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a b s t r a c t

The purpose of this study is to determine the three-dimensional temperature fields on the

chip, tool and workpiece during machining, which is one of the most important character-

istic of machining processes; since the fields can affect other properties such as residual

stresses and tool wear, and thus tool life and fatigue life of finished parts. The finite differ-

ence method (FDM)-based model proposed in this paper offers very rapid and reasonably

accurate solutions. Finite difference-based simulation results are validated with infrared

thermal measurements which are determined from the machining of AISI 1050 and AISI

H13 materials under various cutting conditions.
eywords:

D

hermal prediction

inite difference method

achining

© 2008 Elsevier B.V. All rights reserved.

high speed machining. Fang and Fang (2007) analyzed rounded
nfrared

. Introduction

ver the past few decades, many academicians studied
he characteristics of machining processes, using numeri-
al, analytical and experimental techniques. Prediction and
easurement of machining forces, temperatures, tool wear,

esidual stresses and many other characteristics are per-
ormed with substantial care, and many good agreements
re found between numerical/analytical solutions and exper-
mental data. Temperature field is one of the most important
roperties of a machining process; since the field can affect
ther characteristics such as residual stresses and tool wear.

Prediction of temperature distribution is generally engi-
eered using finite element-based models, which takes long
ime. Another way used widespread is to employ curve fitting:

elating temperature distribution to cutting parameters and
ool and workpiece properties by fitting a curve to temper-
ture experiments. However, this method is not fully based

∗ Corresponding author. Tel.: +90 212 338 1587; fax: +90 212 338 1548.
E-mail address: ilazoglu@ku.edu.tr (I. Lazoglu).

924-0136/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2008.03.020
on physical phenomena. Therefore, there is a need for rapid
and accurate solution to the temperature prediction problem
based fully on physical phenomena, which is found by using
finite difference-based model proposed in this paper.

Investigation of heat partition in high speed turning of high
strength alloy steel.

It is known that the most widespread way to predict cut-
ting temperatures on chip, tool and workpiece, in orthogonal
machining, is FEM-based methods. Many studies on the issue
are present on simulation of several process outputs such
as cutting forces, stresses and temperature fields on chip,
tool and workpiece, employing FEM-based models. Özel and
Altan (2000) simulated temperatures in high speed flat end
milling. Abukshim et al. (2005) investigated high partition in
edge tools. Özel (2006) and Filice et al. (2007a) made analyses
on friction modeling in machining. Ren et al. (2007) looked at
the temperatures in hard turning.

mailto:ilazoglu@ku.edu.tr
dx.doi.org/10.1016/j.jmatprotec.2008.03.020
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Grzesik (2006a) used analytical results as input to a
FEM-based model to determine temperature distribution on
uncoated and three-layer coated tools. Shatla et al. (2001)
predicted cutting temperature using FEM and analytical
approaches, by determining the flow stress and investigating
the effect of edge preparation on cutting forces, stresses and
temperatures.

Many researchers also used algorithms like curve fitting to
predict temperature fields and parameters leading to temper-
ature fields in machining processes. Umbrello et al. (2007a)
did such an analysis to find the heat transfer coefficient, and
simulated the transient thermal conditions by a FEM-based
method and the artificially modified heat transfer coefficient
(Umbrello et al., 2007b). Filice et al. (2007b) tried to predict wear
in orthogonal machining using linear and polynomial mod-
els using a FE-based temperature prediction method. Yvonnet
et al. (2006) offered an inverse procedure to predict the tem-
peratures. Kwon et al. (2001) also used an inverse method to
predict the average steady-state rake face temperature fields
in cutting processes. They made this prediction by measuring
the cooling state of the tool, and inputting it to the spatial
and temporal equations of heating of the tool as a bound-
ary condition. Carvalho et al. (2006) also proposed an inverse
method to predict cutting temperatures, using a finite volume
model to solve the three-dimensional heat diffusion equa-
tion.

