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Tool  friction  plays  a very  important  role in machining  titanium  and  nickel-based  alloys  and  is an  impor-
tant  parameter  in Finite  Element  based  machining  simulations.  It is the source  for  the  high amount  of
heat  generation,  and  as a result,  the  excessive  flank  wear  during  machining  these  materials.  The  worn  tool
is  known  to  create  poor  surface  qualities  with  high  tensile  surface  residual  stresses,  machining  induced
surface  hardening,  and  undesirable  surface  roughness.  It is  essential  to  develop  a methodology  to deter-
mine  how  and  to what extent  the  friction  is  built  up  on the  tool.  This  study  facilitates  a  determination
methodology  to estimate  the  stress  distributions  on the  rake  and  flank  surfaces  of  the tool  and  resultant
friction  coefficients  between  the  tool  and  the  chip  on  tool  rake face,  and  the  tool  and  the  workpiece  on
tagnation point
itanium  alloys
ickel-based alloys

tool  flank  face.  The  methodology  is  applied  to various  tool  edge  radii  and  also  utilized  in solving  stag-
nation  point  location  on  the  tool  edge.  Predicted  friction  results  are  further  validated  with comparison
of  predicted  stress  distributions  from  FE  simulations  for machining  of  titanium  alloy  Ti-6Al-4V  and  the
nickel-based  alloy  IN-100.  It was  found  that  tool stresses  and  friction  are  mainly  influenced  by  tool rake
angle,  edge  radius,  and tool  flank  wear  and are  slightly  affected  by  the cutting  conditions  in  the  ranges
that  were  considered  in  this  study.
. Introduction

Machining difficult-to-process materials such as titanium and
ickel-based alloys has been a major hurdle for manufacturing

ndustry in terms of productivity for a significant amount of time,
nd there are a number of issues that are yet to be resolved. The
ffect of friction is an important issue, yet its understanding in
achining titanium and nickel-based alloys is not complete. Let

lone 3D machining processes, the work on friction in 2D ortho-
onal machining processes still lacks entirety. It is known that with
ncreasing friction, heat build-up and tool wear increases especially
n the case of titanium and nickel-based alloys due to their low
hermal conductivity and chemical affinity with tool materials at
levated temperatures. Consequently, there are surface integrity
roblems at the end product that will reduce product effectiveness,
uality and reliability.

While  it is extremely important to understand the role of

riction, attempts at measuring in situ detailed frictional proper-
ies during machining have been a far cry from success. Hence,
ttempting to get the optimum approximation by modeling friction
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still remains a tangible approach to this problem. Childs (2006a)
reviewed friction laws and models existed in metal cutting and
claimed that different friction models should be considered in low,
intermediate, and high speed cutting regimes. He also pointed
out the limitations of using traditional metal forming based fric-
tion models available in Finite Element Modeling software and
suggested an improved friction model based on a constant fric-
tion coefficient being replaced by one which increases with plastic
strain rate. Finite Element-based models comprise the most impor-
tant part of the modeling work, and it is known that FE-based
models are practically used to find optimal cutting conditions and
tool geometry parameters. In addition, flow stress characteris-
tics of work material at specified cutting parameters and friction
characteristics at tool/chip interface are two important factors
that affect FE-based simulation capability and predictability. Özel
(2006) investigated several friction models applicable to FE-based
simulations of metal cutting and claimed a friction coefficient vary-
ing with normal stress provides better predictions of cutting forces
and tool stress distributions. Arrazola et al. (2008) showed that a
friction coefficient alone is inadequate and does not represent the

friction between chip–tool interfaces in metal cutting. They also
suggested a variable friction coefficient that is empirically obtained
from cutting tests. Arrazola and Özel (2010) investigated the influ-
ence of limiting shear stress on the tool–chip contact friction and

dx.doi.org/10.1016/j.jmatprotec.2013.05.019
http://www.sciencedirect.com/science/journal/09240136
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Nomenclature

a-h1–2 coefficients of the non-linear relationships
A,B,C,D FE material model coefficients
m,n,p,r,s  FE material model coefficients
b depth of cut
cp specific heat capacity
h  heat conduction coefficient
lc chip–tool contact length along the tool rake face
lp plastic contact length along the tool rake face
E Young’s Modulus
Fc total cutting force
Ff total feed force
Fco cutting force for the 3rd zone—ploughing or edge

components
Ffo feed force for the 3rd zone—ploughing or edge com-

ponents
Fn1–3 normal force components
Ft1–3 tangential force components
Fn1–3c cutting force components due to normal stresses
Fn1–3c cutting force components due to tangential stresses
Fn1–3f feed force components due to normal stresses
Fn1–3f feed force components due to tangential stresses
m exponential coefficient for Region III
n exponential coefficient for Region I
rˇ cutting edge radius
T  temperature
T0 ambient temperature
Tm melting temperature
tu uncut chip thickness
VB  tool flank wear length
vc cutting speed
x1–2 distance along the rake and flank faces from edge

face
 ̨ angle measured from cutting speed direction for

Region II
˛0 starting angle for Region II
˛f final angle for Region II
˛t thermal expansion constant
�1 rake angle
�2 clearance angle
�s stagnation point angle
ε  true strain
ε̇0 reference true strain rate
ε̇  true strain rate
�  tool flank wear angle
�  thermal conduction coefficient
�  mean friction coefficient
�ap apparent friction coefficient
�sl sliding friction coefficient
�1 friction coefficient along the rake face
�2 friction coefficient along the flank face
� flow stress
�1–3 normal stress at the rake, edge, and flank faces
�1max maximum normal stress at the rake face
�̃2 normal stress at the stagnation point in Region II for

the worn tool
�3max maximum normal stress at the flank face
�1−3 shear stress at the rake, edge, and flank faces
�1max maximum shear stress along the tool rake face
�̃2 frictional shear stress at the stagnation point in
Region II for the worn tool
�3max maximum shear stress along the tool flank face
ng Technology 213 (2013) 2217– 2237

concluded that friction models that limit the increasing shear stress
are more effective in predicting physical variables in metal cutting.
Childs (2006b) focused on FE-based simulation and the role of fric-
tion models in plastic and elastic–plastic workpiece assumptions to
explore the physical limitations of the friction. He claimed that fric-
tion stress proportional to normal stress is a tolerable friction law
in the FE-based simulations but acknowledged that it is unrealistic
in plastically flowing conditions. Meanwhile, other friction models
for analytical and semi-empirical machining modeling have been
proposed. Özlü et al. (2009) used a friction model that considers
both apparent and real contacts exist on tool rake face. They also
proposed an experimental method to identify the parameters of
such a friction model. Thus, continued attention has been given to
friction modeling in literature.

In  parallel to those studies, present Finite Element based sim-
ulation models for machining nowadays take tool friction at rake
and flank faces as an input to the model. In addition, shear fric-
tion and sliding friction can be represented together in a “hybrid
friction model” at the tool–chip contact for a cutting tool with an
edge radius (rˇ > 0). In this model, coexisting friction regions are
defined; a shear friction region (m = �/k, where � is material shear
stress and k is shear flow stress in the shearing zone) around of the
tool edge radius curvature and a sliding region along the rest of the
rake face represented with a friction coefficient (� = �f/�n, where
�f is the friction stress and �n is the normal stress on the tool face).
Similarly friction at the tool–workpiece contact can be represented
while the extent of sticking region and friction coefficient in sliding
region remaining as major unknowns in metal cutting conditions.

