupe
avec la diminution de I'épaisseur coupée a étéi&ten relation avec les divers aspects de cet
effet de taille.

Pour faciliter I'exploitation et proposer un outié compréhension physique de I'enlevement
de matiere a la communauté scientifique et a I'atidle, dans une troisieme étape, le modele
de comportement de « Johnson-Cook » modifié paappeoche basée sur le second gradient
de déformation a été développé dans ABAGESPLICIT sous la forme d'un sous

programme (ou sous-routine VUMAT).




Résumé

Finalement, au cours de la quatrieme étape, I'egiitin a été complétement développée pour
simuler le fraisage de profil en avalant, de ladle d’Aluminium A2024-T351. En plus de
I'effet de taille interne au copeau, les aspectsadyiques liés au comportement du systeme
usinant ont été pris en compte a travers un madalg-échelle nommé modele dynamique
hybride de coupe (HDC-modele)qui combine la rigidité équivalente d'une fraisedse
grande vitesse (outil, porte-outil, broche, ...) &aeau macroscopigue avec la mécanique de
formation de copeau au niveau mésoscopique.
Cette application intégrant a la fois les effetgctielles a pour but de fournir des données
numeriques sur la surface usinée qui puissentcétrgarées a des résultats expérimentaux.
Malgré les difficultés de modélisation nous avarsuta €laborer ce modele complet car c’est
bien la partie microscopique de la coupe en dynaeftpute fréquence ou grande vitesse qui
génere la surface usinée.
Pour finir, des coupes expérimentales ont été e&ésien tournage et en fraisage pour valider
les modéles proposés. Les résultats numériquesagmitcomparés a ceux expérimentaux a
chacune des étapes.
De maniere générale la concordance des résultaboese. Il faut cependant noter le grand
nombre de parametres des modeles numériques dainsed’entre eux peuvent étre des
parameétres de recalage expérimental. Il apparaft doe le caractere prédictif du modeéle est
limité essentiellement par les caractéristiquessiglues de la matiere usinée. On se retrouve
dans la situation purement expérimentale des ant®€8-80 qui a vu naitre la notion de
couple outil-matiere (COM). L'approche d’aujourdiha la fois expérimentale et numérique
permet cependant de réduire fortement les colde guantifier des phénomenes locaux trés
intéressants comme par exemple dans notre conribut

» La propension a la segmentation et donc a la fratgtien dans certaines conditions

de coupe,

» Lalongueur du contact copeau, face de coupe,

» L'amplitude des défauts de la surface usinée daalgnamique globale,

>

Mots Clés:
Simulation numeérique, Elément fini, Coupe orthodpdahnson-Cook, Endommagement,
Effet de taille, Vitesse de déformation, Secondignat de déformation, Sous-routine Vumat,

Segmentation de copeau, Modele de coupe dynamig@e24-T351, Expérimentation
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Introduction

| ntroduction

Preamble

Machining efficiency at its optimisation stage regs a sufficient comprehension of physical
phenomena accompanying tool workpiece interacifitis quest had been aroused since the
beginning of material cutting itself. Thanks to thdvancement in computational efficiency
and numerical techniques developments during Vastdecades, various models replicating
the machining process to improve the phenomenabgmmprehension of the multi-physical
cutting phenomena have been presented. These ntwaadsefficiently predicted the useful
information like cutting forces, localized temperats distribution at tool workpiece interface,
stress and strain profiles, residual stresses authimed surface topologies, etc.

Nevertheless, the cutting process is charactetigedulti-physical aspects which enclose
highly nonlinear phenomena due to tool-workpiecatact, large strains, high strain rates,
damage, and material behaviour of the machined pieck. These all aspects make more
complexthe cutting modelling, especially when passing frmacro-cutting scale (traditional
cutting) to micro or nanometric cutting ones. Indieie micro-scale cutting some encountered
issues are fundamentally different from macro-soale and a simple scaling cannot be used
to model phenomena occurring in relationship wiithroymachining operations. These issues
include differences in the underlying mechanismshef process, resulting in changes in the
chip formation process, machining forces, matespécific cutting energy (SCE) and
machined surface integrity. For example, in theecat down-milling and at certain tool
angular position, the cutting tool edge geometigobges comparable in size to the uncut chip
thickness (UCT), causing a negative effective rakgle This in turn causes the ploughing
phenomenon and an associated elastic-plastic dafamnstate of the workpiece material.
Furthermore, at micrometer length scales of mdteemoval, the well-known size effect
phenomenon takes place [BAC52, LUC93, KOUO2].
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Moreover, by consulting bibliography on machiningdses exploiting FEM, it can be noticed
that the cutting tool is assumed to be rigid orhhigelastic body unaffected by machine
dynamics. So, if the dynamic effects of machinirygtem are also included in numerical
models, one can well imagine a high level of comipyeof machining modelling.

In this framework is situated the present contrdrutwhich aims to improve finely the
physical comprehension of the tool workpiece inteoa during down-milling process based
on a numerical cutting model. Initially, an orthogb cutting model in turning case in which
the coupling between material damage evolutionienftacture energy has been established.
Onward, this model has been modified and exploitedtudy the case of macro-to-micro
scale milling process (down-cut milling case) forsaain rate dependent aeronautical
Aluminium alloy A2024-T351. The introduced modifimans were brought in material model
behaviour by including the effect of strain gradiahmicro scale cutting. The objective is to
predict properly the chip morphology evolution atml fully capture the size effect
phenomenon. Finally, the built model was exploiteddevelop a hybrid dynamic cutting
model (HDC-model) to reproduce machining under dyicacutting conditions. The HDC-
model takes into account the dynamic effect of thachining system presented by a
combination of discrete elements (spring, dashmjoducing an industrial milling spindle

on a workpiece presented by an isotropic elaststiglaontinuum material.

Problem statement and objectives

Various thermo-mechanical models of macro and mgotting processes have been
presented by numerous researchers [KIM99a, LIUOBOZ]. However, the approach of
macro-to-micro level cutting with macro cutting taoncluding the effects of intense strain
gradient, when tool approaches from macro-to-mievel of UCT (typical case of down-cut
peripheral milling operations) for strain rate degent materials has not been established yet
(to best of my knowledge). Also, no numerical mdaas$ been developed to analyze the chip
morphology and surface profile generated in cutbgpgntroducing dynamic cutting effects of
milling process. This is of vital importance in mafnicro level cutting processes with macro
level tools. So, the specific objectives of thiedis could be underlined as following:
> Establishment of a FE model by exploiting the cdfiis of ABAQUS®/EXPLICIT
software to simulate chip formation mechanism fahagonal down-cut peripheral

milling case.
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> Development of a chip formation model that can fpooate strain gradient effects
when chip thickness approaches to micro-level dsiers during down-cut milling.
The aim is to analyze and comprehend the contdhstiof various factors
(temperature, strain rate, etc.) on the nonlinearease in SCE with the decrease in
UCT (size effect phenomenon) for a strain rate ddpet Aluminium alloy A2024-
T351.

» Development of an understanding of the relativesadf strain gradient, strain rate
and temperature drop etc. at micro-level UCT, onenm strengthening for a strain
rate dependent material. For that, an improvementthe Johnson-Cook (JC)
constitutive behaviour material model to study sime effect phenomenon for a strain
rate dependent material via ABAQEIEXPLICIT user subroutine VUMAT was
proposed. The modified JC model takes into accdbet strain gradient-based
approach [XINO8] by including the effects of strgradient which is known to be an
important factor affecting the material strengthicig micro-cutting.

> Introduction of a hybrid scale dynamic cutting miomeinvestigate the variation of the
machining system (tool, tool-holder and spindleffredss and damping on the
localized chip morphology and surface topology urtygamic cutting conditions.

» Experimental validation of the developed approaches

Dissertation — At a glance

For clear and comprehensive presentation of thé&woeanuscript is outlined succinctly in the

following, four chapters:

Chapter 1provides a literature review on the cutting procass the finite element modelling
of machining process. Experimental observations sentific concepts to explain the size

effect phenomenon during micro cutting are alsceméed.

Chapter 2conciselypresents the finite element code ABAQUBXPLICIT (Ver. 6.7.1) used
for the present work. A new numerical model basethe coupling between material damage
evolution and its fracture energy has been propobkamerical results concerning chip
segmentation, fragmentation and machined surfasidua stress distribution for orthogonal

turning case are discussed. Also, details conogrexperimental procedure in turning have
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been provided. The chapter ends with exploitatibrihe proposed model for the case of

orthogonal down-cut milling.

Chapter 3discusseshe material strain rate hardening characteristiod strain gradient as
dominating factors in increasing material strengilring micro level cutting for a strain rate
dependent material. A modified Johnson-Cook eqaialstress model, including strain
gradient, is formulated in ABAQUEXPLICIT via its user subroutine VUMAT to studyeth

influence of strain gradient on size effect.

Chapter 4proposesa methodology to build a finite element based hd/lalynamic cutting
model (HDC-model) in order to predict the chip fation process for down-cut milling case.

The manuscript is ended by a general conclusioludimy the major points outlined in this
dissertation and a discussion of possible avernudstire as a continuation of this research

work.




Chapter 1 Literature Review

1 Literature Review

1.1 Introduction

Metal cutting is one of the most widespread proegas which, by action of a cutting edge of
a tool, unnecessary material is removed. It is ohghe most common manufacturing
processes for producing parts and obtaining sgecifieometrical dimensions and surface
finish. Turning, drilling, and milling are examples$ different industrial applications that use
this principle with different tool geometries anahmber of cutting edges.

The understanding of the material removal procegssetal cutting is important in selecting
tool material, its design and in assuring conststiimensional accuracy and surface integrity
of the finished product. It is well-known amongestific community that modelling task of
cutting process is particularly complex due to dineersity of physical phenomena involved,
including large elasto-plastic deformation, the ayualties of contact/friction formulation, the
presence of thermo-mechanical coupling and thealdity of chip separation mechanisms.
One factor that has caused considerable difficatg frustration to researchers investigating
the chip formation is the fact that the phenomet@uing in the vicinity of the cutting edge
are highly localized and not directly observablanfrexperimental point of view. After more
than a hundred years of research, the study oflmedahining still constitutes a current
challenging task.

Although the first theoretical models were abled&scribe the problem only qualitatively,
their principles and assumptions laid foundations further advancements. The main
shortcoming of existing solutions for chip formatianechanisms perhaps lies in the
oversimplification and consequent disregard of ttwmplex interplay of the different
parameters. Numerical simulation by the FEM hasvgmoto be a reliable alternative to
analyse precisely several metal forming operatidrtsanks to the advent of high-speed
computer processors, robust large-strain/largelatiement procedures, contact/fracture

algorithms, adaptive re-meshing procedures forasted problems and robust finite/discrete




Chapter 1 Literature Review

algorithms, etc. that numerical simulations of forghoperations, which involve material
removal have become possible.

After, describing the basics of milling processngpipal of orthogonal cutting and the major
deformation zones during chip formation mechanishis chapter reviews some of the
previous researches made on various aspects ofm#woeo/traditional/classical and micro
machining. The focus is on the application of FEMtodel cutting process and experimental
observations of size effect phenomendhe mechanisms that have been proposed to explain

the size effecin micro-machining are also presented.

1.2 Machining of materials by milling

Milling is the complex shaping of metal parts (mngparison to turning process) by removing
unneeded material to form the final shape. Theimgilmachine dedicated to this process is a
power driven machine and in its fundamental forrmasprised of a milling cutter that rotates
about the spindle axis and a work table that camenmo multiple directions (usually in three-
dimensional Cartesian coordinate space). The maavass the surface of the workpiece is
accomplished by moving the table on which the wia@ is mounted. In its very basic form

milling process can be classified in three majaegaries (Fig. 1.1).

i) Peripheral milling or slab milling: In this case the machined surface is generated by
the teeth located on the periphery of the cuttetybd@he axis of cutter rotation is
generally in a plane parallel to the workpiece atefto be machined (this case is
studied in the present work)

i) Face milling: The cutter is mounted on a spindle having an afisrotation
perpendicular to the workpiece surface. The miladace results from the action of
cutting edges located on the periphery and fatckeo€ultter.

iii) End milling: The cutter rotates on an axis vertical to the wm&e. It can be tilted to
the machine tapered surfaces. Cutting teeth aratddcon both the end face and

periphery of cutter body.
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Slab milling Face milling End milling
Fig. 1.1 Classification of milling operation [CUJ10

Milling cutting process is usually performed in twmdes.

i) Climb or down-cut milling: The direction of cutter rotation is the same astéixe
feed motion. For example, if the cutter rotatedctotkwise then workpiece is fed
from left to right direction as shown in the adjom Fig. 1.2 (this case is modelled in

the present study).

Machined surfac/

Fig. 1.2 Schematic representation of climb or dautmilling

—) Feed

if) Conventional or up-cut milling: The direction of the cutter rotation opposes tleslfe
motion. For example, if the cutter rotates cloclenisen workpiece is fed from left to

right direction as shown in the Fig. 1.3.
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Machined surfac/

Fig. 1.3 Schematic representation of conventionaipscut milling

—) Feed

1.3 Principal of orthogonal cutting

Most of the industrial applications that remove enial by machining operations use complex
insert geometries with various chip breakage. Toidathis complexity when modelling

cutting process, usually two dimensional plane irstrassumptions are proposed. The
elaborated cutting models are known as orthogoutting ones. They permit a 2D cutting
simulation, supposing a unit depth of workpiecethese conditions the tool cutting edge is
simultaneously orthogonal to the cutting velocihddhe feed velocity as shown in Fig. 1.4.
In general case, the orthogonal cutting correspomd@sgiven insert with an edge inclination

and entering angles equal to 0° and 90°, respdygtive

Ve

Fig. 1.4 Schematic representation of orthogondlrayt

1.4 Chip formation

It is accompanied by complex phenomena and its habogy is mainly affected by the

thermo-mechanical characteristics of the mateadle machined, tool material grade and its
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geometry, cutting speed, feed rate, type of theéngufluid and machine dynamic behaviour.
Carrying out experimental studies like measuringcuofting forces, metallographic chip
investigations, chip micro-cinematographic visuaisns, quick-stop method, etc. allow to
investigate some interesting phenomena of mecHhanii#logical and surface engineering
aspects. Despite, some experimental difficulties dneing these studies the following cutting

zones have been found during tool-workpiece intemag¢Fig. 1.5).

ucTt \

T,

Workpiece

Fig. 1.5 Principal affected zones in chip formation

» Zone 1 Primary shear zone. It results by change of tizecof the material. This
zone undergoes sudden deformation by shear. Irti@ado high strain rates, there
generates a strong rise in temperature by plasirk.w

» Zone 2 Secondary shear zone. It is induced by frictionrsert rake face. This zone
is simultaneously subjected to high strain rated strong rise in temperature due to
dissipation of heat by friction.

» Zone 3 Separation zone of the workpiece. It is char@szdr by an intense
deformation due to tool compression. The lattep gisovokes elastic and plastic
deformations which, by means of “spring back”, ioeuresidual stresses on the
surface of the machined workpiece.

» Zone 4 In this zone machined surface is solicited byitisert clearance face which is
affected by wear phenomenon due to friction.

» Zone 5 This is the zone limiting the workpiece deformatiduring the tool-

workpiece interaction.
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In each of these zones, different thermo-physical ehemical phenomena like adhesion,
welding, diffusion, chemical transformation, etancoccur. This induces metallurgical
structure transformation mainly due to mechanicatlings and rise in temperature.

For the case of micro cutting the small depth d@f due to the small feed rate and edge radius
of the tool causes a large negative rake angle (E8). Cosequently chips are formed by
shearing of the workpiece [CHAO6]. The friction Wween the tool and the workpiece
increases resulting in thermal growth and a pronednool wear rate [XIA03]. The later can
lead to undesirable burr formation [WEUO1, HIGO8}icro chip formation causes ploughing,
a rough machined surface and an elastic recovettyeoivorkpiece [KIMO4b, LIUO4b].

Rake face

Clearance face

R

]
T Spring ba(;l‘

Fig. 1.6 Chip formation during micro cutting.

Edge radius

1.5 Finite element modelling of macro/traditional achining process

The first analytical model that laid the framewddt modelling of orthogonal machining

processes was proposed by Merchant [MER44] in 194th the invention of the computer

and the rapid growth in computing power, finitenaét techniques have been widely used by

many investigators. We cite here non-exhaustiveregices [OBI97, MAMO01, BAKO5] with

notable success in modelling the machining procAlisthese authors have used different

numerical methods for calculations. Nevertheledsatever methods are adopted there are

some core particularities associated with thediesiement simulation of cutting process e. g:
» movement description ,

constitutive material models and chip separatichrn&ues,

heat generation and thermal assumption,

tool-chip interface characterisation,

YV V VYV V
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1.5.1 Approaches and movement description

Among literature, to simulate machining processe® common methods for movement
description are adopte&ulerian and Lagrangian formulations.

In the Eulerian formulation (Fig. 1.7a), the finidement grid through which the material
flows is fixed in space. The advantage of this falation is that the shapes of the elements do
not change with time. So, the element distortioesdoot take place. This implies numerically
the possibility to make assumptions of high valogériction coefficients at tool-workpiece
interface. However, an initial shape of the fredage of the chip has to be assumed and chip
formation process cannot be modelled hence chiphobogies are not comparable to the
experimental ones.

The Lagrangian method (Fig. 1.7b) involves a movirgme of reference. The mesh is
attached to the material and moves along with thé&nal. However, the elements change
shape during the material flow and in extreme césesy become necessary to control the
distorted elements. Therefore, re-meshing or adeyptieshing is often required for these
types of formulations [XIE94]. In addition, a chepparation criterion needs to be specified to
simulate chip formation [BAK02, BARO5, MABOG].

Time = 2 ms

|1[J_ l I

a) Eulerian formulation b) Lagrangian formulation

Fig. 1.7 Orthogonal chip formation [HAGO08, MABO6]

Although the Eulerian approach possesses the ayardf no element distortion and can
avoid many instabilities which can be met in Lagian one, but it can only be used for
steady-state analysis and can not efficiently makelreal chip morphology. Nevertheless,
with recent advances in hardware and softwarepbagjiformulation taking into account in
the same time the nature of both pure LagrangiahEanerian formulations was elaborated
and so-called ALE (Arbitrary Lagrangian-Eulerian)ovement description. The latter

formulation is used by many researchers [CER98, @ZE IU04a] and is incorporated in

11
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various commercially available software packagehsas (ABAQUS, DEFORM, LS-DYNA,
NIKE2, MARC, etc) for modelling material removal processes.
In an ALE-formulation, the mesh points move but netessarily with the material (Fig. 1.8).
While the finite element mesh spans the completdyais domain throughout the solution
and its boundaries move with the movements of $tegéaces and structural boundaries, the
material moves relative to the mesh points. Thigpragch is suitable for modelling large
deformation processes, general free surfaces atataations between fluid flows and
structures. When ALE method is adopted, threer@itaust be formulated:

» remeshing criterion, in order to determine new nool@dinates,

» material flow among boundary elements which isuaked by convective forces,

» conversion of internal variables must be carrietladter remeshing, from old mesh to

the new one.