There are also other analytical/numerical studies to pre-
dict the temperature field, average temperature or maximum
temperature at the rake face (Grzesik, 2006b; Grzesik and
Nieslony, 2004), where an analytical approach was used while
using multilayer coated tools in orthogonal turning. Chou and
Song (2005) developed an analytical model to predict cutting
temperatures on the tool, and investigated the effect of tem-
perature on the wear of the tool. Komanduri and Hou (2000)
modeled the heat flux due to shearing in the primary heat
zone, and the temperature rise due to this heat flux. They
resulted that the maximum temperature rise due to shearing
happens at the shearing zone, far from tool–chip contact face.

Finite difference-based models offer considerably less
computational time compared to FEM-based models with
good accuracy, and more reliable results than curve fitting
algorithms, since these methods offer analytical/numerical
solutions. Lazoglu and Altintas (2002) created such a
two-dimensional finite difference-based model to predict cut-
ting temperatures in continuous (turning) and interrupted
machining (milling) based on prediction of cutting forces, and
primary and secondary zone heat generation terms. Ulutan
et al. (2007) used this method and improved it to predict
residual stresses occurring on the workpiece after the tool fin-
ishes its way on it. Both studies compared their results with
experimental findings and concluded that the numerical solu-
tion is in good agreement with measurements. Grzesik and
Nieslony (2004) predicted the tool–chip interface temperatures
in machining AISI 1050 steel, using an FDM-based model they
created, and resulted that the simulations are in good agree-
ment with measurements.
There are also studies to use measurement techniques
to improve the results of simulations. Sreejith et al. (2007)
monitored the acoustic emission signals during machining,
followed by a multiple regression analysis to model the
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 1111–1121

temperature of machining. Experimentations alone can be
observed within literature as well, to see the effect of some
parameters mostly. Boud (2007) conducted experiments while
turning carbon steel bar to see the effect of bar diameter on
temperature outcome.

Many researchers contributed in the issue by reviewing
the studies. Recently, temperature measurement techniques
and comparability of previous test results are reviewed, as
well as ongoing research on heat generation and dissipation
at the tool–chip contact face during orthogonal machining
(Abukshim et al., 2006). Filice et al. (2006) investigated the
capability of finite element models developed to predict the
temperature field in machining, and compared two temper-
ature measurement methods, namely thermocouple method
and thermographic analysis. They also investigated the two-
dimensional thermo-mechanical and three-dimensional pure
thermal types of numerical solutions. The analytical and
experimental methods used to predict and measure tem-
perature during machining are also reviewed (da Silva and
Wallbank, 1999).

In this paper, prediction of three-dimensional temperature
fields in moving chip, stationary tool and moving workpiece
during machining operations is presented; using a finite differ-
ence method-based numerical model. The heat transfer from
the primary and secondary heat sources (shear plane and fric-
tion face) is very crucial due to its brutal results. These results
include, but are not limited to rapid wear of the tool, and ten-
sile residual stresses on the surface of end product that cause
low fatigue life. First, we study the chip and tool together to
create a heat balance due to the friction on the rake face. Then,
we investigate the effect of the temperature of chip and tool on
the temperature field of the workpiece, taking into account the
heat coming from the shear plane. A finite difference-based
model is employed to undergo this process, and it can be seen
that the results are in good agreement with experimental data
presented in the literature. Additionally, the advantage of this
method over FEM models is the computational time, which
is decreased substantially; and the advantage over curve fit-
ting methods is that the method is fully based on physical
explanation.

2. Thermal modeling of chip, tool and
workpiece in 3D

2.1. Heat balance

Before starting to employ the finite difference method, ana-
lytical solution of the problem must be reviewed carefully.
Everything concerning the heat balance comes from the first
law of thermodynamics, which can be summarized as conser-
vation of energy, or in a more explanatory way: summation of
the rate difference that thermal and mechanical energy enter
and exit the control volume, and the rate of heat generation, is
equal to the rate of energy stored within the control volume.