This  study will introduce a comprehensive friction determi-
nation methodology beginning with measured cutting forces at
various cutting conditions, tool geometry, and tool flank wear for
machining titanium and nickel-based alloys. Tool contact friction
on rake and flank faces will be determined by using an analytical
modeling approach and an iterative solution methodology to iden-
tify stress distributions and related friction coefficients at those
faces for each cutting condition. FE-based simulation modeling
working in an iterative algorithm together with the analytical and
empirical models will be utilized to validate predicted tool friction
coefficients and stress distributions. Particularly, the developed
friction models with and without tool wear will be introduced, and
their validation with force measurements for force components
as well as FE-based model for stress distributions will be shown.
The paper will be finalized by suggestions on how to utilize the
information and findings of this study for future research.

1.1.  Friction determination methods

There have been many attempts to determine the friction coef-
ficient during machining, and one should know the strength and
weaknesses of all of these methods to propose a new method.
Despite being similar to each other in many ways, there are nuances
that separate these methods, and it is important to understand
these differences.

In  the pin-on-the-disk method, a tribometer with a stationary
pin is contacted with the rotating disk, measuring the forces. The
ratio of the force components gives the coefficient of friction, but
the machining temperature and pressure cannot be maintained
for the measurement. According to Bonnet et al. (2008), this leads
to inaccurate measurements, since the coefficient of friction is
considered to be dependent on these factors. In order to achieve
machining temperature, Olsson et al. (1989) and later Hedenqvist
and Olsson (1991) proposed methods where the pin follows the cut-

ting tool, so the workpiece is still at cutting temperature. They used
an improved method that also imitates the cutting pressure and
measured forces very similar to machining forces. In their method,
Bonnet et al. (2008) coated the pin with the tool material, which
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ubs the surface of the disk, where a cutting tool refreshes the
urface at each feed step.

Starting  with Albrecht’s (1960) analysis of friction, Arrazola and
eslin (2002) and later Arrazola et al. (2008) proposed that the

raph of feed versus cutting force has a linear trend at high feed
ates, so the derivative of two force components can be used to
nd friction coefficients (see Eq. (1)).

 − tg
(

tg−1
(

dFf

dFC

)
+ �1

)
(1)

Beginning with Zorev (1963), many researchers have consid-
red the coefficient of friction during machining processes to be
uasi-steadily distributed (quasi-steady-state assumption) along
he friction distance, so they defined a mean friction coefficient
long the friction face for a zero rake angle (Eq. (2)).

 = Ff

FC
(2)

his coefficient changed mostly with the normal force, because the
rictional force was usually constant. Rake angle, angle of inclina-
ion, and uncut chip thickness are parameters that affect the friction
oefficient. Two zones of chip flow (elastic and plastic) could be
efined, and during the elastic contact, the ratio between the shear
tress and the normal stress along the rake face gives the mean
riction coefficient. This idea was used by researchers to develop
umerical models and analytical deductions. Moufki et al. (1998)
roposed improvements to this method by considering the mean
riction coefficient to be dependent on mean temperature.

In  another approach, Albrecht (1960) believed that ploughing
lays a significant yet falsely neglected role during machining pro-
esses, and accounting for this effect is necessary in order to model

hese processes. He believed that calculating a mean friction coef-
cient, and then deducting the effect of ploughing force could be a
ood way to approximate the solution (Eq. (3)).

 = Ff − Ff0
FC − FC0

(3)

Fig. 1. Contact regions and stagnation point on the tool; (a) as de
g Technology 213 (2013) 2217– 2237 2219

Sutter and Molinari (2005) used this approach and called this
the real friction coefficient, with edge forces deducted from the
measured forces in tangential and normal force components, and
then taking the ratio between these results. Özlü et al. (2009) and
later Molinari et al. (2011) separated the friction coefficient into
two components, as apparent and sliding friction coefficients. The
apparent friction coefficient (�ap) is considered as the ratio of total
friction and normal forces on the entire rake face (Eq. (4)). The slid-
ing friction coefficient (�sl) is considered as the ratio of the friction
and normal forces acting on the sliding region along the rake face
(Eq. (5)).

�ap = Fctg(�1) + Ff

fc − Fftg(�1)
(4)

�  = �sl� (5)

They believed that the ratio of measured friction and normal
forces is equal to sliding friction coefficient (�sl), where the appar-
ent friction coefficient (�ap) is dependent on tool–chip contact
length, plastic contact length, and normal stress on the rake face.

When there is no sticking in the friction zone, the sliding, appar-
ent and mean friction coefficients would be equivalent to each
other. This friction definition reveals more detailed friction than
using a mean friction coefficient. However, experimental deter-
mination of friction coefficients by identifying plastic and elastic
contact regions is quite an effort and it is not fully applicable to
machining of high temperature alloys such as titanium and nickel-
based alloys, where these regions are only stable during early stages
of machining. In addition, creating simulation models with the
Finite Element Method also becomes more complex due to addi-
tional input parameters required; therefore simpler friction models
are preferred within the scope of this research.
1.2. Friction regions and stagnation point around tool edge

Another important issue in difficult-to-process materials is the
effect of tool edge radius and the uncut chip thickness on the chip

fined by Woon et al. (2008) and (b) as defined in this study.
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Table  1
Summary of stagnation point angle on various materials, tool geometry and cutting conditions.

Reference Material vc [m/min] tu [�m] rˇ [�m] rˇ/tu [�m/�m]  �1 [◦] �s [◦]

Woon et al. (2008) AISI 1045 100 2–20 10 0.5–5 10 31–32
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Kishawy  et al. (2006) AISI  4140 200  20
Yen  et al. (2004) AISI 1020 130 20
Fang  and Xiong (2008) Al 2024-T351 200–500 4

ormation process and its influence on wear development. During
he chip formation process, the work material is separated on the
urface of the tool edge into two pieces: the chip, and the machined
orkpiece. The separated material flows in the two direction along

he tool round edge, which means that the material flow velocity is
ero at one point on the tool edge, which is conventionally called
he stagnation point. Woon et al. (2008) suggested sticking, sliding
nd stagnation contact regions around the tool edge as shown in
ig. 1a. The location of the stagnation point has been an interest to
he researchers as it is considered to be important in determin-
ng the rate of tool wear, and eventually, the machined surface
uality.

In such studies, researchers mostly investigated the effect of cut-
ing edge radius, uncut chip thickness, or the ratio of these two on
he location of stagnation point, or in short, stagnation angle that
epresents this location as summarized in Table 1. It must be noted
hat the conventional representation of stagnation angle is from the
eed direction, whereas due to the requirements of this study, it is
hown from the cutting velocity direction (Fig. 1b). This necessity
esults in a conversion of angles, but the results and discussions
emain the same.