To obtain physical results, high adaptive meshimgjdency is required. Latter makes this

approach a time—costly technique.

| Lagrangian Formulation | | Eulerian Formulation | | ALE Formulation |

[] Material particle
O  Grid node

Fig. 1.8 Movement description in Lagrangian, E@derand ALE formulations

1.5.2 Constitutive material models and chip sepavattechniques

FE simulations for machining are greatly influendgdthe flow stress characteristics of the
material in different cutting regimes. It is welkdwn that the flow stress of the material is a
function of the strain, strain rate and temperature

Various numerical studies have been performed usiwgle range of constitutive models for

the workpiece, such as rigid-plastic, rigid-visasiic, elasto-perfectly-plastic, elasto-plastic

12
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and elasto-viscoplastic. Elastic-to-plastic matsrisave been the most commonly used in
simulations, with the plastic strain-rate depengeneing included in some studies [LIN92,
YANOZ2]. The elasto-viscoplastic model has beenuestly adopted by other authors such as
Shih and co-workers [SHI90]. Some researchers,ngnait simplifying the analysis, have
used rigid-plastic [IWA84, CER99] and rigid-viscaptic materials [SEK93, KOUO02,
UMBO04]. One of the most popular material formulati@lasto-thermo-visco-plastic) adopted
in the present study is that proposed by Johnsah Gook [JOH85]. Several modelling
studies have shown the effectiveness of this natédw stress model [RAM02, GUOO04,
JINOA4].

A critical aspect which can be evoked during FEebasimulation (for Lagrangian and ALE
formulations) of the cutting process is the speatibn of the technique as chip separation

criteria which can be classified in following thregegories:

» Node separation technique is a geometry-based agp{®AR96, HAS99, GUOO0Q].
A predefined parting line is used to separate thp tayer from the workpiece. At
each point on the parting line, two nodes are tibggbther initially and share the same
degrees of freedom. When the tool approaches ¢depair of nodes, they separate
when a pre-specified criterion is met. Other comiyaised criterion is the tool node
distance, critical effective stress, and critid&e&tive plastic strain.

> Element deletion technique [RAMO2] is also a geayabased approach in which the
chip layer is predetermined by a sacrificial eletrlager positioned at the bottom of
the chip layer. When the tool approaches a saeaiifedement, it will be deleted based
on a criterion such as critical effective plasti@s or critical energy density.

» Using of fracture to determine chip separation amtversial since there is no
consensus in the literature on whether chip foromaitndeed occurs by fracture or not
[SHA84, SCHO0O0]. However, this technique is alsongeused by many researchers
giving promising results [BARO5, BELO5, MABO6]. Raaly, Subbiah and Melkote
[SUBO8] have shown experimentally based on quiok-$ést that the chip separation

is occurred by fracture in the tool edge vicinitgem machining A2024.
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1.5.3 Heat generation and thermal assumption

Another important feature of finite element basetticg simulation is the consideration of
heat generation due to simultaneous phenomenalafsiic deformation and friction. This in
turn changes the material properties. Therefornb-mechanical modelling is required to
obtain stress, strain and temperature solutionsls@meously as the material is being cut. So,
coupled temperature-displacement analysis is yspafformed.

Nevertheless, some studies have generated physsdts with adiabatic hypothesis [KAL97,
MABO6, WENOG6]. The solution of the field equatioor fthe heat conduction is not required
when this assumption is made, but this approximatan only be safely adopted for low
diffusivity materials or in high-speed processes$ie Ttemperature increase is calculated
directly at the material integration points accogito the adiabatic thermal energy balance. If
the cooling to room temperature is needed in otdeevaluate residual stresses of the
workpiece, it is not advisable to adopt this sitingdition [VAZO07]. If such numerical model
assumes that the conditions are adiabatic at a giwging speed, this is probably not true. It
should either perform a calculation with heat cantitn to check the adiabatic assumption or
it should be judicious to use the criterion develbjpy Recht [REC64] or that given by Frost
and Ashby [FRO82] to see whether conditions arfadhadiabatic.

Certainly, for specific cutting parameters bothlaséic heating and conduction of the heat are
important. So, a coupled temperature displacemaalysis must be performed. Therefore, in
the present work, coupled temperature-displaceraealysis has been carried-out. The heat

transfer modelling formulation adopted in the prestudy is detailed in next chapter.

1.5.4 Tool - chip interface

The friction characteristic at the tool-chip inteé is difficult to determine since it is
influenced by many factors such as local cuttingesly local contact pressure, temperature,
tool and workpiece material, etc [RECOQ9]. It infhees the chip geometry, built-up edge
formation, cutting temperature and tool wear. Tfogee it is necessary to understand the
friction mechanism across the faces and arouncedlge of the tool, in order to be able to
develop accurate model(s) for cutting forces antprature.

The most simple friction model is Coulomb frictiodsually the friction coefficienj: is
assumed to be constant for a given interface. Hew@xtensive studies have been performed
on the mechanics of interaction along the tool-¢hiprface and several models that are more

relevant for the cutting process where rate, pressand temperature dependency are
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accounted for have been developed. Among themyvZostick—slipfriction model [ZOR63]
has been one of the most commonly used to presembrial contact between chip and tool.
Zorev advocated the existence of two distinct wop contact regions: near the tool tip,
where shear stressesare assumed to be equal to the shear strengtheai#terial being
machinedzy, whereas, in the sliding/slip region, the fricibrstress is proportional to the

normal stress;,

(1.1)

f

_|1,,0<l <l (o, =z1,) - stick
- po., | >\ (uo, <rt,) - slide

o
Wherer, is defined ag, :Té; oy is the approximated uniaxial (or equivalent) flaness of

the materialu is commonly associated with the Coulomb’s frictiomefficient and. is the

transitional zone, assumed to be known in advameoeoist cases (Fig. 1.9).

T, O, A Zorev (1963)
————— Usui and Shirakashi (1974, 1982)
-+ « Iwata er al. (1984)
GH
T, =T,
IR Tj = lu o-n
Cutting B
edge |\ N
/ i Rake face X

Fig. 1.9 Frictional and normal stress along theriace [VAZ07]

Similar approaches have been applied to simulaiehmiag processes, such as defining an
average friction coefficient over the rake faceyasate coefficients for each region, different
lengths for the sticking region, or even neglectitiggether the low stress variation of shear

and normal stresses and simply assuniing mr, (m<Z1)along the rake face [SHI90, GUOO02,

EEO5]. Experimental models were introduced by Usod co-workers [USU82, OBI96,
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OHBO05], who used a non-linear stress expressiorelate the normal stress and frictional

I, =1, {m%-‘%ﬂ (1.2)

Where 1 is a tool-chip material constant andis the maximum shear stress of the chip

stress as:

surface layer in contact with the rake face of in@l. Eq. 1.2 approachas =r, for large
normal stresses (sticking region) and the classicallomb’s law,r, = yo, for smaller values

of o (sliding region), as illustrated by the dashed lgt®wn in Fig. 1.9. Childs and co-
workers [CHIOO, DIRO01] introduced further modifigats in (Eq. 1.2) as follows:

iy
r, =mr, {1— ex;{—%} ] (1.3)
Y

In their proposed model (Eq. 1.3) the exponeobntrols the transition from the sticking to
the sliding region and the coefficiemt accounts for a lubrication effect. Ozel [OZEO06], by
comparing experimental results with several frictrnodels based on (Egs. 1.1 and 1.2) and
(Eq. 1.3), concluded that predictions are more ateumwhen utilising friction models
established from the measured normal and frictistraélsses on the tool rake face and when
implemented as variable friction models at the-op contact in the FE simulations. Based
on the experiment where a bar-shaped tool slides e inner surface of a ring specimen,
lwata et al. [[WA84] proposed an expression foctfanal stress dependence on Coulomb’s

friction coefficient, normal stress and Vickersdrass of the workpiece materidl, as:

r, =mr, tan?‘(ﬂj 1.4)
mr,,

HV
where, mr, = ik

Which was later approximated using the shear fltngss to guarantee that <z, in the

elements immediately in contact with the rake fadeticeably, (Eq. 1.4) yields a close
approximation of Usui’'s friction model [SHI74, USPBwhen definingHv/0.07 tending to
Mmey, as illustrated by the dotted line depicted in. Ei§.

Despite the importance of friction in machining siation, most authors agree that the
existing models present limitations and furthereekpental-numerical efforts are required to
describe interaction between tool and workpiece.
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In the present numerical simulation work we do inténd to develop a new frictional model
but we will exploit a previous model such as thestneidely used Zorev’s [ZORG63] friction
one witch is also known as an extended coulomlwis By referring to the work [NIO6] an

average friction coefficient equals to 0.17 hasbesed in our models.

1.6 Micro machining and size effect phenomenon

Micro-cutting is characterized by very small amauof material removal with UCT values
varying from a few microns (or less) to several dma@a microns. Besides, it had been seen
that at typical length scales, even in macro-tormilevel cutting (e.g. in down milling
process), the UCT becomes comparable to the sizeysfal grains. At these length scales,
the size effect phenomenon is expected to be dorina machining, the size effect is
typically characterized by a non-linear increasthinSCE as the UCT is decreased.

It has also been reported in micro- and nano-iratemt tests, where remarkable material
strengthening behaviour has been observed [STES®Erimental observations of size effect
in machining of different materials under variowsting conditions have been reported in the
literature. Backer and Shaw [BAC52] have accounkedincrease to the SCE in orthogonal
turning tests performed on SAE 1112 steel (FigOLtb the size effect. Their tests were
performed on a @57.2 mm bar pre-machined in the fof a thin-walled tube having a wall
thickness of 5 mm. The used insert was a carbidewdh 0° rake and 5° clearance angles
Cutting tests were conducted at a cutting speetl3@16 m/min with UCT ranging from
294.6um to58.4pum.

2500 S
2000 S

1500 - k
1000 S

500 +

specific cutting energy (MPa)

0.00 0.05 0.10 015 0.20 0.25 0.30 0.35
Uncut chip thickness {mm)

Fig. 1.10 Specific cutting energy vs uncut chigkiness [BAC52]
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Fig. 1.11 Specific cutting energy vs uncut chigkiness [KOP84]

Kopalinsky and Oxley [KOP84] conducted turning $esih plain carbon steel (0.48% C, 0.3%
Si, 0.13% S, 0.8% Mn and 0.019% P) with a cuttipgesl of 420 m/min. The cutting tool
used was a black ceramic indexable tip with -5%rakd 2° clearance angles. The cutting
edge radius of the tool was ground by a fine gatnd wheel to a radius smaller thaar,
which was also the smallest value of UCT used @ir ttests. Their results, reproduced in Fig.
1.11, show a clear nonlinear scaling effect inS&E with decrease in uncut chip thickness.
Nakayama and Tamura [NAK67] performed an experialemtvestigation on orthogonal
cutting of brass. The cutting speed was kept an@rin in all their tests in the aim to avoid
thermal and strain rate effects. High speed swaltwith an edge radius of 3+4n at
different rake angles (0°, -20°, -40°) were usegd. (E12). The size effect detected in the SCE
and thrust forces variations is clearly evideribat cutting speed of 0.1 m/min.

Lucca et al. [LUC93] conducted an experimental gtoidthe effect of single crystal diamond
tool edge geometry on the resulting cutting andighiforces and SCE in ultra precision
cutting. Edge radii of newly sharpened single alysgiamond tools were measured with an
atomic force microscope (AFM) by scanning the AFMantilever tip across the diamond
tool edge normal to the rake and flank faces. ®iogystal diamond tools with edge radius of
0.25um (x 0.02um) at different rake angles (0°, -10°, -20° and)-8@re used for cutting Te-
Cu, which has a nominal chemical composition 04989.5% Cu and 0.5-0.6% Te. The
experiments were conducted at a cutting speedéom/min with the UCT ranging from 20
um down to 10 nm. Their results demonstrate alsontiportance of size effect when dealing
with SCE (Fig. 1.13).
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Fig. 1.12 Specific cutting energy vs uncut chigkiness [NAK67]

Furukawa et al. [FUR88] had also reported the prasef size effect in the SCE (Fig. 1.14)
over an UCT ranging from 0.5 to 10n in their investigation of micro-cutting of severa
different materials. Later have diversified proptincluding Aluminium alloy, Oxygen Free
Copper (OFC), Germanium (difficult to finish preslig because of its high hardness and
brittleness), Fluorite (a single crystal used fibraviolet ray components, and is not very hard
but is very brittle, Caf} and Acryl resin (PMMA, a soft amorphous matetiaéd for optical
components) etc. A single crystal diamond tool viithrake and 2~3° clearance angles was
used at a cutting speed of 6 m/min.

Schimmel and Endres [SCHO2] and Kountanya [KOUQRlestigated the effect of the
variation of tool edge radius on cutting forcesonthogonal cutting case. Experiments were
performed on materials such as pure zinc, castarah Al-2024 at a cutting speed of 56.4
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m/min, with carbide tools having edge radii rangingm a few microns to a few hundred

microns. Fig. 1.15 reproduces their results anchth@inear scaling effect can be seen.
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Fig. 1.13 Specific cutting energy vs UCT for vasaake angles [LUC93]
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Fig. 1.14 Specific cutting energy vs UCT for vasatut material [FUR88]

Various researches have shown that the size affatteven arise while cutting with sharp
tools [LUC93] and when the effects of temperaturd atrain rate are negligible (i.e. at very
low cutting speeds) [NAK67].

Backer et al. [BAC52] attributed the size effectaystallographic defects such as grain
boundaries, missing and impurity atoms, etc. Thgyed that since a significantly reduced
number of imperfections are encountered when deftom takes place in a small volume.

The material strength would be expected to incraaseapproach the theoretical strength.
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Fig. 1.15 Specific cutting energy vs UCT for vasdool tip radius [KOUO02]

Larsen-Basse and Oxley [LAR73] explained the sgafihenomenon in machining in terms
of the strain-rate sensitivity of the workpiece eratl. Their reasoning is based on empirical
data drawn from experiments when machining plairb@a steel. They suggest that the
maximum shear strain rate within the primary skeeare is inversely proportional to the UCT.
Therefore, a decrease in the latter will leavestingin occurring in the shear zone unchanged
but the strain rate will increase inversely withHor most metals, an increase in the strain rate
causes an increase in the flow stress with thénstase sensitivity of flow stress increasing
rapidly in the range applicable to machining preess This could therefore explain the
increase in SCE with reduction in UCT.

Kopalinsky and Oxley [KOP84] attributed the sizéeef in the SCE to a decrease in the shear
plane angle; due to decrease in the tool-chipfaxtertemperature. Their prescribed approach,
leads to an increase in the shear strength of drkpaxece material.

Recent work by Atkins [ATKO3] attributes the sizéeet in cutting to the energy required for
new surface creation via ductile fracture. The auttound that the work associated with
separation criteria in finite element models isseld@o the typical value of fracture toughness
for the material in ductile fracture mechanics. $dggested that the energy required for the
formation of new surface should not be consideregligible in metal cutting analysis. Its
contribution to the overall SCE should increassnaall UCT values.

Fang [FANO3] has presented a complex slip-line rhdde orthogonal machining and
attributed the size effect to the material constieubehaviour of varying shear flow stress
with UCT. Nakayama and Tamura [NAK67] analyzed @#fect in machining through micro

cutting experiments performed at a very low cuttisgeed (0.1 m/min) to minimize
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temperature and strain rate effects. They obseplastic flow in the subsurface layer of the
workpiece and suggested that its contribution ze siffect becomes important with reduction
in the UCT. The main cause of this subsurface iglélstw is believed to be the extension of
the shear zone below the machined surface. Therefoey have attributed the size effect to
the fact that the energy consumed in plastic flowhe subsurface layer is proportional to the
UCT and to the decrease in shear angle with a deerie UCT.

It has been argued by many researchers that thes d@pendent strengthening cannot be
explained by the classical continuum plasticityoitye Based on the notion of geometrically
necessary dislocations (GND) in dislocation meat&nistrain gradient (SG) plasticity
theories have been proposed. Fleck and Hutchinaik93, FLE94], Gao and Huang
[GAO99], Acharya and Bassani [ACHOO] had introdutked SG dependence of flow stress
into the material constitutive model.

Simultaneously, numerous researches have beebu#tli to develop finite element models
on this subject in the last decade. Chuzhoy gC#lU02] developed a finite element model
for the orthogonal cutting of ductile iron takingte account the various phases of iron. This
was the first attempt of finite element modellirtglae microstructure level to account for the
heterogeneity of the workpiece material.

Though the presented literature review on the tom€ micro cutting and size effect
strengthening is not exhaustive, however it candéduced that the size effect in micro-

cutting may arise due to multiple mechanisms.

1.7 Conclusions

To bring more physical comprehension of chip foioraprocess with the ultimate aim of
improving machining efficiency, various numericabdels had been proposed by researchers.
FEM is one of the most common numerical modellexhhiques being used for this purpose.
Thanks to the advent of high-speed computers, tolarge-strain/large-displacement
procedures, contact/fracture algorithms for inédagiroblems and robust finite/discrete
algorithms etc. cutting simulations have shown edfgictive reliable results.

Though there are some issues related to modehthigphysical phenomenon, for example
large elasto-plastic deformation, complex contdctibn conditions, thermo-mechanical
coupling, chip separation mechanisms, size effiectmicro machining), etc. Nevertheless,
once established, a robust numerical model of mauioperations constitutes a useful tool

for the prediction of the workpiece machining wilitting tool, optimum cutting parameters

22



Chapter 1 Literature Review

and tool design etc. Consequently, a subsequentctied in extensive and costly cutting
experimentation can be achieved.

In the continuation to improve the comprehensiohef physical phenomena of micro level
chip formation process, the present study propaesémite element model for down-cut
milling process of a strain rate dependent Alunmimialloy Al204-T351. In the latter process
the chip thickness approaches from macro to me&velldimensions because of the trochoidal
motion of milling tool. Furthermore, to incorporatee SG plasticity effects in the existing
material model (Johnson-Cook equivalent stress magsed for the present study) to
efficiently capture the size effect for micro cogioperation ABAQU&/EXPLICIT, a user
subroutine VUMAT has been written. Moreover, atBnelement (FE) based hybrid dynamic
cutting model (HDC-model), to improve the compredien of chip formation under dynamic
cutting conditions has been established. The meddKtails are presented in the following

chapters.
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2 Dry Machining Modelling of an
Aluminium Alloy at Mesoscopic Scale

2.1 Introduction

After presenting a non-exhaustive literature reviéat can help the reader to get a global
idea on FE modelling of machining operation, thespnt chapter proposes our methodology
to build a FE model for dry machining of an Alumim alloy in the case of orthogonal
turning and peripheral down-cut milling. For thrgroductory section a brief review on the
dry cutting is proposed.

Today, in the automotive and aeronautic industribere is great demand of low-density
materials, which can bear high load increase. Ahiummn alloys with a wide range of
properties is one example of its use in engineestgctures. These materials are often
subjected to machining operations where the ooiteof minimization of lubricant use makes
its importance; as more than 16% of the manufawguebst can be attributed to the coolants
[NOUO3]. Consequently, it is interesting for resdmars to develop green manufacturing
processes like dry high-speed machining [NIC02, @RENonetheless, for dry machining
like the cutting of Aluminium alloys, working paraters have not yet been optimized.
Currently, a high value of cutting force is recataiie to an adhesive interaction between the
cutting tool and the workpiece (tendency of buptedge formation or other physiochemical
phenomena that can occur at high temperature)e@iit approaches had been proposed by
many researchers to have a better control of Alwmnalloy machining. For example, the
effects of the insert coating adhesion on workpieocel the reduction of built-up edge
formation have been studied [HOVO06]. Similarly, graetric investigations have been
performed to find the optimal working parameters # given tool-Aluminium alloy
combination [LISO05]. A valuable experimental honegabase is now available. However, it
has limited use exploitation as it depends on tlaehme power, the torque limitation, the
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insert wear, etc. The latter is one factor amomhgist, which can decrease the production cost.
To avoid that, tool wear have been studied by nomgeresearchers with different methods.
For example, the field temperature distributions tire tool during Aluminium alloy
machining was estimated [VER02, KARO6a, KARO6b] aimel effect of tool edge geometry
on the evolution of cutting force has been invedgd numerically [FANO5].

