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MECHANISTIC AND FINITE ELEMENT MODEL FOR PREDICTION OF

CUTTING FORCES DURING MICRO-TURNING OF TITANIUM ALLOY

T. Jagadesh and G. L. Samuel

Department of Mechanical Engineering, Indian Institute of Technology Madras,
Chennai, India

� Titanium alloy Ti-6Al-4V is commonly used in biomedical applications due to its superior prop-
erties such as biocompatibility, high strength-to-weight ratio and corrosion resistance. To understand
the mechanics of the micro-turning process of these alloys, a mechanistic model has been developed
for predicting the cutting forces. A modified Johnson–Cook material model with strain gradient
plasticity is used to represent the flow stress of work material. The micro-turning experiments were
conducted to verify the cutting forces predicted by mechanistic model. A finite element model is also
developed with different shear friction factors and calibrated using experimental results to confirm
and interpret the results of mechanistic model. It is inferred that strain rate increases by increasing
cutting speed, whereas it decreases with increase in the feed rate due to increase in adiabatic shear
band spacing. Since Ti-6Al-4V has low thermal conductivity, when cutting speed increases, there
is an increase in the tool-chip interface temperature that leads to decrease in cutting forces. When
cutting speed increases, chip morphology changes from discontinuous to continuous, and there is
significant deterioration in the surface finish. It is observed that the average cutting force prediction
errors for mechanistic and finite element models are 9.69% and 11.45% respectively.

Keywords chip morphology, cutting forces, edge radius, FEM, mechanistic model,
micro-turning, surface roughness

INTRODUCTION

Titanium alloy (Ti-6Al-4V ) is one of the most primarily used alloys for
manufacturing axi-symmetric miniaturized parts such as pins for aerospace
applications and biomedical applications such as orthopedic, ankle, dental
implants, etc. It is because of its superiority in properties such as biocompati-
bility, high strength-to-weight ratio and good corrosion resistance. However,
machining of titanium alloys is a challenging task due to its low thermal
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conductivity, its low elastic modulus, its high diffusivity and chemical reac-
tivity with the main cutting tool chemical elements at elevated temperature
(Jahanmir, 1998; Rack and Qazi, 2006; Yang and Liu, 1999). The wear of the
carbide tool is high during machining of Ti-6Al-4V , so in order to overcome
this, Prengel et al. (2001) suggested that TiN , TiAlN coating on carbide
tools, deposited by physical vapor deposition method have superior per-
formance during macro-machining of high-temperature alloys. Multi-layer
coated inserts (TiN/TiCN/TiN ) have better tool life than single-layered ones
at lower feed rates during macro-machining of titanium alloy and Inconel 718
(Ezugwu et al., 2000). A multi-layer coated carbide insert (TiN/TiAlN ) was
adopted for machining tests. The main advantage of this coating consists of
reducing friction and adhesion wear mechanisms between the chip and the
cutting tool’s rake face, exhibiting a good abrasion resistance due to high
hardness.

When the method of machining is scaled down from macro to micro,
cutting tool edge geometry plays an important role in the mechanism of
material removal. If uncut chip thickness is less than the edge radius, there
is a non-linear increase in specific cutting energy due to the size effect
(Liu et al., 2005). Joshi and Melkote (2005) investigated the size effect in
micro-scale by using strain gradient plasticity. In the micro-turning process,
magnitude of cutting forces should be less to avoid the plastic deflection
of the workpiece (Lu and Yoneyama, 1999). To eliminate the workpiece
deflection during a micro-turning process, a step-cutting process is suggested
by Azizur Rahman et al. (2005) and Rahman et al. (2006).

Modeling is required for any machining operation to understand the
process in a better way. Modeling of cutting forces help to build the ma-
chine tool structure and also to find the tool wear, power consumption
required for machining. There are different types of models that are used
for macro- and micro-machining process such as mechanistic model, an-
alytical model, finite element model, artificial intelligence and empirical
model. Each model has certain assumptions and limitations for predicting
the process variables. Few authors have developed analytical the slip line field
models for understanding the effect of edge radius and material strength-
ening on forces involved in micro cutting process (Jin and Altintas, 2011;
Piotrowska et al., 2009; Rao and Shunmugam, 2012). Arrazola et al. (2013)
studied the recent advances in predictive modeling of machining process in
the view of industrial applications.

Several researchers developed the mechanistic model for a macro-
machining process. Reddy et al. (2001) developed a mechanistic force model
for a macro-contour turning process in which mechanistic parameters such
as chip load, chip thickness, chip width and effective lead angle are calcu-
lated analytically as a function of tool and workpiece motion. Parakkal et al.
(2002) developed a mechanistic model for predicting the cutting forces in a
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macro-grooving process by assuming equivalent orthogonal cutting for any
oblique cutting process.

Several researchers suggested the mechanistic model for force predic-
tion during the micro-machining process by taking various assumptions
into account. Srinivasa and Shunmugam (2013) developed the mechanistic
model for a micro-end milling process by considering edge radius, material
strengthening effects and they established a new approach for finding the
cutting force and edge force coefficient. Lee et al. (2008) developed the
mechanistic model for predicting the cutting forces in micro-end milling
by considering the cutting force coefficient which is independent of cutting
conditions.

The finite element model (FEM) is used to predict the cutting forces,
stress, temperature, and tool wear prior to the experimentation, which results
in reduction of real time machining cost. Ceretti et al. (2000) developed a
three-dimensional FEM code by using Lagrangian formulation for the turn-
ing process in DEFORM 3D software, and results suggest that forces and
chip geometry have good agreement with experimental values. Umbrello
(2008) studied the finite element simulation of Ti-6Al-4V using three differ-
ent Johnson–Cook constitutive material model parameters. The observations
made by Lee and Lin (1998) revealed that FEA results of cutting force and
chip morphology has good agreement with the experimental values.

Karpat (2011) developed a FEM model for macro-machining of Ti-6Al-
4V and their results suggested that flow softening occurs at a temperature
of 350◦C, lesser than the recrystallization temperature. Wu and Guo (2014)
investigated the effect of tool geometry and cutting performance on the
cutting forces during finite element simulation of titanium alloy. There are
very few investigations on the finite element model of tool based microma-
chining. Woon et al. (2008) developed a finite element model to predict the
effect of tool edge radius on tool chip contact length and contact force. The
ratio of uncut chip thickness to edge radius plays a major role in chip for-
mation behavior (Woon and Rahman, 2010). Özel et al. (2011) developed
a finite element model for micro-milling of titanium alloy and results sug-
gested that CBN-coated tools require higher cutting forces when compared
with the uncoated tools due to increase in edge radius, despite favorable tool
temperature and tool wear.

