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Abstract

High speed cutting is advantageous due to the reduced forces and power, increased energy savings, and overall improved productivity

for discrete-part metal manufacturing. However, tool edge geometry and combined cutting conditions highly affects the performance of

high speed cutting. In this study, mechanics of cutting with curvilinear (round and oval-like) edge preparation tools in the presence of

dead metal zone has been presented to investigate the effects of edge geometry and cutting conditions on the friction and resultant tool

temperatures. An analytical slip-line field model is utilized to study the cutting mechanics and friction at the tool-chip and

tool–workpiece interfaces in the presence of the dead metal zone in machining with negative rake curvilinear PCBN tools. Inserts with six

different edge designs, including a chamfered edge, are tested with a set of orthogonal cutting experiments on AISI 4340 steel. Friction

conditions in each different edge design are identified by utilizing the forces and chip geometries measured. Finite-element simulations

are conducted using the friction conditions identified and process predictions are compared with experiments. Analyses of temperature,

strain, and stress fields are utilized in understanding the mechanics of machining with curvilinear tools.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The design of cutting edge geometry and its influence on
machining performance have been a research topic in metal
cutting for a long time. Emerging machining techniques
such as hard turning, hard milling, and micromechanical
machining where the uncut chip thickness and the tool edge
dimension are in the same order of magnitude require
cutting edges which can withstand high mechanical and
thermal stresses, hence wear, for a prolonged machining
time. It is known that sharp tools are not suitable for such
machining operations, therefore, tool manufacturers in-
troduced different types of tool edge preparations such as
chamfered, double chamfered, chamfer+hone, honed, and
waterfall hone (oval-like) edge designs. Chamfered tools
are usually used in roughing and interrupted turning. The
stable trapped material (dead metal zone—DMZ or cap) in

front of the chamfered cutting edge increases the strength
of the tool tip; however, it also increases cutting forces.
Honed tools are employed in finish turning operations
since the application of hone to the tool tip increases the
impact resistance. Waterfall hone edge geometry combines
the appropriate characteristics of chamfered and honed
tools such as increased tool tip strength and increased rake
angle. Its oval-like geometry eases the flow of work
material in front of the tool.
The proper selection of edge preparation (edge radius,

chamfer angle, and height) can be possible once the
behavior of material flow around the cutting edge is well
understood. The effect of edge preparation on the
mechanics of cutting has been investigated by many
researchers by using various methods such as analytical
[1–7], computational [8–12], and experimental [13–16]
methods. The initial motivation of studying the effects of
edge preparation was to understand the ploughing
phenomena [1,13,17]. A tertiary shear zone at the
tool–workpiece interface was believed to be responsible
for additional cutting forces. In an early study, Mayer and
Stauffer [18] compared the performance of the honed and
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chamfer tool inserts with sharp tools during non-inter-
rupted machining of AISI 1045 steel. They found that the
increasing hone radius and chamfer width and angle results
in increased forces and decreased tool life.

In modeling the mechanics of cutting in the stagnant
metal zone by using analytical techniques, two major
approaches have been proposed. The first approach is
based on the existence of a stagnation point on the tool
round edge where the material flow is diverted upwards
and downwards [5,7]. The second approach considers a
stable build up of material in front of the tool edge like a
DMZ which diverts material flow [4]. Waldorf [19]
compared these two approaches for AL 6061-T6 aluminum
and AISI 4340 steel, and concluded that the model with
stable build up describes experimental results better. Stable
trapped work material zone formation was observed by
Kountanya et al. [20] for honed tools. As for stagnation
point based approaches, Manjunathaiah et al. [5] utilized
equivalent chamfer geometry for the honed tool by
identifying the stagnation point on the tool. Fang [7]
presented a detailed slip-line field analysis for rounded-
edge tools based on stagnation point assumption. Later
Fang and Wu [21] compared honed and chamfered edges
during machining of aluminum alloys. All the work
mentioned above, especially the ones based on stagnation
point assumption, considered cutting tools with a positive
rake angle. Recently, Ranganath et al. [22] investigated the
effects of edge radius for machining of cast iron. Honed
cutting tools with various edge radii and rake angles were
tested. Proposed mechanistic model based on stagnation
point assumption successfully captured the effect of hone
radius on cutting forces during cutting with positive rake
angle tools, however high prediction errors were obtained
at zero and negative rake angle cutting conditions. In this
study, DMZ assumption is adopted due to the fact that
negative rake tools are used.