In the context of improving the comprehension ofgbal phenomena accompanying green
cutting, the present study develops a FE methogotaging into account the coupling
between material damage an its fracture energygwal for the dry cutting of an aeronautic
Aluminium alloy referenced as A2024-T351. This mialles widely used for structures under
tension, for example fuselages, thin-walled stmegplower wing surfaces, engine baffles, etc.
The main objective of the work concerns the prestemnt of a finite-element-based numerical
model for orthogonal cutting. In the proposed mod&he capabilities of
ABAQUS®/EXPLICIT software [ABQO7] have been exploited. Faexperimental
investigations, series of tests have been perfoim#te case of straight turning operations.

In the following, a brief introduction of ABAQUY software and its explicit dynamic
approach, mesh optimization, tool-workpiece contaethodology, tool-workpiece geometry,
material model and finally results concerning ogtial turning and milling cases are

discussed.

2.2 ABAQUS software and its explicit dynamic approach

According to the amount of published papers deadiitly simulation of machining which is a
high-speed dynamic phenomenon, the FEM based nmglskems to be now somehow yet
develpoed as it provides a pertinent understandihghip formation mechanism, heat
generation in cutting zones, tool-chip frictiondlacacteristics and integrity of machined
surfaces. It provides a good understanding of tifecteof some physical parameters on
temperatures and stress distribution both in tbédad the workpiece. The FEM in its basic
form discritizes the actual geometry of the streetiato a finite number of elements joined by
nodes. In a simple stress—displacement analysiplatiements at nodes are calculated using
implicit methods. Once displacement is known, tinesses and strains in each finite element
can be determined.

Presently, there are many commercial FE codesatigatapable of modelling the machining
processes (DEFORR 2D/3D, ABAQUS’, ANSYS® LS-DYNA and Third Wave's

AdvantEdgé&, etc). Nevertheless, ABAQUSeems to be more convivial with its graphic user
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interface (GUI) and is more flexible than some lo¢ tother codes to define user-defined
subroutines. Simultaneously, it is equally gooditaulate problems of diversified areas like
stress/displacement, heat transfer, mass diffusimumpled analysis, acoustics, soil mechanics,
and piezoelectric analyses.

ABAQUS® consists of two main analysis products; ABAQUSTANDARD and
ABAQUS®/EXPLICIT. The first product solves a wide range lafear and nonlinear
problems in the domain of static, dynamic, and rti@rresponse of the components. The
second one is suitable for modelling transient dyicaevents, such as impact and blast
problems, and is very efficient for highly nonlimearoblems involving changing contact
conditions, such as forming simulations and madgnetc. The explicit capabilities of
ABAQUS® have been exploited as the FE platform for thegmesesearch work.

Preprocessing
ABAQUS/CAE or other software

Input file:
job.inp

Simulation
ABAQUS/STNDARD
or ABAQUS/EXPLICIT

Output files:
job.odb, job.dat,
job.res, job.fil

Post processing
ABAQUS/CAE or other softwarg

Fig. 2.1 ABAQUS calculation methodology [ABQO7]

ABAQUS?® provides an interactive graphical environment (KBAS®/CAE) to create 2D/3D
models of the structures to be analysed. It allbovslefine material properties, boundary
conditions, contact model and finally the meshinges. The file generated in this
environment is the “input file” which can be modiii for specific purposes. The input file is
then submitted to ABAQUYBEXPLICIT solver generating an “output file”, coiimg the
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required results. Finally, these results could t@eved (graphically and numerically) in the
postprocessor ABAQUBVIEWER. This whole procedure can be representethénblock
form, as shown in Fig 2.1.

To simulate high-speed dynamic events, explicitasigit methods are commonly used. In
which time is discretized into a very small numlodérincrements. The explicit dynamic
analysis procedure is based upon the implementafi@an explicit integration rule together
with the use of lumped mass matvix The general equation of motion is:

Ma, =F,, —F,, (2.1)

Where F

-« the externally applied load is vector afg is the internal force vector. The
equation of motion for the body is integrated udimg explicit central-difference rule, where

operator satisfies the dynamic equilibrium at thegibning of the increment. The

accelerations calculated at tinle(the superscrigtrefers to an increment) are computed and
are used to advance the velocity solution to timét/2 and the displacement solution to

timet+At . The central-difference integration operator iplext in the sense that the

kinematic state is advanced using known valueg tf and i, from the previous increment

to calculate" {j**.

i+1 i
U:-l/Z — Uir;llz +At 2+ At un 2.2)

On a time stepit', from t' tot™, the central difference scheme gets the solutifinfrom

. by:
U =, + AL (2.3)

Whereulis a degree of freedom (displacement or rotationmanent). Time incremertt is

very critical as it defines the stability limit asdmputational efficiency of the analysis, which

finally defines the reliability and accuracy of thesult obtained. For a stable simulation, the

conditionAt si has to be satisfied, whesge,, is the maximum natural frequency of the
W,

max

system and is based on complex set of interactugpfs. However, a simple element-by-
element estimation can be performed (Eq. 2.4)

L

At = —mn 2.4
C. (2.4)
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WherelL . is the smallest element dimension in the mesh@nd the material dilatational

c = [AHH (2.5)
0

Where p is the material densityl and i are Lamé’s constants defined in terms of Young's

n

wave speed defined by Eq. 2.5.

modulusE, and Poisson's ratie.

In ABAQUS®/EXPLICIT modal mass, material and mesh size imfagetime increment.
Artificial mass scaling can be assumed for smapaorly shaped elements, which are usually
small in numbers. By increasing the mass of thésments, stability limit can be increased
significantly, while the overall physics of the 8% remains the same.

The explicit dynamic procedure performs a large benof small time increments efficiently.
The use of small increments (dictated by the stgbiinit) is advantageous because it allows
the solution to proceed without iterations and waithrequiring tangent stiffness matrices to

be formed. It also simplifies the treatment of emht

2.3 Finite element model for orthogonal turning

2.3.1 Geometrical model and hypothesis

A 2D orthogonal cutting model was conceived in ABA&EY/EXPLICIT (Ver. 6.7.1). Fig. 2.2
shows a schematic representation of the studiedem@adrilateral continuum elements
CPE4RT for both tool and workpiece were used faroapled temperature—displacement
calculation in which both displacements and tempeea are the nodal variables.

It was supposed that the value of feed rates lower than that of cutting depthe.
Consequently, plane strain assumptions for buildhey cutting model were considered. A
contact surface pair (discussed later in secti@R2p was defined between the tool and the
workpiece. It consists of two surfaces expectedcdéme into contact during the tool—
workpiece interaction. These contact surfaces wesgnated by the master and slave ones,
respectively.

ABAQUS®/EXPLICIT uses a faceted geometry defined by the rR€sh as the surface
definition. To optimize the contact management myisimulation, a multi-part model (Fig.
2.2) was developed. It was composed of four pétisthe tool, (2) the chip, (3) the tool-tip
passage zone, which is a narrower band and (4)vohlepiece support. The thickness of the

tool-tip passage zone (elements of this zone eabytare deleted; after meeting certain
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criteria, to facilitate the chip separation frone tivorkpiece) was assumed to the order of tool
edge radiusK, = 20 um). Subbiah and Melkote [SUBO08] have regestiown in their
numerical and experimental work on the same matidra, the thickness of the tool passage

zone should be greater thBp

Damaged zones:
Part 2 + Part 3

E
o
f
W’ -
£
< s
o
E 3
' = \\)</
|\ />¢
/ \ 4 v No displacement

: / \
A A A \A A A A A ? along Y-direction

A Fixed boundaries

Fig. 2.2 Geometric model and boundary conditions

A chamfer was designed on part 2 to avoid distorfimblems at the beginning of calculation.
The assembly of the various parts numbered 2—4 caased out by setting a join type
constraint (Tie constraint). The centre of the tiqplwas placed exactly at the middle height
of part 3. The tool geometry is exactly the samehas used in experimentation (defined in
Fig. 2.10, cross section B-B). The tool face angles entering angle 90°, rake angle 17.5°
and flank (or clearance) angle 7°. Also, for congrae, it is brought to the reader’s attention
that in the case of orthogonal cutting conditiahs, feed raté corresponds to the uncut chip
thickness (UCT)

2.3.2 Tool - workpiece interactions

During cutting operation, tool comes in contacthwiite workpiece and also chip can comes

in contact with itself as shown in Fig. 2.3. Theref the management of contact algorithms is
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an essential step, among others, to succeed thsoraton of FE cutting model.
ABAQUS®/EXPLICIT provides two algorithms for modelling dast interactions. The
general contact algorithm and the contact pair @eneral contact algorithm allows very
simple definitions of contact with very few restiims on the types of surfaces involved.
While, contact pair algorithm has more restrictionsthe types of surfaces involved and often
requires more careful definition to adopt.

Although the general contact algorithm is more pdweand allows defining simple contact
definitions, but it must be used in certain caséen@ more specialized contact features are
desired. Some features for example, kinematicailfgreed contact necessary for self contact
(chip with itself) and interactions between 2D sgds are available only when the contact
pair algorithm is used. Therefore, in the preseatleh contact pair algorithm has been used.
Interactions definition in ABAQUYEXPLICIT including, contact surfaces, surface
properties, contact properties, and contact fortraria are defined during the pre-processing
step.

When two surfaces come in contact, contact stressesbe decomposed into normal and
tangential components whose ratio gives the fiaiaoefficient between bodies as shown in
Fig. 2.4.

Tool-wo

Fig. 2.3 Tool-workpiece interactions
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Solid 1

Solid 2

Fig. 2.4 Contact stresses between solids

For the present numerical simulation work, the nwistely used Zorev’'s [ZORG63] friction
model also known as extended Coulomb’s law is waithaverage friction coefficient 0.17

[NIO6] has been used for tool-chip-workpiece irdeHd.

2.3.3 Meshing

Four node bilinear-quadrilateral continuum elemeeferenced as CPE4RT in ABAQOS
were used for a coupled temperature displacemdérulaton in which both displacement and
temperature are the nodal variables. These elemesis also been used by several
researchers [MADOO, BAK02, BAKO3].

CPEA4RT are solid elements used for complex nonliaealysis involving contact, plasticity
and large deformations. Nevertheless, these lipeatluced—integration elements under
certain loading conditions can experience a pattd@rmon-physical deformations, called
hourglassing. To reduce its effects and to get iphlsesults either a very fine mesh should
be defined and/or artificial damping and/or stifeenust be applied. But there is a limit on
refining the mesh; as smaller is the element lgngtialler will be the time step and analysis
will end very costly. Simultaneously, a very finesh can lead to strain localisation [BAROS5,
CALO8]. For CPE4RT elements ABAQUSproposes two types of hourglass treatment

approaches:

» the “combined stiffness and damping” method whilbased on the combination of
stiffness, acting to maintain nominal resistanceoughout the simulation, and
damping, generating additional resistance undeauiyt loading conditions.

> the “relax stiffness” method generating more resisé to hourglass forces early in the

analysis step where sudden dynamic is more probable
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Barge et al. [BARO5] have performed a sensitivityalgsis for theses two approaches
according to different mesh densitidfiey have emphasized on consistent use of hourglass
treatment for physical results. They have conclutietl “Relax stiffness” is the most efficient
method to prevent hourglass modes since its infleem the results is less dependent on the
mesh density. For that, the present study therefme@porates “Relax stiffness” approach to
minimize the hourglass.

Whatever is the type of elements, mesh densityspdayital role to get physical results from a
FEM based analysis and is usually defined on ther@af the problem. Indeed, coarse mesh
is sufficient for steady state elastic problemsjleviomplex plasticity problems leading to
damage and crack require the finest mesh to captaatized phenomenon. However, very
fine mesh keeps its limitations as it was said joesly.

In the literature dealing with FEM cutting simutati there is no defined criterion for an
optimized mesh density. Barge et al. [BARO5] halieven in their numerical work that the
coarser the meshes, the higher are the cutting foscillations. Otherwise, refined meshes

lead to a flattened cutting force curve.

300 -
250
= VMWWWW
\Z./ 200 \ \\f oA
Q \N\W\f
S
o 150 +
=
= —60 x 60 pm
O 100 —50x50 um [——
40 x 40 um
30 x 30 um
50 —25x25pum |—
[ —20x20 pm
O T T T T T T T T 1
0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9
Time (msec

Fig. 2.5 Cutting force plots for various mesh elatgensities forf(= 0.4 mm/rev an¥¢ =
100 m/min).
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After their work, a mesh sensitivity test for siferent mesh densities has been performed
on the geometrical model defined in Fig. 2.2 ,ffer0.4 mm/rev an&c = 100 m/min. It can

be seen in Fig. 2.5 that cutting force curves teilfor coarse mesh densities (60x60, 50x50
and 40x40 um). Elements of 30x30 um size seem tpbeopriate for the conceived model
(Fig. 2.2), as a further reduction to 25x25 pm aag20 pum mesh sizes, don't influence too
much on cutting force plot. However, to ascertdiat this mesh size is sufficient, average
cutting force (averaging of Fig. 2.5 for the tinmerfi (0.6 - 0.9 msec) versus the element size
was plotted. It is obvious from the Fig. 2.6 that asymptotic value around 27x27 pum is
achieved. This confirms that the opted mesh der{8@x30 um) is sufficient. Further, with

this mesh size hourglass energy was fou8db% of the total internal energy of the system.

22C

N
=

20C

19C /

18C

Cutting force (average of the cutting force
between 0.6-0.9 msec of Fig. 2.5) N

60x6( 50x5C 40x4C 30x3C 25x2t  20x2(
Mesh size (un

Fig. 2.6 Average cutting force versus mesh elerdensities forf(= 0.4 mm/rev an¥¢ =
100 m/min).

2.3.4 Material behaviour model and chip separationteria

Johnson and Cook model [JOH85] which provides adgdescription of metal material
behaviour undertaking large strains, high stratesaand temperature dependent visco-
plasticity has been adopted for the present stlidig model is presented by the expression of

the equivalent flow stress (EqQ. 2.6).
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_ n E T-Troom )
o= o) [eew{T] TR J] e

Elasto-plastic term

Viscosity term Softening term
Where & is equivalent stress equivalent plastic strai@, plastic strain rate, reference

strain rate (18 s%), T..m room temperature], ., melting temperature and is current

oom elt

temperatureA is the initial yield stres®B is the hardening modulus,is the work-hardening
exponent,C is the strain rate dependency coefficient andis the thermal softening

coefficient. The equivalent plastic stragnis determined by von Mises criterion (Eq. 2.7).

g =[y2/3 € :£7) 2.7)

O'—;""

The Johnson—Cook parameter values adopted to samihie behaviour of the A2024-T351
workpiece are specified in Table 2.1 [TENO6], wlaerethe physical properties of the
workpiece and the cutting tool are mentioned inld@&2 [KNOOQ7].

A (MPa)| B (MPa)] n C m| D1| D2| D3] D4 D5
352 440 | 0.420.0083] 1 | 0.13| 0.13] -15| 0.01L O

Table 2.1 Johnson-Cook parameter used to simuilatbehaviour of A2024-T351[TENO6]

Physical parameter Workpiece (A2024T351) Tool o
(Tungsten carbide insert
Density,p (Kg/nT) 2700 11900
Elastic modulusk (GPa) 73 534
Poisson'’s ratioy 0.33 0.22
Specific heatC, (Jkg*°C™) C, =0.557T+ 877.¢ 400
Thermal conductivityy | 25<T<300:4 =0.247 + 114.
(W nmi'c?) 300<T<Tme A = —0.125 + 226.( >0
Expansiongg (um.m*C™) a, =8.910°T + 22.2 x
Tmeis (°C) 520 X
Troom (°C) 25 25

Table 2.2 Workpiece and tool physical parameters [KROO
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For chip formation simulation, a failure damage modslien exploited. In order to have an
idea on the damage state evolution a typical ualatress—strain response of a ductile metal
is illustrated in Fig. 2.7. Indeed, the ductile mizleresponse is initially linear elastic (a—b)
followed by plastic yielding with strain hardening (b—Beyond point ¢ there is a marked
reduction of load-carrying capacity until fracture (che deformation during this last phase
is localized in a neck region of the specimen. Poiitentifies the material state at the onset
of damage, which is referred to as the damage initiatisterion. Beyond this point, the
stress—strain response (c—d) is governed by the evolatitime stiffness degradation in the
region of strain localization. In the context of damaggchanics, (c—d) can be viewed as the
degraded response of the curve (c—d’) that the mateoaldahave following the absence of
damage. The chip formation, by ductile failure phenamneroccurs in two steps. The first
one concerns the damage initiation whereas the sestepdoncerns damage evolution based

on the fracture energy approach.

Damage initiation
(w=1, D=0)

Damage
evolution

Material stiffness

is fully degraded
d / (D=1)

Fig. 2.7 Typical uniaxial stress-strain response of tahspecimen [ABQO7]

1st Step: Damage initiation

The Johnson-Cook shear failure model was used as agaamitiation criterion (Eq. 2.8).
This model contains five failure parameters, which miet specified D1...D5. The
parameter values of A2024-T351 are given by Table ZENDG].

< P E T _Troom
g, = [Dl + Dzexp(D3Eﬂ X {1+ D, Ir(?oﬂ [ B D{—Tme“ —Troomﬂ (2.8)
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In a finite element the damage is initiated whest@ar damage parameteexceeds 1. This

parameter is based on a cumulative law defined as:
w=2 — (2.9)

It can be noted for the case of the Aluminium alltl2024-T351 (Table 2.1) that the
coefficient D5 is null. This means that the tempa® has no effect on the damage initiation
during the cutting operation. Only, stress triakya{P/ ¢ ) and strain rate effects can induce
this initiation. So, as stress triaxiality and straate increase, the propensity for fracture
increases [LEMO5].