Fang  (2003) showed that with decreasing uncut chip thickness

o cutting edge radius ratio, the tool–chip contact length decreased
rom almost twice the uncut chip thickness to around the same
alue as the uncut chip thickness. Besides, Fang (2003) pointed out
hat with increasing stagnation angle, the effect of ploughing force

Fig. 2. Illustration of stress distributio
15–90 0.075–0.45 6 20–30
50–100 0.25–0.5 12 25–33

2 58 0.48–1.18 5 60–70

decreased,  as well as the average shear strain, whereas the aver-
age shear strain rate first decreased then increased. Yen et al.’s
(2004) finite element analysis of orthogonal machining showed
for round edge uncoated cemented carbide tools using AISI 1020
steel that the stagnation angle decreases from �s = 33◦ to 25◦ with
the cutting edge radius increasing from rˇ = 50 and 100 �m,  which
contradicts to most other studies (Table 1). In a similar study for
AISI 4140 steel, Kishawy et al. (2006) showed that stagnation angle
increases from �s = 20◦ to 30◦ with increasing cutting edge radius
from rˇ = 15 to 90 �m (Table 1). They also showed that at the stag-
nation point, shear stress changes sign and normal stress is close
to its peak value. In a micromachining study, Woon et al. (2008)
defined tool–workpiece contact friction in three regions using a
Finite Element-based model, and found that the stagnation angle
was around �s = 31–32◦ for tu = 2–20 �m of uncut chip thickness
and vc = 100 m/min  cutting speed, not being affected from the
uncut chip thickness (Table 1). In another study, Fang and Xiong
(2008) generated a new method using slip-lines to predict cutting
forces and chip thickness in machining Al 2024-T351 and Copper
330. They found out that with an increase in the ratio of uncut
chip thickness (tu) to cutting edge radius (rˇ), rake face friction
coefficient does not change significantly (stays around �1 = 0.4),

while the stagnation angle increases. For the aluminum alloy Al
2024-T351, they found that the stagnation angle decreased from
�s = 67 to 59◦ with uncut chip thickness increasing from tu = 0.049
to 0.122 mm,  whereas for the 330 Copper, the stagnation angle

ns on the three regions of tool.
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Fig. 4. Illustration of the frictional shear stress along the rake face region (Region
1).

Fig. 5. Edge face illustration (Region 2).

Fig. 6. Normal stresses on the edge face (Region 2).
Fig. 3. Illustration of the normal stress along the rake face region (Region 1).

ecreased from �s = 80 to 60◦ with uncut chip thickness increasing
rom tu = 0.046 to 0.091 mm (Table 1).

. Determination of friction and tool stresses for round
dge  cutting tool

The  cutting tool, even when it is considered to be sharp, always
as a rounded edge due to impossibility of infinite accuracy of
he manufacturing technology of the tools. For sharp tools, this
ounded edge could be assumed to have a very small radius (such
s rˇ < 1 �m),  or a relatively small radius (such as rˇ = 2–3 �m)
epending on the accuracy of the tool manufacturer. With this in
ind, one can assume safely that the cutting tool is always rounded

t the edge, and then start the following analysis. In this analysis,
he tool–workpiece/chip interface was divided into three regions
Fig. 2), and the tool is assumed to be at or close to its fresh state of
eometry. Dry cutting conditions without use of coolant have been
onsidered to eliminate additional complexity. However, method
resented in this paper can be extended for coolant use.

In  the first region (Region 1), the tool and the workpiece were
onsidered to have full contact on the edge face, where the work-
iece faces shearing. In this region, from the rake end of the circular
egion (x1 = 0) to the end of the tool/chip contact (x1 = lc), tool and
orkpiece were assumed to have sticking and sliding friction con-
itions. In the third region (Region 3), from the flank end of the
ircular region (x2 = 0) to the end of the wear length (x2 = l2), the
ool is assumed to have only sliding friction conditions.

Non-linear stress distributions along the rake and flank faces
f the tool and linear stress distributions along the round edge of
he tool have been assumed as shown in Fig. 2. Similar stress dis-
ributions have been proposed by many researchers as reported in
iterature. In this assumption, normal and shear stresses shall be lin-
arly distributed around the tool edge radius in Region 2. One end
f this region is the beginning of rake face (Region 1) where is the
ormal stress and is the shear stress (see Figs. 3 and 4) and the other
nd is the beginning of the flank face (Region 3) where the normal
tress becomes and shear stress becomes (see Figs. 5–7). Therefore,
he contact pressure in the direction normal to the tool surfaces
nd frictional shear stress must be linearly distributed along Region

 between these two end conditions for continuity once an unde-
ormed chip thickness equal or greater than the edge radius is taken
nd the cutting process reaches to a steady state.

The parameters of the stress distributions on the rake fake,
long the round edge and on the flank face in addition to the slid-
ng friction coefficients at the rake and flank faces are calculated
sing the procedure described below, and these friction coefficients

ave been inserted into the FEM model created for tool stress
istribution-based validations.

To start the procedure, initially five unknown variables are
earched within acceptable intervals: rake (�1) and flank (�2) face

Fig. 7. Shear stresses on the edge face (Region 2).
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riction respectively (0 < �1 and �2 < 1), tool–chip contact length on
he rake region (lp ≤ lc ≤ lp max), maximum normal stress on the rake
egion (), and the maximum normal stress on the flank region ().
he normal and tangential components of forces in all three regions
re calculated and converted to cutting and feed force components
Fc and Ff, respectively), which are then summed up to result in the
otal cutting and feed forces:

c = Fn1c + Ft1c + Fn2c + Ft2c + Fn3c + Ft3c (6)

f = Fn1f + Ft1f + Fn2f + Ft2f + Fn3f + Ft3f (7)

In the first region, normal stress is assumed to have a polynomial
istribution (Fig. 3):

1(x1) = �1max

(
1 − x1

lc

)n

(8)

hen integrated from x1 = 0 to x1 = lc, normal component of the
orce in this region is found to be:

n1 =
∫ lc

0

�1max

(
1 − x1

lc

)n

dx1 = �1max

(
lc

n + 1

)
(9)

here are two different types of friction in this region (Fig. 4). The
ticking friction brings plastic shear conditions, and after a certain
mount of plastic contact, the chip starts to slide on the tool, which
rings elastic shear conditions. Here, the shear stress on the rake
ace can be found as:

1(x1) =
{

�1max , 0 ≤ x1 ≤ lp

�1�1(x1), x1 > lp
(10)

here �1max dx1 + �1�1max

(
1 − lp

lc

)n

. Then, after integrating the

hear  stresses from x1 = 0 to x1 = lc, the total tangential force in this
egion can be found as shown in Eq. (11). Using the forces in the
angential and normal directions to the rake face, feed and cutting
irection components (of Eqs. (6) and (7)) can be calculated using
he rake angle (�1) (Eqs. (12)–(15)).

t1 =
∫ lp

0

�1max dx1 +
∫ lc

lp

�1�1max

(
1 − x1

lc

)n

dx1
=
∫ lp

0

�1max lp + �1�1max

lc
n + 1

(
1 − lp

lc

)n+1

(11)