Complex material flow around honed tools, especially in
finish machining conditions, can be modeled and simulated
with finite element modeling (FEM) techniques. In FEM

models, workpiece material properties and the edge
geometry of the cutting tool can be defined and process
variables such as forces, temperature distributions, stresses,
etc. can be obtained. Kim et al. [8] studied the effects of
honed edge preparation on the forces and temperatures in
orthogonal cutting by using finite element analysis and
showed that tool edge radius influences field variables such
as temperature distributions and strain rate. They observed
increasing cutting forces and temperatures, decreasing
maximum effective strain rate with increasing edge radius.
In another finite-element simulation based study, Yen et al.
[11] observed the effect of various tool edge geometries on
the field variables. They also observed increasing average
rake face temperature in the tool, increasing effective strain
distribution in the chip and workpiece with increasing edge
radius. Recently Chen et al. [12] investigated the perfor-
mance of honed and chamfered PCBN cutting tools for
hard turning of AISI 52100 steel. They concluded that the
optimum selection of edge preparation depends on
machining parameters.
It must also be noted that the correct definition of

friction conditions are crucial in order to obtain mean-
ingful results from the finite-element models. Sartkulvanich
et al. [23] performed a sensitivity analysis and showed the
effect of friction and flow stress models on the outputs of
2D cutting finite element simulations. Özel [24] investigated
the tool–chip interfacial frictional models by using FEM
and concluded that when frictional properties and work-
piece material behavior are properly modeled, FEM
models can offer accurate and viable predictions.
The goal of this work is to understand the mechanics of

high speed machining and complex material flow around
the curvilinear (rounded) cutting edge tools. Orthogonal
cutting tests and slip-line modeling is performed to identify
friction factors and DMZ angles. A cutting speed range of
125–175m/min is selected for the cutting tests that is
considered transition to the high speed machining range
for AISI 4340 steel [32]. Recommended cutting speeds by
the cutting tool suppliers are much more conservative.
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Nomenclature

A plastic equivalent strain in Johnson–Cook
constitutive model (MPa)

B strain related constant in Johnson–Cook con-
stitutive model (MPa)

C strain-rate sensitivity constant in Johnson–
Cook constitutive model

Fc , Ft cutting and thrust force components (N)
k shear flow stress (N/mm2)
m thermal softening exponent in Johnson-Cook

constitutive model
m1, m2, m3 friction factors
n strain-hardening parameter in Johnson–Cook

constitutive model

re edge radius of the tool (mm)
Tm melting temperature of the work material (1C)
t
u , tc uncut and cut chip thickness (mm)

V, Vs, Vch cutting velocity, shear velocity, and chip
velocity (m/s)

w width of cut (mm)
a dead metal zone angle (degree)
f shear angle (degree)
t frictional shear stress (N/mm2)
g1, g2 rake and chamfer angle (degree)
z1, z2, z3 slip-line angles (degree)
r prow angle (degree)
d, y slip-line central fan angles (degree)
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These two cutting speeds represent two values toward
higher end of the recommended cutting speeds. Further-
more, selecting very high cutting speeds (anything above
200m/min) is avoided in order to be able to use plasticity
based slip-line field analysis and Johnson–Cook material
model for FEA. The performances of honed and waterfall
hone type of edges is compared in terms of cutting forces,
temperature, and stress distributions. The basic geome-
trical comparison of round hone (re) and waterfall hone
(re/2: re) is given in Fig. 1. In the waterfall hone edge design,
the ratio of the side of the edge to its top is usually taken as
1:2. Current edge preparation technology can provide
about 0.005mm (0.000200) repeatability for the curvilinear
edges (hone and waterfall hone) for CBN tools [33]. That is
possible because the high resistance to wear presented by
the CBN. On this superhard material the edge erosion is
slow enough that edge preparation process be controlled
much closer than if it were ceramic or carbide cutting tool
material [33].