Several researchers investigated the mechanism of sawtooth chip forma-
tion during macro-machining of titanium alloy. Barry et al. (2001) inves-
tigated the chip formation during macro-machining of titanium alloy and
results showed that, with increasing cutting speed and uncut chip thickness,
chip formation mode changes from aperiodic to periodic sawtooth and at
high cutting speed, failure of chip takes place by ductile fracture. Wan et al.
(2012) suggested that the mechanism of sawtooth formation is due to ther-
moplastic instability or cyclic crack initiation and propagation. It mainly
depends on workpiece material subjected to shear deformation. Sun et al.
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(2009) reported that segmented chip is attributed to cyclic variation in force
and continuous chip is attributed to static force.

In prior literature, a mechanistic model has been developed for pre-
dicting the cutting forces for a macro-machining process where the cutting
force coefficients are estimated from the experimental results. In this arti-
cle, for the first time a mechanistic model is developed for predicting the
cutting forces during micro-turning of titanium alloy by considering edge
radius, material strengthening effects, uncut chip thickness variation along
the cutting edge and effect of shear band spacing on strain rate. In the
present work the cutting and edge force coefficients were found using Ab-
delmoneim and Scrutton (1974) or Armarego and Brown (1969) models,
respectively.

The expressions for calculating adiabatic shear band spacing were pro-
posed by (Huang and Aifantis, 1997; Xie et al., 1996) and were incorporated
in strain rate evaluation, which is, in turn, used for evaluating the flow stress
of the workpiece material. In addition, FEM has been developed by using
modified the Johnson–Cook material model by incorporating edge radius
and material strengthening effects. FEM model is calibrated with experi-
mental results with different shear friction factors and finally the two models
are validated and compared with experimental results at different cutting
conditions. Besides this, chip morphology and surface finish characteris-
tics were investigated at higher cutting speeds. The methodology adopted
for developing the mechanistic model to predict the cutting forces during
micro-turning of titanium alloy is explained in the following section.

MECHANISTIC MODEL FORMULATION

A typical micro-turning process is shown in Figure 1a. In micro-
machining depth of cut is very small, which is lesser than the nose radius
of the insert. As the nose portion of cutting insert is making less contact
with the workpiece, there is variation in the uncut chip thickness as shown
in Figure 1a. The Cartesian coordinate system is defined with respect to
the tool and workpiece relative motion. The x-axis is considered along
the feed direction, y-axis along the radial direction, and z-axis in cutting
direction.

For modeling forces during micro–turning process, the cutting edge of
turning insert is divided into a number of small elements and each element
is considered as an oblique cutting edge. dFt, dFf and dFr are the tangential,
feed and axial elemental force components respectively acting along the
element (edz) during oblique cutting process as shown in Figure 1a. In the
micro-turning process, the uncut chip thickness varies along the rounded
cutting edge with respect to the principal cutting edge (Ø), and it has min-
imum (S0min), maximum (S0max), and instantaneous value (S0 i) as shown in
Figure 1b. If (r) is the nose radius, (f) is the feed rate, (Ø) is the principal
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FIGURE 1 Mechanistic model of micro-turning process.



598 T. Jagadesh and G. L. Samuel

cutting edge angle, and then the instantaneous uncut chip thickness is given
by Equation (1) (Grzesik, 2008):

S0i = r + f sin Ø −
√

r 2 − f 2cos 2Ø (1)

The geometry of uncut chip thickness and width of cut during the micro-
turning process are shown in Figure 1b. Figure 1c shows the flowchart for
the formulation of mechanistic model. If (t) is the depth of cut and (Øn) is
the normal shear angle, then the width of the cut is given by Equation (2).

Width of cut(wdz) = (t/ sin Øn) (2)

In mechanistic model, force predicting is directly proportional to the
cross-sectional area of the chip. Cross-sectional area of the chip is the prod-
uct of the uncut chip thickness and width of cut. The constant of proportion-
ality is cutting coefficients which mainly depends on tool geometry, cutting
conditions, friction between tool and chip and shear stress, which in turn
depend on workpiece material property. In micro-cutting, the total force
involved in cutting is the combination of shearing and ploughing action.
Ploughing phenomenon is caused by edge radius effect (Altintas, 2012; Jin
and Altintas, 2011). The shearing force is directly proportional to the cross-
sectional area of the chip and ploughing force is proportional to the width
of cut.

In this article, cutting coefficient and edge coefficients are incorporated
for finding the elemental forces. If (S0) is the uncut chip thickness, (wdz)
is the width of cut, Ktc, Kac, Krc are the cutting coefficients, and Kte, Kae, Kre
are the edge coefficients acting along tangential, axial and radial directions,
respectively, then the expression for calculating elemental forces, is given by
Equations (3a), (3b) and (3c).

dFa(Ø) = [Kac S0(Ø) + Kae ]wdz (3a)

dFr (Ø) = [Kr c S0(Ø) + Kr e ]wdz (3b)

dFt(Ø) = [Ktc S0(Ø) + Kte ]wdz (3c)

In the oblique cutting process, the chip flow direction is not in the or-
thogonal plane, it is deviated by an angle (λ) from the orthogonal plane and
flow along the normal plane. Chattopadhyay (2011) proposed the reason for
chip flow deviation, is due to the restricted cutting edge effect, nose radius
effect and the presence of inclination angle. If (λ) is the inclination angle
and (γn) is the normal rake angle as seen in Figure 1a, then to convert from
oblique cutting forces to machine reference forces a transformation matrix
is used which is given in Equation (4a) by Pawade et al. (2009).
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In Equation (4a), dFa, dFr and dFt are the oblique elemental forces
acting along axial, radial and tangential directions, respectively. dFx, dFy
and dFz are the elemental forces acting along axial, radial and tangential
directions respectively with respect to machine reference axis is shown in
Equations 4(b), 4(c), and 4(d).⎡

⎣dFa
dFr
dFt

⎤
⎦ =

⎡
⎣ cos λ − sin λ 0

cos γn sin λ cos γn cos λ sin γn
sin γn sin λ − sin γn cos λ cos γn

⎤
⎦
⎡
⎣dFx

dFy
dFz

⎤
⎦ (4a)

dFx = { cos λ (dFa) + sin λ cos γn(dFr )

− sin λ sin γn(dFt)}/{ cos2 λ+( sin2 λ cos 2γn)} (4b)

dFy = { sin λ cos 2γn(dFa)+ cos γn cos λ(dFr )

− cos λ sin γn(dFt)}/{ cos2 λ+( sin2 λcos2γn)} (4c)

dFz = {[( − cos γn sin λ)( sin γn cos λ) − ( sin γn sin λ)(

× cos γn cos λ)](dFa) + sin γn cos 2λ(dFr )+ cos γn(dFt)}/

×{ cos2 λ+( sin2 λ cos 2γn)} (4d)

In micro-turning, both primary and auxiliary cutting edge are involved
in chip formation process by making contact with the workpiece. After evalu-
ating the elemental forces, the total cutting force is calculated by integrating
the elemental forces with respect to variation of principal cutting edge an-
gle (Ø) and auxiliary cutting edge (Ø1) angle from maximum to minimum.
The turning tool holder used in the present study has primary cutting edge
angle (Ø) varying from 95 to 0◦ and auxiliary cutting edge (Ø1) varying from
15 to 0◦. The total axial (Fx), radial (Fy) and tangential force (Fz) involved
during the micro-turning process is given in Equations (5a), (5b) and (5c),
respectively.