2nd Step: Damage evolution

It is noted that when ductile material damage ogctire stress—strain relationship no longer
accurately represents the material behaviour. Gomi to use the stress—strain relation
introduces a strong mesh dependency based on $tratization, such that the energy
dissipated decreases, as the mesh becomes srHllenborg et al. fracture energy proposal
[HIL76] was exploited to reduce mesh dependency cbhgating a stress—displacement
response after damage initiation. Hillerborg etdafine the energy required to open a unit
area of crackG; as a material parameter. With this approach, tfesing response after
damage initiation is characterized by a stresstalisment response rather than a stress—

strain response. The fracture energy is then gagen

& Us
G, = J Lo, de = JaydU (2.10)

Zi 0
This expression o&; introduces the definition of the equivalent plastisplacementi , as
the fracture work conjugate of the yield stressratie onset of damage (work per unit area of
the crack). The implementation of this stress—dispient concept in a finite element model
requires the definition of a characteristic lengtlassociated with an integration point. The
lengthL is based on the element geometry, which is inptlesent study a 2D planar strain
temperature dependent element (CPERT). For that,assumed to be the square root of the
integration point element area. This definitiontloé characteristic length is used because
the direction in which fracture occurs is not knownadvance (or a-priori). Therefore,
elements with large aspect ratios will have rattigferent behaviour depending on the
direction in which they crack: some mesh sensytivémains because of this effect, and
elements that have aspect ratios close to unityem@mmended [ABQO7].
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The damage evolution law can be specified in tesfmsquivalent plastic displacement or in
terms of fracture energy dissipati@a Both these options take into account the chanatte
length of the element to alleviate mesh dependendiie results. Before damage initiation,
the equivalent plastic displacementlis=0. Once a patrticular initiation criterion is satesfj
the material stiffness is degraded according tosiecified damage evolution law, and the
equivalent plastic displacement becontes L . This damage evolution law (Egs. 2.11 and
2.13) describes the degradation rate of the matdiftness once the corresponding initiation
criterion has been reached. It can be expresst#teihnear or the exponential form. A linear
damage parameter (used for tool-tip passage zonb)es according to Eq. 2.11.

p=Lf_-1U 2.11)

u, U

Where the equivalent plastic displacement at faillir, is computed as:

(2.12)

Whereas an exponential damage parameter (usedifjravolves according to Eq. 2.13.

t o
D=1-ex — 213
!G (2.13)

The formulation of the model ensures that the gndigsipated during the damage evolution
process is equal t&:. In theory, the damage variabl2 reaches a value of one only
asymptotically at an infinite equivalent plasticsplacement. In ABAQUYEXPLICIT
software, the overall damage varialile never equals its maximum value (one) and is
enforced to be less than or equal to 0.99 whenligspated energy reaches a value of GP9
This ensures that the elements will remain activihe simulation, with a residual stiffness of
at least 1% of original stiffness [ABQOQ7]. It meahsat no crack surfaces will be generated in
the chip (Fig. 2.2, part 2); hence no chip elenparetration within the chip body occurs. At
any given time during the analysis, the plastichemjant stress in the material is given by:

=(1-D)o (2.14)
Where & is the effective (or undamaged) stress computedhén current increment. It
represents the stress that would exist in the mahteithout damage (Fig. 2.7).
In this study,Gs is provided as an input parameter and theorefiéalh function of fracture

toughnesKc, Young’s modulus and Poisson’s ratie. Also, it is important to recognize

that the fracture toughness parameter has differ@oes when measured under plane stress
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and plane strain assumptions. Based on fracturéanéxs [WILOO], it can be assumed that in
the case of the orthogonal cutting process, theftaaciure modes (modes | and 1) can coexist
(Fig. 2.8). Mode | is a tensile mode (opening mademal to the plane of the fracture) and
concerns part 3 defined in Fig. 2.2, whereas moédke d& shearing one (sliding mode acting
parallel to the plane of the fracture) and conceaus 2 (Fig. 2.2). Consequentlg; is given

in the case of plane strain by Eq. 2.15.

_ 1-v? 2 .
(Gf)ly|| —{ = j(KC)"” (Plane strain) 19

A schematic orthogonal
cutting model

Fig. 2.8 Schematic representation of chip formatinder mixed loading modes | and Il

y E Kic Kiic
(GPa) (MPa vm) (MPa m)
0.33 73 26 37

Table 2.3 Fracture toughness properties of A20281TRIAT07]

Two different values of fracture energy were usedrgut data in ABAQUEEXPLICIT:
(Gy), for part 3 and @), for part 2. The subscripts | and Il arise becafse different ways
of loading. They refer to loading via modes | ahdréspectively. The numerical values of
fracture toughness according to the two modesiasndpy Table 2.3 [MATO7].

Hillerborg et al. fracture energy approach [HIL7&}d its coupling with material damage

model for machining simulation needs more explamatin this regard elementary computing
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tests dealing with a single element under simpkashoading, for different element sizes
(20x20, 30x30, 50x50 and 100x100 pm) have beeropeed. Fig. 2.9 and Fig. 2.10 show
the von Mises stress versus equivalent plastignstnad von Mises stress versus equivalent

plastic displacement curves respectively, for different element sizes.
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¢
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AN — — 50x50

- —100x10d
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%

300 \ ~c
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von Mises Stress (MP
Pd

100

True strain

Fig. 2.9 von Mises stress vs equivalent plastaistplot with linear damage evolution for

various element sizes (um)

Fig. 2.9 shows that stress-strain curves (for tbfi€ element sizes) superimpose until damage
initiation pointc. However, during damage evolution phase curvesdaous elements sizes

can be distinguished; higher is the strain as tkshmbecomes smaller and vice versa. This
depicts the importance of mesh dependency on thdtréNevertheless, the fracture energy
proposal of Hillerborg allows reducing mesh depergeby creating a stress—displacement
response after damage initiation; as explainedegaifrig. 2.10 shows stress—displacement
curves for various element sizes for the saBie(given as input property). All curves

superimpose during damage evolution phase, in asintio stress—strain curves (Fig. 2.9).

40



Chapter 2 Dry Machining Modied) of an Aluminium Alloy at Mesoscopic Scale

During damage evolution step a similar dissipatainenergy G;) for all mesh sizes is
required. The element characteristic lenigtAnd the equivalent plastic strai are the only
changeable parameters (as stress doesn’t changdamage initiation (point c). This means
that the stiffness of a coarse element (with higlaracteristic length) can be degraded just
by lowering G; value (Eq. 2.11 to 2.14). In machining simulatiadhis helps to capture the

localised deformation zones (for example shear ztesling to segmented chip).
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Fig. 2.10 von Mises stress vs equivalent displacemiet with linear damage evolution for

various element sizes (um)

2.3.5 Heat transfer modelling

In machining, substantial amounts of heat may begded due to both plastic deformation
and friction at the tool-chip interface. The tengiare attained can be quite higher and has a
considerable influence on the mechanical propedigbe material. The heat generation due
to plastic deformation and friction is modelled as/olume heat flux. Heat conduction is
assumed as the primary mode of heat transfer, winichirs within the workpiece material

and at the tool-chip interface.
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If a local temperature rise &Tp (due to inelastic work) in the workpiece duringexiod of
time At, the heat generation rate}, due to inelastic work, added to the thermal energy
balance, is given by Eq. 2.16.

4, =n,0& (2.16)
Wherern, is the inelastic heat fraction, also called thgldia-Quinney empirical constant
usually taken equal to 0.9 [LEM88 and ABQOQ7].

The heat generated by friction forces inducesaingemperaturdT; during a period of time

of At. The fraction of dissipated energy caused by friction is assumed equal to 1. From the
fractions, , an amount of heakremains in chip and () is conducted to the insert. For the

present model a default value D& 0.5 is used. The volumetric heat fldx corresponding

to friction state is calculated according to Eq.72.
, AT, ,
Q; =pCpF=I7f‘]Tfy (2.17)

The shear stress, is given by Coulomb’s law ang is the slip strain rate.

2.4 Experiment for orthogonal turning

To carry-out the experimental investigations, tworking parameters were considered. The
cutting speed/c = (200-400-800) m/min and the feed réte (0.3-0.4-0.5) mm/rev, whereas
the cutting depth was kept constaat £ 4 mm). These values were chosen from the range of
tool manufacturer’s data [SANOQ7] for the materimidsed. A geometrical analysis of the chip
was performed by polishing and etching. Videos wi#reed to analyse and calculate the
fragmentation frequencies. Moreover, measurementsgh-frequency sampling of cutting

force signal were achieved.

2.4.1 Experimental device

In order to perform straight turning operationse thorkpiece was prepared with coaxial
cylindrical grooves (Fig. 2.11). The cutting tooasvcomposed of an uncoated carbide insert
(rake angel 17.5°, clearance angel 7°) refere@@@&X 12 04 08-AL H10, which was fixed
on an insert holder SCLCR 2020 K 12. To reprodutieogonal cutting conditions, the insert
cutting edge was orthogonal with feed rate andirgittpeed (Entering angke = 90° and
inclination angleis = 0°). Both the insert and the holder were fromd@k. The machining
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was carried out on a universal lathe Gallic 20. Teasuring equipment was composed of a
standard dynamometer (Kistler 9257B), charge amepdif (Kistler 5015A) and a high-
frequency data acquisition device (National InsteatnNI 4472). The signal acquisition was
gathered with LabVie software, and data treatment was developed wittiakfa[GIR10].
Videos were filmed with a high-speed camera (Mo&mope 8000 Redlake).

2.4.2 Geometrical analysis

For each trial, chips were embedded in an all@sim, polished and etched with an alcoholic
solution of 4% nitric acid (Fig. 2.12). After thathip fragments were photographed using a
microscope. The saw-tooth shapes can be recogoizétiem (Fig. 2.13). In the literature,
this morphology is known as segmentation whereasfitfigmentation corresponds to chip
fracture. In Fig. 2.13 it can be seen that the axXpremities are characterized by sharper
segments than in its middle when observed alonigrigth. This shows that in the case of the
specified working parameters, the sharpest segmedisce fragmentation. This typical
morphology will again be pointed out during the gaetation of the numerical results in
section 2.5. In Fig. 2.13b the sharpest segments leealized along the chip length due to
the cutting speed increase, which often has be#@oedoin the literature. In order to quantify
the segmentation and fragmentation frequenciespdbe software was developed [KALO7].
Wavelengths were measured by analysing pixels ipf mictures. After that, frequencies were
calculated with a cutting speed and incompressitdterial assumptions [BELOS]. The results
are presented in Fig. 2.14.

Rake
Radius face Chip

20pm breaker

Section B-B

Tool-holder —

Fig. 2.11 Workpiece preparation and tool geometry
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Fig. 2.13 Chip morphology fdr= 0.4 mm/rev ayYc = 200 m/min and bYc = 800 m/min
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Fig. 2.14 a) Fragmentation and b) segmentatiorufregies according to cutting speed

variation for different feed rate values

2.4.3 Video acquisition results

The acquisition with the high-speed camera waddithio 4000 fps (frames per second). This

sampling frequency (4 kHz) restricts detection bé& tchip segmentation phenomenon,
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characterized by frequencies higher than 10 kHerd&fore, chip fragmentation was observed,
and its frequency (about 100 Hz fge = 200 m/min) was precisely measured. This chip
fragmentation is illustrated in Fig. 2.15.

Even if the highest sampling speed had been used foetter accuracy in the calculated
frequency values, the presented pictures are nbighf quality. Nevertheless, the tool rake
face and the curled chip can be seen on them2Fi§a corresponds to a given time in which
a chip with a curled-up shape can be observeanitatso be noted that this chip is in contact
with the workpiece. This can induce high bendingd® on the chip. Consequently, chip
fracture occurs and will be repeated periodicalgmand just above the rake face (Fig. 2.15b).
Moreover, geometrical analysis had shown that feagation occurs in the highest
segmented zone. Thus, this segmentation may dependhip—workpiece contact. By
measuring and counting 20 periods correspondirieaahip fracture during video sequences
for f = 0.4 mm/rev an&c = 200 m/min, the mean value of fragmentation feequy is 111 Hz.

This result is close to the value deduced by genca¢tnalysis (Fig. 2.14a).

Curled chip

Break

®
3]
B
o
>3
—_
o
s

Rake face

Cutting edge Central fixing hole

Fig. 2.15 Fragmentation phenomenon observed witosacquisition foc = 200 m/min

andf = 0.4 mm/rev.
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2.4.4 Cutting force measurement

The temporal signal presented in Fig. 2.16a coordp to the cutting force evolution with
respect to time. Only the central zone between @8 1.10 s, corresponding to an
established cutting regime, was analysed. BasdédashFourier Transform algorithm (FFT),
the frequency spectrum shown in Fig. 2.16b has beerputed [GIR10].

The first peak was attributed to the fragmentati@cause its frequency value varies with
cutting speed and feed rate. For the cutting patensef this presentation in Fig. 2.1&:(=
200 m/min,f = 0.4 mm/rev) the fragmentation frequency was lleed between 98 and 110
Hz. Another frequency peak is centred at 350 Hz amedented on all trial diagrams with
different cutting speeds and feed rates. So, ithmsaid that this peak may correspond to a
natural vibration mode of an element of the cuttaygtem and not to physical phenomena
accompanying chip formation. The force average eslof exploited zones were calculated,

and the results are given in Fig. 2.17.

a b
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Fig. 2.16 Cutting force evolution versus time abyi{s frequency spectrunv¢ = 200 m/min,
f = 0.4 mm/rev)
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Fig. 2.17 Evolution of cutting force according tatting speed variation for various feed rate

values

2.5 Results and discussion on orthogonal turningevgtion

In the present section numerical results concernirgy orthogonal turning operation of
Aluminium alloy A2024-T351 are discussed. A compan between chip morphology,
segmentation and fragmentation obtained experifigntand numerically is presented.
Moreover, the evolution of cutting force is treatadcording to cutting speed variations.
Finally, the physical mechanisms governing chipthoshape genesis and their effects on
machined surface are studied.

Fig. 2.18 shows the distribution of damdgeorresponding to material degradation stiffness
for a complete chip formation at the cutting tinree= 770 pus. The working parameters
considered ar&/c = 800 m/min and = 0.4 mm/rev. It is remarked that this damage is
localized mainly in the shearing zones and in tbeations related to tool-workpiece
interaction. The inner zone of the chip obtainednarcally shows narrower segments
especially in the zones where the chip presentsll scuavature radii. This result is
qualitatively similar to that obtained experimehtdFig. 2.13b). In fact, as the chip is even

rolled up (or curled up), the segments are cloggiha
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Fig. 2.18 Computed damage evolutiés 0.4 mm/revyc = 800 m/min)

In the objective to improve comprehension of chgmegis, attention is focused on the steps
characterizing the formation of one chip segmeigs.F2.19-2.21, give the distributions of
equivalent von Mises stresses, temperature andaqut plastic strain during a chip segment
genesis, respectively.

In Fig. 2.19, an increase in equivalent von Miskestc stresses is to be noted in the primary
shear zone with a decrease in stresses near théipatue to a loss in material stiffness.
Consequently, the equivalent plastic strain (Fi@0P and temperature (Fig. 2.21) increase
near the tool tip and evolve towards the chip-Biee.

I Chip segmen
gth 3;; ?ment at Sgtepg Chip segment S
Fiimary ~in i atstepd g8
shear
Zone 3 -
5, MisesMPa) o
[Awg: T5%)
2000 :
- 1000
a0
G600
% 400
i tc = 435 us tc = 438 ps
a b c

Fig. 2.19 Distribution of von Mises equivalent sges during steady cutting reginfe= 0.4

mm/rev andvVc = 800 m/min)
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Fig. 2.20 Distribution of equivalent plastic straiaring steady cutting regimé=£ 0.4 mm/rev
andV¢ = 800 m/min)

Chip segment _
at step 1

Fig. 2.21 Distribution of temperature during steadtting regimef(= 0.4 mm/rev and/c =
800 m/min)

The damage occurring near the tool tip will extémdhe second stage. So, the stresses fall
and the equivalent plastic strain increases. Magolcalized damage takes place on the
chip-free surface. In the final stage the damagexiended along the primary shear zone due
to the excessive compression state. As shown kg Bid9 to 2.21 and the previous study on
AlSI4340 steel [MABO6], that the segmentation ie tiesult of a softening state during tool—
workpiece interaction. Nevertheless, this is na& @mly phenomenon yielding to the chip
segmentation; other phenomena can participateerichmation of the saw-tooth chip shape
such as pre-existing micro-cracks, machine toolratibns or chip—workpiece contact.
Although the later remark is not noticed in prewogutting parameters, it can be
demonstrated by Fig. 2.22, where the damage varialibr Ve = 200 m/min and = 0.4 mm/

rev is shown.

In this figure the absence of chip segmentatioobiserved at the beginning of its formation

(except the segment due to chamfer, Fig. 2.22aei\the chip begins to curl up and for its
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first self-contact on its free side at the titoe= 864 us, the segment genesis begins near the
chip root (Fig. 2.22b). After that, the segmentatighenomenon is initiated (Fig. 2.22c),
which is mainly due to the increase in shear ste&s the shearing primary zones. After a
certain cutting time, the curled-up chip is subgelcto high loads: those due to its contact with
the workpiece and those caused by the tool advaererhhese will provoke a bending state
on the chip and consequently induce chip fragmemtats it is shown by the photo capture
(Fig. 2.22d) taken experimentally and the computaldies of chip damage shown by Fig.
2.22e. Therefore, this numerical result is in cadaace with those about the fragmentation
presented in section 2.4.3.

The evolution of the numerical values of dam&geomputed with reference to initial chip-
free sides is also shown in Fig. 2.23. Three tlolelshcan be observed corresponding to Fig.
2.22a, b and e. The global damage curve oscilltesrding to segmentation phenomenon
and does not attain unity and hence there is mo-pgnetration in chip elements.

The evolution of mean cutting force deduced by miraé simulations regarding cutting
speed for a feed rate of 0.4 mm/rev is presentefialile 2.4. It is remarked that, for given
similar cutting conditions, the numerical result®e alose to experimental ones with a
deviation less than 10%.

The chip morphology study in itself is not the fimam, but the main objective remains the
understanding of its effect on tool wear, machisadace integrity, etc. The exploitation of
the presented model had allowed the predictiom@feffect of saw-tooth chip morphology on

the machined surface.
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Fig. 2.22 Chip morphology evolutiov¢ = 200 m/min and = 0.4 mm/rev) regarding damage
variableD (SDEG) and experimental comparison
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Fig. 2.23 Computed damage variabldSDEG) according to the distance of initial clrigef
side

Fig. 2.24 represents the distribution of the vorsédi stresses on the workpiece after the

passage of the cutting todfd = 800 m/minf = 0.4 mm/rev). A waved (or rippled) geometry
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yielding to a residual strain state on the morpgpls noted. This morphology has a profile

with valley and peak shaped locations as shownetaild(a) in Fig. 2.24, representing an

anamorphic profile of the machined surface.

f=0.4mm/rev

Ve (M/min 200 400 800
Fc (N) computed 898 994 901
Deviation with experiment) 4 6 8

Table 2.4 Cutting force deduced by numerical sinmute regarding cutting speed variation

tc = 750 pm

210 pm

M

Displacement of surface nodes
L]

Vallev shape
location —

Length (um)

Detail (a)

(Avg: 75%)
2699
400
321
241
lo2
83
3

Fig. 2.24 Equivalent von Mises plastic stressethermachined surfac®{ = 800 m/min and

f=0.4 mm/rev)
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Moreover, a high stress magnitude (up to 400 MPPathe valley-shaped location distributed
periodically between one or two grid elements (etement 30x30 mm, approximately) is
remarked. This can cause local material deformatBomsequently, it is interesting to detect
the evolution of both the residual stresses(in the cutting direction) and,, (workpiece
depth direction) in the valley-shaped locations padked zones (Fig. 2.25). It can be seen in
Fig. 2.25 thab; stress in tension; acting on the peaked zonesidmsaup to a depth of 30
mm, becomes a compressive one up to 300 mm wokkpiepth, while thes,, stress
remained compressive one. On the valley-shapedidosaboth thesi; and o), stresses are
positive. This can explain the periodicity of ripplon the machined surface.