2. Slip line modeling for machining with curvilinear edge

tools

Slip line filed analysis based on plasticity theory has been
used to model orthogonal metal cutting as reviewed in
Childs et al. [25] and Fang et al. [26]. Abebe and Appl [27]
proposed a slip-line field model for machining with large
negative rake angle tools by considering stagnant metal
zone in front of the cutting tool. Waldorf et al. [4] proposed
a slip-line model to study ploughing and tool wear
mechanisms in round edge cutting tools. Fang et al. [26]
presented a universal slip-line field model in the case of
curled chip formation for machining with restricted contact
tools. Later Fang [7] presented slip-line models for
machining with round edge tools. The slip-line model for
hone and waterfall hone and associated hodograph are
illustrated in Fig. 2. The chip is assumed to be straight in
order to simplify the model. The slip-line angles z1, z2, and
z3 denote the friction conditions on the surfaces AD, DF
and FC where the tool rake face is in contact with the chip
along FC.

The geometry of DMZ will be calculated according to
honed (re) or waterfall hone (re/2:re) radii. The shear angle
is represented with f, the angle formed by the bottom
boundary of the DMZ with the cutting direction is DMZ
angle a, cut chip thickness tc, tool–chip contact length on
the rake face FC, tool–chip friction at the rake face
m3 ¼ tFC/k, and friction factor on the front boundary of
DMZ m2 ¼ tDF/k are calculated according to given uncut
chip thickness tu, friction factor under DMZ m1 ¼ tAD/k,
hydrostatic pressure at point E pE, and tool geometry,
i.e. hone radius re or waterfall re/2:re, and rake angle g2.
It is assumed that the work material above point D flows

upward into the chip, and the work material under point D
flows downward into the workpiece. The inclination of the
workpiece material ahead of the tool is also considered as
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Fig. 1. Waterfall hone (re/2:re) and round hone (re) type of edge

preparations.

Fig. 2. Slip-line model for machining with: (a) round hone, (b) waterfall

hone type of edge preparations, and (c) their hodograph.
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represented by prow angle r which is given as [28]

r ¼ sin�1
sin að Þffiffiffi
2
p

sin ðz1Þ

� �
(1)

In this slip-line model, cut chip thickness tc and cutting
forces Fc and Ft can be calculated according to uncut chip
thickness tu, tool–chip friction factor under DMZ m1

¼ tAD/k, shear angle f, DMZ angle a, and tool geometry
(hone radius re or waterfall re/2:re, negative rake angle g2).
The variable t denotes frictional shear stress and k is the
material shear flow stress. The value of friction factor t/k

varies between 0 and 1 where a value of zero means no
friction occurs and a value of one means sticking
conditions occur. The following expressions can be written
from slip-line theory:

z1 ¼
1

2
cos�1

tAD

k

� �
, (2)

z2 ¼
1

2
cos�1

tDF

k

� �
, (3)

z3 ¼
1

2
cos�1

tFC
k

� �
, (4)

pE ¼ k 1þ 2
p
4
� f� r

� �� �
. (5)

where the expression in the parenthesis in Eq. (5) is equal to
slip line field angle y;

y ¼
p
4
� f� r, (6)

and central fan angle d, the angle ADF (D) can be
calculated as

d ¼ fþ z1 � a, (7)

D ¼
p
2
þ

y
2
þ z1 þ z2 � d. (8)

In order to simplify the problem, the DMZ is assumed to
be extending from the rake face which enables us to relate
slip line angle z1 to slip line angles z2 and z3 as

z2 ¼ z1 þ g2 þ
f
2
þ

r
2
�

p
8
, (9)

z3 ¼ f� yþ g2. (10)

The cut chip thickness tc can be calculated as

tc ¼ DE sin p=2� f� g2
� �

, (11)

where

DE ¼
tu

sin fð Þ
. (12)

For honed edge preparation, the distances AD and DF
can be expressed as

AD ¼
re cos að Þ � sin g2

� �
cos að Þ � sin að Þ cos g2

� �
cos aþ g2
� � ,

DF ¼
re 1� sin g2
� �
cos aþ g2
� � . ð13Þ
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Fig. 4. SEM images of: (a) waterfall hone and (b) round hone type of edge

preparations at 50� magnification.

