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Fracture-mechanical Modeling of Tool Wear by Finite Element Analysis
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Abstract : Wear mechanisms may be briefly classified by mechanical, chemical and thermal wear. A plane strain finite
element method is used with a new material stress and temperature fields to simulate orthogonal machining with
continuous chip formation. Deformation of the workpiece material is treated as elastic-viscoplastic with isotropic strain
hardening, and the numerical solution accounts for coupling between plastic deformation and the temperature field,
including treatment of temperature-dependent material properties. Effects of the uncertainty in the constitutive model on
the distributions of strain, stress and temperature around the shear zone are presented, and the model is validated by
comparing average values of the predicted stress, strain, and temperature at the shear zone with experimental results.
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one of the most convenient setups for experimental
measurements of strains, strain rates, and temperatures,
and its two-dimensional mature makes it easier to

" 1. Introduction

The prediction of wear of machine tools requires us

to find the temperature fields during machining. Refe-
rence” is a discussion of tool wear due to dissolution
and adhesion, and reference” is a discussion of wear
of machine tools via dissolution” and abrasion”. These
mechanisms are intimately related to the temperature
of cutting.

Orthogonal turning is used as a standard for the
study of the mechanisms of wear and tool failure.

Among machining process, orthogonal turning offers

"To whom correspondence should be addressed.
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model.

Although thermocouples and pyrometers are availa-
ble to measure average temperatures and temperature
fields near the cutting edge, there are as yet no models
that are capable of predicting these experimental obser-
vations using material properties alone. This can be
attributed to the complex, viscoplastic behavior of the
workmaterial, the scarcity of information about the
friction at the tool-chip and tool-flank interfaces, and
the difficulty in accounting for the evolution in the
extent of the tool-chip and tool-flank interfaces.
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The formula
medT = AE M

where m is the mass, ¢ is the specific heat, 47 is
the change in temperature, and AE is the change in
energy, can be used to get a rough approximation of
the machining temperatures. In particular,

_ 4E _ _ Fvdt
dT= mc  (pAdx)c )

where F is the cutting force, v is the cutting speed,
o is the density, A is the area of contact at the
tool-chip interface, and Az and Ax are typical time
and length scales. For the orthogonal turning of cast
aluminum (319-T6) that has been done by us and
using our numbers into equation (2) gives 4T =~ 4000
C, which far exceeds the usually observed values
around 300 to 400°C.

The main fault of the above calculation is the
assumption that all of the input power goes into
heating the chip. The papers™®” discuss the modifica-
tion of equation (2) using a heat partition 5:

4E BFvdt
_4dEy _
AT »= mc  (pAdx)c &)

The use of heat partition, among other corrections,
brings the temperature fields to values matching those
of experiments. However, the main drawback to this
approach is the reliance on the classical model of
machining, which treats the primary and secondary
shear zones as 2D planes. For a work-hardening mate-
rial, the deformation zones flare out into 3D regions.
This is discussed by Oxley”, who arrives at analytical
solutions by combining experimentaily determined
velocity fields with a generalization of the slip-line
method to account for gardening. However, this
approach is quite involved, especially in the case of
complicated geometries.

In this paper, we are attempting to apply history-
dependent constitutive equations to finite element models
to get reliable temperature fields by the fracture mech-
anical approach. Knowledge of the temperature fields
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will be used to generalized the techniques of 2 o study
the local evolution of tool wear, using a local convection-
diffusion equation of transport. Estimations of the
temperature fields using methods of”, as well as the
machining calculations of”, will be used as bench-
marks for the current approach. Our preliminary efforts
using the FEM software ABAQUS follows closely the
approach discussed in other researchers.