In addition, it is important to underline that comjpension of residual stress distributions
after machining operations is of great interesttiie industry because their values and
orientations can affect the functional mode of Wigole machined part in a global given

mechanical system.
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Fig. 2.25 Distribution of residual stresses untierrhachined surfac®¥{ = 800 m/min and

= 0.4 mm/rev)
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2.6 Modelling of an orthogonal peripheral down-cumilling case

2.6.1 Geometrical and material models

Once the numerical model for orthogonal turning wastablished and validated
experimentally, it was exploited for the case dhogonal milling process. The objective is to
study the evolution of chip morphology during nmfli process and its eventual effects on
surface integrity. Sensitivity of fracture enei@yon chip morphology has also been studied.
In the numerical model conceived for milling thelfoutter is considered as a rigid body,
which by definition is a collection of nodes, elerts&e and/or surfaces whose motion is
governed by the motion of a single node, calledriiel body reference node. Rigid bodies
are usually used to model very stiff componentheeifixed or undergoing large motions. For
example, rigid bodies are ideally suited for madegllitooling like punch, die, blank holder,
roller, tool inserts etc. The principal advantagereépresent features of a model with rigid
bodies rather than deformable body is essentiafycomputational efficiency.

As tool is modelled as rigid body, so all the baanydconditions has been applied to its
reference point (tool centre of rotation is seldas rigid body reference point for this study).
Tool can advance with feed velociyf in negative x-axis direction and can rotate anti-
clockwise with angular velocitys,, which dictates its cutting velocity. Rest degreds
freedom are blocked for tool motiohe simulations were run for a tool diameter 25 mm,
feed rate 0.4nm/rev and cutting speeds of 200, 300, 400 m/min.

As the tool rotates and advances simultaneouslyhascutter traces the trochoidal path in
ideal case i.e. if vibration characteristics ofltace ignored [MON91]. This produces a chip
of variable section. Trochoidal path set of equafigg. 2.18) was used to model the milling
cutter path zone (chip separation zone with thiskn&f 30um, which is greater thRp= 20
pm [SUBO08]) and chip section geometry.

=V, [11+D/m:os(2]—”+a)tj
D/E‘Bm(£+wt]

Wherex andy; are the coordinates of th8 tooth of the milling tooli(=1, 2..z, wherez is

(2.18)

total number of teeth of the tool); tool diameter andlis cutting time. The trochoidal paths
traced by two cutter teeth are shown in Fig. 2@#6ly the half portion of crescent moon like

chip; for down-cut milling is modelled in the presstudy. The milling model thus conceived
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is shown in Fig. 2.27. Material behaviour modellicbip separation criteria are the same as

has been used in case of orthogonal turning masd (section 2.3.4).
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Fig. 2.26 Trochoidal paths traced by two cuttetthtee
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Fig. 2.27 Tool workpiece geometrical model and lotarg conditions for 2D down-cut

milling
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2.6.2 Meshing and interactions

For the workpiece, the same element type; thatbkeas used for straight turning modelling
previously, were used to model the orthogonal etigl down-cut milling case, whereas the
cutter is meshed using 2- node 2D linear rigid Bments.

After mesh sensitivity tests (as described inisac2.3.3) different mesh densities have been
conceived in different parts of workpiece. Mesh giées were increased in the regions of
interest; for example tool path zone, chip sectad 80-10Qum of machined part (in radial
direction) to observe residual stresses and surfagelogy due to machining. Table 2.5
shows the mesh sizes realized for the present mddel-workpiece interactions and friction

model are the same as have been used in the cagbajonal turning model (section 2.3.2).

Workpiece Element Dimensionufm)

Parts Maximum Minimum

Chip 28 x 20 (7 rectangular 3 x 20 (7 rectangular

mesh elements) mesh elements)

Cutter Path

Zone 15x 20 15 x 20
Machined

part 40 x 30 20 x 20

Table 2.5 Workpiece mesh density for 2D milling rabd

2.7 Results and discussion on orthogonal down-culiing

In the present section numerical results concerrtimg orthogonal milling process of
Aluminium alloy A2024-T351 are discussed. The etioluof chip morphology during down-
cut milling process and its eventual affects on maad surface profile and residual stresses
are analysed. Sensitivity of fracture enei@y value on chip morphology has also been
discussed. Simulations have been performed fomguttelocities: 200, 300 and 400 m/min
and considering a fixed feed rate of Ow@m/rev. The chip morphology obtained by
computation is compared with the experimental one.

Fig. 2.28 shows temperature distribution on chipd aworkpiece parts. Maximum
temperatures are localised on chip inner surfaeeeNheless, numerical chip morphology is
less comparable with the experimental one (FigR)2 ®here the presence of some sharp teeth

(segmented chip morphology) can be noticed.
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Fig. 2.28 Temperature evolution and chip morphol@&y= 18 N/mm,Vc = 200 m/min)

Fig. 2.29 Experimental chip for A2024-T35I(= 200 m/minae = 4mm,f = 0.4 mm/rev)

This shows that the existing mesh is unable touraphe localised deformation phenomena

leading to segmented chip morphology. Thereforéheeithe mesh density should be
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increased [BARO5, CALOS8] or material fracture ene@y (input material parameter) must be
decreased (Hillerborg fracture energy proposal [#8ll.- detailed in section 2.3.4). A lower
fracture energy value enhances the material terydendeform easily or lose its stiffness.
This results in high strain values, leading to aareéase in temperature and hence thermal
softening. This enhances the generation of sheatihed deformation regions, producing
segmented chip morphology during machining process.

Fig. 2.30 presents the chip morphology &r= 16 N/mm, which initially was given &s; =

18 N/mm (Fig. 2.28). It can be observed that ifiitisharp teeth are observed. These
disappear as UCT decreases and approaches to Ievetalimensions (this is due size effect
phenomena usually attributed to define the incr@aseaterial strength, when UCT decreases
to a few microns. This phenomenon is detailed iaptér 3). The chip morphology is

comparable with experimental one (Fig. 2.29).

Highly localised deformation zone

NT11 (°C
Avg : 75%

N

Fig. 2.30 Temperature evolution and chip morphol@gy= 16 N/mm\c = 200 m/min)

Similar trend in chip morphologies for comparatwéigher cutting speeds of 300 and 400
m/min was observed as shown in Fig. 2.31 and Fi8R,2respectively. By decreasirgj,

segmented chip morphologies with highly localisetbdmations zones were obtained.
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Fig. 2.33shows the von Mises stress distribution on the machworkpiece folVc = 400
m/min. It can be seen that machined workpiece (Eig3 A) is under high stress field and

plastic deformation of the machined material isaappt (especially on machined surface).
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Fig. 2.32 Temperature evolution and chip morphol@gy= 16 N/mm\¢c = 400 m/min)
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This may evoke possibility of micro crack genemtidn undulated surface topology; with
clearly marked peak (P) and valley (V) nodes isawmigd. This portion of machined
workpiece corresponds to segmented chip portiog. (Fi32 detail A). While stresses were
well below the yield limit in machined workpiecerfion corresponding to detail B of Fig.
2.33. A non undulated surface profile was obtaiinetthis case.

Fig. 2.34 presents the residual stress patternifbereht patches (corresponding to chip
morphology, Fig. 2.32 A and B) of machined workgiemtensity of residual stresses in tool
advance directionS;) and perpendicular to tool advan&g,J are different on these peak and
valley nodes. Figure depicts, that stresses arergliy compressive in nature, and are below
yield strength of material, except at some nodbégsé& could evoke material failure (initiation

of small surface cracks).

S, Mises
(Avg: 75%)

+5.861e+02
+4.000e+02
+3.202e+02
+2.404e+02
+1.606e+02

+8.081e+01
+1.017e+00

Legend:1 Peak2 Valley

Fig. 2.33 von Mises stress distribution on machisdace corresponding to segmented chip

morphology obtained afc = 400 m/min

60



Chapter 2 Dry Machining Modied) of an Aluminium Alloy at Mesoscopic Scale

45(C -

350 | A

250 +
= 1507 —e— S11 P-Node
= 504 —e— S22 P-Node
§ -50 —u— S11 V-Node
" 450 —&— S22 V-Node

-250

-350

-450 I T T I 1

0 0,05 0,1 0,15 0,2
Distance from machined surface to workpiece core (m)
60 -
B

40 1
< 20
[a
=3 —Sl11
o 0
3 —S22
o -20 1

240

-60 | | | | | | | |

0 0,02 0,04 0,06 0,08 01 0,12 0,14 0,16
Distance from machined surface to workpiece core (m)

Fig. 2.34 Residual stress distribution from mactiserface to workpiece core corresponding

to chip morphology obtained ¥t = 400 m/min

2.8 Conclusions

In this chapter we have presented a study whicltermis the comprehension of physical

phenomena accompanying chip formation processcabes of orthogonal turning and down

cut milling have been discussed. The material stlids an aeronautic Aluminium alloy

referenced as A2024-T351. The main objective ofitbek was to introduce a finite-element-

based methodology, which explains an original aagmnoconcerning the coupling between
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material damage and its fracture energy. To vaditlais numerical approach, an experimental
procedure had also been established (in orthogomaing case). The experimental results
show that the higher the cutting speed, the mon&kedathe segmentation geometry. This can
imply chip fragmentation in the chip zones wherme sbgments are deeper.

The chip visualizations demonstrate that fragmenabccurs just after the chip evacuation
and not at the tool tip as it can be intuitivelg@®ed. The numerical results explain that this
fragmentation, happening in the sharpest teeth,aertbe result of the bending loads caused
by the effect of tool advance and chip—workpiecetact, simultaneously. Indeed, when the
chip curled up, the inner zone of the chip obtainednerically shows narrower segments
especially in the zones where the chip presentsll scoavature radii. This result is
qualitatively similar to that obtained experimefhytallherefore, as the chip is even rolled up,
the segments are closed again. From the indugtoigt of view, chip fragmentation is a
phenomenon sought to avoid the rolling-up of thigpaon a machined surface and to avoid
consequently additional micro geometrical defeétscomparison between computed and
measured cutting force for given similar cuttinghditions shows that the numerical results
are close to experimental ones.

It is also noted, on the one hand for a fixed ngt8peed, the higher the feed rate, the higher
the cutting force. On the other hand, for a fixatle of feed rate, the higher the cutting speed,
the fairly constant the cutting force value. Thenaeuical simulation shows clearly the manner
in which the damage is propagated during tool-wiede interaction. In the numerical
simulations, it can also be underlined that themssgation periodicity induces a waved
machined surface and non uniform residual streengity on the machined surface. These
directly dictate the structural and surface intygoi the machined workpiece.

Once the numerical model for orthogonal turning wastablished and validated
experimentally, it was exploited for the case dhogonal milling process. The objective was
to study the evolution of chip morphology duringlimg process and its eventual effects on
surface integrity. Sensitivity of fracture enei@yon chip morphology has also been studied.
Globally, it has been found that a fairly coarsesme&an capture localised deformation
phenomena; leading to segmented chip morphology) dppropriate value of fracture energy
Gt is used.

The proposed material damage and fracture enengpliog approach appears to be suitable
for cutting simulation. This was proved via the sdocorroboration obtained between the

experimental and numerical results.
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3 Concept and Methodology for Micro
Cutting Modelling

3.1 Introduction

The present chapter focuses on micro level cuttipgrations. The objective is to establish a
physical based model that is suitable to simulaaeroyto-micro scale chip formation process
and can efficiently capture the scaling phenome(sipe effect) at micro scale cutting.
Following a review on the size effect phenomendatee to micro cutting.

In the domain of micro cutting processes, precguientific researches have been made in the
past for the physical comprehension of the sizectfbhenomenon. The term “size effect” is
usually attributed to define the nonlinear increasthe specific cutting energy (SCE) when
UCT decreases from macro scale to few microns. Mounseexperimental and numerical
studies have been dedicated to explain this sc@ginomenon. Indeed, the investigations
have shown that there are multiple factors thaticarease material strength and contribute to
the size effect in micro machining operations. Fribve material point of view, Backer et al.
[BAC52] had attributed the reason of size effecthe reduction in material imperfections
when deformation takes place on small volume. Whisgsen-Basse and Oxley [LAR73] had
highlighted the importance of the increase in gtrate in primary shear zone with decrease in
UCT, as the principal cause in increasing mateti@ngth. Dinesh et al. [DINO1] explain the
increase in hardness of metallic materials withrelee in deformation depth, as the
consequence of the strong dependence of flow stnresstrain gradient in the deformation
zone. Based on their work Joshi and Melkote [JO®@d4l] presented the analytical model for
orthogonal cutting incorporating strain gradienteefs in material constitutive law. This
model was afterwards used by Xinmin et al. [ XIN@8}heir finite elements model for micro

cutting simulations.
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It has also been reported in previous researclagtib cutting tool edge radius is the major
cause of size effect [NAK68, KIM99a, YENO4]. In shregard Nakayama and Tamura
[NAKG68] believe that, as UCT is reduced to microevdl, tool edge radius become
comparable or many times greater than chip thicknesder these conditions, shear plane
angle becomes very small leading to greater endigyipations with plastic flow in the
workpiece subsurface. Liu and Melkote [LIUO7] hasantly shown in their numerical work
that plastic shear zones are more expanded anch@ddshen cutting with a sharp tool. This
in turn requires higher energy dissipation, conitiity to size effect. Other researches believe
in the existence of ploughing forces associated wlie frictional rubbing and ploughing
mechanism as the main reason of the increase in \#i@Edecrease in the UCT [WU88,
END95, WAL96]. Some researches had attributed the sffect to the increase in shear
strength of the workpiece material due to a deera@astool-chip interface temperature as
UCT decreases [KIM99b, MARO1, LIUO6]. In this coxtelLiu and Melkote [LIUO6] has
shown in their recent micro cutting simulation wotkat the decrease in secondary
deformation zone temperature contributes dominatlgonsidering the size effect as UCT
decreases.

In this regard, the present chapter put forwardsyraerical study based on a finite element
modelling approach that has been validated expetalg for orthogonal turning process
[ASA08, MABO8]. The work highlights the dominancestrain rate hardening characteristics
of a strain rate dependent material, in increasagerial strength, as UCT decreases from
macro to micro level dimensions, during down-culling process. Further, to study the
contribution of strain gradient (known as a majantcibuting phenomenon in material
strengthening in micro cutting operations) on &fect under high cutting speeds, a modified
Johnson-cook constitutive model including straiadignt plasticity [XINO8] are formulated
in ABAQUS®/EXPLICIT via the elaboration of a user subroutM&MAT. In addition,
milling experiments have been performed to complageresults of SCE evolutions and chip
morphology.

3.2 Modelling methodology

3.2.1 Geometrical model and hypothesis

To improve physical comprehension of chip formatjmocess during the milling of an
Aluminium alloy A2024-T351, the capabilities of ABRUS® software (version 6.7.1) in its

explicit approach were exploited. For accurate mesmsent of cutting forces, 3D complex

64



Chapter 3 Concept and Methodology for Micro CuyjtModelling

milling insert geometry needs to be taken into aotoHowever, for 2D numerical simulation
of milling process, it is a bit difficult to takedldactors into account, simultaneously. To
simplify the process to a 2D case many factors mighignored and assumptions could be

made. For the present study, following assumptweie made:

> Helix angle for the used insert is sma#i,= 9°. This angle does not affect too mich
(force component along tool axis of rotation). Brcutting speedd;, was noted less
than 10% ofFy;, and can be ignored. Therefore, axial depth of (euirkpiece
thickness,ar = 4 mm) may be assumed as constant. This singpl#2 complicated
milling process to a 2D case.

» The diameter of milling toolQ¥r= 22 mm) and workpiece dimensions are considered
greater than the deformation area (chip and totii pane). Therefore, the deformed

area can be assumed as a kind of orthogonal maghpnocess (Fig. 3.1).

In the present case of down cut milling, the comegiFE model was based on quadrilateral
continuum elements CPE4RT (with an optimal mesh—-40% pum in various parts of
workpiece) with which it was possible to performcaupled temperature—displacement
calculations. A relatively lower value of feed rdtevhen compared with the axial cutting
depthap, had allowed to adopt plane strain assumptions.

The contract algorithm between tool and workpieseduis the same as been explained in
chapter 2 (section 2.3.2). For the present numestady the macro milling tool is exactly the
same as that used in experimentation (shown latsection 3.3) with rake angle of 30° and
flank (or clearance) angle of 11°. Tool is modelksl a rigid body and all the boundary
conditions are applied to its reference point repnéed by its centre of rotation. So, that it can
advance with a feed veloci¥ in the negative x-axis direction and rotates in-alatckwise
direction with instantaneous angular veloeity The rest of degrees of freedom are blocked
for tool motion. In the present work cutting spe@@¢®, 400, 600 and 800 m/min have been
used for a fixed feed rate of On@m/teeth. As the tool rotates and advances, simediasly,
the cutter traces a trochoidal path. This prodiceariable section chip. Trochoidal path set
of equations (chapter 2) was used to model thengiltutter path zone (chip separation zone)

and chip section geometry.
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ap=11 — Feed
Cutting fact

Tool centreof rotatior —,
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Radial depth of cut (a

A Fixed boundaries

Fig. 3.1 Tool workpiece geometrical model and bargaonditions for down-cut milling

3.2.2 Material behaviour law

The constitutive material and damage models (Joh@smk ductile shear failure model)
without considering micro-cutting size effect ahegse presented in chapter 2. While in order
to take into account the pre-cited effect, our nhdde micro machining case is based on
Xinmin et al. [XINO8] work. The authors believe thas conventional FE analysis is a non-
dimensional, where flow stress is independent ftbenscale variable. Therefore, it cannot be
used to describe the size effect occurring at msmales. For that, these researchers have
developed a constitutive model for orthogonal maicig case, considering size effect by

introducing a size variable- into the conventional material model (JC model).
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The framework of their proposed constitutive equais expressed as:
o= 1(0,,4.1) (3.1)

Whereoe is identical too;c in the present study andis the effective plastic strain gradient;
a function of the length of the primary shear zdne(for orthogonal machining case). In fact
it is the size variable. Whdrp reaches a macro level stress flowill be identical too;c.

The pre-cited formulation aims to establish a retethip between the size varialleand the
flow stress, and keep the characteristics of JCainad well. Xinmin et al. [XINO8] new
constitutive material model for orthogonal machgims mainly based on the Taylor
dislocation density model [TAY34]. He was the figghysicist who realized that plastic
deformation could be explained in terms of the thiexd dislocations. His model is the basis
of mechanism-based strain gradient plasticity tiescg.g. Gao et al [GAO99] and Huang et al
[HUAO4]. For a polycrystalline material, the Tayldislocation model gives the shear flaw

in terms of the total dislocation denspy by:

r=aGh/p, (3.2)

WhereG is the shear modulus, is the magnitude of Burgers vector amds an empirical
coefficient varying between 0.3 and 0.5 [ASH70, KIBT The total dislocation densiiyr
characterising the material hardening is the sutwofdensities as flows:

Pr =P+ P, (3.3)
Where p_characterises the Statistically Stored Dislocati(®SD), which is determined by

the material test in the absence of strain gradiensideration according to the following

equation:

2
Jref
= 3.4
P [Mtaij G4

The tensile flow stresgis related to the shear flow stresdy:

o=M71 (3.5)
Where M, is the Taylor factor which acts as an isotropieiptetation of the crystalline
anisotropy at the continuum level. For FCC as wslffor BCC metals that slip on {1 1 0}
planesM is taken as 86 [BIS51, KOC70] and/§ for an isotropic solid [LIUO5].

