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HccnenoBanue moJist TEMIIEPATYP pPE3aHUA U paCpeac/ICHUs YI€JIbHOr0o pacxoaa
TeIia MEXKIY 3aFOTOBKOﬁ, pe€3aKkoM M CprmKOﬁ NP BBICOKOCKOPOCTHOM
pe€3aHuu HA OCHOBE AHAJIUTHYCCKHUX M YUCJICHHBIX METOA0B

X. I. Aw®, Jix. O. Pyn®, P. ®. Banr”, k. M. /ikanr®

* IHCTHTYT MEXaHHYECKOTO KOHTPOJS W JAWATHOCTHKH HEWCIpaBHOCTEH, YHHBepcuTeT JIaHBWKOY,
Jlanpwxoy, Kurait

6 o o o
(DaKyHI)TeT MEXaHUYCCKOU U IJICKTPOHHOU TCXHHUKH, YHI/IBepCI/ITeT .HaHB‘DKOy, HaHB‘{)KOy, Kurait

* Vuusepcuter Jlanpwkoy JKao Tonra, Jlanpwkoy, Kurai

Buicokockopocmmoe pezanue wupoKko Ucnoib3yemcs 6 deUaKoCMU4ecKoll, agmomoounbHoll u Opyeux
ompacnax npomviwnennocmu. OOHAKO KOMNIEKCHbII MEXAHU3M NPOYecca 6bICOKOCKOPOCMHO20 pe3a-
HUA ewje HedoCmamouno usyien. Ha ocnoee ananuza mennoso2o pagrosecus Mexcoy meniosvloeie-
Huem u nompebneHuem SHepeul npu 8bICOKOCKOPOCMHOU 0bpabomke 6e3 CMA304UHO-0XAaAHcoarwell
HCUOKOCIU NPEONONHCEHbl MOOENU MeNa08blX UCMOYHUKOS U noneil memnepamyp pesanus. s
ananuza enuUAHUA BblOeleHUs U BbIX00d Menaa npu 06padbomKe HA BbICOKUX CKOPOCMIAX De3aHis
6bI6E0CHbL MAMEMAMUYecKue MoOely meMnepamyp pesanus 0as mpex 301 oegopmuposanus. Onpe-
OelleHbl COOMHOWEHUS PACNPEOeNeHUs MENIAd MeNCOYy CIMPYIHCKOL, Pe3aKOM U 3a20MOBKOU, ULIIOCHI-
pupylowue cmeneHb NpONOPYUOHATLHOCHIU CO CKOPOCMBIO C NOMOWbIO NAKeMd NPUKIAOHbIX NpO-
epamm MATLAB.

Knroueewte cnoea: BRICOKOCKOPOCTHOE pe3aHUE 0e3 CMa309HO-OXJIaKHAIONICH KUIKOCTH,
1oJie TeMIeparyp, pacupeesieHue Teria, BhIISISIIONIErocs NPy Pe3aHuy, aHATUTUYECKUN
METO/I.

Introduction. Cutting heat is a kind of important physical phenomenon during the
metal-cutting process, which implies a temperature increment in the cutting area. This
temperature and its distribution can affect the cutting forces, chip deformation, tool wear,
and finished surface quality. For the particular cutting conditions, the temperature depends
on cutting speed. The major part of energy spent during high-speed cutting (HSC) is
converted into heat energy, with a small share being stored in the deformed materials [1-3].
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Friction power dissipation almost fully turns into a heat energy and enhance the
temperature rise. However, the effect of HSC is different from that of general cutting. As
compared to general cutting, HSC has a lower temperature and smaller cutting forces [4, 5].
Thus, it is very important for comprehension of the tool wear mechanism to study the
temperature field and distribution rates of heat transferred to a workpiece, cutter and chip
under dry-cutting conditions. In general, the temperature field can be obtained by
experimental methods, numerical simulation, and mathematical analysis. Experimental
methods can provide the approximate temperature values by surveying specific points on
tool or/and workpiece in course of machining, but this would require much time and cost.
Numerical simulation is useful to solve nonlinear heat conduction problems or partial
differential equations for objects having complicated shapes and boundary conditions [6,
7]. The machining course can be imitated by the use of some simulation software, while
some appropriate mathematical models and cutting tests are required to estimate the errors.
Mathematical analysis is applied to deal with linear problems or few nonlinear heat
conduction objects of simple geometry, but the veracity of the results obtained is hard to be
estimated. The heat source method is a way to solve various heat conduction problems via
some temperature formulas using an integral method for a dotted heat source located in an
imaginary infinite heat conductor plane, which can yield a simple and approximately
correct answer. We propose a heat conduction model by the analysis of laws of heat
generation and spreading from cutting pattern, in which the average temperature of the
cutting area can be obtained by combining the heat source method with an analytical
technique. Moreover, some distributions rates (R; and R;) of cutting heat with cutting
speed increment are calculated using the MATLAB software.