Fx =
∫ Ø min

O max
{dFx }dØ +

∫ Ø1 min

Ø1 max
{dFx }dØ1 (5a)

Fy =
∫ Ø min

O max
{dFy }dØ +

∫ Ø1 min

Ø1 max
{dFx }dØ1 (5b)

Fz =
∫ Ø min

O max
{dFz }dØ +

∫ Ø1 min

Ø1 max
{dFx }dØ1 (5c)

Determination of Cutting and Edge Force Coefficients

The new approach proposed by Srinivasa and Shunmugam (2013) for
estimating cutting and edge coefficients has been used in the present model
for predicting cutting forces during the micro-turning of titanium alloy. The
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expression for calculating cutting and edge force coefficients are explained
next.

Cutting Forces Coefficients
Armarego and Brown (1969) developed an analytical model for finding

cutting force coefficient in tangential (Ktc), axial (Kac) and radial (Krc) direc-
tions from oblique cutting principles. The cutting force coefficients depend
on workpiece material properties and tool geometry as shown in Equations
(6a), (6b) and (6c).

Ktc =
⎡
⎣( τ

sin Øn

)⎛⎝ cos(ßn − γn) + tan(λ) tan(ηc ) sin(ßn)√
cos2

(
Øn + ßn − γn

)+ tan2(ηc ) sin2(ßn)

⎞
⎠
⎤
⎦ (6a)

Kac =
⎡
⎣( τ

sin Øn × cos(i)

)⎛⎝ sin(ßn − γn)√
cos2

(
Øn + ßn − γn

)+ tan2(ηc ) sin2(ßn)

⎞
⎠
⎤
⎦

(6b)

Kr c =
⎡
⎣( τ

sin Øn

)⎛⎝ cos(ßn − γn) tan (λ) − tan(ηc ) sin(ßn)√
cos2

(
Øn + ßn − γn

)+ tan2(ηc ) sin2(ßn)

⎞
⎠
⎤
⎦ (6c)

In the preceding equations, τ is the shear stress, λ is the inclination
angle, γn is the normal rake angle, ßn is the friction angle, Øn is the normal
shear angle and ηc is the chip flow angle.

Edge Force Coefficients
Abdelmoneim and Scrutton (1974) developed an analytical model for

predicting tangential edge coefficient (Kte), radial edge coefficient (Kre) and
axial edge force coefficient (Kae) in micro-cutting by considering tool edge
roundness and stable build edge formation as shown in Equations (7a), (7b),
and (7c).

Kte = re τ

(
2θ0

cos θ0
+ π sin θ0 tan θ0

)
(7a)

Kr e = re τ
(

2
√

3 sin θ0

)
(7b)

Kae = Kte sin(i) (7c)

In the preceding equations, τ is the shear stress, re is the edge radius
and θ0 is the stagnation angle which is shown in Figure 2a. The value of
stagnation angle θ0 varies between 14◦ and 90◦ for the negative rake tool
and was found experimentally by Abdelmoneim and Scrutton (1974), and
the latter used by Rao and Shunmugam (2012); θ0 = 14◦ for prediction of
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FIGURE 2 Cutting angles and chip formation during oblique cutting.

forces in the micro-end milling process. In the present model the value of
stagnation angle θ0 is taken as 14◦ because at low depth of cut and uncut
chip thickness, the rake angle becomes negative due to the edge radius of
the cutting tool.

To estimate cutting and edge coefficients, the normal rake angle, the
normal friction angle, the normal shear angle and the chip flow angle are
needed. Computations of these angles are explained in Appendix A.

Estimating the Shear Stress (τ)
Johnson and Cook (1985) developed a model for predicting the flow

stress of work material during macro-level metal removal process. This
flow stress is a function of strain, strain rate and temperature as shown in
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Equation (8a).

σ = [A + B ∈n]
[

1 + C ln
∈̇
∈̇0

] [
1 −

(
T − TRoom

TMelt − TRoom

)m]
(8a)

where (A) yield strength of the material, (B) strain hardening modulus, (C)
strain rate sensitivity coefficient, (ε) plastic strain, (ε̇) strain rate, (ε̇10−5/s,
reference plastic strain rate) (Shen and Ding, 2013), (T) Workpiece tem-
perature, (Tm) Melting temperature, (To) Room temperature, (m) thermal
softening coefficient, and (n) Hardening coefficient.

The optimized material constants for Johnson–Cook material model dur-
ing machining of titanium alloy are : A = 782.7 MPa, B = 498.4 MPa, C =
0.028, m = 1, n = 0.28, Troom = 20◦C, Tmelt = 1660◦C (Lee and Lin, 1998). Dur-
ing the micro-machining process, strain gradient is higher at the low value
of strain and cutting speed. So, strain gradient effect should be included in
the Johnson–Cook material model to predict the flow stress accurately. In
this article, a Johnson–Cook material model with strain gradient plasticity is
used to represent the flow stress of the work material as shown in Equation
(8b) (Lai et al., 2008).

σmicr o = σ

√
1 +

(
18a2bG2η

σ 2

)χ
(8b)

where σmicr o is the flow stress of work material during the micro-cutting pro-
cess, G = 44 GPa (ASM International, 2009), b = 0.295 nm is the magnitude
of burger vector, a = 0.5 is the empirical constant, χ = 0.38 is the geometric
dislocation density and η is the effective strain gradient (Shen and Ding,
2013). Effective strain gradient varies as a function of rake angle and shear
angle, and it is inversely proportional to the uncut chip thickness. With lower
values of the uncut chip thickness and the depth of cut, there is an increase
in strength of material due to the strain gradient effect. The expression for
calculating effective strain gradient is given in Equation (8c) (Tounsi et al.,
2002).

η = 2cosγn√
3h cos(ϕn − γn) sinϕn

(8c)

where η is the effective strain gradient, h is the thickness of primary shear
zone, which is taken as 0.5 times of the uncut chip thickness (S0) (Rao and
Shunmugam, 2012), ϕn is the normal shear angle and ϒn is the normal rake
angle. The values of (γn = 5.4◦) and (ϕn = 31.19◦) are obtained by using
Equation (A.1c) and Equation (A.3), respectively.
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FIGURE 3 Micro-turning setup.

The relationship between tensile flow stress and shear flow stress based
on von mises flow rule is given by Equation (8d) (Nix and Gao, 1998)

τ = σ/
√

3 (8d)

The expressions for calculating strain, strain rate and temperature for a
Johnson–Cook material is given in Appendix B.