2. Finite element modeling

2.1. Finite element mesh

The initial workpiece mesh is shown in Fig. 1,
where two-dimensional behavior is based on assuming
a plane strain condition. The assumption is appropriate
if the width of the cut, b, is much larger than the
uncut chip thickness. The workpiece is represented by
four node bilinear displacement and temperature plane
strain elements, and since the objective is to obtain a
steady-state  solution, initial chip formation is pres-
cribed to facilitate the analysis. Elements located along
the tool-chip interface and the machined surface are
refined to account for large deformation gradients.

A reference node which has both translational and
rotational freedom is assigned to the rigid tool and acts
as the master node for the tool. The motion of the
rigid tool is entirely determined by the reference node,
which can therefore be used to prescribe loads and
kinematic constraints.

2.2. Modeling of workpiece—chip separation
and tool-chip contact by fracture mech-
anical approach

A schematic showing the potential tool-chip and

chip-workpiece surfaces is given in Fig. 1. Surface EF
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Fig. 1. Contact modeling
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represents the bottom side of the potential chip, with
its outward normal pointing downward, while surface
EG represents the upper side of the machined surface,
with its outward normal pointing upward. The two
surfaces form a contact pair, with EF and EG provi-
ding master and slave surfaces, respectively. By defini-
tion, the nodes of the slave surface are constrained
from penetrating into the master surface. Initially, the
comresponding nodes on EF and EG are perfectly
bonded and therefore have identical displacements in
both x and y directions, as well as equivalent tem-
peratures. During the simulation, the nodes debond to
form a chip surface and a machined surface. This
separation process is governed by a debonding direc-
tion specified in the model.

Although various chip separation criteria have been
used in applying finite element analysis to metal
cutting, a criterion based on controlled crack propaga-
tion is considered to be appropriate for this study, since
material is ultimately separated through microcracks
which develop as the tool moves onto the workpiece.
Crack propagation through the material is illustrated
schematically in Fig. 2. Selection of a crack length
versus time relationship is based on movement of the
cutting tool, and a reference point is defined on the
slave surface, which is the machined surface from

Time
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Crack length, L

Reference point

Fig. 2. Schematic for debonding of contact surface.
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which crack length is measured. The length is calcu-
lated between the reference point and each node on the
contact surfaces that may debond. Based on these
lengths and the given crack length-time curve, the time
increment is adjusted so that the debonding event occurs
within the prescribed time tolerance for the crack to
reach that length. The master and slave surfaces of the
tool-chip contact pair consist of the rigid tool surface
and surface EFH.

2.3. Boundary conditions

Kinematic boundary conditions (Fig. 3) are pres-
cribed by constraining the left (AEL), right (BG) and
bottom (AB) sides of the workpiece from any move-
ment, while allowing all other boundaries to move.
These conditions are valid as long as side AEL is far
from the deformation zone and depth penetration on
the machined surface is small. The cutting speed, U, is
assigned to the cutting tool by choosing the time
interval and corresponding tool displacement in the
analysis. In this study, friction forces at the tool-chip
interface are neglected, but a heat flux associate with
friction effects is calculated from the machining experi-
ments and applied to the contact area (Fig. 4). The
secondary shear zone at the tool-chip interface is
neglected, since it is localized within a very thin layer
of the chip bottom and temperature distributions are of
primary concern.

As shown in Fig. 4, the tip surface of the workpiece
and exposed surfaces of the chip are assumed to be
adiabatic (9 T/9n=0), since they are in contact with
air, to which heat transfer may be neglected. The same
assumption is made for the top and right boundaries of
the machined workpiece material. The left and bottom

u, =0 B
u, 0

A
Fig. 3. Kinematic boundary conditions
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Fig. 4. Thermal boundary conditions.

boundaries of the workpiece are assumed to remain at
the initial (room) temperature, since they are well remo-
ved from the deformation zone. Finally, a uniform heat
flux is applied to the chip at the tool-chip interface to
account for heat generation due to friction. -

3. Finite element formulation

The general purpose finite element package ABAQUS™
is used in this study to simulate the orthogonal mach-

ining process with a compatible displacement formu-
lation.