Fn2c =
∫ 	/2+�2

˛=−�1

�2(˛) cos ˛rˇ d˛

= rˇ

[
�3max sin

(
	

2
+ �2

)
+ �

Fn2f =
∫ 	/2+�2

˛=−�1

�2(˛) sin ˛rˇ d˛

=  rˇ

[
�1max cos �1 − �3max cos

Ft2c =
∫ 	/2+�2

˛=−�1

−�2(˛) sin ˛rˇ d˛

= rˇ

[
�3max cos

(
	

2
+ �2

)
− �1

Ft2f =
∫ 	/2+�2

˛=−�1

�2(˛) cos ˛rˇ d˛

=  rˇ

[
�3max sin

(
	

2
+ �2

)
+ �1m
ng Technology 213 (2013) 2217– 2237

Fn1c = −Fn1 cos �1 = �1max cos �1

(
lc

n + 1

)
(12)

Fn1f = −Fn1 sin �1 = −�1max sin �1

(
lc

n + 1

)
(13)

Ft1c = Ft1 sin �1 = �1�1max sin �1

(
nlp + lc
n + 1

)(
1 − lp

lc

)n

(14)

Ft1f = Ft1 cos �1 = �1�1max cos �1

(
nlp + lc
n + 1

)  (
1 − lp

lc

)n

(15)

The second contact region will be the edge face, which is the curvi-
linear section that is located in between the linear rake region
and the linear tool wear region (Fig. 5). In this region, normal and
shear stresses are assumed to be linearly changing throughout the
angular profile. The normal stress is assumed to start from �1max

at  ̨ = −�1, and decrease linearly to �3max at  ̨ = 	/2 + �2 (Fig. 6).
Hence, the normal stress distribution in the second region can be
written as Eq. (16). The shear stress, on the other hand, is assumed
to start from �1max at  ̨ = −�1, and decrease linearly to �3max at

 ̨ = 	/2 + �2 (Fig. 7). Due to the directions of the flow of the chip
and the machined workpiece, the direction of the maximum shear
stress at the flank face (�3max ) is opposite to the direction of the rake
face shear stress (�3max ), causing a stagnation point at the edge face
(Kishawy et al., 2006), and the stagnation angle can be found by Eq.
(17). As a result of the assumptions, the shear stress distribution in
the second region can be written as Eq. (18). Integrating these func-
tions through the whole region, one can find the force components
in cutting and feed directions (Eqs. (19)–(22)).

�2(˛) = (�3max − �1max )  ̨ + (�1�3max + (	/2 + �2)�1max )
	/2 + �1 + �2

(16)

�s = (	/2 + �2)�1max − �1�3max

�1max + �3max

(17)

�2(˛) = − (�3max + �1max  ̨ + (�1�3max − (	/2 + �2)�1max ))
	/2 + �1 + �2

(18)

1max sin �1 + �1max − �3max

�1 + (	/2 + �2)

(
cos �1 − cos

(
	

2
+ �2

))] (19)

(
	

2
+ �2

)
− �1 max − �3 max

�1 + (	/2 + �2)

(
sin �1 + sin

(
	

2
+ �2

))] (20)

max cos �1 + �1max − �3max

�1 + (	/2 + �2)

(
sin �1 + sin

(
	

2
+ �2

))] (21)
ax sin �1 + �1max − �3max

�1 + (	/2 + �2)

(
cos �1 − cos

(
	

2
+ �2

))] (22)
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Fig. 8. Illustration of the three regions of cutting edge of a tool in the presence of
flank wear.

the normal and shear stresses at this point are shown differently
( �̃2 and �̃2 rather than �3max and �3max ). The stagnation angle can be
calculated similarly to the previous model; only the values will be
different (Eq. (35)).
D. Ulutan, T. Özel / Journal of Materials Pr

orces in the third region can be found similarly to the first region;
xcept here, there is no sticking condition is assumed. Thus, normal
nd shear stresses, and forces in those directions can be found as
hown in Eqs. ((23)–(26)). Using these forces, and the clearance
ngle at the flank face (�1), the forces in the cutting and feed force
irections can also be found as in Eq. ((27)–(30)).

3(x2) = �3max

(
1 − x2

VB

)m

(23)

ns =
∫ VB

0

�3max

(
1 − x2

VB

)m

dx2 = �3max

(
VB

m + 1

)
(24)

3(x2) = �2�3(x2) (25)

ts =
∫ VB

0

�2�3max

(
1 − x2

VB

)m

dx2 = �2�3max

VB

m + 1
(26)

nsc = Fns cos �2 = �3max cos �2

(
VB

m + 1

)
(27)

n3f = −Fns sin �2 = −�3max sin �2

(
VB

m + 1

)
(28)

tsc = Fts sin �2 = �2�3max sin �2

(
VB

m + 1

)
(29)

tsf = Fts cos �2 = �2�3max cos �2

(
VB

m + 1

)
(30)

. Determination of friction and tool stresses for round
dge  cutting tool in presence of tool flank wear

In machining operations such as milling and turning, the tool
ontacts the workpiece at the cutting edge, where the chip forms,
nd it contacts the chip at the rake face until the chip separates from
he tool. Considering the previous argument about even the sharp
ools being rounded with small edge radius, initially the tool contact
t the flank face will not be a major contributor to the process.
owever, when the tool begins to wear, it is believed that the tool is

apidly worn parallel to the cutting speed direction, and orthogonal
o the feed direction. Hence, when the tool becomes even slightly
orn, there will be another contact region at the flank face due

o tool wear. This is a common case for machining difficult-to-cut
aterials such as hardened steel, titanium and nickel-based alloys.
s a result, contact between workpiece/chip and the tool can be
ivided into three basic regions in presence of flank wear (Fig. 8).

The first and third regions of this tool geometry will have sim-
lar stress and force considerations with the previous model. For
he first region, there is no change at all. For the third region, the
tress distributions will not change, but the conversion angle is now
ero, because the wear is along the cutting direction, so the force
omponents will be as Eqs. ((31)–(33)).

nsc = Ftsf = 0 (31)

nsf = Fns = �3max

(
VB

m + 1

)
(32)

tsc = Fts = �2�3max

(
VB

m + 1

)
(33)
The second contact region will change slightly from the previous
no flank geometry change) model. As shown in Fig. 9, the angle ˛
ill still be equal to the rake angle of the tool at the rake face end,

ut at the flank face end, the cut-off angle (�) will not be equal to
Fig. 9. Illustration of the tool edge face and angles (Region I).

	/2 + �2 anymore. Instead, it will be calculated using the clearance
angle (�2), cutting edge radius (rˇ), and the tool wear amount (VB)
via Eq. (34). As with the previous model, changing from Cartesian
to polar coordinates helps in analyzing this region, so the stresses
can be shown as a function of ˛. The linear changing assumption
of normal and shear stresses is still used, and it will be as shown
in Figs. 10 and 11. Note that the angle at the flank face is shown as
� rather than the angle used in the previous model (	/2 + �2), and
Fig. 10. Illustration of the normal stress along the edge face region (Region II).
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Analyzing the tool geometry (Fig. 8), one would realize that there
s continuity in geometry from the rake face (Region I) to the edge
ace (Region II), so the stresses should be continuous as well, similar
o the previous model. However, the geometry is not continuous
t the beginning of the flank face, due to tool wear, which is the
eason for the different values of normal and shear stress shown
n Figs. 10 and 11. Here, the vector sum of the shear and normal
tresses at the flank face end should be equal to the vector sum of
he shear and normal stresses at the beginning of the flank face (Eq.
36)). Using this equation, the unknown normal and shear stresses
t the flank face end of Region II can be found as shown in Eqs.
(37) and (38)). Then, the functions of normal and shear stress with
hanging angle (˛) in this region will become as Eqs. ((39) and
40)). Taking the integral through the whole region, the tangen-
ial and normal components of force acting on the cutting and feed
irections can be found (Eq. (39) and (40)).