Heat Source and Model of Heat Conduction for Cutting. For energy dissipation to
undergo elastic-plastic deformation and frictional work during metal cutting processes, the
formed chips from plastic-deformation work consumed in the material shear slip are
dominant, while frictional work values corresponding to domains between the rake face of
cutter and the chip underside, as well as the back face of cutter and machined face, are
relative low. The schematic diagram for the model of three cutting-heat sources is
illustrated by Fig. 1.

jeurting path for workpisce

Fig. 1. Heat source of cutting and their models of heat conduction.

The total power consumption of HSC, containing the energy (W,) consumed in
forming new surface of chip bottom and interface energy of work surface can be neglected,
as compared to the total energy consumption, because it is very low. The deformation
energy (W) in the shear zone is large, and frictional work (W ;) from rake face of cutter and
bottom of chip, as well as the back surface of cutter and finished surface of workpiece, is
smaller than W, while the wasted power (W) is negligible due to instant change of shear
slipping in the cutting material. Suppose that 4;, 4,, and A; are the areas of shear
surface, cutter—chip contact, and cutter—workpiece contact, respectively. Accordingly, ¢,
q,.and g5 represent the heat quantities produced for the three zones per unit time interval
and unit area. Then, we have

O=q,4,+q,4,+q345, (D
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where O represents the total energy produced per unit time and unit area, ¢, is a heat flux
due to power dissipation of shear deformation, ¢; = F,v, /(A4 cscg)=1,v, [J/(s-m?)], in
which ¢ is shear angle (deg), F is shear force (N), v, is shear slipping speed (m/s), A4,

is section area of cutting layer (mz), A,=a.a,, a, is thickness of cutting layer (m), 7

is shear stress (Pa), ¢, is heat flux transformed from frictional work between cutter and
chip interface [J/(s-m?)], ¢, = F 1ve/(ra,,), Fp s frictional force (N), v, is sliding

speed of chip along the cutter rake face (m/s), /, is length of cutter-chip contact (m), a,,
is width of cutting layer (m), g5 is heat flux converted by frictional work between cutter
and workpiece [J/(s-m?)], q3=Fyv/(l,a,), F, is frictional force between cutter and

workpiece (N), v is cutting speed (m/s), and /,, is length of contact between the back
surface of cutter and workpiece (m).

Factors affecting heat conduction are as follows.

1. Character of heat conduction of workpiece material. Higher the heat conductivity
coefficient, higher the value of heat flowing into the workpiece and chip per unit time.
Lower the temperature in cutting area, less the cutter wear, but cutting temperature rise
leads to thermal deformation of the machined workpiece. Moreover, a high temperature in
the cutting area results in oxidation — or/and diffusion of the cutter area.

2. Character of heat conduction of the tool material. A higher coefficient of heat
conduction of tool material implies a higher heat energy spread into the tool per unit time,
which results in a less temperature rise in the cutting area and less tool wear, and thus in
prolongation of the tool life.

3. Impact of surrounding medium. An efficient coolant can take away a lot of cutting
heat and slow down the tool wear process.

4. Time of tool-workpiece interaction. HSC makes chips splash quickly and remove a
lot of cutting heat, which tends to lower temperature values in the cutting zone.

