UC Berkeley

Consortium on Deburring and Edge Finishing

Title

Finite Element Modeling of Burr Formation in Metal Cutting

Permalink
https://escholarship.org/uc/item/6f30942d

Authors

Min, Sangkee
Dornfeld, David
Kim, J.

Publication Date
2007-06-27

eScholarship.org

Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6f30942c
https://escholarship.org/uc/item/6f30942c#author
https://escholarship.org
http://www.cdlib.org/

FINITE ELEMENT MODELING OF BURR FORMATION IN METAL CUTTING

S. Min*, D. A. Dornfeld*(1), J. Kim*, B. Shyu®
1Laboratory for Manufacturing Automation, Dept. of Mechanical Engineering
University of California, Berkeley, CA, U.S.A.

Abstract

In order to advance understanding of the burr formation process, a series of finite element models are
introduced. First a finite element model of the burr formation of two-dimensional orthogonal cutting is
introduced and validated with experimental observations. A detailed and thorough examination of the
drilling burr forming process is undertaken. This information is then used in the construction of an
analytical model and, leads to development of a three-dimensional finite element model of drilling burr
formation. Using the model as a template, related burr formation problems that have not been physically
examined can be simulated and the results used to control process planning resulting in the reduction of
burr formation. We highlight this process by discussing current areas of research at the University of
California in collaboration with the Consortium on Deburring and Edge Finishing (CODEF).
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1 INTRODUCTION

Since the middle of the 18" century when metal started
to be used in engineering structures, metal cutting has
evolved into one of the most adaptable metal working
processes [1]. Its use exploded as the Industrial
Revolution promoted mass production and its techniques
expanded into sub categories such as milling, turning,
drilling and so forth. However, development and usage of
metal cutting techniques lacked a basic understanding of
the fundamental mechanism and caused stagnation in
enhancement of the process. One of the first
acknowledged attempts of modelling metal cutting was by
Ernst and Merchant [2] around World War Il. This was
slowly followed by many successors.

In the past, most modeling efforts remain with 2-D
orthogonal cutting and describe only steady-state cutting.
The importance of the final stage of cutting, tool exit,
which creates burrs and other edge defects has been
largely ignored. It should be understood because the burr
damages the final precision integrity of parts and requires
an additional process, deburring, which can cause
dimensional inaccuracy, change surface integrity of
machined workpiece, and sometimes result in
irrecoverable damage on the parts [3]. In the middle of
1970’s, the first quantitative analysis of burr formation in
2-D orthogonal cutting based on experimental
observation was performed by Gillespie and Blotter [4].
They characterized the burr formation as a result of
bending deformation which occurred at the end of the
workpiece. Many experimental approaches to model burr
formation have followed in the last two decades.

However, experimental approaches have always been
limited by specific tool geometries, workpiece materials
and cutting conditions. They were not able to deal with
the tremendous number of parameters involved in cutting
processes. Several analytical approaches were
attempted but were still based on experimental
observation mixing plastic theory and geometrical
description of burr formation [5]. It is very difficult to
derive a closed form analytical solution for burr formation

because it involves complicated thermal-elastic-plastic
behavior of workpiece material under large deformation
with high strain rate. The lack of precise material models
describing material behavior under high strain rate
blocked further pursuit of analytical modeling of burr
formation with plastic theory and pushed it in the direction
of geometrical conformation theory with energy balance
(6]-

The tremendous development of computing technology in
the last two decades makes the finite element method
very attractive in the modeling of burr formation. Many
modeling efforts using FEM evolved with increasing
computing power and a number of decent models of 2-D
orthogonal cutting in steady-state were proposed [7].
However, modeling of burr formation is very different
from that of steady-state cutting because values used to
model chip formation change as the tool approaches the
exit surface of workpiece. Hence, a very limited nhumber
of FE models of burr formation in 2-D orthogonal cutting
and drilling have been proposed. As new models of
material behavior under high strain rate appear [8],
many aspects of FE models of metal cutting including
burr formation will be tuned more realistically. In this
study, the FE modeling of burr formation from 2-D
orthogonal cutting to 3-D drilling is reviewed.

2 FINTE EELEMENT MODEL OF BURR FORMATION
IN 2-D ORTHOGONAL CUTTING

2.1 Failure criterion

The essence of metal cutting in reality is removal of
material from workpiece regardless of the machining
process. How to model this concept is the biggest
challenge in finite element modeling of metal cutting. In
most cases, this concept is simulated either by
separation of elements or by removal of elements in the
model. Due to the complexity of the problems, FE
modeling research started with two-dimensional
orthogonal cutting focusing only on steady-state cutting.
As modeling techniques advanced and experimental



information accumulated, a thorough model from steady-
state cutting to the final burr formation in two-dimensions
was developed.