In symbolic terms that explain the heat and mass transfer
phenomena

Ėin − Ėout + Ėgenerated = Ėstored (1)
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.1.1. Heat balance equations of chip
onsidering this energy balance equation, if we define Qx, Qy

nd Qz as the heat conduction entering the control volume
rom x, y and z directions, respectively, and the control vol-
me has dimensions of dx, dy, and dz, then the rates of heat
onduction are defined as

Q̇x = −kA∂T
∂x

= −kdydz
∂T

∂x

Q̇y = −kA∂T
∂y

= −kdxdz
∂T

∂y

Q̇z = −kA∂T
∂z

= −kdxdy
∂T

∂z

(2)

ere, k is the thermal conductivity of the workpiece, and A is
he area of the surface that is exposed to this heat conduction.
he heat conduction rates exiting the control volume from x,
, and z directions can be found from Taylor series expansion
f the derivative of heat conduction rates and ignoring the
igher order terms:

Q̇x+dx = Q̇x +
(
∂Q̇x
∂x

)
dx

Q̇y+dy = Q̇y +
(
∂Q̇y

∂y

)
dy

Q̇z+dz = Q̇z +
(
∂Q̇z
∂z

)
dz

(3)

These equations involve only the heat conduction terms.
ince the study is three-dimensional, and the system can be
odeled as stationary with air flowing around, there is heat

oss by convection from the system (chip, tool and workpiece)
o surrounding air. This heat convection is included in the

odel as heat flow exiting from the control volume to the
urroundings, if the control volume under consideration has
ontact with surroundings. Therefore, this heat convection
ate is directed from the control volume to the surrounding
ir:

˙ z,conv = hA(T − T∞) (4)

ere, h is the convection coefficient between the chip and
he ambient air flowing around. The temperature of ambient
ir is considered to be close enough to the room tem-
erature; therefore room temperature boundary conditions
re used. This term becomes zero if the control volume
s not in contact with air, so special care should be taken

hile using the boundary conditions in finite difference
orm.

Since the heat generation in the control volume is equal to
he volumetric heat generation rate times the volume of the
ontrol volume, and the amount of heat stored within the con-
rol volume is related to the density �, specific heat capacity

p, and the rate of change in temperature,
Ėgenerated = Q̇dxdydz

Ėstored = �Cp
∂T

∂t
dxdydz

(5)
n o l o g y 2 0 9 ( 2 0 0 9 ) 1111–1121 1113

We can write the heat balance equation in chip as

Q̇x + Q̇y + Q̇z − Q̇x+dx − Q̇y+dy − Q̇z+dz − Q̇z,conv + Q̇ dxdydz

= �Cp
∂T

∂t
dxdydz (6)

The differences of dimensional heat conduction rates
become only a partial derivative of heat, which becomes
the second derivative of temperature with the corresponding
dimension. If we divide both sides by (k dx dy dz), assuming
that the heat conduction coefficient and heat convection coef-
ficient are constant both with time and space, and define
˛= k/(�Cp), we can simplify the heat balance equation for chip
as

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
+ Q̇

k
− h(T − T∞)

k�z
= 1
˛

∂T

∂t
(7)

The equation is now in a form that finite difference method
can be applied on, with second-order approximations on
spatial second derivatives, and first-order approximation on
temporal first derivative, which will be converted to a first-
order spatial derivative using the moving chip theory.

2.1.2. Heat balance equations of tool
The same equation can be written for the tool employing
the heat balance equation in cylindrical coordinates for a
control volume of dimensions dr, rd , dz, and simplifying
the corresponding elements and treating the heat conduction
coefficient constant with time and space as:

∂2T

∂r2
+ 1
r

∂T

∂r
+ 1
r2
∂2T

∂ 2
+ ∂2T

∂z2
+ Q̇

k
− h(T − T∞)

k�z
= 1
˛

∂T

∂t
(8)

2.1.3. Heat balance equations of workpiece
Workpiece is modeled as a rectangular prism, which is the
same as chip model. This means that Cartesian coordinates
are used to define the heat balance equations, same as 3D
chip model:

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
+ Q̇

k
− h(T − T∞)

k�z
= 1
˛

∂T

∂t
(9)

