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Abstract—In the present paper, the
temperature field of tool is determined during thechining and
compared with experimental work on C45 workpiecegisarbide
cutting tool inserts. During the metal cutting agemns, high
temperature is generated in the tool cutting edgelwinfluence on
the rate of tool wear. Temperature is most impartaaracteristic of
machining processes; since many parameters suchtérsy speed,
surface quality and cutting forces depend on thpe&gature and high
temperatures can cause high mechanical stresseh Velaid to early
tool wear and reduce tool life. Therefore, consiit attention is
paid to determine tool temperatures. The experisardg carried out
for dry and orthogonal machining condition. Theutes show that
the increase of tool temperature depends on deptieub and
especially cutting speed in high range of cuttingditions.

three-dimensional Many studies on the prediction of cutting tempeaetare

accomplished that present simulation of cuttingdst stresses
and temperature fields on chip, tool and workpigcases in
point are analyzing rounded edge tools [2], analysi the
friction modeling in orthogonal machining [3], aysés the
temperatures in hard turning [4] and Finite elenmaodeling
of temperature distribution in the cutting zone tirning
processes with differently coated tools [5].

The primary effect of temperature is on tool wddrere are
various tool wear mechanisms [6]. Furthermore, tbel
longevity can be determined by the maximum tempegain
the tool rake face. However, the maximum tempeeatund the
temperature gradient effects can cause subsur&foendhtion,

Keywords—Finite element method, Machining, Temperaturemetallurgical structure change and mechanical ptigse

measurement, Thermal fields

|. INTRODUCTION

alteration in the machined surface.
In the hard turning process, because of the higtiness of
the workpiece materials, high temperatures and high

HE metal cutting is an intricate process. During thé&echanical stresses are created which lead todtig ®ol

process, due to the plastic deformation and frigtiveat
generation occurs. It could be assumed that allrélgeiired
cutting energy is converted to heat. The tempeganareases
in the cutting zone which can affect the materethdvior and
result in the formation of tool-chip. The maximuemtperature
which occurs at the tool-chip interface can inceefracture
considerably. Many parameters such as cutting sprethce
quality and cutting forces depend on the tempeeatdence,
determination of temperature distribution has beee of the
major issues in the machining researches.

Temperature prediction is one of the most compljests

in the metal cutting and is extremely difficult tevelop an
accurate temperature prediction model in machinidge to

wear and reduce the longevity of tool; besidesy therease
the forces and tensile residual stresses, affecsuiface finish
and cause white surface layer to damage [7]. Numsero
attempts have been made to measure the temperattine
machining operations [8]. One of the most extergivsed
experimental techniques to measure the temperaiore
machining is the use of thermocouples.

A study through a finite elements model using tiadus"
code is conducted to predict the interface cuttergperature
and its dependence to the crater wear mechanism [9]

Locating temperature measuring instruments muckecto
the cutting edge is very difficult. Due to the laak
experimental data verifying the proposed matherahtic

the complexity of the contact phenomenon, tempezatumodels, most published articles rely on the few lighbd

prediction is a quite challenge in the metal cgtfmocess [1].

In order to obtain cutting forces, specific cuttiegergy and
appropriate temperature for coated tool materiarious
models are simulated; then appropriate cutting itimmdwhich
is very important is defined.
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experimental data [10]. The infrared radiation téghe (IR)
is the second most used method of temperature megsin
this case, the surface temperature of the bodyeaasuored
based on its emitted thermal energy. In some cHsedR
technique indicated lower temperatures than thevtbeouple
method did.

In this paper, temperature is measured with araiatt
pyrometer during orthogonal cutting condition. Alloe effect
of cutting speed, feed rate and depth of cut on ttw
temperature (rake face) were considered.
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Finally, by the use of experiments, an equation fo= o = gdxdydz
‘generat .

estimating of tool temperature was developed.