The chip separation criteria are related to the separation
of elements that are mostly adopted in 2-D orthogonal
cutting. Hence, it is a more commonly used term in 2-D
orthogonal cutting than failure criterion. Even though
different measures for the chip separation criteria were
used, the criteria were applied in the same way in a
range of work [9-11]. The parting line between the
workpiece and the chip was predefined and the chip was
formed when the element near the parting line met the
separation criterion.

2.2 Burr formation stages

Park and Dornfeld developed the finite element model of
the burr formation in 2-D orthogonal cutting with a plane
strain assumption and investigated the influences of
various process parameters [12,13]. A general purpose
FEM software package, ABAQUS, was used to simulate
the chip and burr formation processes, especially
transition from steady-state cutting to burr formation. An
adiabatic heating model was adopted to simulate the
heat generation effects due to plastic work of the
workpiece and chip. Also, based on a ductile failure
model offered by ABAQUS, the metal cutting simulation
procedure was developed to separate the chip from the
workpiece and to give a final burr/breakout configuration.
The burr formation mechanism is divided into four
stages: initiation, initial development, pivoting point, and
final development. The results from the FEA are
qualitatively verified with experimental data, Figure 1.

The initiation stage represents the point where the
plastically deformed region appears on the edge of the
workpiece. In the initial development stage, significant
deflection of the workpiece edge occurs, and a bending
mechanism initiates burr formation. In the pivoting point
stage, material instability occurs at the edge of the
workpiece. In the final development stage, a burr is
further developed with the influence of the negative
deformation zone formed by a shearing process. Hence,
plastic bending and shearing are the dominant
mechanisms in this stage. However, if the material

(f) Steady-state (9) Initiation

(h) Development

cannot sustain highly localized strain in front of the tool
edge, then fracture is initiated and leads to the edge
breakout phenomenon.

2.3 Burr minimization using a backup material

Park inherited the idea of minimizing burr formation using
a backup material from Gillespie [14] who conducted
experiments to examine the backup material influence for
burr minimization in drilling. In order to effectively
minimize the burr size, three cases of back-up material
influence on burr formation processes were examined.

With the thick backup material, Figure 2 (a), continuous
chip formation continues until the tool exits the cut at the
very end of the workpiece, and fracture takes place at the
last moment. Consequently, the burr can be effectively
minimized. With the thin backup material, Figure 2 (b),
the whole backup material exhibits bending
characteristics. The bending of the backup material
results in a large gap between the two materials. In this
case, the burr size can also be effectively minimized
although a relatively large remnant, compared to the thick
backup material case, would be expected to be left at the
edge. As a result, it would be desirable to have backup
materials thick enough to cause only local deformation
near the edge of the workpiece by avoiding the bending
of the backup material.

Figure 2 (c) shows the case when the thin backup
material contacts the workpiece up to the pre-defined
machined surface. A similar case has been
experimentally carried out by Gillespie to minimize the
size of a drilling burr. Although orthogonal cutting is quite
different from drilling, the characteristics of the roll-over
process in orthogonal cutting are similar to those seen in
drilling. Initially, the deflection of the edge above the pre-
defined machined surface takes place instead of forming
a gap between the two materials. As a result, this
effectively reduces the size in any resulting burr and
would be also the mechanism behind minimizing the size
of a drilling burr in Gillespie’s experiment. Hence, the burr
size could be effectively minimized when the back-up
material supports the workpiece only up to the pre-
defined machined surface.

(i) Pivoting . 0] Burr.

Figure 1: Comparison between finite element simulation (top) and SEM (bottom) pictures of burr formation mechanism in 2-
D orthogonal cutting [12].



(b) (©)

Figure 2: Equivalent stress contour with backup
materials, (a) thick backup, (b) thin backup, (c) thick
backup partially supporting workpiece [13].

3 ANALYTICAL MODELING OF DRILLING BURR
FORMATION

3.1 Burrtypes

One of the most widely used processes in metal cutting is
the drilling process. Hence, extensive experimental
studies of the drilling burr problem have been made [15].
The drilling burr has various shapes and size depending
on the influencing parameters.

(d) Aluminum alloy (6061)

Figure 3: Various types of drilling burrs
Figure 3 shows some examples of drilling burrs observed
in drilling several materials. The left-hand pictures of
each row represent burrs produced in relatively low feed
and cutting speed, while right-hand pictures are for high
feed and speed. When the feed and the cutting speed
are low, the drilling burr tends to have a uniform shape
along the hole periphery for most materials. The
workpiece property makes a big difference when the feed
and the cutting speed increase. When the material has
moderate ductility, the material tends to elongate to some
extent during burr formation, resulting in a large burr
height and burr volume, Figure 3 (a), (b) and (c).
However, if the material is quite brittle, catastrophic
fracture occurs as the feed and the speed increases,

resulting in irregular burrs having several large chunks,
lobes, or petals as shown in Figure 3 (d).