Whereas,p  concerns the Geometrically Necessary Dislocati@s[), which are required

for compatible deformation of various parts of tien-uniformly deformed material [FLE94].
Indeed, when heterogeneities of different plaséisistance are introduced into a smooth
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dislocation flux, as may occur with alloys contaiginon-deformable precipitates or particles,
or when grains of different relative orientation shudeform together compatibly as in
polycrystals, local “turbulences” occur. Such ocences are ubiquitous in all cases other
than unconstrained single crystals subjected tdoumi shear flow. The additional local
deformations that are required for compatibility k@maimportant changes in the plastic
resistance and strain-hardening rate in such Iggaenus materials. Now, the plastic
resistance and the hardening rate depend on aneata@rial length scale characterizing the
range of the perturbation in the flow, such asghsicle size, particle mean spacing, or grain
size. Ashby [ASH70] pioneered the considerationso€h problems in crystal plasticity,
where the nature of the basic constitutive relatsoaltered beyond mere considerations of the
volume fractions of components of different resiseas would be the case in macroscopic
composites. The central concept from which sucmeimena is started is the disruption of
smooth dislocation fluxes by local, more or lestemse, strain gradients imposed by the
heterogeneities, where the displacement incomjiisbimust be accommodated locally by
GNDs, which in turn, interact in various ways witie otherwise smooth dislocation flux
[ARGO03]. It is these GNDs and their effects on flwv stress that are considered in the

present studyThe tensile flow stresg in terms of dislocation densities can be expressed

o =M,aGb,/p, + Py 3.6)

According to Ashby [ASH70] the total density of idisationso; , which is given by the sum

of statistically stored and geometrically necessdistocations, is a special case of the

following equation:

pf=pl+pffor y=1 (3.7)

To properly estimatg;, Ashby has proposed that the expongshould be less than or equal

to 1. Joshi and Melkote [JOS04] believe that, du&atge strain gradients commonly met in

machining, a lower value gf is reasonable to introduce in Eq. 3.7. So, ingbeeral case

the material flow stress can be given by:

o =MaGb,/p! + p¥ (8.8
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Substituting Eq. 3.4 into Eq. 3.8, the flow streaa be written as:

X
U:Jref 1+('ZQJ QB
S

The density of geometrically necessary dislocatmbnis related to the gradient of plastic
strain by [ASH70, NIX98, HUAOO]:

n
b
WhererT is the Nye factor introduced by Arsenlis and PaARS99] to reflect the effect of

py =T (3.10)

crystallography on the distribution of GNDs, ahds around 1.90 for FCC polycrystals, 1.85
and 1.93 for bending and torsion, respectively [BHlIJoshi and Melkote [JOS04] has totally
ignored this effect while calculating the density GNDs for the case of orthogonal
machining. In their model they had considered tkistence of geometrically necessary edge
dislocations only, while ignoring geometrically eesary screw dislocations (necessary to
avoid splitting of elements in a row). Xinmin et PXINO8] have considered its value as 2 for
the case of machining.

ForM; = 3.06 andl = 2, the constitutive equation turns to be as fedlo

X
18a°G?
g=0.. |1+ —b7 (3.11)
ref 2
Jref
As discussed above thai: is selected to b&es, and then equivalent stress can be written as:
X
180°G?
g=0,./1+ —b7 (3.12)
JC 2
JJC

From the works of Joshi and Melkote [JOS04], thhaistgradient (SG) is obtained through
the dislocation analysis of primary shear zone l@vignoring the existence of GNDs in

secondary shear zone) foicro scale machining, as follows:
n=1/L, (3.13)

So, the constitutive equation can be expressed as:

(3.14)

_ (18026%])(
O=0,., 1+ ———

2
O-JCLP

Material parameters used for SG-plasticity mode. 14) are given in Table 3.1.
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a G (GPa) b (nm) %

0.5 28 0.283 0.3 [JOS04]

Table 3.1 Material properties used for SG-plastibased model [XUE02]

To calculate the length of primary shear zdapein micro-scale machiningninimum chip
thicknesshmin has significant impact, especially when the UCTI@se to micro cutter edge
radius. On these occasions, the machining procasse divided into two situations: chip
formation and no chip formation. Kim [KIMO4a] stedi this phenomenon using molecular
dynamic (MD) simulation, as shown in Fig. 3.2.

Fig. 3.2 Chip formation with regard of cutter edgdius (a) Chip formed (b) no chip formed
[KIMO4a]

Xinmin et al. [XINO8] and Vogler et al. [VOGO04] hagported in their work thatym, for
OFHC copper is 0.25-0.3%, (cutter edge radius). For the situation that ¢oripms whenh >
hmin, @S shown in Fig. 3.2a, the length of shear zamebe obtained by the cutting principles
[SHA84]:

L=_" (3.15)
sing
For the case of milling dsvaries with timd, Eq. 3.15 can be rewritten as:
L, =20 (3.16)
sing
Where Y= ﬂ/4+(y;’8j,,8: tan’ u (3.17)
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For the situation when no chip formation as showhig. 3.2b, wheit < hyi, the shear angle
becomes very small and chip thickness does not. éiierefore, Eq. 3.15 is not applicable
any more. Through the analysis of shear zone, héeagth of contact part is proposed to be

the length of primary shear zone.

arcco{ R h] 7R,
L = Ry (3.18)

i 180
Hence, the constitutive equation can be expresséallaws:

18aszb]X
= 2= (3.19)

o=0(&¢T,L 0, )=0,c 1+( 2
UJCLP
For aforementioned formulation, the scale variablexpressed as the shear zone lehgth
Since strain gradient is the inverse ofp, it will decrease with the increase of uncut chip
thickness. Therefore, the GND will disappear foe tlarge test piece and macro scale
machining process. This fully satisfies the constreondition, that the flow stress is equal to
the results by JC model when size variable reatthescro level (Eq. 3.1).
This physical constitutive model is implementeddxploiting the user subroutine VUMAT
of ABAQUS®/EXPLICIT. The flow chart of ABAQUS&/EXPLICIT user routine VUMAT is

shown in Fig. 3.3.

3.2.3 Model validation by numerical elementary test

Proper functioning of the numerical model with ni@emodelling performed in auxiliary
subroutine (VUMAT) needs to be ensured. For thigppse, standard elementary tests on
single element must be carried out in order to@kproperly the developed numerical model
for the actual cutting simulation. Therefore, wedaanitially written VUMAT subroutine for
JC reference model (Eq. 2.6), with damage initratamd its evolution (Eqg. 2.8, 9, 11-14).
Elementary tests (extension and simple shear) d48F elements, for coupled temperature
displacement calculations were performed.

Results concerning von Mises stress, equivaleainstnodal displacement, damage initiation
w and damage evolution parameteB were compared with those obtained by
ABAQUS®/EXPLICIT inbuilt constitutive models. Once the VUM model is established
and validated for the JC material reference madtelconstitutive equation including SG (Eq.
3.19) was included.
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parameters and state variables

v

Calculate stress increment
[a0] =[c] [ae] F

Update new stress
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Calculate yield stress accordi%g
model (Eq. 3.19)

g<0o
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v
[ Calculate total stres%

A 4
[ Calculate equivalent str%in

Calculate&,;, w andD D>0.99
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(Eq. 2.8, 9, 11 and 13)

i D <0.99

Update stress, strain, inelastic specific v v
energy and state variables [~

\ 4
End

Fig. 3.3 ABAQUS/EXPLICIT VUMAT programme flow chart developed ftre present
study

In both, extension and simple shear tests a loadelgcity of 1 mm/msec for 1 msec

simulation time was performed. Figs. 3.4-3.6 pres#igplacement, von Mises stress and
temperature plots for, extension test using VUMATodal (without considering SG-

plasticity) and ABAQUS/EXPLICIT built-in model for JC- material referenoedel.
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Figs. 3.7-3.11 present displacement, von Misessstréeemperature and Scalar damage

evolution parameter (exponential and linear) plfs simple shear displacement using

VUMAT model (without considering SG-plasticity) andBAQUS®/EXPLICIT built-in

model for JC- material model.

Elementary tests show a good agreement (with Iéss t0.01 % error) between

ABAQUS®/EXPLICIT built-in model and the elaborated VUMATser model results.
Consequently, the proper functionality of user sutine VUMAT ABAQUS®/EXPLICIT

for JC model (Eqg. 2.6) is perfectly validated. Aftards, the modified JC model considering

SG (Eqg. 3.19) was implemented in the subroutine.
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Fig. 3.4 Uni-axial displacement (along y-axis) mbtime = 1 msec a) ABAQUS model b)

VUMAT model
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Fig. 3.5 von Mises stress vs equivalent plastaiistcurves without damage model (at nodes 1
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Fig. 3.8 von Mises stress vs equivalent plastaistcurves without damage model (at node 2,
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Fig. 3.10 von Mises stress vs equivalent plastairsturves with exponential damage
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Fig. 3.11 von Mises stress vs equivalent plastairscurves with linear damage evolution

model forG; = 20 N/mm (at node 2, shown in Fig. 3.7)

3.3 Down-cut peripheral milling experiments

Experimental tests were carried out on DMG-3AXIS chiaing centre. The working
parameters adopted concern different cutting sp&éds 400 and 600 m/min for a fixed feed
rate of 0.2 mm/tooth. A Mitsubishimilling tool of diameter Dy = 22 mm), referenced
223WA20SA, with coated carbide insert referencedVAQ23608PEER-M was used. The
insert geometry (Fig. 3.12a) was measured by anapheasuring device. This has helped to
generate a 2D geometry of the insert (Fig. 3.1Zhjs insert profile was afterwards used in
the FE milling model (Fig. 3.1).

The machined workpiece is an Aluminium alloy pla@024-T351 with a thickness of 4 mm
fixed on a standard dynamometer Kistl®257A (Fig. 3.13). The force measuring equipment
was composed of the dynamometer, charge amplifi@stler 5015A) and a high-frequency
data acquisition device (National Instrument NI 2¥7LabView® software was used for
synchronous signal acquisition on three differenammels corresponding to the three
orthogonal directions of the dynamometer.

Data treatment developed with Matfatvas used to correct dynamic effects in millingecas
[GIR10]. Finally, cutting forces were transposedaim appropriate base in order to compute
the SCE. Experimental setup is resumed in Fig..3Bi#ke the tool had many teeth with little
geometric defects, corresponding cutting forces m@oe exactly similar. Cutting forces
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exploited in the following are the mean of effoscording to the three teeth, and
uncertainties observed correspond to the differemgth extreme values.

Fig. 3.15 shows the force diagram for orthogonalvmi@ut milling case. From the
decomposition of forces, cutting foré€g acting tangentially (similarly to cutting speednc
be calculated by Eq. 3.20.

Fo =FXx+F.y=F_c+ F_.r

_—

Fo. = (F.sind + F,.co®). ¢+ (E.co8- F sift).
F. =F.sind+ F .co¥

~

(3.20)

For the calculation of the SCE at various (UCT)efented here by a vali values and
cutting speeds, Eq. 3.21 can be used. Afterwardsrerental results were compared with the

corresponding numerical ones.

E
SCE=—¢ (3.21)
h.a;
0
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face Chip breaker
800 i
600 """"""""""""""" \
WS4 |
4001 » 13
0 200 400 600 800 1000 1200 1400  x (um)

Fig. 3.12 Coated carbide insert referenced AOMTOI3BEER-M a) 3D view b) Optical

devicegenerated 2D profile
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Fig. 3.13 Workpiece mounted on dynamometer
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Fig. 3.14 Schematic representation of the experiateset up

Fig. 3.15 Orthogonal down-cut milling force diagram

79



Chapter 3 Concept and Methodology for Micro CuytModelling

3.4 Results and analysis

This section discusses the contribution of variowaerial strengthening factors in capturing
size effect for orthogonal down-cut milling procelsimerical simulations at different cutting
speeds (200, 400, 600, and 800 m/min) and a fized fate value of 0.2 mm/tooth have been

performed.

3.4.1 Temperature effect on material strengthening

To reveal the influence of temperature on sizecgffitne maximum temperature evolution at
the secondary shear zone is calculated at varioast chip thicknesd) (without considering
SG) for various cutting speeds (Fig. 3.16). It banseen that, the lower the UCT, the lower
the temperature at the secondary shear zone. Howlevea given cutting speed; during the
decrease from macro to micro dimensions, the teatper decrease=(35 °C) is not
significant enough to cause any considerable dmurttan in increasing material strength and

influencing size effect.

240
O 220
2
=)
& 200
@
o
£
£ 180"
3 ce s> --e-"" —=— V¢ =800
3 | @ Vc=600
160 A V=400
- &- V¢ =200
140 ‘ ‘ ‘ ‘ ‘
0 40 80 120 160 200

Uncut chip thicknesd) (um)

Fig. 3.16 Maximum secondary shear zone temperausraacut chip thicknedsfor various
cutting speeds (w/o SG)

3.4.2 Strain rate effect on material strengthening

Fig. 3.17 shows the plots of SCE for variduyvalues at different cutting speeds without

considering SG. The partial capture of size effdaserved along the curves traced for all
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cutting speeds is apparent. In addition, by indngaghe cutting speed up to 800 m/min a
relatively higher capture of size effect can beenbsd.

12007 -~ —=— V=800, -
e Vc=600
—A-Vc=400

10007 777777777777777777777777777777777 -" VC = 200 _

800+

600+

Specific cutting energy (MPa)

400 ‘ : ‘ ‘
0 50 100 150 200
Uncut chip thickness (um)

Fig. 3.17 Specific cutting energy evolution at eas uncut chip thickness values (w/o SG)

This allows to further investigate the possible stemce of a material strengthening
mechanism other than SG-strengthening, tool eddjegaffect (kept constant in this study)
and temperature strengthening effects (not sigmfidor the studied material as shown in
subsection 3.4.1). Therefore, numerical resultshaut considering SG concerning chip
morphology were closely analysed at tool-chip ifaee for various values.

Fig. 3.18 represents the simulated rake face-chigact lengthLc evolution atVe = 200
m/min. Initially, it can be seen that the lower t€T values, the lower théc ones.
Afterwards,Lc starts to increase dsvalue further decreases toward micron level. Ailaim
trend was observed when numerical simulations yweréormed for higher cutting speeds as
shown in Fig. 3.19. In fact shear angle decreas&$GI decreases [ATKO03], further because
of strain rate hardening, material strengthens.ddridese conditions chip has tendency to
straighten up rather than bend,Lsoincreases.

Nevertheless, chip contact length values were higlheanalogous UCT values for higher
cutting speed. This nonlinear increase in contangths at smalh values implies that a
higher energy is dissipated during frictional iatgtion at tool-workpiece interface, which
yields to higher SCE. This provides an explanatammthe partial capture of size effect even
without considering SG-strengthening as it was destrated in Fig. 3.17. This trend of

increase in rake face-chip contact lengths is sbeisi with the results of Liu and Melkote
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[LIUO7], when a sharp tool is replaced by an edgeius tool. As, tool edge radius was
unchanged for all cutting simulations, therefores thcrease in tool-chip contact lengths at
smallerh values, resulting in higher SCE can be attributedhighly strain rate dependent
properties of the studied material.

Simultaneously, it is noticeable that length s¢aleerm of uncut chip thickness) at whitch
starts to increase; for lowér values, varies with cutting speeds. Indeed, wMerevolves
from 200 to (400, 600 and 800) m/mim,value increases from 44 to (46, 48 and 60) um,
respectively. In his research work, Kountanya [KQUBas noted this length value (value at
which curvature of SCE curve is maximum) as 42.1 famVc = 56.4 m/min on the same

material studied in the present work.

Chip morphology and tool rake face-chip contacgtarlc, h (um) Le (um)

S, Mises (MPa) 200 208

Avg : 75%

S, Mises (MPa)
Avg : 75%

100 165

S, Mises (MPa)
Avg : 75%

50 139

S, Mises (MPa)
Avg : 75%

22 160
-196 —c\ 500um
-0 “ %L

Fig. 3.18 Simulated tool rake face-chip contacgtar(um) forVec = 200 m/min (w/o SG)
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Fig. 3.19 Simulated tool rake face-chip contacgtha (w/o SG) at various uncut chip

thickness for various cutting speeds

An insight analysis of both Fig. 3.19 and the resfilKountanya [KOUO2] show that the
length scale increases with cutting speed, how#vsr increase is remarkable for higher
cutting speeds>( 800 m/min). This is consistent with the findingés lou and Melkote
[LIUO7], though they have attributed the increasehe length scale to the temperature drop
in secondary shear zone for a strain rate insgasitiuminium alloy AI5083-H116.

It can be deduced from above discussion that, ew@gnt of material properties the higher
the cutting speed, the higher the nonlinear lersgidde (in term of uncut chip thickness).
Though the reasons of this increase could be diftereither temperature drop in secondary
shear zone for a strain rate insensitive matetidl(7] or strain hardening properties of a

strain rate sensitive material.

3.4.3 Strain gradient effect on material strengtheg

Further, to study the contribution of SG-strengthgron size effect for strain rate sensitive
material, cutting simulations considering SG-mofted). 3.19) were performed for various
cutting speeds.

Fig. 3.20 presents the SCE plots with and withaumsalering SG-effects for variotsvalues

at different cutting speeds. It can be noted that $CE values computed in the case of a
simulation considering SG are closer to experimentees than that calculated without

considering SG. This proves that the modified J@ (&q. 3.19) based on Taylor model
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allows a good estimation of the cutting force dgrihe variation of the UCT from macro to
micro level. Moreover, for lower uncut chip thiclase the modified JC law permits to capture
the nonlinear increase in SCE whose evolution isenfmonounced than that calculated
without considering SG.

However, it is interesting to remake that the ddfece of results in Fig. 3.20 even at large
UCT values (200 pm) with and with and without usstigiin gradient model is still very large.
However, this difference (at UCT = 200 um) becomegligible if compared with the one
obtained at very small values of UCT (where spedifitting energy increases exponentially
[XINO8, LIUO6]) around 0.2R, = 5um or even lesser, while in present study satiars are
run up to 22 um. This helps to infer that physgghificance of this model mainly starts at
UCT values of the order &, (tool edge radius) and below.

1200 == pmmmmmmmmmmmmmose e no H o 1200 - -mmmmmmmmmmmmmmneee
= _ —=—Experiment — _ ~&= Experiment
% a) V=200 —S—Bimulation (with 50 % b) V=400 —'z_—Simulation(with 20
_______________________ -4 Simulation (wio 331 || |l T |7 Bimwlation (wfo 3G
@muu @1000
L T S IO s S Y A - e A VO
g &00 g 200
2 5
= BIITE REERREL T RECPEEEE R ERPD FELPRURREREL FERERNRERrr: SRR T S S O B i
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Fig. 3.20 Specific cutting energy evolution foriears uncut chip thickness values at different

cutting speeds (afc = 800 m/min forces were not registered)

Fig. 3.21 shows the von Mises stress plot for ogtepeed of 200 m/min. Globally, the chip
morphologies with and without considering SG-stthreging effects present a certain
similarity and are comparable with the experimeate (Fig. 3.22).