EXPERIMENTAL DETAILS

A 2D sketch of the micro-turning process is illustrated in Figure 3a.
The close-up view of a typical micro-turning setup, developed by Jagadesh
and Samuel (2014), is shown in Figure 3b. The experimental setup consists
of a machine base and two linear slides X and Z. The machine base is
mounted over the four anti vibration mountings and the two linear slides
were mounted over the machine base. In both the slides, rotary motion
is converted to linear motion by using the ball screw and nut mechanism.
Linear slides are controlled by using a servo motor with an absolute encoder.
A spindle with inbuilt motor is mounted on the Z-slide. The minimum feed
movement for a linear slide is 0.2 μm/rev. The maximum speed of the
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FIGURE 4 Microstructure of work piece and EDS analysis of tool insert.

spindle motor is 24,000 rpm, and the variation in speed is controlled using
a variable frequency drive.

Workpiece and Tool Material

A titanium alloy of diameter 7 mm is considered as a workpiece mate-
rial. Figure 4a shows the microstructure of the titanium alloy. The chemical
composition of titanium alloy (Ti-6Al-4V ) is tested by using an optical emis-
sion spectroscopy, and is shown in Table 1. A coated carbide tool TiN/AlTiN
(CCGT 060202, TT 5080 - Taegu Tec) is considered as a tool material. The
tool insert has an edge length, thickness, nose radius, edge radius, rake angle
and clearance angle of 6 mm, 2 mm, 0.2 mm, 15 μm, 6◦ and 7◦, respectively.
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TABLE 1 Chemical Composition of Titanium Alloy

Element Percentage

Carbon, C 0.01
Aluminum, Al 5.86
Oxygen, O 0.120
Iron, Fe 0.200
Vanadium, V 4.02
Hydrogen, H 0.0023
Nitrogen, N 0.007
Titanium, Ti Balance
Yttrium, Y < 0.0050

The designation of the tool holder (SCLCR 0808 K06 - Taegu Tec) has ap-
proach and clearance angle of 95◦ and 7◦, respectively. The cross-section
of coated carbide insert is done using a wire electric discharge machining
(EDM) process, as shown in Figure 4b. EDS analysis of coated layers are
shown in Figures 4c, 4d and 4e. Figure 5a shows the top view of the tool
insert having rake face, chip breaker and cutting edge. The edge radius (ap-
proximately 15 μm) is measured by using a scanning electron microscope
with the help of a scale bar, as seen in Figure 5b. Figure 5c shows the edge
radius measured by using a stereomicroscope.

The cutting forces during the micro-turning process were measured by
using a Kistler piezo electric dynamometer (9257b). The sensitivity of the
dynamometer in the cutting force direction and feed force direction are
7.5 pCN and 3.7 pCN , respectively. During the micro-turning process, forces
acting on the cutting tool create pressure on the piezoelectric crystal and
produce the emf, which is proportional to the cutting force generated during
the micro-machining process. The force signals generated are amplified by a
Kistler charge amplifier and then are passed through analog digital interface.
DynoWare software was used acquire the force signal. Surface roughness was
measured by using a surface roughness tester. MahrWin software was used
to acquire surface roughness signal.

Calibration of Micro-turning Setup Using Laser Tracker

The accuracy of the component mainly depends on the accuracy of the
machine tool, which in turn depends on the errors involved during axis
movement. For miniaturized machine tools, the linear and angular errors
are expected to be very small, since the movements are at micron levels.
In this article, a laser tracker is used to calibrate a micro-turning machine.
Figure 6 shows the calibration of a micro-turning setup using a laser tracker.
A laser tracker system consists of laser tracker head, helium-neon laser and
spherically mounted mirror. A laser tracker head is placed in a tripod, and
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FIGURE 5 Geometry of tool insert.

FIGURE 6 Calibration of micro-turning setup using laser tracker.
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FIGURE 7 Geometric errors in micro-turning setup.

it can measure to an accuracy of 100 nm in 35-m spherical workspace. A
spherically mounted mirror (SMR) is placed in a magnetic plate, which
is then placed in the machine tool axis where the measurement is to be
taken. From the laser tracker head, a helium-neon laser continuously emits
the laser beam, and is tracked by the SMR. Figure 7 shows the geometric
errors of a micro-turning setup. Positional, vertical straightness, horizontal
straightness errors are less than 10 μm. Angular errors such as pitch, roll
and yaw have a maximum of 46.2 μrad radians, 0.568 μrad and 0.183 μrad,
respectively.

To validate the mechanistic model, experiments on micro-turning of ti-
tanium alloy were performed at different cutting velocities and feed rates.
Experimental results were also used to calibrate the finite element model
with different shear friction factors. The methodology adopted for develop-
ing the finite element model is explained next.



608 T. Jagadesh and G. L. Samuel

FINITE ELEMENT MODEL

The finite element simulation of a micro-turning process is developed
using an updated Lagrangian analysis in a commercial finite element pack-
age DEFORM 3D. The formation of a chip is modeled using an adaptive
remeshing method.

Modelling of Cutting Tool

The tool insert CCGT060202 is modelled by using solid works software
and it is imported in DEFORM 3D package. The tool insert has edge length
6 mm, thickness 2 mm, nose radius 0.2 mm, edge radius 15 μm, 6◦-rake
angle, 7◦-relief angle and 80◦-included angle. The designation of the tool
holder (SCLCR 0808 K06 - Taegu Tec) has approach and clearance angles
of 95◦ and 7◦, respectively. Figure 8a shows the coating TiN and AlTiN over
the carbide tool with fine mesh is given at the tip of tool and coarse mesh
is given at the rest of the insert. The minimum element size of 0.002 mm is
given in all simulation conditions. The shape of the element is a four-node
tetrahedron element. The cutting tool is considered as rigid and workpiece
as a deformable body. The total numbers of quadrilateral elements used to
model the tool are 68,963.

Modelling of Workpiece

A modified Johnson–Cook material model with strain gradient plasticity
is used to represent the flow stress of the work material is shown in Equation
(8b) as explained previously. The workpiece is considered as a viscoplastic
material. The advantage of this assumption is lesser in computation time
and better in predicting the cutting forces rather than the chip morphology
(Thepsonthi and Ozel, 2013). The total number of quadrilateral elements
used to model the workpiece is 100,659. The workpiece is fixed at the bot-
tom portion and tool moves in the cutting direction is shown in Figure 8b.
Figure 9a shows the comparison of flow stress with strain for Johnson–Cook
and modified Johnson–Cook material model at 500◦C, 105/s strain
rate.