CBN insert

Dynamometer

Workpiece 
with thin webs

Fig. 3. Experimental setup for orthogonal turning.
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For waterfall hone edge preparation, the distances AD
and DF can be expressed as

AD ¼
ðre=2Þ

cos aþ g2
� � ,

DF ¼ re 2� tan aþ g2
� �	 


. ð14Þ

The cutting force and thrust force are written as

Fc ¼ kw DE cos fð Þ þ 1þ 2yð Þ sin fð Þ½ �
�
þAD cos að Þ cos 2z1ð Þ þ 1þ 2yþ 2dþ sin 2z1ð Þð Þ½

� sin að Þ�
�
,

F t ¼ kw DE 1þ 2yð Þ cos fð Þ � sin fð Þ½ �
�

,

þAD 1þ 2yþ 2dþ sin 2z1ð Þð Þ½

�cos að Þ � sin að Þ cos 2z1ð Þ�
�
, ð15Þ

where w is the width of cut. The ratio of cutting force to
thrust force Fc/Ft can be calculated from Eq. (15) without
necessarily knowing shear flow stress k at the primary shear
zone. In Eq. (15), the first term on the right hand side

represents shearing and the second term represents
ploughing forces due to DMZ.
Identification of the unknown slip line angle y, DMZ

angle a, and friction factors are performed by utilizing
orthogonal cutting tests where cutting forces and chip
thicknesses are measured for various cutting conditions
and matching those with slip line field calculations by using
a Matlab code. The unknown slip-line angle pair (y, a) are
solved as a set of possible solutions depending on the
tolerance value allowed between measured and calculated
force (Fc/Ft) and chip ratios (tc/tu) for a known friction
factor m1 as follows:

DE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F c

F t

� �
ex

�
F c

F t

� �
calc

 �2
þ

tc

tu

� �
ex

�
tc

tu

� �
calc

 �2s
pTol.

(16)

Hence, by using a computational procedure, friction
factors on tool–chip interface, slip-line angle y, friction
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Table 1

Cutting conditions used in experiments and simulations (marked by X)

Uncut chipthickness tu
(mm)

Tool type

Honed re ¼ 40 mm Honed re ¼ 50mm Waterfall 20:40mm Waterfall 25:50mm
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Fig. 5. Measured cutting forces Fc: (a) V ¼ 125m/min and (b) V ¼ 175m/min. Measured thrust forces Ft: (c) V ¼ 125m/min and (d) V ¼ 175m/min.
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factor on the rake face m1, and DMZ angle a were
identified.

3. Experimental setup and results

Orthogonal turning of thin webs (2.5–2.8mm) were
performed on annealed AISI 4340 steel using CBN cutting
tool inserts (TNG-423) with five different hone and
waterfall hone and a chamfered edge design (201 chamfer
angle and 0.1mm chamfer height) in a rigid CNC turning
center as illustrated in Fig. 3. The tool holder provided a
negative 71 rake angle; hence a negative 271 angle is formed
at the chamfer face. The images of the round and waterfall

(oval-like) edge preparation of the CBN insert taken by
field emission scanning electron microscopy (FESEM) is
given in Fig. 4. In the experiments straight edges of
triangular inserts were used (see Fig. 4). Forces were
measured with a Kistlers turret type force dynamometer, a
PC-based DAQ system and Kistlers DynoWare software,
and cut chip thicknesses were measured by using a
toolmaker’s microscope.
In cutting tests, two different cutting speeds are selected

as 125 and 175m/min. Experiments are replicated two
times. The cutting conditions are summarized in Table 1.
Same cutting conditions used for waterfall hone 30:60 mm
are used for chamfered inserts. Uncut chip thickness values
used in the experiments are selected in accordance with
edge radius of the cutting tool. The thrust and cutting force
measurements are shown in Fig. 5. Orthogonal cutting
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Table 2