4. Simulation of orthogonal metal cutting

A nonlinear temperature-displacement solution pro-
cedure is used to determine the coupled temperature
and stress fields in the workpiece and the chip during
material removal. Heat generation during plastic defor-
mation may be expressed as

g¥=nc e @

where ¢* is the volumetric rate of heat generation,
7 is the fraction of the mechanical work required for
plastic deformation which is converted into thermal
energy, ¢ is the stress, and ¢ * is the rate of plastic
straining.

The steady-state, two-dimensional form of the energy
equation governing the orthogonal machining process is

T T T T ol
k[?i— Pe ]—pcp[aax+uyaay]+q =0 )
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where k is thermal conductivity, W/m/°C.

The temperatures are integrated using a backward
difference scheme, and the coupled system is solved
using Newton's method.

Nonlinearities in the numerical model are associated
with material behavior, the geometry of the elements,
and the change in boundary contact conditions. To
enhance convergence, minimum and maximum time
increments are specified, and within these limits actual
increments are automatically adjusted based on the
difficulty or ease with which convergence is achieved.

5. FEM simulation results

5.1. Simulation results

Each simulation starts as the tool moves towards the
workpiece at a specified speed. The chip separates from
the workpiece as debonding occurs at the contact sur-
faces and establishes contact with the tool rake face. To
avoid instability of the numerical analysis caused by
unbalanced forces at the nodes of the separating sur-
faces, a force reduction curve is specified to allow the
forces to gradually reduce to zero.

From Fig, 5, which shows the strain distribution, it
is evident that deformation begins ahead of the shear
zone, and strain increases as the material moves towards
the shear zone, until it reaches the upper boundary of
the zone.

Stress distributions, which result from the combined
effect of strain, strain rate and temperature, are shown
in Fig. 6. When material moves towards central por-
tions of the shear zone, the stress increases due to

strain hardening and an increasing strain rate, until it

Fig. 5. Strain distribution
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Fig. 6. Stress distribution.

Fig. 7. Temperature distribution.

reaches a maximum at the center of the shear zone.
The stresses are nearly uniform along the central shear
zone, with lower values at the tool-chip interface
where elevated temperatures act to soften the material.
The temperature field is shown in Fig. 7. Temperatures
increase due to plastic deformation in the material, as
well as friction at the tool-chip interface. A high rate
of deformation leads to concentrated heating of mate-
rial in the deformation zone, with little heat transfer
occurring by conduction from the zone. Temperatures
begin to increase from the start of straining and
continue to increase until straining ceases in the chip.
However, temperature in a thin layer of material
adjacent to the tool rake face also increases due to
heat generated by friction.

Table 1. Comparison between experimental and simulation
results along the central shear zone.

Temperature . Stress
Case Method Strain
(0 (MPa)
1 | Machining test” 620 0.93 900
1 Simulation 590 1.04 910
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One case was simulated to study the effects of
cutting speed and preheating, and average values of
stresses, strains and temperatures along the central
shear zone are listed in Table 1.

6. Conclusions

A plane strain finite element simulation of an
orthogonal machining process has been conducted, for
which temperature and stress calculations are coupled
with temperature-dependent material properties. The
effects of strain hardening, strain rate, and temperature
are considered by using a new material constitutive
model developed for 1020 steel”. Parametric calcula-
tions to determine the effect of uncertainties in the
constitutive model reveal a significant influence on the
stress and temperature distributions.

Although the effect of frictional heating along the
tool-chip interface is considered, the phenomenon has
little effect on conditions in the primary shear zone.
Distributions of strain, stress and temperature along the
shear zone are presented for machining conditions
corresponding to those considered experimentally, and
the corresponding average values are in good agree-
ment with those obtained from the measurement. Fur-
thermore, we can apply history-dependent constitutive
equations to finite element models to get reliable
temperature fields. In addition to this, we can apply a
fracture mechanical behaviors for tool wear.
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