Il. THERMAL MODELING

A.Heat balance

In order to solve the problem with finite elemengthod
(FEM), analytical solution of the problem was revésl by
choosing each element as a control volume. Fronfitdtdaw
of thermodynamics, the rate of difference betwdwmrhal and
mechanical energy entering and exiting the conialume
summing to the rate of heat generation is equ#heorate of
energy stored within the control volume. This pifiat can be
written as
Ein - Eout + E = E (1)

generated stored -

B. Heat conduction

The rate of heat conduction to the control volumnith whe
dimensions of dx, dy and dz from x, y and z

directions, are calledjx, Qy and QZ, respectively. The rate

of heat conduction in three directions is defined a

: oT oT
= -kA— = —kdydz—
Qu oX 4 X
Qy = —kAa_T: —kdxdza_T (2)
oy ay
Q,= AR —kdxdya—T :
0z 0z

Here, K is the thermal conductivity and\ is the area of the
surface that is exposed to this heat conduction.

C.Heat convection
Another way of heat transfer is convection from $lystem

to the surrounding air; the heat convection ratdiriscted from
the control volume to the surrounding air which tanwritten
as following.

Qe =N A(T-T,.) €)

(4)

The values of generated heat are obtained fronfaioe
and velocity factors along shear and friction disiens, as
can be seen in following.

rhV cos(a,)
sin(a,) codg,~a,)

g, =FV, = ®)

S°Ss

_ ThV sin(,)
" cos(g, + B, - a,) sin(g, - a,)

In these equationsh is the uncut chip thickness which
corresponds to feed rate in turning;is the cutting velocity;
T is the shear flow stresg,, S, and g, are the normal rake
angle, normal friction angle and normal shear angle
respectively. The values of generated heat araupi¢of cut;
therefore, we can achieve the real values with ipiyiihg
them by depth of cut.

E.Heat stored

The amount of heat stored within the control volume
depends on volume, densjty, specific heat capaciy, and
the rate of temperature change in the control velum

4, = FV, (6)

c

= pC %—1— dxdydz )

stored

It is assumed that heat flows from all surroundatgjects
and enters to the control volume; therefore, that lalance
equation can written as follow.

Q. +Q, #Q,+ Quy + Qbidydz = pC oL dityiz (@)

In (8), Q is defined as the following term.

Q = ¢ + 4y ©)
F. Discretizition of heat equation by explicit method
The problem must be discretized in time. The intgges

introduced for this purpose, whete= pAt and the finite-

Here, h, is the convection coefficient between the elemenjitterence approximate to the time derivative inuaipn is

and the ambient air flowing around. The temperatafe
ambient air is considered equal to the room tentpera
therefore, room temperature is boundary conditiSome
elements are not in contact with air so this teendmes zero
for them.

D.Heat generation

The amount of generated heat depends on heat jenera

rate per control volume unit

expressed as

OT _ Thyu—Tilw
ox At
TP, . -TP
%:%tm (10)
0z At
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The superscriptp denotes the time dependenceTof the

time derivative is expressed in terms of tempeeatlifference
between the ne\.(/p+1) and previous( p) times.

In the explicit method of solution, these tempereguare
evaluated at the previouﬁp) time. Hence, Eq. 10 is

considered to be a forward difference approximatiorthe
time derivative. The accuracy of the finite diffece solution
may be improved by decreasing the values of noidetmsion
and At .

An undesirable aspect of the explicit method ig th& not
unconditionally stable. In order to prevent the leXpmethod
from becoming unstable, the prescribed value\f must be
maintained below a certain limit which depends tement
dimensions and other parameters of the system.

G.Finite difference equation for tool

In this section, after meshing of the tool, a m@drti
differential equation is derived for each elementthis grid.
Notice that in the selection of the element numbdsth
accuracy and time are of great importance. In thesegnt
paper, the optimum element number with proper preciis
used for temperature estimation. Differential emumafor one
type of the elements is as the following.

oT 0T . .07 oT
+KA" = +KA" = +h A(T =T, ) = pCV
dy oz AT L) =00V

KA'— (11)

o0x

This element is shown in Fig. 1 (highligheted elathe

Fig. 1 Finite element modeling of insert

By solving the nodal temperature of the ngw+1) time,
the following is achieved.