 = �2 + sin−1

(
1 − VB  sin �2

rˇ

)
(34)

s = ��f1max − �1�̃2

�f1max − �̃2
(35)

→̃
2 + −→̃

�2 = −−−→˛3max + −−−→�3max (36)

˜2 = �3max (�2 sin � − cos �) (37)

˜2 = �3max (�2 cos � − sin �) (38)

2(˛) =
(

�̃2 − �1max

�1 + �

)
(  ̨ + �1) + �1max (39)

2(˛) =
(

�̃2 − �1max

�1 + �

)
(  ̨ + �1) + �1max (40)

Fn2c =
∫ �

˛=−�1

�2(˛) cos ˛rˇ d˛

= rˇ

[
�̃2 sin � + �1max sin �1 + �1max − �̃2

�1 + �
(cos  �1 − cos �)

]
(41)

Fn2f
=

∫ �

˛=−�1

�2(˛) sin ˛rˇ d˛

= rˇ

[
�1 max cos �1 − �̃2 cos � − �1 max − �̃2

�1 + �
(sin  �1 − sin �)

]
(42)

∫ �
Ft2c =
˛=−�1

−�2(˛) sin ˛rˇ d˛

= rˇ

[
�̃2 cos � − �1max cos �1 + �1max − �̃2

�1 + �
(sin  �1 + sin �)

] (43)
ng Technology 213 (2013) 2217– 2237

Ft2f =
∫ �

˛=−�1

�2(˛) cos ˛rˇ d˛

= rˇ

[
�̃2 sin � − �1max sin �1 + �1max − �̃2

�1 + �
(cos  �1 − cos �)

] (44)

There is a limitation to the set of parameters in this study; that
is, the selection of tool flank wear should be done according to the
constraints given in Eq. (45) (in order to be able to calculate �).
These are basically what the geometry allows, and with less or more
of a tool flank wear length (VB) than permitted; only the calcula-
tions will change slightly, and the theory behind this study will still
be applicable. However, with a typical selection of clearance angle
(�2) and cutting edge radius (rˇ), the tool flank wear length limits
are virtually between the minimum possible tool flank wear length
after a very short machining operation to a maximum possible tool
flank wear length after a very long machining operation (without
tool chipping). Also, the friction coefficient at the flank face (�2)
should be selected according to the constraint given in Eq. (46).
This is only so that the frictional shear stress at the flank face end
of the edge face region (�̃2) is calculated negative, and the stagna-
tion point falls at the edge face. If this constraint is not satisfied, the
stagnation point cannot be calculated. Hence, the formulation given
here is capable of covering almost all the geometrical selections.

2 sin �2 <
VB

rˇ
< 1 + 1

sin �2
(45)

�2 <
1

tan �
(46)

4. Search and optimization algorithm for the friction
determination methodology

Once  all of the force components are calculated, they should be
added up to find the resultant forces in the cutting and feed force
directions (Eqs. (6) and (7)). These will correspond to the mea-
surements during the orthogonal cutting tests, and they should
be compared to find the right set of variables. The geometrical
variables are the cutting edge radius (rˇ), the rake angle (�1), the
clearance angle (�2), and the tool flank wear angle (�). The first
three are geometrical constraints from the tool, and the last one
will be calculated. The contact variables are the total tool–chip con-
tact length (lc), the plastic tool–chip contact length (lp), and the tool
flank wear length (VB). These are not known prior to the simula-
tions, and should be searched at the initial iteration. The polynomial
variables (m, n) are also not known and should be searched at the
initial iteration (or they could be assumed a value for the first itera-
tion). The stress variables (�1max , �̃2, �3max , �1max , �̃2, �3max ) are also
not known prior to the first iteration, and they should be searched
at the first iteration. However, the shear and normal stresses at the
rake face and flank face regions are related to each other with the
coefficients of friction, and the shear and normal stresses in the
edge face region at the flank face end are calculated (Eq. (37)–(38)).
Hence, there are essentially only two  stress variables (�1max , �3max )
to search for in addition to friction coefficients and stress distribu-
tion exponents. These tool friction and stress distribution variables
are searched at every iteration (see Fig. 12 for illustration of the
methodology and its algorithm). At the initial iteration, all the
unknown variables are searched within meaningful limits as indi-
cated with constraints. They are selected at random, and for each
set of selection, forces in cutting and feed directions are found.

These forces are compared to the measured forces from orthogonal
cutting tests, and the error between the measured and calculated
forces are used in the algorithm so that a total error is assigned to
each set of variables (Fig. 12).
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Fig. 12. Flow chart for friction deter

There exist several unknowns to be searched and identified
roperly in this method as very well can be noticed. These unknown
alues such as contact length, friction coefficients, and stress lev-
ls have been searched within a feasible range for each parameter.

here are a number of constraints have been used as the ranges
f possible solutions have been searched and unique solution sets
ave been identified with an iterative approach as outlined in
ion methodology and its algorithm.

the  algorithm discussion of the paper. Friction coefficients deter-
mined used as input in FEM simulations and methodology has been
repeated until satisfactory agreements in stress distributions have
been reached.
The  selection of variables is done a satisfactory amount of times,
and each random set of variables has an error assigned to it. After
enough number of sets are collected, the resultant variable set is
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Fig. 13. Finite element model for orthogonal cutting.

ound using Eq. (47), where xR is the resultant variable, xi is the
th unknown (searched) variable, ei is the error assigned to that
ariable, and N is the total number of variables.

R =
∑N

i=1xi/�i∑N
i=11/�i

(47)

After the initial calculation of the unknown variables, the resul-
ant variable set (friction coefficients) is passed to the Finite
lement-based simulations, the simulation reaches steady-state
f chip formation at forces comparable to the measured forces,
nd the stress fields at the rake and flank faces are extracted
Fig. 11). When the stresses vs. the distances are fit to a power curve,
he maximum normal (�1max , �3max ) and frictional shear stresses
�1max , �3max ) at the rake face and flank face regions as well as the
olynomial coefficients (m, n) can be found. Also using the rake
ace stresses, one can find the total and plastic tool–chip contact
engths (lc and lp), and the stagnation point can be confirmed using
he shear stress vector representation. At the next iteration of the
riction determination method, these values are used instead of
earching for all of them. As a result, at each iteration, the friction
oefficients are the only ones being searched (and then passed on
o the FEM-based simulation model), and the remaining unknown
arameters are retrieved from FEM-based simulations. When the
riction coefficients are very close to each other within tolerable
imits at two consecutive iterations, the algorithm is stopped and
he friction coefficients are determined as the final values (Fig. 12).