Comparison of identified slip-line angles of honed and waterfall hone edge

preparations for V ¼ 125m/min

tu (mm) a y m1 m2 m3 tc

V ¼ 125m/min

Hone 40 0.075 5.73 13.51 0.525 0.68 0.836 0.165

0.1 5.4 13.49 0.573 0.68 0.834 0.22

0.125 5.17 13.11 0.581 0.66 0.813 0.265

Hone 50 0.1 6.07 13.83 0.423 0.688 0.84 0.22

0.125 5.68 13.51 0.49 0.675 0.829 0.27

0.15 5.84 13.7 0.397 0.671 0.827 0.32

WF 2040 0.075 4.65 16.11 0.32 0.71 0.88 0.165

0.1 4.68 15.54 0.448 0.7 0.87 0.22

0.125 4.43 15.36 0.4 0.69 0.85 0.265

WF 2550 0.1 4.316 15.21 0.57 0.7 0.86 0.22

0.125 3.85 15.2 0.6 0.69 0.85 0.26

0.15 3.52 14.73 0.7 0.68 0.84 0.305

WF 3060 0.1 4.674 15.51 0.455 0.7 0.87 0.22

0.15 3.55 14.71 0.635 0.668 0.835 0.31

0.18 2.92 14.22 0.745 0.654 0.82 0.365
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Fig. 6. (a) Comparison of force ratio Fc/Ft for waterfall and honed edge

preparations. (b) Force ratio Fc/Ft versus ratio of uncut chip thickness to

edge radius.
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Table 3

Comparison of identified slip-line angles of honed and waterfall hone edge

preparations for V ¼ 175m/min

tu (mm) a y m1 m2 m3 tc

V ¼ 175m/min

Hone 40 0.075 5.14 13.09 0.6 0.66 0.815 0.16

0.1 5.05 13.03 0.589 0.654 0.808 0.21

0.125 4.88 12.91 0.6 0.647 0.8 0.26

Hone 50 0.1 5.1 13.06 0.577 0.655 0.808 0.21

0.125 5.27 13.19 0.51 0.65 0.807 0.26

0.15 4.61 12.76 0.652 0.642 0.795 0.31

WF 2040 0.075 3.85 15 0.3 0.64 0.82 0.15

0.1 4.27 15.22 0.438 0.68 0.85 0.21

0.125 3.95 14.97 0.457 0.66 0.83 0.255

WF 2550 0.1 4.06 15.03 0.523 0.68 0.847 0.2

0.125 3.72 14.81 0.544 0.66 0.832 0.25

0.15 3.53 14.664 0.55 0.649 0.82 0.3

WF 3060 0.1 4.13 15.083 0.557 0.69 0.855 0.21

0.15 3.25 14.547 0.635 0.648 0.81 0.31

0.18 2.25 14.227 0.845 0.644 0.81 0.36

Y. Karpat, T. Özel / International Journal of Machine Tools & Manufacture 48 (2008) 195–208200



Author's personal copy

forces obtained from chamfered tools are also included in
the figures.

The results have revealed the relationship between edge
radius and cutting forces. The effect of edge preparation on
cutting forces, especially on thrust forces, becomes more
noticeable when uncut chip thickness is increased. In terms
of measured cutting forces, waterfall hone tools yielded
lower forces than honed and chamfered tools. Waterfall
hone with 20:40 mm edge dimension yielded the lowest
thrust forces. It is clear from the experimental results that
as edge radius increases, thrust forces increase.

