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Thermo-mechanical coupling

» Of interest is the way thermo-mechanical coupling is considered.

» In cutting processes heat generation originates from the two deformation zones,
i.e. the primary and the secondary, due to inelastic and frictional work.

» The heat is conducted into the tool and chip and transferred away from the chip to
the environment or the cutting fluid by convection.

» The above are either modeled by heat sources at the heat generation regions or
usually with material and tribological models that are functions of mechanical and
thermal behavior with strain, strain-rate and temperature.

» The associated strain hardening and thermal softening is interpreted to non-linear

analysis.
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Material modeling

Material modeling in machining in general and in precision
machining in particular is of great importance.

Especially the flow properties of the workpiece material and the
corresponding equations that are included into FEM have been
extensively studied.

These constitutive equations describe the flow stress or
instantaneous vyield strength at which work material starts to
plastically deform or flow; the elastic strains are much lower than
plastic strains in metal cutting and so workpiece material flows
plastically into the cutting zone.

The constitutive models presented in the literature are mainly
elasto-plastic, elasto-viscoplastic, rigid-plastic and rigid-
viscoplastic.

Machining conditions subject workpiece material to high levels of
strain, strain rate and heat which greatly influence flow stress. In
the primary zone strain and temperature ranges from 1-2 and
150°C-250°C respectively and in the secondary deformation
zone from 3 to much higher and 800°-1200°C, while strain rates
each values of up to 2x10% s-!' and 10> s7! in the to zones.
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Material data

One problem of material modeling is the lack of data for high stresses,
strain rates and temperatures as the ones encountered in machining.

In many cases the constitutive data are taken from standard tension

tests that are not sufficient for machining processes. Dynamic

experimental material tests such as Split Hopkinson Pressure Bar (SHPB)

impact testing is employed. Samples are deformed under high speed

g%rg%ression with strain rates of up 10> s-! and temperatures of up to
(0]

However, the obtained results are often criticized:

they are not sufficient for the deformation behavior of metals, especially
in high speed machining; values beyond test results are calculated by
interpolation.

the available data are not from specialized laboratories; generally
speaking SHPB requires special equipment.

high temperatures in metal cutting are localized; metal cutting is a cold
working process, although the chip only is of high temperature.

it not clear how to correlate uniaxial impact testing results of SHPB with
materials that are triaxially stressed, as in metal cutting.
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Constitutive models

Model Constitutive equation
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Johnson-Cook model

» Among the most used material models is the Johnson-
Cook model. It is a thermo-elasto-visco-plastic material
constitutive model, described as:

o= (‘4+BS”{1+Cln[iﬂ[1_[£—_}£ ”

» The equation consists of three terms the first one being
the elasto-plastic term to represent strain hardening, the
second is viscosity, which demonstrates that material flow
stress increases for high strain rates and the temperature
softening term.

» T, is the ambient temperature, T, the melting temperature
and A, B, C, n and m are constants that depend on the
material and are determined by material tests.
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Multi phase materials

In mechanical micromachining the cutting tool radius is
comparable to the size of the grains of the material being
processed.

Furthermore, in materials with surface defects or multi phase
materials, such as cast iron, the microcutting mechanism is quite
different in comparison to non-heterogeneous materials due to
the encounter of the cutting tip with these features of the
material during the course of the process.

For example, ductile iron and two of its constituents, namely
pearlite and ferrite, were modeled in the same continuum, taking
Into account the microstructural composition, the grain size and
the distribution of each material.

In another example, 1045 steel, considering its microstructure,
is represented by bands or sections of a pearlite-like behavior
material and a ferrite-like behavior material.
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Modeling multi phase materials

Ductile iron representation
taking into account the
microstructural composition,
the grain size and the
distribution of material phases

Increasing stress
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Representation of the microstructure of 1045 steel with (a) bands and
b) sections (material A: pearlite, material B: ferrite)
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Two special cases

» It is worth noticing that two cases from macro machining are

1.

closely related to material modeling in the micro regime.

The first pertains to grinding, a precision finishing process.
Although this process can be modeled in macro scale, it can
also be modeled in micro scale. In the latter case the material

removal mechanism of a grain of the grinding wheel is
considered.

The second case pertains to the machining of metal matrix
composite materials. The nature of these materials, a matrix
material reinforced with fibers or particles of small size, is
similar to the case of multiphase materials. It is clear that
failure mechanisms of the composites materials in turning are
different from monolithic materials; cracking of the
reinforcement, debonding at the reinforcement-matrix
interface, growth and coalescence of voids play an important
role in the machining of composite materials.
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Grinding - composite materials

Grinding

Machining direction

Matrix -

CZM simulating
intergranular fracture

Composite material turning
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Friction modeling

Friction modeling in the secondary deformation zone, at the
interface of the chip and the rake face of the tool is of equal
importance to the workpiece material modeling.

It is important in order to determine cutting forces but also tool
wear and surface quality.

The detailed and accurate modeling is rather complicated. Many
finite element models of machining assume that it is a case of
classical friction situation following Coulomb’s law.

However, as the normal stresses increase and surpass a critical
value, this equation fails to give accurate predictions.

From experimental analysis it has been verified that two contact
regions may be distinguished in dry machining, namely the
sticking and the sliding region. Zorev’s stick-slip temperature
independent friction model is commonly used.