2.2. Finite difference equations of chip, tool and
workpiece

Since it is hard to solve three-dimensional heat balance equa-
tions analytically, and it is not even possible most of the
times with conventionally used methods, it is important to
apply numerical techniques such as finite element method or
finite difference method. This part of the study deals with the
finite difference equations of chip, tool and workpiece that are
used to predict the temperature fields. The difference between
the solutions of analytical and numerical solutions is that in
numerical solution, the field is subdivided into smaller seg-
ments (grids). These elements generally have the same size

and dimensions for simplicity. In Fig. 1, a two-dimensional
grid is employed on the field and the temperature of the node
under consideration is written with respect to the tempera-
tures of the neighboring nodes. These neighboring nodes are
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mou
Fig. 1 – Coordinate axes and differential a

shown in Fig. 2, with a closer look to the specific node that
we consider. Likewise, the first and second spatial derivatives
of the temperature of the node under consideration can be
written by using the temperatures of the same node and its
neighboring nodes as:

∂T

∂x
∼= Tx+�x,y,z − Tx−�x,y,z

2�x
∂2T

∂x2
∼= Tx+�x,y,z + Tx−�x,y,z − 2Tx,y,z

(�x)2

∂2T

∂y2
∼= Tx,y+�y,z + Tx,y−�y,z − 2Tx,y,z

(�y)2

∂2T

∂z2
∼= Tx,y,z+�z + Tx,y,z−�z − 2Tx,y,z

(�z)2

∂T

∂r
∼= Tr+�r, ,z − Tr−�r, ,z

2�r
∂2T

∂r2
∼= Tr+�r, ,z + Tr−�r, ,z − 2Tr, ,z

(�r)2

∂2T

∂ 2
∼= Tr+� , ,z + Tr, −� ,z − 2Tr, ,z

(� )2

(10)
The Cartesian approximations were used for chip and
workpiece, while the polar form approximations were used
for the tool.
nts for Cartesian and polar coordinates.

For the chip, Eq. (11) can be found using these approx-
imations. Writing this equation in matrix form with nodal
temperatures being the unknown, coefficients of the tem-
peratures constituting the coefficient matrix, and the T0

coefficients being the RHS of the equation, one can solve the
matrix problem using Gaussian elimination (Eq. (12)).

Tc(x+�x, y, z) + Tc(x−�x, y, z) − 2Tc(x, y, z)

(�x)2

+Tc(x, y+�y, z) + Tc(x, y−�y, z) − 2Tc(x, y, z)

(�y)2

+Tc(x, y, z+�z) + Tc(x, y, z−�z) − 2Tc(x, y, z)

(�z)2

−Vc

˛

Tc(x+�x, y, z) − Tc(x−�x, y, z)
2�x

−hTc(x, y, z)
k�z

= −Q̇
k

− hT∞
k�z

(11)
[A]{Tc} = {C} ⇒ {Tc} = [A]−1{C} (12)

For the tool, radial, angular and longitudinal (cylindrical)
approximations are used, and Eq. (13) is gathered combining
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following approximations (Lazoglu and Altintas, 2002):

B2 = 0.5 − 0.35 log(Rt tan(�n)) if 0.004 < Rt tan(ϕn) < 10

B2 = 0.5 − 0.15 log(Rt tan(�n)) ifRt tan(ϕn) > 10
(18)
ig. 2 – Closer look to the specific node under consideration.

hese. Again, grouping the nodal temperatures and coeffi-
ients at one side, with T0 coefficients at the other, the matrix
roblem can be solved (Eq. (14)).

Tt(r +�r, , z) + Tt(r −�r, , z) − 2Tt(r,  , z)

(�r)2

+Tt(r,  +� , z) + Tt(r,  −� , z) − 2Tt(r,  , z)

r2(� )2

+Tt(r,  , z+�z) + Tt(r,  , z−�z) − 2Tt(r,  , z)

(�z)2

+Tt(r +�r, , z) − Tt(r −�r, , z)
2r �r

− hTt(r,  , z)
k�z

= −Q̇
k

− hT∞
k�z

(13)

D]{Tt} = {E} ⇒ {Tt} = [D]−1{E} (14)

For the workpiece, heat balance equations in finite differ-
nce form are analogous to the equations of chip, with the
nly difference being Tw instead of Tc. Therefore, Eq. (15) can
e achieved by grouping the corresponding terms together.