Observing the kinematics of drilling burr formation gives
us more insight into the burr formation mechanism. Even
though the final burr shapes can look alike, the burr
formation mechanim can be substantially different. Figure
4 shows proposed burr formation mechanisms for several
burr shapes, matched with coresponding pictures
observed by a high-speed video while drilling low alloy
steel, AISI 1018, from [16].
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Figure 4 : Proposed burr formation mechanisms, (a)
uniform burr, (b) crown burr [17].
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3.2 Analytical model

An analytical model for drilling burr formation was
developed by Kim based on the observation of the
behavior of workpiece material during drilling of low alloy
steel and the principle of energy conservation and metal
cutting theory [17]. The model holds for ductile materials
that do not show catastrophic fracture during the plastic
deformation of workpiece material for burr formation. The
thrust force is expressed as
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where R is a drill radius, f feed, o tensile yield strength,
oy ultimate strength, N is the number of segments along
a cutting edge of the drill, a4 dynamic rake angle, o
relative radius of ith segment.

Burr height and thickness can be calculated by equation
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where H , T are burr height and thickness respectively,
and 2p is point angle, %R.A. is percent reduction in area
of material at ensile fracture, t, is the initial thickness of
deforming material beneath the drill and given by
equation (3).
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3.3 Results

Experimental validation of Kim's model with stainless
steel (AISI304L) is shown in Figure 5. Split point twist
drills were used for the experiments. The model can be
effectively used to investigate the effects of other
influencing parameters, as shown in Figure 6. It shows
burr height and thickness variation within a range of one
parameter while holding the other parameters at the
values shown in Table 1.
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Figure 5: Comparison of burr height and thickness
between experiments and analysis in AISI 304L(d=1.984

mm).
Drill diameter (mm) | 3.968 Zifg/rr:\tg 0.08
Point angle (deg) 135 web :gitti:gness 0.38
Helix angle (deg) 25 ou/ oy 2.2

Table 1: Parameters used for analytical investigation

4 FINITE ELEMENT MODELING OF DRILLING BURR
FORMATION

The analytical model is, however, for very limited
conditions. Combining the modeling techniques of 2-D
and observations from experiments and the analytical
model, a 3-D finite element model of the drilling burr
formation was developed.
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Figure 6: Effects of various parameters on drilling burr
size(Solid line: burr height, dashed line: burr thickness)

4.1 Failure criterion

Unlike the modeling of 2-D orthogonal cutting, it is much
more difficult to define a parting line and arrange
elements along this parting line in driling because the
material in front of drill deforms as the drill advances and
at any instance, this causes the parting line to be
redefined. Instead, elements closed to the drill tip were
removed when all the material points in an element meet
a failure criterion.

Material failure was assumed to occur when the damage
parameter, @, the ratio of the incremental equivalent
plastic strain to the equivalent plastic strain at failure
exceeds one. Once an element satisfies the failure



criterion, it then becomes inactive in the remaining
calculations [18].
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4.2 Drill modeling

Although the results of a FE model can be useful, they
were not being used in a manner that could have
maximum potential impact on the drilling process due to
the high cost of preparation for the process simulation.
With a strong demand in industry for burrless hole
making, it is desired to integrate FEA models with drill
CAD to evaluate drill performance in the drilling process
and fully utilize the benefits of this numerical tool in
concurrent engineering. Modeling the complexity and
various geometry parameters of a drill is consuming
work. Hence, a mathematical model of a twist drill was
proposed by Tsai and Wu [19] and an integrated
CAD/FEA system for drill design and drilling burr
formation simulation was proposed by Guo and Dornfeld
[20].

The enhanced CAD/FEA software was developed as
shown in Figure 7. The drill bit design software lets users
select drill geometric parameters, such as point angle
and twist angle, to define drill geometry. A graphical view
of the drill bit gives users real time feedback on the drill
geometry determined by the current values of drill
geometric parameters. After the geometry is
determined, an FE mesh of the drill is generated.

[E] Dl Bt Desigrer |

i e
. Genmetry ., Mesh + Export

(a) solid model
Figure 7: Drill bit design software

(b) FEM mesh

4.3 FE modeling assumptions

Incremental plasticity using von Mises yield surface and
associated flow rule were used to model the plastic
behavior of the material. All the material properties were
assumed to be isotropic. The strain rate dependency of
material properties was modeled using the overstress
power law because material properties, especially yield
stress, vary at high strain rate (strain rate in drilling
ranges from 10° to 10°). Heat is generated mostly by
inelastic strain. Since a drilling process is an enclosed
process which involves high strain rate, heat cannot be
dissipated through the workpiece. Hence, an adiabatic
thermal assumption was made. Built-up-edge and chip
formation were not considered due to the complexity of
the problem. Process parameters from experiments that
generate a uniform burr and a crown burr were chosen.