In Zorev’'s model there is a transitional zone with distance £
from the tool tip that signifies the transition from sticking to
sliding region.
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Friction models overview

Model Equation
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FEM software

It is true that modeling with FEM is not at all trivial.
Use of a commercial FEM program, however, may simplify the procedure.

For the past twenty Kears a wide range of commercial FEM packages
became available. These programs have been widely accepted by
rbes_leg_rcher since they can simplify the overall procedure of model
uilding.

Commercial FEM add to the quality and accuracy of the produced
models. These programs are made by specialists who have tested them
and have implemented features and procedures to accelerate the slow
process of model building. Most of the software have mesh generation
programs, easy to use menus for applying boundary conditions, contact
algorithms, automatic remeshing, material databases etc.

Some researchers, however, remain skeptical due to limitations a model
can impose, e.g. a model may only be able to solve a problem implicitly
or explicitly.

Regarding precision machining, researchers use either in-house FEM
codes, commercial packages, e.g. MSC.Marc, Ansys, Abaqus etc. or
commercial packages with specific menus machining, e.g. AvantEdge.
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Hot topics
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Case study 1: Hard turning

Hard turning, a machining operation used for the processing of hard
materials such as hardened steels, has been brought into the forefront
of modern metal cuttin<l;| operations with the increasing demand for
manufacturing high quality components, e.g., gears, shafts, bearings,
dies and tools.

Cutting tools employed in hard turning are made of specialized tool
materials, such as cubic boron nitrite (CBN), that are able to overcome
the problems experienced during the process; they possess exquisite
properties, even at elevated temperatures, allowing for their application
at high cutting speeds, with minimum use of cutting fluids.

In addition the combination of hard turning and high speed machining is
proved to be very advantageous since a great reduction in processing
time can be achieved.

Hard turning is very advantageous for a wide spectrum of applications
and is also considered as an alternative for a variety of processes, since
the single-step superfinish hard turning can replace the abrasive
processes, traditionally used as finishing operations, or non-traditional
Erocesses, such as electrical discharge machining (EDM), in machining

ard parts, offering accuracy equal to or better than that provided so
far, flexibility and considerable machining time and cost reduction.
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AdvantEdge

» The models described are developed employing the
Third Wave AdvantEdge software, which integrates
special features appropriate for mac ininﬁ
simulation. The program menus are designed in suc
a way that they allow the user to minimize the model
preparation time.

» Furthermore, the software includes a wide database
of workpiece and tool materials commonly used in
cutting operations, offering all the required data for
effective material modeling.

» AdvantEdge code is a Lagran?ian, explicit, dynamic

code, which can perform coupled thermo-mechanical
transient analysis. The program applies adaptive
meshing and continuous remeshin? for chip and
workpiece, allowing for accurate results.
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Rake angle vs chip plastic strain

» Plastic strain for
rake angle (a) -
159, (b)-5°, (c) 5°
and (d) 15°

» Cutting speed and
feed are 300
m/min and 0.05
mmy/rev
respectively,
clearance angle is
equal to 5° and
tool and workpiece
material are CBN
and AISI H-13 (55
HRC) tool steel,
respectively.
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Cutting edge radius effect
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Plastic strain rate and temperature for cutting edge radius (a) 0.01 mm and (b) 0.1 mm
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Case study 2: micromachining

» The present case study pertains to the construction of a 2D
orthogonal cutting, round tool edge model that can predict
micromachining cutting forces as well as workpiece and tool
temperatures when copper is machined with diamond tools.
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Size effect prediction

» The validation of the model is performed through comparison
with results from papers with similar micromachining conditions.

» In order to determine the size effect in micromachining the
specific cutting force is an appropriate characteristic. In the

figures the specific cutting force for the three different depths of
cut is depicted.

» For the specific cutting forces and for depth of cut lower that 10
um the size effect can be observed.
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Other results
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Other processes and modeling
methods

» It should be noted that other precision machining processes, e.q.
Electro-Discharge Machining (EDM), Water Jet Machining (WJM),
Laser Machining (LM), Electro-Chemical Machining (ECM) etc.,
can be modelled with FEM.

» For every process, a different modeling strategy needs to be
followed. Finite element method can treat all physical problems
and with the right formulation, models for these processes can
be constructed.

» Although this presentation is dedicated to finite elements, it
would not be complete without reference to some other
modeling techniques that are also used in precision machining.

» These include other numerical methods, e.g. the finite difference
method (FDM), meshless methods, e.g. the element-free
Galerkin (EFG) method and the smoothed particle hydrodynamics
(SPH) method, soft computing modeling, e.g. Artificial Neural
Networks (ANN) and a specialized method used for nanometric
cutting, namely Molecular Dynamics.
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Molecular Dynamics

» MD is a modeling method in which atoms and molecules are interacting
for a period of time, by means of a computer simulation.

» In order to simulate molecular systems, a very big number of particles is
involved and a vast number of equations is produced to describe the
properties of these systems; as a multidisciplinary method, laws and
theories from mathematics, physics and chemistry consist the backbone
of the method.

» In order to deal with these problems, numerical methods, rather than
analytical ones, are used and algorithms from computer science and
information theory are employed.
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