Increasing cutting speed resulted in slightly decreasing
cutting forces. Fig. 6(a) represents the variation of force
ratio with respect to uncut chip thickness for honed and
waterfall hone edge preparations with 50, 25:50 and
30:60 mm edge radius. Due to lower thrust force measure-
ments, waterfall hone tools have greater force ratios under
the same cutting conditions. Increasing cutting speed
increased the force ratio because of further decreasing
thrust forces. In order to investigate the relationship
between the uncut chip thickness and the edge radius, the
force ratio Fc/Ft is plotted against the ratio of uncut chip
thickness to edge radius in Fig. 6(b) for two different
cutting speeds. According to these results, as the ratio of

uncut chip thickness to edge radius decreases, force ratio
Fc/Ft becomes closer to unity.

4. Identification of slip-line and DMZ angles and friction

factors

By using the friction factor identification procedure, rake
face friction factor m3, DMZ angle a, DMZ friction factor
m1, and slip-line angle y can be determined. Fig. 7 shows
the relationship between the ratios of uncut chip thickness
to edge radius to the rake face friction factors for different
cutting speeds. According to these results, as the ratio of
uncut chip thickness to edge radius increases, friction
factor on the rake face decreases. As cutting speed
increases, rake face friction factor decreases.
Tables 2 and 3 shows the identified slip-line angles for all

cutting conditions. These results reveal that, waterfall hone
tools exhibited higher rake face friction factors m3 than
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honed tools. Similar friction factors on the front boundary
of the DMZ m2 were obtained.

DMZ angle a is found to be lower in waterfall hone
tools. Slip-line angle y in waterfall hone tools are identified
as greater than honed tools, which indicate a greater tool-
chip contact length in waterfall hone tools. Fig. 8 shows the
variation of the tool-chip contact length and the length of
front surface of the DMZ (DF in Fig. 3(b)) with respect to
uncut chip thickness at cutting speed V ¼ 125m/min.
These results show that waterfall hone tools have longer
tool-chip contact length both on the rake face and on the
DMZ. Tool-chip contact length is a little less than 2 times
of the uncut chip thickness.

The above given results suggest that oval-like design of
waterfall hone edge preparation helps transferring the
loads acting on the tip of the tool towards the rake face of
the tool. DMZ covers a greater range of the tool tip which
protects the cutting tip. According to the identified slip-line
angles given in Tables 2 and 3, honed tool with 40 mm edge
radius and waterfall hone with 20:40 mm edge dimensions
yielded different results. This implies that waterfall hone
equivalent of honed tools must have greater edge dimen-
sions. Investigation of the influence of various edge
preparations on field variables such as temperatures,
effective stresses, and strains, is performed by finite-
element simulations.

5. Finite-element analysis

In order to compare field variables such as temperature
distributions, strains, and maximum effective stresses in the
tool, finite-element simulations were performed by using
commercial software DEFORM-2Ds. Johnson-Cook [29]
work material constitutive constants for AISI-4340 steel
A ¼ 1504MPa, B ¼ 569MPa, n ¼ 0.22, C ¼ 0.003, and
m ¼ 1.17 was adapted from Gray et al. [30] and used in
simulations under rigid–plastic material deformation con-
ditions. As mentioned before, friction definition is crucial
in order to obtain reasonable simulations in finite-element
analysis [24]. Fig. 9(a) shows how the friction factors are
defined as a function of normal pressure at the tool–chip
interface for various uncut chip thickness values in this
study. In Fig. 9(b), DF represents the region where the
friction factor will be equal to one (sticking zone) and FC
denotes the tool chip contact length where the friction
factor will decrease with decreasing normal pressure on the
tool rake face (Fig. 9(a)). It must be noted that normal
stress distribution on the rake face is a function of tool
edge geometry and cutting conditions.
In order to simulate serrated chips which were observed

during large uncut chip thickness experiments, a damage
model proposed by Cockcroft and Latham [31] is
employed. The critical damage coefficient is determined
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Fig. 11. Tool temperature distributions for V ¼ 175m/min, tu ¼ 0.15mm.
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Fig. 10. (a) Strains and temperatures on the machined workpiece surface.