. Comparison of results and validations

For all the cutting conditions that the friction coefficient deter-
ination method was utilized, Finite Element-based simulations
ere also designed and conducted. Using these simulations, forces

nd stress fields of these machining processes were predicted and
ompared with the results from experiments and the friction deter-
ination method. In these Finite Element-based simulations, chip

ormation in orthogonal cutting was modeled by using DEFORM-
D updated Lagrangian simulation software as shown in Fig. 13.
he workpiece material was assumed to be elastic-viscoplastic, so
hat the physics of the process would be simulated in the best way.
he tool material was initially set as rigid, but after the chip forma-
ion was achieved, it was changed to elastic. This way, the stress
elds on the tool can also be obtained and compared to the fric-
ion determination method results. The heat conduction coefficient
h) was taken as 100,000 W/m2 K, so that the temperature rise in

he tool can be simulated rapidly. Mechanical and thermo-physical
roperties of work and tool materials were defined as temperature
T) dependent, and are given in Table 2 for both Ti-6Al-4V and IN-
00. For flow softening, a modified material model that includes
ng Technology 213 (2013) 2217– 2237

the  temperature-dependent flow softening effect in addition to
strain and strain rate hardening and thermal softening effects is
used (Eq. (48)). The parameters in this equation for both Ti-6Al-4V
and IN-100 are given in Table 3. Friction between the chip and tool
materials were defined as hybrid on the rake face, including shear
friction and Coulomb friction, as described in the previous sections.
The friction between the workpiece and tool material on the flank
face was  defined as only Coulomb friction, due to the nature of
the friction determination method. All the simulations were run
until chip formation was  clearly observed, and temperatures and
forces reach a steady state with the rigid tool assumption. This cor-
responded to 1–1.5 ms  for all of the simulations. After steady-state
values were achieved, simulations were run for a short while under
the elastic tool assumption where the stresses on the tool can also
reach steady state, which corresponded to approximately 0.1 ms
for all of the simulations.

� = [A + Bεn]
[

1 + C ln
ε̇

ε̇0

][
1 −

(
T − To

Tm − To

)m
]

×
[

D + (1 − D)

[
tanh

(
1

(s + p)r

)]s]
(48)

5.1. Results of the friction determination

As indicated in the flow chart in Fig. 12, proposed friction deter-
mination methodology requires orthogonal cutting test data with
various tool geometry considerations such as rake angle and cut-
ting edge radius as well as a range of cutting speed and uncut chip
thickness. For this reason, orthogonal cutting tests reported in lit-
erature for Ti-6Al-4V titanium alloy and IN-100 nickel-based alloy
have been utilized.

Wyen  and Wegener (2010) reported experimental results of
orthogonal turning tests conducted on Ti-6Al-4V using uncoated
carbide tools with a rake angle of �1 = 10◦, cutting edge radii of
rˇ = 20 and 30 �m,  cutting speeds of vc = 30 and 70 m/min  and
uncut chip thicknesses of tu = 0.06 and 0.1 mm.  They also proposed
a method for determining cutting edge radius and ploughing forces
in their study.

Özel  (2009) reported experimental results of orthogonal disk
turning tests for IN-100 nickel-based alloy using uncoated carbide
tools with edge radii of rˇ = 10 and 25 �m and rake angles of �1 = 0◦

and 3◦, cutting speed of vc = 12 and 24 m/min  and uncut chip thick-
nesses of tu = 0.05 and 0.1 mm.  He also reported about measured
forces, chip geometry and tool edge conditions.

Friction determination method is utilized and after all the forces
are calculated, they are summed up in cutting and feed direc-
tions (Eq. (6) and (7)), and compared to the test data of Wyen
and Wegener (2010) for Ti-6Al-4V and the test data of Özel (2009)
for IN-100. The searched variables are optimized according to the
measured data, and as a result of this search, the friction coeffi-
cient values that induced the minimum difference between the
measured and calculated forces were accepted as the Coulomb
friction coefficients in corresponding regions. After comparing the
results with the orthogonal cutting test force measurements of
Wyen and Wegener (2010) for Ti-6Al-4V and of Özel (2009) for
IN-100, the normalized non-linear relationships between the two
friction coefficients (rake face �1, and flank face �2) and cutting
speed (vc in m/min), uncut chip thickness (tu in mm),  and cutting
edge radius (rˇ in mm)  were found to be as given in Eq. (49) and (50),
where the coefficients (after normalizing with mean vales of cutting

speed, feed rate, and cutting edge radius values from experiments)
are given in Table 4 for Ti-6Al-4V and in Table 5 for IN-100. These
expressions are obtained with high coefficient of determination
values (R2 > 0.9) indicating the goodness of the fit for using these
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Table  2
Mechanical and thermo-physical properties of work and tool materials used in FE simulations.

Property WC/Co Ti-6Al-4V IN-100

E (T) [MPa] 5.6 × 105 0.7412 × T + 113375 −61000 × T + 278000
˛t (T) [mm/mm·◦C] 4.7 × 10−6 3.10−9 × T + 7.10−6 10−5e0.0849T

�(T) [W/m ◦C] 55 7.039e 0.0011T 10.409e0.0903T 418.63e0.0433T

cp(T) [N/mm2 ◦C] 0.0005 × T + 2.07 2.24e 0.0007T

Table 3
Material model parameters used in FE simulations.

Alloy A [Mpa] B [MPa] n C ε̇0 m D p R s

Ti-6Al-4V 1000 625 0.55 0.029 10−5 0.995 0.48 0 1.2 2.7
IN-100  1350 1750 0.65 0.017 10−3 1.3 0.6 0 1.0 5.0

Table 4
Coefficients of the non-linear relationships for rake and flank face friction coefficients for Ti-6Al-4V (R2 values for �1 and �2 are 0.972 and 0.928 respectively).

a b c d e f G h

�1 −0.08 −0.12 0.5 0.01 0.02 −0.03 0.01 0.66
�2 0.04 0.12 −0.17 −0.03 −0.03 0.08 −0.02 1

Table 5
Coefficients of the non-linear relationships for rake and flank face friction coefficients for IN-100 (R2 values for �1 and �2 are 0.959 and 0.943 respectively).

a b c d e f g h
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−0.13

m
o
(
i
s
t
h
i
n
i
b
h
t
(
n

�

�

a
v
T
f
s
e
t
v
e

�1 −0.06 −0.13 0.58  

�2 0.05 0.15 −0.24 

odels for future predictions. As also depicted by the coefficients
f the equations, it was found that rake face friction coefficient
�1) decreases when the feed rate is increased, increases signif-
cantly when the cutting edge radius is increased, and decreases
lightly when the cutting speed is increased, with the non-linear
erms being insignificant compared to the linear terms. On the other
and, the flank face friction coefficient (�2) increases slightly with

ncreasing uncut chip thickness (or feed rate), does not change sig-
ificantly with the cutting speed, and decreases significantly with

ncreasing cutting edge radius at lower feed rates (0.05–0.06 mm)
ut decreases only slightly with increasing cutting edge radius at
igher feed rates (0.1–0.2 mm).  This is reflected on the non-linear
erm that includes uncut chip thickness and cutting edge radius
f2) being considerably higher than the other coefficients when
ormalized.