R]{Tw} = {S} ⇒ {Tw} = [R]−1{S} (15)

Once these equations are employed to solve the analyt-
cal problem and the corresponding temperature values are

ritten, the inlet and exit heat conduction terms are handled
ithin the equation. The only thing that remains becomes the
eat generation.

.3. Heat generation

here are three main heat generation zones during the
achining processes, which are named primary, secondary

nd tertiary zones. Since we are dealing with orthogonal

achining, tertiary zone heat generation is theoretically not

bserved. Primary zone heat generation due to shearing, and
econdary zone heat generation due to friction at the rake face
re modeled per unit depth of cut. These heat generation val-
n o l o g y 2 0 9 ( 2 0 0 9 ) 1111–1121 1115

ues are found from the force and velocity components along
shear and friction dimensions, such as

Qs = FsVs = �hV cos(˛n)
sin(˛n) cos(�n − ˛n)

Qf = FfVc = �hV sin(ˇn)
cos(�n + ˇn − ˛n) sin(�n − ˛n)

(16)

In these equations, h is the uncut chip thickness, which
corresponds to feedrate in turning, � is the shear flow stress,
V is the cutting velocity and ˛n, �n and ˇn are the normal rake
angle, normal shear angle and normal friction angle, respec-
tively. These values of heat generation are found per unit
depth of cut; but multiplying them by depth of cut would give
the actual values. Then, by dividing to the amount of nodes
along the depth of cut, one can find the amount of heat gen-
erated at any node at the heat generation surface.

2.3.1. Distribution of heat generation in the primary zone
Heat generated at the shear plane is distributed between chip
and workpiece. Since we look at the tool–chip contact first,
we modeled this heat generation as a heat source that raises
the temperature of the nodes at the shear plane. However,
since the specific values of the temperature rise at the nodes
is hard to find, the average temperature rise is found accord-
ing to Oxley’s energy partitioning function, and is used as a
boundary condition at the nodes on chip that has just started
to shear.

�T = Qs(1 − B2)
�CphV

(17)

where � is the density of the workpiece, Cp is the specific heat
capacity of the workpiece, h is the uncut chip thickness, V is
the cutting velocity, Qs is the shear plane heat generation per
unit depth of cut and B2 is the proportion of shearing heat flux
that has entered the workpiece. This value can be found by the
Fig. 3 – The infrared camera system used for temperature
measurements.
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Fig. 4 – The IR camera system as it is in the vertical CNC
machine.
Fig. 5 – The close-up view of the IR system near the tool
insert.

Here, ϕn is the normal shear angle and Rt is called the thermal
number found by

Rt = �CphV

k
(19)
2.3.2. Distribution of heat generation in the secondary
zone
Heat generation in the secondary zone is more complexly han-
dled than the heat generation in the primary zone. Here, we

Table 1 – Cutting parameters and orthogonal cutting results for

Material Tool rake
angle (◦)

Cutting speed
(m/min)

Feedrate (mm)

AISI 1050
6

60, 80 0.050, 0.075, 0.100
18

AISI H13
6

40, 60 0.050, 0.075, 0.100
18
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 1111–1121

first assume a portion of heat generated due to friction flows
to the tool, and after solving chip and tool temperature fields,
we compare the rake face temperatures. Since these nodes
on chip and tool are actually the same points on space, the
temperature difference between the two must be theoretically
zero. However, reaching this zero difference is very hard and
time consuming in numerical solutions, if not impossible. This
is due to the characteristic of numerical solution methods, the
convergence of the element size. Hence, a difference below
an acceptable tolerance limit is expected. If the difference is
not under the tolerance limits, the portion of heat generation
flowing to the tool is updated in such a fashion that this dif-
ference might be smaller. Iteratively, this difference is pulled
below the tolerance limits and the temperatures of tool and
chip rake face nodes are brought close together.