From stress point of view, it can be observed byaintroducing SG-effects in the material

model, and when the cutting speed is equal to 200im the maximum von Mises stresses
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have been increased from 569 MPa to 610 MPa. Whefeaa higher cutting speed of 800
m/min (Fig. 3.23) maximum stresses were increaseth f586 MPa to 653 MPa. The
increments in stress magnitude for both cuttingedpeare comparable, approximately.
Consequently, this suggests that strain gradierdenéng is the dominant phenomenon for
material strengthening at high cutting speeds amekid h values for a strain rate dependant
material. To fully capture the size effect for nei@utting operations, SG-based strengthening

mechanism is inevitable.

a) b)
S, Mises (MPa S, Mises (MPa
Avg : 75% Avg : 75%
569 i 610
381 \ 407
-196 -203
-0 -0
500um
—

Fig. 3.21 von Mises stress plot at uncut chip theds value of 22 pm = 200 m/min
a)w/o SG b) with SG

Fig. 3.22 Experimental chipc= 200 m/min
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S, Mises (MPa) S, Mises (MPa)
Avg : 75% | Avg : 75% /
= e |
:397 M :317
Fig. 3.23 von Mises stress plot at uncut chip thesds value of 22 um st = 800 m/min

a)w/o SG b) with SG

3.5 Conclusions

The study proposes a phenomenological compreheps$ioraterial strengthening factors that

contribute to size effect analysis in micro-cuttiogerations. Orthogonal down-cut milling

case for a strain rate sensitive Aluminium alloytenal A2024-T351 has been investigated.

The important conclusions of this study could bdartined that:

>

The implementation of a modified Johnson-cook nmalt@nodel via a user subroutine
VUMAT in the commercial software ABAQUZEXPLICIT has allowed to analyze

the contribution of the strain gradient-based hairtte on size effect phenomenon at
micro cutting level.

During down-cut milling, tool-chip contact lengtreateases with the reduction of
uncut chip thickness until it reaches a certairugalAfter that, it increases as uncut
chip thickness decreases to micro dimensions. atterIstate implies that the well-

known minimum cutting chip thickness is reached anltigher energy is dissipated
during frictional interaction at tool-chip interfacresulting in higher SCE.

Similar trend concerning tool-chip contact lengthrigtion regarding uncut chip

thickness was observed for all studied cutting dpeBevertheless, in the micro-level
the length scale at which the rake-face/chip cdniaagths start to increase

proportionally to cutting speed. The higher thetingt speeds, the higher the length
scales.
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» The increments in the maximum von Mises stress maggs using strain gradient-
based plasticity model, for various cutting speeats, more or less the same. This
suggests that strain gradient hardening is the wlmii phenomenon for material
strengthening at high cutting speeds and lower tobip thickness for the studied
material.

» Specific cutting energy values obtained by numésgaulations using strain gradient
—based plasticity model were quite close to theearpental ones. This shows that, to
fully capture the size effect during micro cuttingperations, strain gradient-
strengthening mechanism can not be ignored evbiglatcutting speeds and for strain

rate dependent materials.

Finally, this model permits to a close multi-scalg/sical understanding of the role of various
strengthening factors contributing to size effdttis with no doubt that strain gradient
plasticity can bring more precisely comprehensmmattengthening phenomena during cutting
operation. Potentially, this will allow improvindhé existing cutting models and help to

capture events happening at micro-levels.
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4 Hybrid Dynamic Cutting (HDC)
Model for Milling

4.1 Introduction

Precious scientific investigations have been mademprove the machining processes by
increasing productivity and controlling surface kifya Nevertheless, many limitations have
been noted during the production efficiency improeat. For example, inextricable cutting
process vibrations and their detrimental effectsoriace integrity accelerate tool wear and
possibly breakage of cutting insert and machiné[©OBHO7]. Numerous methods have been
proposed to analyze and control these devastatowegs vibrations [RAS08, TATO08, JIA0S].
These methods include both the control of procesameters and structural modifications to
improve the dynamic effects of the elastic struetoirthe machining system.

In this context, the present work put forwards, amiginal numerical approach to analyze
milling tool vibrations effects on chip morphologyd cut surface profile. For that, a hybrid
numerical dynamic cutting model (HDC-model) is prsed. It represents an association
between a discrete approach; at macroscopic letaracterising the high speed milling
spindle system (tool, tool holder and rotor) ancbatinuous approach; at mesoscopic level,
characterising the machined workpiece.

The case of an orthogonal down-cut milling prociEssAluminium alloy A2024-T351 is
studied. In the present work, the macroscopic lewach considers milling spindle system
stiffness is assumed to be characterised by twihree-degrees of freedom and have been
coupled with the mesoscopic-level. For various iséal values of stiffness and damping,
HDC-model results have been compared with thoseesponding to a perfectly rigid spindle
system. The modelling of milling considering lattase is recognized as a steady state cutting

model, named SC-model in this particular researorkwit is judicious to take the attention
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of the reader that the FEM based numerical modaudised in detail in chapter 2 can be

considered as a SC-model.

4.2 Hybrid dynamic cutting model (HDC-Model)

The explicit approach of finite element code ABAQUSad been exploited to build a HDC-

model treating the down-cut peripheral milling cad®C-model combines afore-mentioned

discrete approach; applied at macroscopic level eodtinuous approach; assumed at
mesoscopic level detailed as:

» The macroscopic level: represents the elasticitynathine tool system; in terms of
stiffness, damping and moment of inertia for a tegh speed milling spindle system
(tool, tool-holder and rotor).

» The mesoscopic level: represents chip formatiorgs® including the tool-workpiece
interaction.

A schematic illustration of the HDC-model conceivedABAQUS® is shown in Fig. 4.1.