1 = a1vc + b1tu + c1rˇ + d1vctu + e1vcrˇ + f1turˇ + g1vcturˇ + h1

(49)

2 = a2vc + b2tu + c2rˇ + d2vctu + e1vcrˇ + f2turˇ + g2vcturˇ + h2

(50)

The semi-empirical friction expressions that are given in Eq. (49)
nd (50) can be assumed to represent the cutting condition inter-
als where vc = 10–110 m/min, tu = 0.06–0.2 mm,  rˇ = 10–50 �m for
i-6Al-4V, and vc = 12–24 m/min, tu = 0.05–0.1 mm,  rˇ = 10–25 �m
or IN-100, since the measured data used covers these intervals. It
hould be noted that the values of cutting speed, feed, and cutting

dge radius are normalized by using their average values, e.g. cut-
ing speed used in the equations would not be vc = 100 m/min, but
c = 100/vc ave, where vc ave is the average cutting speed from all the
xperiments.
−0.01  −0.06 0.01 0.72
 0.05 0.06 0.04 0.98

5.2. Validation on nickel-based alloy (IN-100) machining data

Stress  distribution based validation studies have been con-
ducted to compare tool stresses calculated from friction deter-
mination method and stress distribution outputs obtained from
FE-based simulations when friction coefficients are utilized in
hybrid friction model as input. FE-based simulation results for the
nickel-based alloy IN-100 can be found in Table 6. The simulations
were run for two different rake angles (�1 = 0◦ and 3◦), two different
edge radii (rˇ = 10 and 25 �m),  two  different cutting speed (vc = 12
and 24 m/min), and two  different uncut chip thickness (tu = 0.05
and 0.1 mm),  a total of 16 cutting conditions. Experimental results
reported in (Özel, 2009) were gathered for all the conditions, as the
cutting and tangential forces are used within the algorithm. The
results presented in this table represent the last iteration, and the
reason to terminate the iterations was that in the previous iter-
ation, change in friction coefficients on the rake and flank faces
(�1 and �2) were less than 1% (Table 6). As a result, it is safe to
say that in all cutting conditions, friction coefficient on the rake
face between tool and the chip was  around �1 = 0.7, while the fric-
tion coefficient on the flank face between tool and worn workpiece
was found to be around �2 = 0.62. FE-based simulations for the
same 16 conditions were run with DEFORM-2D FE-based simula-
tion software. At each iteration, stress fields were extracted from
the simulations, and Fig. 14b shows a representative stress field
as simulation output. These stress fields were fit into an exponen-
tial curve, and Fig. 14a shows a sample comparison of stress fields
extracted from the simulations and the stress fields obtained from
the friction determination method. These are the results of the last
iteration, so the stress field has not changed much between two

consecutive iterations.

The  influence of tool rake angle, geometry and cutting condi-
tions has been investigated by utilizing stresses extracted from
friction determination method and FE-based simulations. These
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Fig. 14. Comparison of IN-100 (a) predicted compressive normal stresses on the

tool and (b) FE-based simulation stress distribution (vc = 12 m/min, tu = 0.05 mm,
rˇ = 10 �m,  �1 = 0◦).

results are presented in Figs. 15–24 where all normal stresses are
compressive.

From the results, it was  observed that in the cutting speed
direction (hoop or tangential stress in orthogonal cutting), tensile
machining-induced stresses were more apparent for lower cutting
speed values (vc = 12 m/min). In this direction, stresses acting on
the tool are compressive with decreasing values from the tool tip.
Increasing the feed did not seem to change machining-induced
stresses on the workpiece, but tool stresses became more com-
pressive, which can change tool wear rate and consequently the
surface integrity of the machined product. It was also observed
that rake angle did not seem to have a significant effect on
the stresses in this direction, while with increasing cutting edge
radius, machining-induced stresses became less tensile. In the feed
direction (longitudinal in orthogonal cutting), tensile machining-
induced stresses were apparent in all conditions, increasing with
cutting speed. Stresses on the tool became more compressive
with increasing feed. Rake angle or edge radius did not seem to
have significant effects on stress distributions in this direction. In
the depth of cut direction (radial in orthogonal cutting), tensile
machining-induced stresses became compressive with increasing
cutting speed, while the effects of feed, rake angle, and edge radius

seemed to be insignificant.

In  addition, for all the simulations, the maximum shear stress
on the rake face was around �1max = 2000–2500 MPa  for all
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Fig. 15. Effect of tu and vc on tool rake face n

onditions, while the maximum normal and shear stresses on the
dge face varied substantially. It was observed that with increas-
ng edge radius, cutting speed, feed, and rake angle, maximum
ormal and shear stresses increased. Stagnation angle was  found
o be mostly dependent on tool edge radius, and with increasing
dge radius from rˇ = 10 to 25 �m,  stagnation angle was  found to
ncrease from �s = 10–15◦ to �s = 40–45◦. However, tool wear was
onsidered to be constant (VB = 60 �m)  in all conditions, which
eans that these simulations represent the values after a certain

nd similar tool wear amount, regardless of cutting time or dis-
ance. Other process parameters did not affect the stagnation angle
ignificantly.

.3. Validation of titanium-based alloy (Ti-64) machining data

Stress  distribution based validation studies have also been
onducted to compare tool stresses calculated from friction deter-
ination method and FE-based simulation resultant stress fields

or machining Ti-6Al-4V.
FE  simulation results for the titanium alloy Ti-6Al-4V can be

ound in Table 7. The simulations were run for two different sets
f experimentation. For higher cutting speed (vc = 120 m/min), the
xperimental results were received from the orthogonal cutting
ests conducted in (Özel et al., 2010). The experimental results for
ower cutting speed (vc = 70 m/min) were extracted from the ortho-

onal cutting test results in (Wyen and Wegener, 2010). In both
xperiment sets, uncoated tungsten carbide (WC) tools were used.
hree different rake angles (�1 = 0◦, 5◦, and 10◦), three different cut-
ing edge radii (rˇ = 10, 20 and 30 �m),  two different cutting speeds
l stress distributions for machining IN-100.

(vc = 70 and 120 m/min), and three different uncut chip thickness
(tu = 0.05, 0.06 and 0.1 mm)  were used. However, the intention was
to make the low feed values as close to each other as possible, as
the two  different measurement sets did not have equivalent lower
values of uncut chip thickness. The two low values are very close
to each other, and the difference in the effect can be assumed sta-
tistically non-significant. This way, it is possible to compare low
feed (0.05–0.06 mm)  to high feed (0.1 mm)  results. In total, it is
possible to see the effect of all four cutting parameters in 8 experi-
ments/simulations.

FE-based simulations for the same 8 conditions were run with
DEFORM-2D FEM software. Fig. 25b shows a representative stress
field, and Fig. 25a shows a sample comparison between the stress
fields extracted from the FE-based simulations and the stress fields
obtained from the friction determination method. It was observed
from the results that in the cutting speed direction (hoop or tangen-
tial stress in orthogonal cutting), tensile machining-induced stress
values became less apparent with increasing feed and rake angle
values, but more apparent with increasing cutting edge radius. Tool
stresses became more compressive with increasing feed, while the
other parameters did not have significant effects.