3. Experimental procedure

Temperature field observed on the tool is measured with
an infrared camera, and compared to simulations for three-
dimensional tool temperature field, concerning the maximum
rake face temperature at the tool from an orthogonal point
of view. The infrared (IR) camera technique has many advan-
tages to measure temperature in machining processes. These
advantages include zero contact between the camera and the
heat sources, therefore no effect on temperature distribution,
and fast response of the IR camera system. While using other
methods such as thermocouples or fiber-optic pyrometer, the
measurement device has to be embedded within the tool,
which perturbs the heat flow in the tool and changes the
results. In addition, fast response of the IR camera lets high
cutting speeds to be used in machining experiments, since it
becomes possible to capture the transient changes.

The technique has some disadvantages as well, such as
the need of knowledge about the exact surface emissivity and
chip obstruction. To make the measurements accurate with
the IR camera, one needs to know the exact surface emissiv-
ity, which changes with surface temperature, roughness and
phase of the material, all of them changing during the pro-
cess. Furthermore, during the process, flowing chip may get
between the tool and the camera, which will obstruct the mea-
surements. This disadvantage is handled by repeatedly doing
the measurements until getting the best chip-free view.

The IR camera used in the experiments can be seen in Fig. 3.
The main part of this system is the IR camera, whose model

is Electrophysics PV-320, having an uncooled focal plane array
(FPA) detector – which takes advantage of a ferroelectric phase
transition in certain dielectric materials – and utilizing an
array of pyroelectric elements in that plane, which is a ceramic

all workpiece–tool combinations

Shear angle (◦) Friction angle (◦) Shear flow stress (MPa)

32.2 41.9 644.9
33.7 42.4 825.0
37.5 36.1 772.2
33.9 43.2 1076.3
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ig. 6 – Maximum temperature comparison of simulations a
aving 6◦ of rake angle and (b) tool having 18◦ of rake angle

aterial of barium, strontium and titanium salts. The nomi-
al desired composition of the ceramic is Ba0.66 Sr0.34 TiO3.

he IR camera has 320 × 240 pixels of array size, a target

mage temperature range between −18 ◦C and 523 ◦C, and a
inimum resolvable temperature difference of approximately

.2 ◦C at 25 ◦C. The spectral responsivity of the camera is
xperiments for AISI 1050 workpiece material, for (a) tool

7–14 �m, and the camera has 2:1 interlace scanning property.
The diaphragm adjusts the IR light intensity that enters into

the camera. The nitrogen input is needed in order to overcome
the condensation problem due to the humid environment,
since this condensation can cause noises in the final cap-
tured IR image. The reflective microscope objective images the
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nd e
.

Fig. 7 – Maximum temperature comparison of simulations a
having 6◦ of rake angle and (b) tool having 18◦ of rake angle

area of interest on to the FPA detector. The protective window
prevents chips to harm the objective.

Fig. 4 shows the same IR camera system adapted into
the Vertical CNC Milling Center, in which the measurements

are done. As seen in the figure, during the temperature
measurements in the CNC machine, the IR setup is protected
with an additional covering in order to isolate the camera
and the objective from the chips and any flying particles that
xperiments for AISI H13 workpiece material, for (a) tool

are present in the environment of CNC machine. The tool is
placed in the workpiece location, since it has to be steady
to measure correctly, and the workpiece is placed in the tool
location, rotating with the spindle, forming a vertical turning

machine. The experiments were done with two different
workpiece materials, namely AISI 1050 carbon steel and AISI
H13 steel. Cutting inserts were Sandvik, type H13A, which are
tungsten carbide inserts without any coating or chip breakers.
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Table 2 – Material properties for AISI 1050 and AISI H13

Material Thermal conductivity
(W/mK)

Density
(kg/m3)

Specific heat
capacity (J/kg K)

Thermal expansion
coefficient (10−6/K)

Elastic modulus (GPa)

486
523

H
a
o
e
s
K
w
A
o

w
a
a
r
f

F
V
w

AISI 1050 51.9 7870
AISI H13 28.6 7760

alf of the tests were done with fresh tools having a rake
ngle of 6◦, with edge radius of approximately 15 �m, and the
ther half with fresh tools having a rake angle of 18◦, with
dge radius of approximately 20 �m. The force measurement
ystem included a three-component Kistler dynamometer, a
istler charge amplifier, and a National Instruments I/O box,
ith data acquisition carried out by MALDAQ (Manufacturing
utomation Laboratory Data Acquisition) software, a module
f CutPro.