Proposeq burr High-speed
formation . .
) FEM simulation camera
mechanism .
[15] image [16]

4.4 Burr types and formation mechanisms

Depending on the cutting conditions, two different types
of burrs, a uniform burr and a crown burr, were simulated
for stainless steel (AISI 304L). Uniform burrs were
created in general at low speed and low feed and crown
burrs at high feed and high speed. The burr formation
mechanism is divided into five stages: (a)steady-state,
(b)initiation, (c)development, (d)initial fracture, and
(e)final burr formation for both burr types in Table 2 and
Table 3. The thrust force induced by many cutting
parameters causes different initiation points and initial
fracture locations, which lead to different burr types.

During the steady-state cutting stage, material in front of
the drill tip is removed as elements comprising that
portion meet the failure criterion and a plastic zone
appears at the center of the drill tip. As the drill
advances, the plastic zone at the center of the drill tip
reaches the exit surface of the workpiece at the burr
initiation stage. In a uniform burr, this plastic zone
appears at the exit surface of the workpiece when the
drill almost reaches the exit surface. Hence, the layer
between the exit surface and the drill tip is thin. By
contrast, the plastic zone reaches the exit surface when
the drill is far away from that surface and forms a thick
plastic layer in a crown burr, Figure 8.
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Figure 8: Comparison of the burr initiation point of a
uniform burr and a crown burr by FEM



mechanism

image [16]

Table 2: Burr formation mechanism of a uniform burr

Propo;ed burr | FEM simulation High-speed
formation camera

The thickness of the layer at the burr initiation point
defines the burr formation behavior in the following
stages: development and initial fracture. The thin layer of
the plastic zone in the uniform burr does not have
enough support to be cut by the drill and so very little
cutting at the perimeter of the drill occurs during the
development stage, Table 2 (c). The plastic zone that
initially formed near the center of the drill area expands to
the edge of the drill. However, the thick layer of the
plastic zone in the crown burr enables material to be cut
during the development and allows very little expanding
of the plastic zone to the edge of the drill, Table 3 (c).

In the uniform burr, the initial fracture occurs at the edge
of the drill, Table 2 (d) and it leads the formation of cap,
Table 2 (e). In the crown burr, the initial fracture occurs at
the center of the drill, Table 3 (d) and the rest of material
deforms plastically and forms a crown burr, Table 3 (e).

The five stages of the uniform burr and the crown burr
are compared with the proposed mechanism [15] and
high-speed camera images (top view) [16] in Table 2 and
Table 3. The burr formation mechanism from FE
simulation shows good agreement with images from
high-speed camera and proposed burr formation
mechanism.

5 SUMMARY

This paper summarized the research efforts to model
burr formation in metal cutting. For simplicity, the finite
element model of burr formation in 2-D orthogonal cutting
was proposed with experimental validation. This model
was able to simulate burr formation for both ductile and
brittle materials and gave insightful information on the
burr formation mechanism.

Table 3: Burr formation mechanism of a crown burr

Based on observation of drilling burr formation and
physical principles, an analytical model was developed to
predict drilling burr formation. The model is for ductile
materials that produce a uniform burr with a drill cap. This
model was successfully developed to predict the final
drilling burr size. The model contains the effect of
material property, drill geometry and process condition. It
also contains several assumptions and simplifications.
Burr sizes calculated by the model showed good
agreement with experimental results. Effects of other
parameters on drilling burr formation were investigated
with the model developed. The parameter effects are
consistent with burr formation mechanism and the effects
of thrust force in drilling.

With accumulated experimental data of drilling burr
formation and information provided from 2-D orthogonal
cutting and the analytical model of drilling burr formation,
a finite element model of 3-D drilling burr formation was
proposed. It simulated two different types of burr, a
uniform burr and a crown burr, which can be easily found
in drilling of ductile materials such as stainless steel and
low alloy steel. Burr formation mechanisms for both types
of burrs modeled by FEM were validated with
experiments. This model can be used to evaluate effects
of other parameters on drilling burr formation including
part design.

Modeling of burr formation in metal cutting still requires a
lot of support from material modeling, tool modeling, and
process modeling. Hence, new theories for material
behavior, refined software of tool design, and
improvement of finite element method with increasing
computing power are absolutely necessary for better
finite element model of burr formation in metal cutting in
the future.
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