The influence of tool rake angle, edge radius and cutting condi-
tions has also been investigated for machining Ti-6Al-4V titanium
alloy. These results are presented in Figs. 26–29 where all nor-
mal stresses are compressive. In the feed direction (longitudinal

in orthogonal cutting), machining-induced stresses on the work-
piece did not seem to change much with any of the parameters,
but tool stresses were observed to become more compressive with
increasing feed and decreasing edge radius values. In the depth
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Fig. 16. Effect of tu and vc on tool rake face 

f cut direction (radial direction in orthogonal cutting), increasing
eed was found to increase the compressive stresses on the tool,
ut no other significant effects were observed.

It can be also observed from Table 6 that none of the parameters
ad any significant effect on the friction coefficients, and the rake
ace friction coefficients were found to be around �1 = 0.6 for all the
arameters used. The flank face friction coefficient was  also con-
tant around �2 = 0.51, except for the highest cutting edge radius
rˇ = 30 �m),  where it dropped slightly to �2 = 0.45–0.49. Maximum
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Fig. 17. Effect of rˇ and vc on tool rake face norma
l stress distributions for machining IN-100.

shear  stress on the rake face was found to increase with feed, edge
radius, and rake angle, and also significantly with cutting speed. The
magnitude of maximum normal and shear stresses on the edge face
both increased with increasing feed, decreased with edge radius,
and stayed similar with changing rake angle. Increasing cutting

speed decreased the maximum normal stress on the edge face,
while not affecting significantly the maximum shear stress on the
edge face. The stagnation angle was found to decrease slightly with
increasing feed, and not change significantly with cutting speed or
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he rake angle. As with the nickel-based alloy IN-100, the stagna-

ion angle during machining the titanium alloy Ti-64 also depended
eavily on edge radius, and with edge radius increasing from rˇ = 10
o 20 and 30 �m,  stagnation angle increased from around �s = 10◦

o �s = 27 and 45◦, respectively.
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l stress distributions for machining IN-100.

6. Discussions
As it can be observed from the Figs. 30 and 31, the findings
of these analyses show that the forces and stresses on the tool
depend heavily on the machining parameters. Fig. 30 shows for the
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Fig. 21. Effect of �1 and vc on tool flank face

ickel-based alloy IN-100 that the change of rake angle from
1 = 0 to 3◦ mostly increases the cutting forces while decreasing

he thrust forces, where its effect on the maximum stress
omponents on the tool rake and flank faces is negligible. Cut-
ing edge radius and cutting speed do not seem to affect the

orce components significantly, whereas with increasing cutting
dge radius from rˇ = 10 to 25 �m,  flank face stresses increase
ignificantly, as more load is applied on the flank face. This
esults in a decrease in the rake face stresses as expected. With
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al stress distributions for machining IN-100.

increasing  cutting speed, flank and rake face stresses increase
slightly. The effect of feed on stresses is small, whereas an
increase in the uncut chip thickness from tu = 0.05 to 0.1 mm
immensely affects the force components as the load on the tool is
doubled.
For the titanium alloy Ti-64, Fig. 31 shows that the effect of uncut
chip thickness from a low amount (tu = 0.05–0.06 mm)  to a higher
amount (tu = 0.1 mm)  reflects a similar result on the force com-
ponents, particularly the cutting force. The effect of cutting edge
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Fig. 23. Effect of tu and vc on tool flank face 

adius is reversed on this material, mostly due to the high rake angle
n these conditions (�1 = 10◦), as well as the low width of cut, which
ecreases the total load significantly. It can also be observed that
ith increasing cutting speed from vc = 70 to 120 m/min, both force

omponents decrease. Finally, it is also seen that with increasing

ake angle from �1 = 0 to 5◦, as well as with increasing cutting speed
rom vc = 70 to 120 m/min, rake face stresses increase a noteworthy
mount.
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On the other hand, the stagnation point angles summarized in
Tables 6 and 7 have been utilized and the effects of the ratio of
cutting edge radius between uncut chip thickness (rˇ/tu) on the
location of stagnation point in machining Ti-6Al-4V and IN-100
have been compared with the findings summarized from literature

as shown in Fig. 32.

It  was observed that similar to the literature, the stagnation
point angle increases with the increasing cutting edge radius to
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Fig. 25. Comparison of Ti-6Al-4V (a) predicted compressive normal stresses on the
tool and (b) FE-based simulation stress distribution (vc = 120 m/min, tu = 0.05 mm,
rˇ = 10 �m,  �1 = 5◦).
uncut chip thickness ratio. While stagnation point location is not
much affected when an undeformed chip thickness greater than
tool edge radius is taken, the stagnation point location is influ-
enced by the size of the edge radius at a constant undeformed chip
thickness condition. The trend lines obtained for this increase are
more aligned with the work presented by Kishawy et al. (2006) for
cutting AISI 4140 steel. The study by Woon et al. (2008) shows a
stagnation angle mostly not affected from the uncut chip thickness
in micro-cutting of AISI 1045 steel while Fang and Xiong (2008)
reports higher stagnation angles and an increase for increasing edge
radius to uncut chip thickness ratio in cutting AL 2024 and Copper
330.

These observations confirm that as the edge radius becomes
larger or uncut chip thickness gets smaller, there will be a longer
contact region around the round edge from the stagnation point
into the flank face increasing the tool wear rate in machining of Ti-

6Al-4V titanium and IN-100 nickel-based alloys. It should be noted
that there exist some prediction error in this proposed approach
which is based on calculated stress distributions along the tool edge
radius.
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 stress distributions for machining Ti-6Al-4V.

7. Conclusions

Titanium and nickel-based alloys possess significant difficulty
for machining processes. Since friction plays an important role
in machining processes, especially during dry machining, and is
an important input to the modeling studies, this work aims at
introducing a new methodology to determine tool friction and
related stress distribution parameters during machining Ti-6Al-4V
titanium and IN-100 nickel-based alloys.

For this methodology, uncoated tools made with tungsten car-
bide (WC/Co) are considered. Orthogonal cutting tests have been
utilized for measured cutting forces that are obtained at various
tool rake angles, edge radii, cutting speeds, and feed. Two  differ-
ent solutions were introduced, one with unworn tool geometry,
and the other one with worn tool geometry, and the results were
reflected to show the tool friction and related stress distribution
parameters under different cutting parameters and flank wear con-
ditions. It was found that while the friction coefficients did not
depend on most of the cutting parameters in machining titanium
and nickel-based alloys, they changed with changing workpiece
material, and slightly with cutting edge geometry. However, tool
stress distribution parameters are largely affected by tool geometry
and slightly affected by cutting conditions. Furthermore, stress dis-
tribution solution over the round edge tool also provided stagnation
point location as validated with the work by other researchers.

This  methodology can be used to determine tool friction char-
acteristics for practical purposes and also as an input to the FEM
based modeling and simulations studies. Furthermore, the method-
ology also offers to be expanded to other materials and cutting
parameters via gathering of more orthogonal cutting tests.
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