Fig. 5 shows a close-up view of the experimental setup,
here the insert (tool) and the workpiece can be seen with

closer view than in Fig. 4. Here, the distance between the

luminum adapter in front of the microscope and the tool
ake face is approximately 20 mm. It can be resulted from this
act that making these experiments very close to the cutting

ig. 8 – Simulated and measured results of temperature for AISI
= 80 m/min and h = 0.1 mm. (a) Simulated chip temperature field
orkpiece temperature field. (d) Measured tool temperature field
7.8 205
10.4 209

edge of the tool in the CNC machine is very difficult, and this
distance also explains the need for the additional protective
covering.

Finally, the video output from the IR camera is processed
by differentiating, noise filtering, and coloring, to get the final
results.

4. Simulations and validations

The aforementioned finite difference-based model is applied

for different machining conditions and compared with exper-
imental results. Since heat convection is included, chip, tool
and workpiece temperatures were observed to be at maximum
at the middle part of the system. The effect of the heat convec-

1050 workpiece material and tool having 6◦ of rake angle,
. (b) Simulated tool temperature field. (c) Simulated

.
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tion is at minimum due to the fact that it is the furthest piece
from both sides that are subjected to heat convection. How-
ever, temperatures close to the edge at both sides drop closer
to room temperature, as expected. The cutting conditions for
Figs. 6 and 7 can be found from Table 1, along with orthogonal
cutting parameters for every workpiece–tool combination.

Heat convection coefficient can be determined using air
at room temperature flowing at cutting speed as surround-
ings, stationary system, and approximation of the system to
a flat plane. However, cutting velocity component at chip flow
direction is used for the heat convection coefficient of chip–air
interface. Eq. (20) is used to calculate the heat convection coef-
ficient.

NuL = 0.664Re1/2 Pr1/3 = hL

k
(20)

Here, Re is the Reynolds number and Pr is the Prandtl num-
ber concerning tool, workpiece and machining properties. L is
the length of contact between air and the system, and k is the
thermal conductivity of the tool–workpiece. NuL is the Nusselt
number of the process.

5. Results

Orthogonal cutting and temperature measurement tests are
done for conditions given in Table 1. Simulations are also made
for the cutting conditions given in Table 1. Orthogonal cutting
results for shear angle, friction angle and shear flow stress
for every tool–workpiece combination is given in Table 1, as
well. Table 2 shows the related material properties for both
of the workpiece materials. Fig. 8 shows a sample simula-
tion and measurement for AISI 1050 workpiece material, 6◦

of rake angle for the tool and cutting speed of 80 m/min, fee-
drate of 0.1 mm. Figs. 6 and 7 show the maximum rake face
temperature comparisons between simulations and measure-
ments for all the tool–workpiece combinations and cutting
parameters. It can be resulted that the simulations are in
acceptable agreement with measurements, although under-
predicting 20–60 ◦C for low feedrate values. This is mostly
due to the fact that for low temperatures (temperatures
closer to room temperature), thermal conductivity and den-
sity of materials change, which will affect Reynolds number
of the process and thus heat convection coefficient. Ther-
mal conductivity change will also effect the calculations of
chip–tool interface heat generation terms, and perturb the
simulation results. Since the calculations for thermal con-
ductivity and density of the materials are done for maximum
temperatures that are present, approximately 400 ◦C, the sim-
ulations are most valid for temperature results close to this
value.

6. Conclusions

In this paper, three-dimensional finite difference-based model
to predict temperature in machining processes is presented.

Heat balance equations in three-dimensions are solved ana-
lytically for chip, tool and workpiece including the heat
convection effect that is excluded in two-dimensional anal-
ysis. The main advantage of this method compared to the
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 1111–1121

finite element-based models presented in literature is the
computational time, decreasing from hours to minutes, with-
out compromising from accuracy so much. This 3D thermal
modeling is critical and input to the residual stress predic-
tion, which is one of the other important current topics in the
machining research community.
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