2kt
Pl = TP +TP  +T —
ijk pCI ( i+1,j k i,j+1k i ]k+1) quI (13)
6kt
+ F 2 (Tlﬁk)
pCl
Here, some parameters are defined.
Fo=—K_ (14)
poCl
h,l
Bi =2 (15)
k

Fo is Fourier number anai is Biot number, and finally
we have

. ql
T.’j;f—ZFO( |+1]k+1—|]+1k +T| K+ 3_)

K (16)

+(+ 6Fo- E0xBi) TF,

Ill. EXPERIMENTAL VALIDATION

A.Tool and workpiece material

In both methods, IR and thermocouple, the qualificaset-
up is identical and metal removal is carried outhsbide tool

with triangle insert and constant geometry, where¢he rake

angle O, inclination angle 0, clearance angle 4| antering

angle 90 degrees on a C45 steel pipe (C45; carl2®¥4) iron

98%, manganese 1.03%, silicon 0.28%, copper 0.20fyrs
0.05%, phosphorous 0.04%) with 110mm diameter anch 5
thickness. To enhance the accuracy and evennegspef
thickness, the inside and outside of the pipe weaehined on
a conventional lathe. Hence, the required diameted

thickness with different desirable depth of cutsn che

achieved. A schematic outline of insert is showFRimn 2.

Here, it is assumed that element dimensions are L
Ax=Ay=Az; hence, A', A" and A"are equal surfaces, Riake Face - -rl
_3*,  ,._1” and,, _!°; Substituting these terms (1) in a
A_T A= 2 V= g *0.5#11::
small time interval, the following equation is olied. Insert
0. Smny

k' -Il-fllk_-ﬁ,jk kl TF;ﬂk -ﬁjk
4 [ 4 [

3l ? TT& _Trj k
8 N

12
K2 -Er;k+1_-||-rj)k o

+— | L +q :
4 N 4

Thermocouple
Fig. 2 The schematic outline of insert

A Phyfe model dynamometer with special tool-holder
including embedded K-Type thermocouple was usedssto
measure the cutting force, feed force and tempezatu
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The thermocouple diameter is 0.5mm. The temperatuneachining could be avoided. The pyrometer is catédnt by a

ranges from -30 to +700 degrees centigrade, thembmn is

about220x 60x 60 mm and the weight is approximately 50N.

Photos of (a) dynamometer and (b) tool-holder &@ve in
Fig. 3.

(b)
Fig. 3 The photos of (a) dynamometer and (b) taddér

B. Infrared pyrometer

The temperature signals were measured by an imejobil

wholly digital and fast compact pyrometer for ailmated
temperature range of -3 to +900 degrees centigrBlae laser
pilot lights direct the pyrometer to the measungition. The
size of the measurement spot was 0.3 mm, whickesponded
to a distance to the measurement surface of 0.ZTime.
pyrometer had a response time of 250 ms. Temperattir
point A on the insert has been measured, as showgi 4.
This position is alongside the leading edge at limom the
cutting edge so that the effect of chip obstructauring

k-Type-thermocouple.

Chip .
Position A

>

Fig. 4 Tool temperature measurement position (Aninared
pyrometer

C. Experimental set-up

The standalone temperature measurement work-station
consisted of an infrared pyrometer, mounted orctbss slide
of the lathe and placed directly over the tool réate during
the cutting tests, and the analysis software maume a
personal computer. Cutting force, feed force andl to
temperature were measured by dynamometer simulialeo
To record the data from dynamometer, a Yokogawa4RQo
model oscilloscope and written software were uJée: total
time of sampling is 60000 ms and the total samples60 in
quantity. The schematic description and photo @kexnental
set-up are shown ifig. 5.

Fig. 5 Schematic experimental Set-up

The cutting parameters used in the following experits
are shown in Table I.

TABLE |
CUTTING PARAMETERS FORDIFFERENTTESTS

Cutting speed (V) 131, 185, 263, 528, 733 (mm/s)

Depth of cut (h) 15,2.1,2.94,4.1 (mm)

IV. RESULTS

Temperature field observed on the tool is measuitdam
infrared camera and compared to simulations foreethr
dimensional tool temperature field which is pertinan the
maximum rake face temperature of the tool from hogonal
point of view.
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A. Temperature in various cutting speeds