The flow stress of the modified Johnson–Cook model is higher than
the Johnson–Cook model due to the strain gradient effect. Figure 9b shows
the variation of flow stress with strain at various temperatures for modified
Johnson–Cook material model. When the temperature increases, there is a
decrease in flow stress observed mainly due to thermal softening. Table 2
lists the mechanical and thermal properties of tool and workpiece material
(Jaffery and Mativenga, 2012; Özel et al., 2010; Yen et al., 2004). Table 3
shows the variation of flow stress with strain at various temperatures with
105/s strain rate.
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FIGURE 8 Finite element modeling and simulation of turning process at 38 m/min.

FIGURE 9 Variation of flow stress with strain.
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TABLE 2 Mechanical and Thermal Properties of Tool and Work Materials (Temperature T in ◦C)

Youngs Thermal Thermal Heat
modulus, conductivity, expansion, capacity, Poisson’s

Property Mpa W/m ◦C mm / mm
◦
C N/mm2 ◦

C ratio

Ti6Al4V (Ozel et al.,) (0.7412×T) 7.039×10(0.0011×T) (3.1×10−9×T) 2.24×10(0.0007×T) 0.34
2010 +11335 + (7.1×10−6)

WC-Co (Ozel et al.,
2010)

5.0×105 (0.042 ×T) + 36 4.7×10−6 (0.0005×T)+2.07 0.25

AlTiN (Ozel et al.,
2010; Jaffery and
Mativenga 2012)

560×103 (0.0081×T) +11.95 9.4×10−6 (0.0003×T) +0.57 0.25

TiN (Yen et al., 2004;
Jaffery and
Mativenga 2012)

251×103 (0.008×T)+ 19.8 9.4×10−6 3.00 0.25

TABLE 3 Variation of Flow Stress with Strain at Various Temperatures with 105/s Strain Rate

Flow stress (MPa)

S. No. T◦C Strain 20 100 200 300 400 500 600

1 0 1675.47 1606.34 1519.54 1432.27 1344.46 1256.04 1166.91
2 0.5 2406.45 2303.86 2175.22 2046.06 1916.31 1785.88 1654.68
3 1 2560.91 2451.18 2313.60 2175.50 2036.79 1897.41 1757.23
4 1.5 2665.87 2551.27 2407.61 2263.41 2118.61 1973.13 1826.84
5 2 2747.74 2629.34 2480.92 2331.97 2182.41 2032.16 1881.09
6 2.5 2815.84 2694.28 2541.90 2388.99 2235.46 2081.24 1926.20
7 3 2874.67 2750.37 2594.56 2438.22 2281.27 2123.61 1965.14

Friction Modeling

A constant shear friction factor m = 0.95 is used in all simulation con-
ditions (Özel et al., 2010). A sensitivity analysis is also done with different
shear friction factors 0.8, 0.85, 0.9, 0.95 and chosen 0.95 was nearly close to
the experimental values. If τ is the frictional shear stress and k is the work
material flow stress, then the expression for calculating shear friction facor
(m) is given by Equation (9)

m = τ/k (9)

Thermomechanical Properties of the Tool and Workpiece

The thermal boundary conditions of tool and the workpiece material
considered for finite element analysis of the micro-turning process are given
next. Ambient temperature is 20◦C, heat transfer coefficient between the
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tool and workpiece chip interface is 107 N sec−1 mm−1 ◦C −1. Heat trans-
fer coefficient from the tool and workpiece to environment by convection
is 0.02 N sec−1 mm−1 ◦C−1 (Thepsonthi and Özel, 2013). Each coating
layer is defined with intrinsic thermal properties. Heat transfer between
the coating layers and substrate mainly depends on the thermal conduc-
tivity of coating layers, which is a function of temperature (T) as seen in
Table 2.

Specific Cutting Energy

Specific cutting energy is the energy consumed per unit volume of mate-
rial removal. If F c is the cutting force, V c is the cutting speed, d is the depth
of cut, f is the feed, and the expression for calcualting the specific cutting
energy is given in Equation (10):

Specific cutting energy = Fc × Vc

d × Vc × f
(10)

RESULTS AND DISCUSSION

Model Validation

Finite element simulation is validated with experimental results for a
wide range of cutting conditions such as cutting speed, feed and depth of
cut. Figure 10a shows the comparison of typical simulated and experimental
cutting force variation with time. The average experimental and simulated
cutting force values at 94 m/min cutting speed, 30μm depth of cut and
20 μm/rev feed are 8.05 and 6.78 N, respectively, with prediction error of
15.78%. Figure 10b shows the typical variation of cutting forces with feed
rate at two different cutting speeds for a 20-μm depth of cut. When feed
rate increases, the volume of material removal increases, which leads to
increase in cutting force. This increase in cutting force is observed both in
experimental and finite element simulations.

Cutting Forces Variation with Cutting Speed
Figure 11a shows the comparison of experimental cutting force with FEM

and mechanistic model at various cutting speed for 30 μm depth of cut and
20 μm/rev feed. Figure 11b shows the comparison of experimental cutting
force with FEM and mechanistic model at various feed rates. When cutting
speed increases from 19 m/min to 66 m/min, there is gradual decrease
in cutting force from 11.41 to 7.45 N due to thermal softening. This is
consistent with both mechanistic and finite element model. A slight increase
in experimental cutting forces is observed from 66 m/min to 75 m/min,
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FIGURE 10 Comparison of experimental cutting force with finite element model.

due to the continuous chip formation, which is not observed in the model.
The average prediction error for cutting force with cutting speed is less for
mechanistic model 5.98% when compared with FEM 10.94% is shown in
Figure 12.

The prediction error for mechanistic model is less when compared with
FEM at various cutting speeds and feed rates. This is because strain rate in
mechanistic model, is a function of an additional parameter called adiabatic
shear band spacing. The magnitude of variation in strain rate with feed
is high for mechanistic model when compared with FEM, which leads to
less prediction error of cutting forces as shown in Figures 12a and 12b.
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FIGURE 11 Comparison of experimental cutting forces with mechanistic and finite element
model.

Table 4 shows the comparison of average experimental cutting force with
mechanistic and finite element model at various cutting speeds, feed and
depth of cut. Table 5 shows the comparison of average experimental feed
force with mechanistic and finite element model at various cutting speeds,
feed and depth of cut. The expression for calculating the prediction error
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TABLE 4 Comparison of Experimental Cutting Force with Mechanistic and Finite Element Models

Parameters Cutting force, N Prediction error (%)

S.
No.

Cutting
speed

(m/min)
Feed,

(μm/rev)
Depth of
cut, (μm)

Experimental
results

Mechanistic
model

Finite
element
model

Mechanistic
model

Finite
element
model

1 19 20 30 11.41 10.67 11.62 6.49 −1.84
2 28 20 30 10.11 10.18 8.89 −0.69 12.07
3 38 20 30 9.69 9.71 8.76 −0.21 9.60
4 47 20 30 9.08 9.35 8.00 −2.97 11.89
5 57 20 30 7.99 9.05 7.75 −13.27 3.00
6 66 20 30 7.45 8.87 6.95 −19.06 6.71
7 75 20 30 8.55 8.74 7.18 −2.22 16.02
8 85 20 30 8.46 8.64 6.63 −2.13 21.63
9 94 20 30 8.05 8.60 6.78 −6.83 15.78