(b) Tool tip temperatures and maximum effective stresses at the cutting

condition V ¼ 175m/min, tu ¼ 0.15mm.
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by trial and error and kept constant in all simulations.
Fig. 10(a) illustrates the variation of the strains and
temperatures on the machined workpiece surface for
various edge preparations at the cutting condition
V ¼ 175m/min and tu ¼ 0.15mm. Fig. 10(b) demonstrates
the variation of maximum effective stresses on the tool and
tool tip temperatures at the same cutting condition. It
can be seen from these results that as edge radius increases,

strains and temperatures on the machined surface
increases. Surface integrity of workpiece, i.e. residual
stresses and surface roughness, is directly related to strains
and temperature distributions on the machined workpiece
surface. There are certain advantages of using small hone
radius in terms of obtaining good surface roughness;
however, using relatively larger edge radius may produce
compressive residual stresses on the workpiece. Tool tip
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Fig. 12. Effective stress (in MPa) distributions in honed and waterfall hone tools for V ¼ 175m/min, tu ¼ 0.15mm.

Fig. 14. Tool temperature (in 1C) distributions for V ¼ 125m/min, tu ¼ 0.1mm.

Fig. 13. Strain distributions in honed and waterfall hone tools for V ¼ 175m/min, tu ¼ 0.15mm.
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temperatures tend to decrease with increasing edge radius.
The reason for decreasing tool tip temperatures may be
explained with increased surface area for heat transfer as
edge radius increases. However, when edge radius is not
selected according to uncut chip thickness, i.e. machining a
small uncut chip thickness with a large hone; temperatures
are localized at the tip of the tool which leads to rapid tool
wear. According to the results given in Figs. 10(a) and (b),
waterfall hone with 20:40 mm edge dimension seems like the
most suitable edge preparation among other edge prepara-
tions when only workpiece is considered. Waterfall hone
with 30:60 mm edge dimensions can be selected when only

cutting tool is considered. For all edge preparations, rake
face temperatures were found to be around 800 1C. Fig. 11
shows the finite element simulation results of temperature
distributions in the cutting tool.
In Fig. 11, it can be seen that rake face temperature

distributions are distributed more evenly in waterfall hone
tools than honed tools because of longer tool–chip contact.
The lowest tool tip temperature is obtained in waterfall
hone 30:60 mm edge dimension tool. Larger tool tip
surface area helps distribution of heat energy around the
tool tip. Fig. 12 represents the distribution of effective
stresses on the tool. The effect of the edge shape on
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Fig. 15. Effective stress (in MPa) distributions in honed and waterfall hone tools for V ¼ 125m/min, tu ¼ 0.1mm.

Fig. 16. Strain distributions in honed and waterfall hone tools for V ¼ 125m/min, tu ¼ 0.1mm.

Fig. 17. Effective stress (in MPa) distributions in round hone tools.
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effective stress distributions can be clearly seen in this
figure. The locations of maximum stresses are found to be
closer to the tool tip for waterfall hone tools. Fig. 13 shows
the chip shape and strain distributions for all edge
preparations. As mentioned before, serrated chips were
observed at high uncut chip thicknesses. The simulated
chip shapes are in good agreement with the FESEM images
obtained from chips collected during machining tests (Figs.
19–22). It is obvious from these images that as edge radius
increases the degree of serration also increases under the
same cutting condition. Increasing edge radius works like

increasing negative rake angle which causes further plastic
deformations on the chip and yields more serration.
Because of its cyclic nature, serrated chips produce
fluctuations in forces depending on the degree of serration.
Fluctuating forces are known to cause vibrations and may
yield poor surface finish. In order to investigate the effect
of decreasing cutting speed and decreasing uncut chip
thickness, finite-element simulations were performed
at the cutting condition of V ¼ 125m/min and
tu ¼ 0.1mm. Fig. 14 shows that waterfall hone with
20:40 mm edge dimensions yielded favorable tempe-
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Fig. 18. Dead metal zone formation for honed and waterfall edge preparations.