In these experiments, the cutting speed (V) is @abbke 200 ‘_Theo‘
parameter, as indicated in table I, the feed ratkdepth of cut —=- Exprimental
are 0.08 mm/rev and 1.5 mm, respectively. The tesul
achieved from infrared pyrometer are illustratedFig. 6. It 150+ 1
can be seen that in the beginning of the set-eptetmperature
is increased with a rather steep slope, and as fiimgresses £
the slope of curve decreases and approaches zero. E 100

2 100} i
120 : &
— Theory "
== Exprimental 50 7
100
0 | L L | L |
8 0 10 20 30 40 50 60 70
=90 | Time(s)
[<B]
5 ©
E 250 : =
o —Theory
f 60 i === Exprimental
— 2001 1
40 1 S150. 1
20 | | | | | | E‘ 100¢ il
0 10 20 30 40 5 60 70
Time(s) 50 |
(a)
0 L L
160 0 10 20 30 40 50 60 70
‘ Time(s)
—Theory (d)
140¢ == Exprimental |
350 :
| =——Theory

120 300! === Exprimental ||
o
2100 f 2507 *
= G

© T 200t ,
= 80 : g
et £ 150 i
e
60 1 100t |
50 b
40 1
0O 1‘0 26 3‘0 46 56 60 70
20 | | | | | | Time(s)
0 10 20 30 4 5 60 70 _ ©
Timels) Fig. 6 FTool temperature vs. Time in (a) V=131 mm/s, (b)185

(b)

mm/s, (c) V=263 mm/s (d) V=528 mm/s and (e) V=788/s
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B. Tool temperaturein various depth of cut

160

In these tests, the cutting speed and feed raté3drenm/s —Thec;
and 0.08 mm/rev, respectively, and the effect adngiing . ‘ry |
depth of cuts on tool temperature is consideredrainy to 1407 Exprimental
table 1. The results from the embedded infraredmegter are
shown inFig. 1 One of the main points of these experiments 1201 1
demonstrates that the slope of the tool temperaturee G
decreases intensely, moreover, the effect of deptout on £ 100f ]
tool temperature is less than that of feed ratecamiihg speed. &
£ 80f 1
()
2
60} 8
120 ‘
=—Theory 40 i
===-Exprimental
lOO’ 7 20 I L
0 10 20 30 40 50 60 70
Time(s)
% 801 ] (c)
g
g 200 T T T T T JEp—— =
2 60 i —Theory
===Exprimental
40+ ] 150+ 1
o
20 1 1 1 1 1 1 g
0 10 20 30 40 50 60 70  100F 1
Time(s) =
£
(5]
@) -
50 1
160 :
—Theory
—— . 0 1 1 1 1 1 1
140¢ Exprimental . 0 10 20 30 40 50 60 70
Time(s)
1207 1 (d)
Fig. 2 Tool temperature vs. Time in (a) h=1.5 mim,=2.1 mm, (c)
S h=2.94 mm and (d) h=4.1 mm
51007 | V.CONCLUSION
© In this paper, an accurate model of tool is presérand
= 80r 1 three-dimensional temperature field on tool duningchining
g is computed, and then compared with experimentak vem
C45 workpiece using carbide cutting tool insertbe Tesults
60} | of experiment can be used as inputs of the residtraks
prediction which is one of the other important eatrtopics in
40 | the machining research.
Moreover, this work is carried out to obtain théatien
between tool temperature and cutting conditionshsas
20 ! ! | ! \ \ cutting speed, feed rate and depth of cut. Accordio
0 10 20 30 40 5 60 70 performed experiments, the following results haveerb
Time(s) obtained:

(b)
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1) Due to the complexity of machining processesious

measuring techniques should be integrated to obtain

temperature.

2) With an increase in the cutting speed, feed aatbdepth
of cut, the tool temperature is increased and ttigng speed
is found to be the most effective parameter in emfure rise,
especially in high range of cutting conditions.

3) When the cutting speed, feed rate, and depttubfre
considered, the cutting speed and feed rate wenedfto be
more effective than the depth of cut on tool terapee. By
increasing the feed rate and depth of cut more facspecific
range, the amount tool temperature approaches talmaost
straight line with low slope and the feed rate ¥@asmd to be
more effective than the depth of cut in tool terapeare.
Therefore, in order to increase the chip removétiehcy, it
is better to increase the depth of cut and therease the feed
rate and cutting speed, respectively.
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