10 19 15 10 5.17 3.12 4.24 39.65 17.99
11 19 20 10 5.29 3.50 4.60 33.84 13.04
12 19 25 10 5.47 3.95 4.23 27.79 22.67
13 19 15 20 6.45 6.25 6.29 3.10 2.48
14 19 20 20 7.04 7.11 7.43 −0.99 −5.54
15 19 25 20 8.36 8.18 7.58 2.15 9.33
16 38 15 20 5.54 5.81 5.14 −4.87 7.22
17 38 20 20 5.71 6.47 6.16 −13.31 −7.88
18 38 25 20 7.98 7.34 6.20 8.02 22.31
19 57 15 20 5.31 5.45 4.76 −2.64 10.36
20 57 20 20 5.77 6.04 5.51 −4.68 4.51
21 57 25 20 6.16 6.90 5.81 −12.01 5.68
22 19 15 30 9.65 9.38 8.77 2.80 9.12
23 19 25 30 13.14 12.29 10.59 6.47 19.41
24 38 15 30 7.87 8.72 7.48 −10.80 4.96
25 38 25 30 11.67 11.02 8.78 5.57 24.76
26 57 15 30 7.81 8.17 6.35 −4.61 18.69
27 57 25 30 8.31 10.36 7.91 −24.67 4.81

Average prediction error 9.69 11.45

FIGURE 12 Comparison of cutting force prediction error with cutting speed and feed rate.



Mechanistic and Finite Element Cutting Forces Model 615

TABLE 5 Comparison of Experimental Feed Force with Mechanistic and Finite Element Models

Parameters Feed force, N Prediction error (%)

S.
No.

Cutting
speed,

(m/min)
Feed,

(μm/rev)

Depth
of cut,
(μm)

Experimental
results

Mechanistic
model

Finite
element
model

Mechanistic
model

Finite
element
model

1 19 20 30 3.60 2.54 2.70 29.44 25.00
2 28 20 30 3.39 2.42 2.68 28.61 20.94
3 38 20 30 3.34 2.30 2.66 31.14 20.36
4 47 20 30 3.29 2.22 2.52 32.52 23.40
5 57 20 30 2.90 2.15 2.47 25.86 14.83
6 66 20 30 2.51 2.11 1.77 15.94 29.48
7 75 20 30 2.40 2.08 1.96 13.33 18.33
8 85 20 30 2.52 2.06 1.78 18.25 29.37
9 94 20 30 2.36 2.05 1.96 13.14 16.95

10 19 15 10 0.89 1.03 0.66 −15.73 25.84
11 19 20 10 0.98 0.79 0.62 19.39 36.73
12 19 25 10 1.44 0.861 0.63 40.21 56.25
13 19 15 20 1.65 2.11 1.28 −27.88 22.42
14 19 20 20 1.48 1.68 1.59 −13.51 −7.43
15 19 25 20 2.22 1.94 1.40 12.61 36.94
16 38 15 20 1.62 1.96 1.20 −20.99 25.93
17 38 20 20 1.77 1.53 1.30 13.56 26.55
18 38 25 20 1.94 1.74 1.33 10.31 31.44
19 57 15 20 1.61 1.84 1.16 −14.29 27.95
20 57 20 20 1.55 1.43 1.25 7.74 19.35
21 57 25 20 1.92 1.63 1.30 15.10 32.29
22 19 15 30 3.12 3.18 2.09 −1.92 33.01
23 19 25 30 3.62 2.93 2.12 19.06 41.44
24 38 15 30 2.12 2.95 2.03 −39.15 4.25
25 38 25 30 3.36 2.63 2.17 21.73 35.42
26 57 15 30 2.33 2.77 1.79 −18.88 23.18
27 57 25 30 3.01 2.48 1.98 17.61 34.22

Average prediction error 19.92 26.64

is shown in Equation (11).

Prediction Error(%) =
(
Experimental force − Simulated force

)
Experimental force

× 100

(11)

Strain Rate

In the mechanistic model, strain rate variation due to adiabatic shear
band spacing has been considered for finding the flow stress, which is a
function of strain, strain rate and temperature. Figure 13 shows the varia-
tion of strain rate with feed at three different cutting speeds. When cutting
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FIGURE 13 Variation of strain rate with feed during mechanistic and FEM model.

speed increases, there is an increase in strain rate because of severe plastic
deformation. On the other hand, strain rate decreases by increasing the feed
rate due to increase in adiabatic shear band spacing. This trend is clearly
seen in both FEM and mechanistic models.

Tool Chip Interface Temperature

Figure 14a shows the variation in temperature of tool chip interface
with feed rate at 20 μm depth of cut and two cutting speeds. Since tita-
nium alloy has low thermal conductivity, the temperature generated dur-
ing machining is retained within the cutting zone. Tool chip interface
temperature increases by increasing the cutting speeds and the feed rate.
This is due to a lesser area of contact that has greater influence on tem-
perature. Figure 14b shows the variation of specific cutting energy with
feed rate. Specific cutting energy increases at lower value of feed rate due
to lesser tool chip interface temperature and strain gradient effect. With
the strain gradient effect in the Johnson–Cook material model, the effec-
tive stress distribution at tool chip interface is higher, than without strain
gradient effects, as shown in Figures 14c and 14d, respectively. The high
effective stress distribution in Figure 14c is attributed to strain gradient
plasticity.

Surface Roughness Analysis

Figure 15 shows the variation of surface roughness with cutting speed at
20 μm/rev feed and 30-μm depth of cut. When the cutting speed increases
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FIGURE 15 Variation of surface roughness with cutting speed at 20 μm/rev and 30 μm depth of cut.

FIGURE 16 Surface roughness profile.
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FIGURE 17 Chip morphology at different cutting velocities.

from 19 m/min to 28 m/min there is a decrease in surface roughness,
whereas when cutting speed increases from 28 m/min to 57 m/min there is
a slight increase in surface roughness because of change in chip formation
mode from discontinuous to continuous. At higher cutting speed above
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57 m/min to 94 m/min, there is a sudden increase of surface roughness due
to continuous chip formation. Figure 16a shows the initial average surface
roughness (Ra) of 1.5805 μm before machining. Figure 16b and Figure 16c
shows the surface roughness profile for 15 μm/rev and 20 μm/rev feed,
respectively.