Table 4

Predicted and measured cutting forces and chip thicknesses

Insert type V (m/min) tu (mm) Meas. Fc

(N/mm)

Meas. Ft

(N/mm)

Pred. Fc

(N/mm)

Pred. Ft

(N/mm)

Error %

Fc

Error % Ft Meas. tc
(mm)

Pred. tc
(mm)

Hone 40 125 0.1 493 444 512 370 3.8 16.6 0.22 0.22

Hone 50 125 0.1 489 478 485 355 0.8 25.7 0.22 0.23

WF 20-40 125 0.1 484 435 491 330 1.4 24 0.225 0.23

WF 25-50 125 0.1 484 423 480 340 0.8 19 0.23 0.23

WF 30-60 125 0.1 487 457 486 325 0.2 28 0.235 0.23

Hone 50 175 0.15 666 543 660 430 0.9 20 0.31 0.3

WF 25-50 175 0.15 624 481 632 400 1.28 16 0.295 0.3

WF 30-60 175 0.15 653 515 641 405 1.8 21 0.3 0.3

Fig. 19. Chip formation for honed edge preparations for V ¼ 125m/min, tu ¼ 0.1mm.
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Fig. 20. Chip formation for waterfall hone edge preparations for V ¼ 125m/min, tu ¼ 0.1mm.

Fig. 21. Chip formation for waterfall hone edge preparation for V ¼ 125m/min, tu ¼ 0.1mm with two magnification levels.

Fig. 22. Chip formation for honed and waterfall edge preparations for V ¼ 175m/min, tu ¼ 0.15mm.
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rature distributions compared to others. Fig. 15 represents
the stress distributions at the cutting condition of
V ¼ 125m/min and tu ¼ 0.1mm. The stress distributions
are similar to those obtained for V ¼ 175m/min and
tu ¼ 0.15mm with lower stress values. In a more detailed
analysis, the stress distributions in the honed tool for
various uncut chip thicknesses are shown in Fig. 16. As
expected, the effective stresses increase with increasing
uncut chip thickness. Fig. 16 illustrates the simulated chip
shapes for low uncut chip thickness cutting condition
where the degree of serration is lesser than for large uncut
chip thickness machining case. Stagnant metal zone is
illustrated by plotting velocity profiles of finite-element
simulations for different cutting conditions in Figs. 17
and 18. Stagnant metal zone covers the tool tip in all
cutting cases.

Finally, the comparison of measured and predicted
cutting forces and chip thicknesses are given in Table 4
and Figs. 19–22. Finite element simulations yielded very
good predictions in terms of cutting forces Fc and cut chip
thickness tc values, however thrust forces Ft were under
predicted by the finite element software.

6. Conclusions

In this paper, the tool–chip friction characteristics of
curvilinear edge tools are investigated by utilizing ortho-
gonal cutting tests, slip-line field analysis, and finite-
element simulations. Orthogonal cutting tests were used
to identify slip-line angles which yielded tool–chip friction
characteristics of curvilinear edge cutting tools. Finite-
element simulations, which make use of the friction factor
findings of the slip-line field analysis, are used to study
temperature, strain, and stress distributions in the cutting
tools. Proposed methodology introduces a scientific app-
roach to model friction in finite-element simulations and
yielded good results in terms of simulated cutting forces
and chip shapes. It has been shown that:

� Size of edge radius is an important factor and it affects
the mechanics of cutting.
� Edge radius must be selected according to cutting

conditions. Large edge radius is not suitable for
machining low uncut chip thickness,
� The ratio of uncut chip thickness to edge radius around

3 seems to be an appropriate ratio for edge preparations
used in the cutting tests. There must be an upper limit on
this value which considers the rupture strength of the
edge preparation. However, due to experimental limita-
tions this upper limit was not studied.
� There is always a trade-off when it comes to edge radius

selection. The purpose of using cutting tools with
curvilinear edges is to protect the cutting edge from
chipping, to improve its impact resistance, and to
increase surface area for heat transfer from the cutting
zone. However, if the edge radius is not selected
carefully, that may result in increased cutting forces,

poor surface workpiece quality and short tool lives.
When selecting edge radius for a given cutting condition,
both machined workpiece surface and cutting tool must
be considered.
� The observation of collected chip shapes revealed that

edge preparation affects chip formation mechanism due
to increased cyclical plastic deformations along the face
of the curvilinear edge.
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