Orthogonal plan€OP) \321_ Vi

Keay |::| Ceqy

MACROSCOPIC LEVEL

NN
-\

.0
.
. .
...... C
~~~~~ egx

»

y v W ., ~—Muilling tool angular position

Radial depth of cut ="~
X
0 Workpiece

AN AR AR RN NN NN

Fig. 4.1 A schematic 2D-representation of the dawnmilling
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The geometry of an industrial high speed millingndfe system (Fig. 4.2) with power and
rotation frequency of the order of 20 kW and 20,0@dn was considered [GAGO7],
respectively.
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Fig. 4.2 2D-representation of an industrial millsigndle system (mm)

The discrete approach evokes a representationec$gindle system by an equivalent mass,
Meq, Stiffnesskeq and dampingCeq TO compute the moment of inertig assembly of tool,
tool-holder and rotor were taken into account.

Milling-tool vibrations; which are essentially deykng on the spindle-bearing’s wear, tool-
workpiece materials, cutting parameters and maseiooke structure, were considered at
orthogonal planeOP (Figure 4.2). Since, depending on the type of logari(roller, ball,
hydrodynamic, hydrostatic...) and afore-mentioneddie: the stiffnesk.q and damping ratio
{eq values of the machining system are extremely bbgiaFor example, to study
experimentally the stiffness and damping effectstami-life for CBN (cubic boron nitride)
and PCD (polycrystalline diamond) inserts for tagiand milling cases Chryssolouris
[CHR82] had considered a wide range of tool /taabbr stiffness values (0.35E7 to 0.65E8
N/m), respectively. While, Lalanne and Ferraris [l9] have considered stiffness values as
high as 4E8 N/m, in their rotor dynamics investigas. A similar variation in damping
values has also been noted in the Rivin et al.raxeatal research work [RIV90, RIV92] on
the design of cantilever boring bars. They had ws#tibration devices (dampers) with an
extremely variable damping ratio (0.07-0.4). Theref a wide range of these values was
chosen for the proposed parametric study (Table 4.1
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Meg= Megx = Meqy(KQ) 0.5
l,(Kg-m?) 0.0065
ke= Keq=Keqy (N/m) 2E7 and 2E8

Keqr (Nm/rad) 2E8
Ceq 0.0 and 0.1

Table 4.1 Parameters for macroscopic model

4.2.1 Machining system definition at macroscopiwvé

Two types of vibration cases treating the down4miiting were considered. Equations of

movement corresponding to each case adopted ae bhivfollows:

Case-1: Discrete system with two degree of freedénmmthis case equivalent mass cerder
(Fig. 4.1) was allowed to vibrate iR, (/) plane. Considering, a constant valué/pfthe set of
motion equations for this system is expressed as:
Mege XF Cogpe ¥ Kequo&= Y, Fx
4.1)
Mgy Y+ Cogy Y& Kegy¥= > F

Where X, y represent tool and tool-holder vibration positioasd meqx and meqy their

equivalent masses andy directions, respectively.cdyx, Keqx) and €Ceqy Keqy) are equivalent

damping and stiffness iandy directions, respectively.

A linear behaviour of the spring elements in ABAQUS&as used. The relative displacement

Au of a spring element; defined between two nodeieishange in the spring between initial

length,l, and spring current length, It can be calculated by the following equation:
Au=1-1, 4.2)

Wherel =|x - x,|andx andx, are current node positions.

Case-2: Discrete system with three degree of freeddn this case a rotation degree of
freedom along tool-axis of rotatioZ-axig was included considering constant values of tool
feed velocitys and spindle rotation frequendy, The set of motion equations for this system

is expressed as (Eq. 4.3).
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Megx xt Ceqxxi' keqx)cz Fx
Megy ¥ Gegy Y& Keqy= 2, F (4.3)
|,6+CeqrftKegf =Y. M

Wherel, is the moment of inertia of the tool, tool-holderd rotor assembly; along tool axis
of rotation (Z-axis),keq rotational stiffnessg rotational vibration ancteq is rotational
damping. Springs and dashpots like elastic connedteanents were used. It is important to
underline that these elements do not control/imitgethe stable time of increment calculation,
in ABAQUS® explicit approach [ABQO7].

4.2.2 Workpiece definition at mesoscopic level

The workpiece geometry and its mesh were conceinedBAQUS® for 2D orthogonal
down-cut peripheral milling case, considered atasespic level as shown in Fig. 4.3.

As discussed in previous chapters that it was Ihgsized that the value of feed réte very
less than the axial cutting dep#ps, Therefore, plane strain calculations were perémnT ool
was assumed to be a rigid body and boundary conditivere applied at its centre of rotation.
It can advance with feed velocity;, in negativex-axis direction and can rotate within anti-
clockwise direction (Fig. 4.3).

For the present work, a milling tool with two cuteand diameteD+ of 25 mm was used. As
the tool rotates and advances simultaneously,utters trace trochoidal paths in ideal case i.e.
if vibration characteristics of tool are ignored @91]. This produces variable section chip.
Trochoidal path set provided in chapter 2 was usechodel milling-cutter path zone (chip
separation zone) and chip section geometry.

The material model, mesh size, chip separatiopra@itsize of tool path zone, tool workpiece
interaction and material properties are the sant@sasissed in detail in chapter 2.

During the trochoidal motion of milling tool uncahip thicknessh, decreases (Fig. 4.3) and
approaches to tool hone edge radiigimensions , where it generates wider plastic rshea
zone, when compared with the one produced by gsbdge tool [LIUO7]. Therefore,
material removal requires higher energy dissipatod consequently the cutting force
increases. In the present numerical model an eaftjas tool R,= 20 um) is considered. So
that its effects on chip morphology, machined seféopology and cutting force during

dynamic cutting could be included.
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Fig. 4.3 Tool-workpiece geometrical model and barmgaonditions

4.3 Results and discussion

The present section deals with the milling tool ration effects on chip morphology,
machined surface profile and cutting force. Thehagbnal down-cut milling case of an
aeronautic Aluminium alloy A2024-T351 for two cuigi speeds; 300 and 800 m/min with a
fixed feed rate of 0.4 mm/rev had been treatedially, numerical simulations for SC-model
were carried out according to each cutting spedriards, computation was performed for
HDC-model with various parametric values (Table)4Results corresponding to nodal
temperature at tool-workpiece interface and théaserprofile obtained by HDC-model were
compared with those obtained by running SC-modalkitions, while those corresponding
to cutting force and chip morphology are comparethé experimental ones. Moreover, tool-

tip-centre (TTC) oscillations were computed and pared with the trochoidal path traced in

94



Chapter 4 Hybrid Dynamic Cutting (HDC) Model foillmg

SC-model simulation. The dynamic effects on frictend shear angles are also discussed in

this section.

4.3.1 Stiffness and damping effects on chip morpbgy} and machined surface topology

To avoid the repetition, some results fdg = 300 m/min are given. However, those
consideringVc = 800 m/min have been discussed in detail. For $@ainconsidering/c =
800 m/min, nodal temperature evolutidii on chip and workpiece parts is shown in Fig. 4.4a.
Chip morphology evolves from slightly segmentedcomtinuous shape, as UCT decreases.
Globally, nodal temperature is lower on chip freeface side and maximum on chip back
surface due to the frictional heating at tool-chiferaction interface. Fig. 4.4b presents the
experimentally obtained chip in the same pre-ciedking parameters. Figure 4.5 presents
nodal temperature evolution on workpiece and chgypiology obtained in case of HDC-
model forVc = 800 m/min; considering various parametric valassdefined in Table 4.1.
The Fig. 4.5a and 4.5b concern a case without dagrgti the level of the discrete system (2
dof) with two stiffness values of 2E7 N/m, 2E8 Nimspectively.

a) Chip back surface b)

Tool

u
Ve

Cutting velocity

NT (°C)

Workpiec
y 516
260 lmim
\ X -130
-0

Fig. 4.4 Chip morphology atc = 800 m/min a) Nodal temperature (NT) distributam
workpiece in the case of (SC-model) b) Experiméntabtained chip

It can be seen that, the system with lower stifn@Sig. 4.5a) has generated a highly
segmented chip with fifteen sharp teeth (from TTi@wdar position 0° to 22°) with an
average segmentation wavelength of 208. However, number of chip segments and

segmentation average wavelength had been reducesevien and 199m (Detail A),
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respectively; by increasing the system stiffnesg.(B.5b). This shows that, the lower the
system stiffness, the higher pronounced the chgmsatation. Numerical simulation for
lower stiffness 2E7 N/m (Fig. 4.5a) was stoppedierafat TTC 22° angular position) due to
higher distortion in some of chip mesh element. /the simulation was continued for the
system with higher stiffness (2E8 N/m) as showifrign4.6 where chip morphology evolves

from sharply segmented to continuous shape, as di&Ciieases.

Fig. 4.5 Nodal temperature (NT) distribution angpamorphologies a¥c = 800 m/min (case
of HDC-model, 2 dof andq= 0) a) kq= 2E7 N/m bkeq= 2E8 N/m

NT (°C)

590
260
- 130

L @

Fig. 4.6 Nodal temperature (NT) distribution angpamorphologies a¥c = 800 m/min (case
of HDC-model, 2 dof{eq= 0 andkeq = 2E8 N/m)

Fig. 4.6, corresponds to the similar case of higitiéiness value (= 2E8 N/m) as shown in
Fig. 4.5b, but for 57° of TTC angular position. Bgmparing Fig. 4.5 and Fig. 4.6 it can be
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noticed that maximum nodal temperature on tool-ahiprface have been increased to 663°C
and 590°C for lower and higher values of systerffnsss (2E7 N/m and 2E8 N/m),
respectively. This increase in temperature is duké higher TTC amplitude vibration in the
milling elastic system (shown later in Fig. 4.8).

Fig. 4.7 shows the nodal temperature distributiooworkpiece and chip morphology (HDC-
model, 3 dof) for cutting speed d = 800 m/min and a constant value of discrete system
stiffness keq = 2E8 N/m keqr = 2E8 Nm/rad). It can be noticed that, by inclgdnatational
rigidity in the numerical model, nodal temperatatetool chip interface are reduced and
comparatively continuous chip morphologies are iabth In these conditions, it is remarked
that the variation of equivalent damping rafig between 0 and 0.1 (Fig. 4.7a and Fig. 4.7b,
respectively) causes the less pronounced segmenthip (detail B). This is due to the
reduction in the amplitude of TTC oscillations (ahmo later in Fig. 4.8). Consequently,
maximum nodal temperature at tool-chip interface ha&en slightly decreased. In these
conditions, the simulated chip morphologies are marable with that obtained

experimentally.

/

\ NT (°C)

NT (°C)

560 500
260 260
-130 -130

g

-0

\_o

Fig. 4.7 Nodal temperature (NT) distribution angpamorphology a/c = 800 m/min (case
of HDC-model with 3 dof an#leq =2E8,keqr= 2E8 Nm/rad aJeq= 0 b){eq= 0.1

Fig. 4.8 presents, five TTC paths (rotation froto®0° angular position) traced for SC and
HDC-models in x-y frame of reference consideringauazs parametric values (Table 4.2) at
Ve = 800 m/min. It can be observed that for HDC-modstter oscillates around the

trochoidal path 1 traced during SC-model simulatiohhis figure shows globally, that the
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cutter-tip entrance in the material is characterisyy an important TTC’s oscillation

amplitude when compared with the end of cuttingrapen (in the vicinity of 90°).

Fig. 4.8 Radial amplified five TTC paths traced 8¢ and HDC-models considering various
parametric values (Table 4.2)\&t= 800 m/min

Path/Plot/
Models Profile Keg Keqr Seq
number
SC-model 1 o0 00
2 2E7 o 0
HDC-model 3 2E8 % 0
4 2ES8 2ES8 0
5 2ES8 2E8 0.1

Table 4.2 TTC paths, cutting force plots and magthisurface profiles for various machining

system parameters

Fig. 4.9 presents, the surface topology (in terinsadial displacements of machined surface
nodes) regarding TTC angular position (from 0° @5)3All the five cases of SC and HDC-
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models considering various parametric values (T4l have been treated. Nevertheless,
from 30° to 90° no considerable differences weretbin all cases.

For angular position up to 3° all the TTC pathscéh for HDC-model, had the same
amplitude of oscillation (Fig. 4.8), generating sansurface topologies as shown in zone 1
Fig 4.9. Afterwards (less than 22° of TTC angulasipon), TTC had been oscillated to
maximum amplitudes (peak-to-peak) of 12 um for gatland 4.7 um for path 3 (Fig. 4.8),
producing highly wavy surfaces for profile 2 andofge 3 with average amplitude of
vibration 10.5um and 6um, respectively (zone 2, Fig. 4.9). It is intenegtto note that, in the
later zone nodal radial displacements are higheresponding to maximum amplitudes of
TTC oscillations in this angular position (Fig. ¥.8

Afterwards, as UCT decreases, TTC vibration amghéitis reduced to 2.6 um (in the vicinity
of 90°) for path 3. It is to note that, vibratioatd amplitude is non available for lower uncut
chip thickness; for path 2, as calculation had b&tepped earlier due to higher distortion of
the chip mesh element (as said previously). Whefeasin-damped and damped 3dof HDC-
model (for less than 22° of TTC angular positiohJ,C oscillations defined by path 4 and
path 5, had been reduced to maximum amplitudes3ofifn and 0.97 um, respectively. This
had caused fewer effects on surface topologiedilgsct and 5 in Fig. 4.9). Likewise, as
UCT decreases, TTC oscillation amplitude is reduced.56 pm and 0.35 pm, respectively
(in the vicinity of 90°) comparable with SC-modeleo(profile 1). Zone 3 corresponds to TTC
angular position from 30° till end where chip moofdgies had been evolved to more or less
continuous shape for both SC and HDC-models.

Moreover, Fig. 4.%9nhelps to summarize that the segmented chip morgkoldhich is the
result of TTC oscillations had been reflected oa mhachined surface in the form of wavy
surface profiles; with average wavelengths of g0and 198.:m on profile 2 and profile 3,
respectively. These wavelengths are comparablbe@te-cited average segmentation ones
shown in Fig. 4.5 (203m and 199um, respectively). This segmentation is due to tlarm
softening phenomenon. The latter is the resulhefibhelastic deformations which are directly

affected by the TTC oscillation amplitudes.
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Fig. 4.9 Radial displacements of machined surfacdes for SC and HDC-models\4= 800
m/min, (Profile i defined in Table 4.2)

4.3.2 Cutting speed effects on cutting force, chiporphology and machined surface

topology

Afterwards, numerical simulations for HDC-model smering Vc = 300 m/min were
performed. The discrete system parameters werdasitoi those presented in Table 4.1. In
these conditions, the temperature at tool-workpiaterface had been decreased due to the

decrease in the frictional work caused by the egtspeed drop (Fig. 4.10).

100



Chapter 4 Hybrid Dynamic Cutting (HDC) Model foillmg

b)
NT (°C)
400

290

-150
_o\

)
NT (°C)
I[380

v

NT (°C)

385
290 290
-150 -150
-0

\\\\\ -0

Fig. 4.10 Nodal temperature (NT) distribution amgpanorphology aVc = 300 m/min a) 2
dof (keq= 2E7 N/m(oq= 0) b) 2 dof keq= 2E8 N/m(eq= 0) ) 3 dof keq = 2E8,keqr= 2E8
Nm/rad,{eq= 0) d) 3 dof Keq = 2E8,keqr= 2E8 Nm/rad{eq= 0.1)

It was also found that for all the four previouslgcussed cases in relationship with HDC-
model (Fig. 4.5 and Fig. 4.7 f&fc = 800 m/min); TTC oscillations had been reduced by
decreasing cutting speed. Accordingly, less wavfase topologies were produced as shown
in Fig. 4.11. The latter presents radial displace&ief machined surface nodes as a function
of TTC angular position (from 0° to 30°) f&: = 300 m/min for both SC-model (profile 1)
and HDC-mode | (profiles 2 to 5 for 2 dof and 3 dates).

Table 4.3, provides a comprehensive comparisondsivthe effects of the two cutting speed
conditions 300 and 800 m/min on the maximum amgét(peak-to-peak) of TTC oscillations;
calculated by using the HDC-model. It can be ndbed for both cutting speeds considering
discrete system of 3 dof at macroscopic level, vpiinameterskeq = 2E8 N/m,keqr = 2E8
Nm/rad andleq = 0.1, the computed results of TTC oscillationd amachined surface profile
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are in close corroboration with SC-model ones ahip enorphology hence obtained is

comparable to the one obtained experimentally.

Profile 5

Displacement of machined surface nodes)(

TTC angular position (°)

Fig. 4.11 Radial displacements of machined sunfmckes for SC and HDC-models\& =
300 m/min, (Profile i defined in Table 4.2)

Fig. 4.12 presents the cutting force versus TTQikmgositions a¥c= 800 m/min for SC and
HDC-models considering various parametric valuegb(@ 4.2). It can be seen that cutting
force for all HDC models oscillates around SC-mof#bt-1). It is interesting to note that
cutting force oscillation periods resemble to tha$el TC oscillation periods for all HDC-
models (Fig. 4.8).

Additionally, the cutter-tip entrance in the maaéris characterised by high cutting force
oscillation amplitude when compared with that cgpanding to the end of cutting operation.
For Vc = 300 m/min similar tendency of cutting force okstibns can be noted (Fig. 4.13).

The average values of cutting force plots at vario€T values for HDC-model (3 dé&§, =
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2E8 N/m, keqr = 2E8 Nm/rad,(eq = 0.1) are globally comparable with those obtained
experimentally for similar cutting parameters anatenial [FANO5, ZAGO09].

Maximum amplitude (peak-tpeak
of TTC oscillations (um)

Vc= 300 m/min Vc =800 m/min
HDC-model TTCaf TTCaf TTC af TTC at
20° 80° 20° 80°
angulal angulal angulal angula
position position position positior

Remarks

Undulated surface and
Discrete system with 2 98 4 12 NA sharply segmented chip
dof (Keq= 2E7,leq= 0) ' morphology (for highe¥¢
andh)
Undulated surface and

4.3 1.8 4.7 26 sharply segmented chip

Discrete system with 2

dof (keq=2E8,{eq=0) ' ' ' ' morphology(for higheWc
andh)
Surface and chip
Discrete system with 3 morphology fairly
dof (Keq= Keqr= 2E8, 11 0.35 1.3 0.56| comparable with SC-model|
{eq= 0) and experimental chip,
respectively
Surface and chip
Discrete system with 3 morphology in good
dof (Keq= Keqr= 2E8, 0.78 0.30 0.97 0.35 comparison with SC-mode
{eq=0.1) and experimental chip,
respectively

Table 4.3 Effects of cutting speed variation on Tascillations (ium), surface profile and chip

morphology

The plots 2 to 4 in Figs. 4.12 and 4.13; whereainigy the cutting forces become negative,
help to state that, for less rigid machining sysgaiso with minimal structural damping)
there will be a resistance of the workpiece malteliiaing very small instant(s) of time (order
of us) especially in the vicinity of the smalleicttnesses. Furthermore, elastic recovery of
the material is also important under these conusti¢higherVe and lowerh) [KIMO4b,
LIUO4b]. Onward, the cutting phenomenon takes phaw the cutting force becomes positive.
The low chip thickness zone(s) is interesting todgt because in its vicinity the final
machined surfaces are generated by the conseqoéaceadequate removal of the material
(micrometric thicknesses of the chip). The obtaimealchined surface quality is however,
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affected by the degree of machining vibration. lin case, it seems that plots 1 and 5 are most

interesting cases of actual machining without mafctiisturbance.

25C
Plot 5
VAR
2007 / fPlotZ
' \ Plot 4
2 15C+
o PIotl
o
S 10C+ : A Plot 3
o /_
= |
g \ m
©) o0 . \
: \
0 T \\\ \
% \/ \76 "
-50- TTC anguler position (°)

Fig. 4.12 Cutting force plots for SC and HDC-modwmasidering various parametric values
(Table 4.2) aWc= 800 m/min, (Plot i defined in Table 4.2)

25C 7

Cutting force (N)

50 TTC anguler position (°)

Fig. 4.13 Cutting force plots for SC and HDC-modwmasidering various parametric values
(Table 4.2) aWc= 300 m/min, (Plot i defined in Table 4.2)
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Nonetheless, it is important to underline thatgmeulations run with HDC-model are unable
to capture high frequency cutting force oscillaidas shown in plot 1) which corresponds to
chip segmentation frequency [MABOG6], unless rurhvitfinitely stiff and damped system.

4.3.3 Stiffness and damping effects on tool - cimperaction and chip shear angle

This subsection treats briefly the dynamic cutteftects on both tool-chip interaction and
chip primary shear angles in the case of the twewipus cutting speeds.

In terms of contact pressure and chip contact feragtthe tool-chip interface, it can be
remarked, (at 16.5° of TTC angular position) tha¢ tower the rigid and/or un-damped
systems, the higher the contact pressures andcohiact lengths (Table 4.4). Specifically,
for a case of less rigid un-damped system (Disasgstem with 2 dokeq= 2E7,{c+ 0) and
which can be qualified by a highly vibrating todlple 4.3), the high contact pressure at tool-
chip interface leads to an increase in local teaipee as it was shown in (Fig. 4.5). This
enhances the segmented chip formation and theasemf the tool-chip contact length.
Moreover, this is important to underline that tlweltflank face-workpiece contact which
generates process damping has an important effedynamic cutting as it was shown by
Kegg [KEG65]. The Latter has underlined that thecpss damping or friction between the
wavy surface of the workpiece and flank face isiaiuin determining the chatter stability at
low speed cutting conditions. Other research wé&kT[04] has pointed out nature of tool
rake and workpiece contact to control this chadtability when the cutting process is highly
nonlinear due to time variation and process dampihdgow speeds, and also when the
structural dynamics of the machining system vagnglthe tool path. The effect of this
damping process is neglected at high cutting spebdsh are considered in the present work.
Concerning the chip deformation, fewer effects lo@ primary shear angle have been noted
under various dynamic cutting conditions (HDC-madlelindeed, it has been seen that\fer

= 300 m/min (at TTC angular position of 16.5°) with considering damping = 0), the
primary shear angles for 2 dof HDC-model are 381 aA° when increasing, from2E7
N/m to 2E8 N/m respectively. Otherwise, the shear angle remaimhiamged (36°) for all
other cutting models. A similar trend have beeredainder the same conditions as previous,
for higher cutting speed of 800 m/min, where theashangles have been noted as 43° and
42° when increasingeq from 2E7 N/m to 2E8 N/mrespectively. Else not, shear angle

remains equal to 39° for other cutting models.
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At the end of this chapter it is important to uriched that the essential findings are
summarized via a schematic representation (Figl)4galing with the effects of machining

system characteristics (equivalent damping andnes§), tool cutting speed and UCT on
workpiece profile. So, it is shown that for highartting speeds and/or UCT values, TTC
oscillations have remarkably influenced on the baed, on the chip morphology and, on the
other hand on the generated surface topology. dhis morphology had been replicated on
machined surface; with the same wavelength of segments. Also, it is demonstrated that,
the higher the machining stiffness and/or its damgpthe lower the cutting force oscillation,

chip segmentation process and fairly smooth madnsneface profile.

Vc =800 m/min Vc =300 m/min

Models Contact | Tool-chip | Contact| Tool-chip
pressure| contact | pressure| contact
(MPa) | length (um)| (MPa) | length (um)

SC-model 480 163 561 168
HDC-model (Discrete
system with 2 dof 1183 212 872 180
o= 2E7,6e= 0)
HDC-model (Discrete
system with 2 dof 547 178 719 172

keq = 2E8,{eq= 0)
HDC-model (Discrete
system with 3 dof 495 173 668 170
Keg= Kegr = 2E8,{eq= 0)
HDC-model (Discrete
system with 3 dof 475 170 572 168
keq: keqr= 2E8,{eq= 0.1)

Table 4.4 Dynamic cutting effects on friction at3%of TTC angular position
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Higherk and/or{ Lowerk and{
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Fig. 4.14 A qualitatively representation of thelmd TTC oscillation effects on chip
morphology and machined surface

4.4 Conclusions

The global aim of the present study is to comprdiae milling-tool vibration effects on chip
morphology, cutting force and surface topology lgnsidering the machining system
damping and stiffness with a variation of cuttingeed. For that, a new orthogonal hybrid
dynamic cutting model (HDC-model) has been proposgds model puts forwards an
original numerical approach which formalizes, oe ttine hand the machining system with
discrete elements (dashpots, springs) and, onnbher hand, the workpiece as a continuum
material with thermo-visco-elasto-plastic behaviour

The proposed HDC-model considers two and threeedsgof freedom; representing the
discrete milling vibration system. It had been fduhat for both higher cutting speed and
UCT values, for a less rigid un-damped model (2,dwillling-cutter oscillates with higher
amplitudes inducing an increase in the temperattiteol-workpiece interface. Consequently,
thermal softening phenomenon had been enhanceattiafj the chip morphology from a
more or less continuous to a highly segmented witip sharpened teeth. It was found that,
chip morphology directly affects the surface toggloindeed, segmented chip had produced
higher radial displacements of surface nodes.

Though by increasing stiffness of HDC-model, chégreentation had been reduced and the

surface waviness was improved. However, a higlgidrdamped model (3 dof) was found
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more realistic with results of cutting force andpchimorphology comparable to those obtained
experimentally.

Finally, the proposed hybrid dynamic cutting mo@DC-model) [ASA10] for down-cut
milling is suitable to account for real high spewrilling system dynamics on chip formation
process and surface topology. It permits also tBemaumerical parametric study to bring
more physical understanding of the effect of madgrsystem stiffness for large workpiece
and cutting tool material ranges, numerous insedantetries and various cutting conditions
...etc.

In future, attention needs to be focused to expl@tHDC-model in order to study the effect
of the regenerative vibration on the tool/workpi@teraction. Moreover, experimentation to
validate the relationship between chip morphology aurface integrity from the points of

view of metallurgical, geometrical and residuaésses need to be performed.
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Synopses and Perspectives

A) Summary

The work presented in this dissertation focusesnuih@ selective aspects of the cutting
process simulation with an ultimate aim of bringimglti-physical comprehension of chip
formation process leading to a first-time-rightides Like any other research work produced
in the field of science and technology, there abkvegmains a margin for improvement; this
dissertation is not an exception to the rule. Bsjiopses of the efforts made, along with the
perspectives for future work are described in follg.

In this research work an orthogonal cutting modetdal on the coupling between damage
evolution and material fracture energy for the aafseirning and down-cut milling processes
has been developed for an aeronautic strain rgendent Aluminium alloy A2024-T351. On
the one hand, the macroscopic/traditional levelimgit focusing on chip genesis, chip
segmentation, influence of fracture energy variata chip morphology, chip fragmentation,
machined surface topology were analyzed. On therolfand, the concepts of material
strengthening at micro level cutting putting fordidhe role of strain rate, temperature and
strain gradient (SG) hardening characteristicgtierpre-cited material were investigated. To
study the effect of SG hardening, material const¢uequations including SG effect were
elaborated in ABAQUYEXPLICIT via its user subroutine VUMAT. In additipto study
milling-tool vibration effects on chip morphologgutting force and surface topology under
dynamic cutting conditions (with variable machinisgstem stiffness and damping) a hybrid
dynamic cutting model (HDC-model) has been estabtis The HDC-model combines the
stiffness of a high speed milling spindle systeool(ttool-holder and rotor) at macroscopic
level with the chip formation process at mesoscdeuel. Finally experiments have been

carried-out to validate the proposed model(s).
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B) Key findings of this work and future avenues

I) Numerical model with coupled material damage andracture energy proposal

>

The experimental results show that sharply segrdectig geometries are the result
of higher cutting speeds for A2024-T351. This caovpke chip fragmentation in the
chip zones where the segments are deeper.

The chip visualizations (both numerical and expental) demonstrate that
fragmentation occurs just after the chip evacuatod not at the tool tip as it is
commonly known in industrial community. The numaticesults explain that this
fragmentation, happening in the sharpest teeth,aertbe result of the bending loads
caused by the effect of tool advance and chip—wedepcontact, simultaneously.

The numerical simulations have helped to visuatisarly, the manner in which the
damage is propagated during tool-workpiece intemactFurther, it has been
underlined that the segmentation periodicity induaewaved machined surface and
non uniform residual stress intensity on the masthisurface. These directly dictate
the structural and surface integrity of the mactiimerkpiece.

Sensitivity study of fracture energy (as an inpafue) on chip morphology shows that
the stiffness of elements attributed with loweruealof fracture energy could be
degraded easily. This produces segmented chip ralmghn

Two dimensional elements with linear interpolatlmetween the nodes were used for
coupled temperature-displacement analysis. Imprewenm results may be expected
with quadratic interpolation between nodes, yes thould require a highly powerful
computer and increased computation time.

For the robustness of the numerical model, mechbraod thermal interactions
between the contacting bodies need to be imprayser Subroutine VUINTER can be
used). Further a more realistic temperature anocitgldependent friction model can
be implemented via user routine VFRIC.

Experimental verification of the machined surfacefite and residual stress pattern
would be an interesting task.

In future, model can be exploited to study the aftd the cutting tool radius, the tool

layer grade and the boundary conditions on the madtworkpiece.
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II) Numerical model for macro-to-micro level cutting

For macro-to-micro level orthogonal down-cut miirmodel, the material strengthening
factors that contribute to size effect in microtmg operations have been investigated and
discussed. The important findings could be undedias:

» During down-cut milling, tool-chip contact lengtleateases with the reduction of
uncut chip thickness until it reaches a certairugalAfter that, this contact length
increases as uncut chip thickness decreases tm miorensions. This increase, in
contact lengths, implies that a higher energy ssigated during frictional interaction
at tool-chip interface, resulting in higher spexifutting energy. This phenomenon is
attributed to decrease in shear angel at lower ttinggness [ATKO03] and higher strain
rate sensitivity of A2024-T351.

» The decrease in the chip secondary shear zone tatupe while milling cutter
approaches from macro to micro dimensions is mgifscant enough to cause any
considerable contribution in increasing materiegisgth and influencing size effect for
the studied material.

» The implementation of a modified Johnson-cook niat@enodel via a user subroutine
VUMAT in the commercial software ABAQU¥EXPLICIT has allowed to analyze
finely the contribution of the strain gradient bdséardening on size effect
phenomenon at micro cutting level for the studiedenal.

» The increments in the maximum von Mises stress maggs using strain gradient-
based plasticity model, for various cutting speets, more or less the same. This
suggests that strain gradient hardening is the wlmmhi phenomenon for material
strengthening at high cutting speeds and lower twobip thickness for the studied
material.

» Specific cutting energy values obtained by numésgaulations using strain gradient
—based plasticity model were quite close to theegrpental ones. This shows that, to
fully capture the size effect during micro cuttirgperations, strain gradient-
strengthening mechanism can not be ignored evbiglatcutting speeds and for strain
rate dependent materials.

> As frictional interaction has an increasing trenidhwthe decrease in uncut chip
thickness, this necessitates further investigatbririctional characteristic at micro

level cutting.
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> In future numerical model can be exploited to sttltly influence or the contribution

of fracture energy on size effect phenomenon dummigro level cutting as
analytically proposed by Atkins [ATKO03].

[11) Hybrid dynamic cutting model (HDC-Model)

To study the milling-tool vibration effects on chiporphology, cutting force and surface

topology by considering the machining system dagppnd stiffness, a new orthogonal

hybrid dynamic cutting model (HDC-model) has beeappsed. This model combines the

machining system with discrete elements (dashpspsings) and the workpiece as a

continuous material with thermo-visco-elasto-plasiehaviour. HDC-model considers two

and three degrees of freedom representing the etissamilling vibration system. The

important findings could be highlighted as:

For both higher cutting speed and uncut chip thesknvalues, for a less rigid un-
damped model (2 dof), milling-cutter oscillates lwhigher amplitudes inducing an
increase in the temperature at tool-workpiece fater Consequently, thermal
softening phenomenon had been enhanced, affedtimgchip morphology from a
more or less continuous to a highly segmented witipsharpened teeth.

Chip morphology directly affects the surface toggloindeed, segmented chip had
produced higher radial displacements of surfacesod

A highly rigid damped model (3 dof) was found meoealistic with results of cutting
force and chip morphology comparable to those abthexperimentally.

The proposed model permits to make numerical pdrametudy to bring
understanding of the effect of machining systenstaddy for large workpiece and
cutting tool material ranges, numerous insert gdoese and various cutting
conditions ...etc.

The simulations run with HDC-model are unable tptaee high frequency cutting
force oscillations which corresponds to chip segat@n frequency, unless run with
infinitely stiff and damped system. This necessgathe coexistence of HDC-model

along with the steady state (SC-model) cutting rhode
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» Linear behaviour of spring and dashpot elements wsesl for the present study.
Improvement in results may be expected by consigeemperature dependent, field
variables dependent and visco-elastic behaviothiede elements.

> In future, attention needs to be focused to exph@tHDC-model in order to study the
effect of the regenerative vibration on the tooldkmece interaction.

» Experimentation to validate the relationship betwedip morphology and surface
integrity from the points of view of metallurgicaleometrical and residual stresses
need to be performed.

The increase in the industrial requirements in gewh mechanical structure performance,
coupled with the growing economic constraints ezderscientific and industrial communities
to communicate together. The aim is to find andailate technological solutions. In our
point of view this can be achieved by controllifig tmachining process. In this perspective,
the FEM based numerical simulations have been exdeag a reliable tool with first-time-

right design objective, especially after the advehhigh speed computers and numerical
algorithms. A well defined numerical cutting modeit only brings the precise understanding
of occurring phenomena and local useful informatibat also suggests to improve tool
design (geometry, surface coating), machined serfaanditions (surface profile, surface
integrity, roughness) and machine tool power reuents etc. It can even propose the

structural modifications for an optimized reliallgting.
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