Analysis of Chip Morphology

Figures 17a, 17b and 17c shows the variation of chip morphology at 19, 57
and 94 m/min cutting speeds, respectively, at 30-μm depth of cut. Sawtooth
numbers increase by increasing cutting speed. At low cutting speed, chip
formation mode is discontinuous, whereas when the cutting speed increases,
the chip formation mode changes from discontinuous to continuous. The
sawtooth is not clearly observed at low cutting speed, whereas when cutting
speed increases there is clear observation of the sawtooth due to increased
temperature in the cutting zone. The reason for the sawtooth formation
during machining of titanium alloy is due to adiabatic shear sensitivity or
thermoplastic shear instability (Wan et al., 2012). At medium cutting speed
the spacing of the sawtooth is uniform, whereas at very high cutting speed,
there is breakage of sawtooth due to thermal distorsion. Lamellar structure
at the free surface of the chip remains constant with increasing the cutting
velocity as shown in Figures 17(iii) (a), (b), and (c).

CONCLUSION

In this article, a mechanistic model was developed for the prediction of
cutting forces during micro-turning of titanium alloy by considering edge
radius, material strengthening effects, uncut chip thickness variation along
the cutting edge, effect of shear band spacing on strain rate and principles of
metal cutting. In addition to this, FEM has been developed by using modified
Johnson–Cook material model by incorporating edge radius and material
strengthening effects. Experimental results are used to calibrate the FEM
model with different shear friction factors. Finally the two models were com-
pared and validated with experimental results. The following conclusions
drawn from this study are:

1. The mechanistic model is more accurate for predicting the cutting forces
with an average prediction error of 9.69% when compared with the finite
element model, which has prediction error 11.45%. This is because the
strain rate is predicted precisely by including the adiabatic shear band
spacing in the mechanistic model.

2. Specific cutting energy is high for smaller uncut chip thickness due to
lesser temperature at tool chip interface, higher strain rate and high
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effective stress distribution in primary and secondary shear zones, which
has significant influence on strain gradient.

3. When the cutting speed increases, there is a decrease in cutting forces
while uncut chip thickness is greater than the cutting edge radius due to
the increase in tool chip interface temperature.

4. Surface finish is mainly influenced by the edge radius of the cutting insert
and uncut chip thickness. At higher cutting speeds, poor surface finish is
observed, which is attributed to continuous chip formation.

FUTURE SCOPE

The present work is helpful for manufacturing industries involved in
the prediction of cutting forces during micro-turning of titanium alloy. The
proposed model can predict forces for different cutting parameters such as
cutting velocity, feed, depth of cut and different geometries of tools, such as
the nose radius, edge radius, side rake, back rake angle and principal cut-
ting edge angle. The future scope of work is to compare the chip morphol-
ogy by changing the workpiece material assumption as elasto-viscoplastic
using simulation and experimental methods. Temperature measurements
will be done using a thermal imaging camera and comparing it with sim-
ulation results. In the present work, it is observed that machining of ti-
tanium alloy is difficult at higher cutting speeds due to continuous chip
formation, which leads to poor surface finish. Hence, future studies will
primarily focus on overcoming poor surface finishes using cryogenic micro-
machining.

NOMENCLATURE

re Edge radius, μm
r Nose radius, μm
f Feed rate, μm/rev
t Depth of cut, μm
wdz Width of cut, μm
edz Element width, μm
Vc Cutting velocity, m/min
Vs Shear velocity, m/min
S0 i Instantaneous uncut chip thickness, μm
S0 Uncut chip thickness, μm
S0 max Maximum uncut chip thickness, μm
S0 min Minimum uncut chip thickness, μm
Ktc, Krc, Kac Cutting coefficient in tangential, radial and axial directions,

respectively, N/mm2
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Kte, Kre, Kae Edge coefficient in tangential, radial and axial directions, re-
spectively, N/mm

Ø Principal cutting edge angle, radian
Øn Normal Shear angle, radian
Ø1 Auxiliary cutting edge angle, radian
γ n Normal rake angle, radian
γ o Orthogonal rake angle, radian
γ x Back rake angle, radian
γ y Side rake angle, radian
γ eff Effective rake angle, radian
ßn Normal Friction angle, radian
ηc Chip flow angle measured on the rake face, radian
ψ Chip flow deviation angle due to restricted cutting effect, ra-

dian
ηs Shear flow angle, radian
λ Inclination angle, radian
θ0 Stagnation or neutral point angle, radian
R Thermal number
τ Shear flow stress, N/mm2

k Thermal conductivity, W/m.K
k1 Thermal diffusivity, m2/s
�y Shear band spacing, mm
£ Taylor–Quinney coefficient = 0.9
Cv Specific heat, J/kg.k
ρ Density, Kg/m3

dFz, dFy, dFx Elemental forces acting along cutting, radial and axial direc-
tions, respectively, with respect to machine reference axis, N

dFt, dFr, dFa Elemental oblique forces acting along tangential, radial and
axial directions, respectively, N

σ Johnson–Cook flow stress of work material, MPa
σmicro Flow stress for micro-cutting based on strain gradient effect,

MPa
A Yield strength of work material, MPa
B Strain Hardening modulus, MPa
C Strain rate sensitivity coefficient
m Thermal softening coefficient
n Hardening coefficient
∈̇ Strain rate, s−1

∈̇0 Reference strain rate, s−1

∈ Plastic Strain
Troom Room temperature, K
Tmelt Melting temperature of workpiece, K
T Workpiece temperature, K
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T0 Ambient temperature, K
θ s max Maximum temperature at the shear plane, K
þ Flow softening parameter
∂τ
∂T Thermal softening parameter
η Effective strain gradient, μm−1

χ Constant to estimate total geometric dislocation density = 0.38
b Burgers vector, nm
G Shear modulus, MPa
Ra Arithmetical mean roughness, μm
Rz Ten point mean roughness, μm
μs Sliding friction coefficient between chip and tool = 0.8
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APPENDIX A

Evaluation of Normal Rake Angle (γ n)

Orthogonal cutting angles are transformed to oblique turning geometry
by using angle transformation equation. If (γ 0) is the orthogonal rake angle,
(γ n) is the normal rake angle, (λ) inclination angle, (Ø) is the principal
cutting edge angle, (γ x) is the back rake angle and (γ y) is the side rake
angle, then the expression for calculating the normal rake angle (γ n) is
proposed by (Chattopadhyay, 2011) is given by Equation (A.1).

tan γ0 = sin Ø tan γx + cos Ø tan γy (A.1a)

tan λ = − cos Ø tan γx + sin Ø tan γy (A.1b)

tan γn = tan γ0 cos λ (A.1c)
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In the micro-turning process, rake angle is not constant along the cutting
edge and its variation mainly depends on uncut chip thickness and edge
radius (Bissacco et al., 2008; Venkatachalam et al., 2009). If So is the uncut
chip thickness and re is the edge radius, then the expression for calculating
the effective rake angle is given by Equation (A.1d).

γe f f = sin−1(So/re − 1) for So < γe (1 + sin γn)

γe f f = γn for So ≥ re (1 + sin γn) (A.1d)

Evaluation of Friction Angle (βn)

The normal friction angle can be calculated from the following Equa-
tions (A.2a) and (A.2b), in which both sticking and sliding regions are
considered along the rake face of the tool for the accurate prediction of
forces (Ozlu et al., 2009). The expressions for calculating the friction angle
are given as:

tan ßn = τ1

p 0

[
1 + γ

(
1 −

(
τ

p 0μS

)(1/γ )
)]

(A.2a)

τ1

p 0
= � + 2

4(� + 1)
sin(2

(
Øn + ßn − γn

)
)

cos ß2
n

(A.2b)

where τ 1 is the shear yield stress of workpiece material along the sticking
region, P0 is the normal pressure acting on the tip of the tool, � is the
exponential constant whose value is taken as 3, which indicates pressure
distribution on the tool, μs is the sliding friction coefficient, which is high
for coated carbide tool at low cutting speeds and has been taken as 0.8. (Ozlu
et al., 2009). The expression for calculating the p 0 is shown in Equations
(A.2c) and (A.2d).

p 0 = τ1
S0(� + 1)

l sin Ø
cos ßn

cos(Ø + ßn − γn)
(A.2c)

l = S0(� + 2)
2

sin(Øn + ßn − γn)
sin Ø cos(ßn)

(A.2d)

where S0 is the uncut chip thickness and l is the tool chip contact length.
The ( τ1

p 0
) value is given by Equation (A.2b) and it is substituted in Equation

(A.2a) to obtain ßn.
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Evaluation of Shear Angle

Lee and Shaffer (1951) proposed a model for predicting the shear angle
by assuming workpiece material as perfectly plastic and shape of the shear
zone as triangular. The shear angle mainly depends on normal rake angle
(γ n) and friction angle (ßn). The expression for calculating the shear angle
is shown in Equation (A.3).

Øn = (π/4) − (ßn − γn) (A.c)

The normal rake angle and friction angle from the Equation (A.1c) and
(A.2a) is substituted in Equation (A.3) to obtain the value of normal shear
angle.

Evaluation of Chip Flow Angle

Chip flow angle (ηc) is the summation of inclination angle (λ) and the
angle (ψ) due to combined restricted cutting edge and nose radius effect as
shown in Equation (A.4a) (Chattopadhyay, 2011). The chip flow angle and
shear flow angle during oblique cutting process are shown in Figure 2b.

ηc = ψ + λ (A.4a)

Figure 2c shows the chip flow deviation due to restricted cutting edge
effect. The expressions for finding (ψ) and Øavg are given in Equations
(A.4b) and (A.4c).

tanψ = sin(Øavg + Ø1)

cos(Øavg + Ø1) + ( 2t
S0 sin Øavg

)
(A.4b)

Øavg =
Ø
2 + [ t

r + cos Ø − 1] 1
sin Ø

1 + [ t
r +cos Ø−1]

Ø sin Ø

(A.4c)

In the preceding equations, t is the depth of cut, r is nose radius and the
value of Øavg mainly depends on depth of cut to the nose radius.

APPENDIX B

Estimation of Shear Strain

It is well known that if shear strain (ε) is the function of normal shear
angle(Øn), normal rake angle (γn) and shear flow angle(ηs ) during oblique
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cutting, then the expression for calculating the shear strain is given by Equa-
tion (B.1a). (Shaw, 2005).

ε = cot Øn + tan(Øn − γn)
cos(ηs )

(B.1a)

In the preceding equation, shear flow angle (ηs ) is the function of incli-
nation angle (λ), normal shear angle(Øn), normal rake angle (γn) and chip
flow angle(ηc ), then the expression for calculating shear flow angle (ηs ) is
given by Equation (B.1b).

tanηs = tan λ cos(Øn − γn) − tanηc sin Øn

cos γn
(B.1b)

Evaluation of Strain Rate

From the value of shear strain, strain rate (ε̇) is calculated by including
the shear velocity (Vs) and adiabatic shear band spacing (�y) as proposed
by (Shaw, 2005) is given in Equation (B.2a).

ε̇ = cot Øn + tan(Øn − γn)
cos(ηs )

Vs

�y
(B.2a)

It is assumed that the maximum strain rate occurs within the shear band
during micro turning of titanium alloy. Figure 2d shows the shear localized
chip with adiabatic shear band formation. Several researchers suggested
that predicted shear band spacing has a good agreement with experimental
values during macro-machining of Ti-6Al-4V by (Huang and Aifantis, 1997)
and Inconel by (Pawade et al., 2009). If Vc is the cutting velocity, (γn) is
the normal rake angle and (Øn) is the shear angle, then the expression for
calculating shear velocity (Vs) is given in Equation (B.2b).

Vs = Vc
cos γn

cos(Øn − γn)
(B.2b)

The mathematical expression for calculating the adiabatic shear band
spacing as proposed by (Huang and Aifantis, 1997) is given by Equation
(B.2c).

�y = £
(

m sin ØnS0

cos γn

)
(B.2c)
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In the previous equation, m is the thermal softening term, £ is a
Taylor–Quinney coefficient, which indicates the amount of plastic work con-
verted into heat during machining and it is taken as 0.9, and þ is a flow
localization parameter. The expression for calculating the flow location pa-
rameter is proposed by (Xie et al., 1996) as shown in Equation (B.2d), which
depends on workpiece material property and cutting conditions.

þ = −
√

3
m

⎡
⎣
⎛
⎝n
ε

+ 0.9
(
∂τ
∂T

)
ρCv (1 + 1.328)

√
K1ε
Vc f

⎞
⎠
⎛
⎝n + 1 −

0.664
√

K1ε
Vc f

1 + 1.328
√

K1ε
Vc f

⎞
⎠
⎤
⎦

(B.2d)

where Cv is the specific heat, ρ is the density, k1 is the thermal diffusivity
and( ∂τ

∂T ) is the thermal softening parameter which is taken as −0.2 from
(Pawade et al., 2009).

Evaluation of Shear Plane Temperature

During the machining process, increase of temperature in the cutting
zone is due to the plastic deformation of workpiece material, which mainly
depends on cutting speed, uncut chip thickness and depth of cut. It also de-
pends on the workpiece mechanical and thermal properties. In the present
model, instantaneous maximum shear temperature is considered in the
Johnson–Cook model for finding the flow stress of work material. The ex-
pression for calculating the maximum temperature (θ s max) at the shear
plane is proposed by Grzesik and Nieslony (2004) is shown in Equation
(B.3a).

θsmax = τsh

cvρ tan Øn
er f

√
R tan Øn

4
(B.3a)

In the preceding equation, τsh shear flow stress, erf is the error function,
cp is the specific heat, ρ is the density, R is the thermal number and Øn is the
normal shear angle. If K is the thermal conductivity of workpiece material,
So is the uncut chip thickness, VC is the cutting speed then the mathematical
expression for calculating the thermal number is proposed by Knight and
Boothroyd (2005) is given by Equation (B.3b).

R =CvρVCS0

K
(B.3b)