Field of Cutting Temperature. Field of cutting temperature is a distribution of
temperature in the cutting zone. The temperature field of HSC consists of zone of shear
deformation, frictional portion of rake face of tool to chip and tool-workpiece flank surface.

Average Temperature of Shear Plan. The cut layers in a workpiece turn into chips by
shear deformation under squeezing action of a tool. The major part of energy consumed in
shear deformation is transformed into the heat energy under the dry-cutting conditions,
some part of which is conducted to chips and the part is transferred to the workpiece.
Assume that R, is the share of heat transferred to a chip. Thus, per unit time interval, heat
energy values corresponding to chips and workpieces are R,qa, a, /sin¢g and
(1= R, )q,a.a,, [sin ¢, respectively. Without regard of heat convection into air, the average
temperature rise in the shear plane under the action of heat value R,q,a, a,,/sin ¢ can be
expressed as
_Riqiaca,/sing _ Rig

Cip1vacay, c1pyvsing’

AT,

s

(@)

where AT is the average temperature rise in the shear plane (°C), ¢; 1is specific heat for
the average temperature of (7| ~T,) in the workpiece material [J/(kg-°Q)], and p, is
density of the workpiece material (kg/m3).

Suppose that 7j, is the initial temperature of workpiece, then the chip average
temperature in the shear plane can be given by

Ryq,

T,=Ty+AT, =T, + —,
¢ p1vsin @

3

where T, is the average temperature in the shear plane.
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According to the computing method of average temperature caused by a moving
dotted heat source in a semi-infinite object [8—11], the average temperature in the shear
plane corresponding to the heat introduced into the workpiece can be obtained as follows:

_ I-R . -
Tv'=To+O.754( 141 /alaL'COS(fP Vo)’ @
’ A vsin ¢cosy

where A, is heat conductivity of the workpiece material at the average temperature for
(T, ~71') [W/(m°O)], and a; is thermal diffusivity of the workpiece material at
temperature (T, ~7, ) (m?/s).

A narrow shear plane can be considered as a face heat source, that is T, = 7. Also
consider that thermal diffusivity a; = 1, /¢, p;, while relative slippage of the shear plane
e=cosy/(sin pcos(p—1y)). From Egs. (3) and (4), the folowing relation can be obtained

0.754 \Jva, /(a,€) 1

Ry = = . 5)
140,754 /
vacl(@®) L 063 [4E
va,

Equation (5) shows that the ratio (R,) of heat distribution to chip increases with the
increment of cutting speed (v) or/and thickness (a,) of the cutting layer. It means that much
more heat is carried away by chips, and less heat is conducted to the workpiece, especially
in HSC. With reduction of thermal diffusivity (a;) and relative slippage (¢), chips take more
quantity of heat, which depends on the properties of the workpiece material. The
experimental results prove that the removed chips take away a lot of heat at HSC, which
leads to a low cutting temperature and reduction of thermal deformation effect on
machining precision. Insofar as difficult-to-process materials have a low thermal diffusivity,
and the cutting heat is not easy to be spread away, this results in a cutting temperature rise
and intensifies the cutter wear and tear, thus shortening the cutter life. Therefore, in order to
improve the processing quality and tool life in HSC, an appropriate choice of workpiece
and cutter materials is necessary. In addition to this, reasonable cutting parameters are
demanded. Numerous HSC tests for specific materials can be used for corroboration of the
calculated results and further optimization. Obtaining the particular values of R; via
experiments and substituting them into Eq. (4), one can acquire the average temperature
(T,) in the shear plane.

Average Temperature of Cutter Rake Face. A part of heat (Q,) produced by friction

between the cutter and the chip flows into the chip and the other part — into the cutter.
Assume that R, is the ratio of heat value corresponding to the chip, then the heat values
related to the chip and the cutter are R,q,/,a,, and (1= R;)q,/,a,,, respectively. In the
course of cutting, the rub heat source of the cutter-to chip contact surface keeps moving
along the cutter surface from the start to the end, while the chip runs off continuously. This
is equivalent to a fixed heat source moving in an infinite plane. Then, the rise in the
average temperature of the chip bottom face is

_ 0.754R,q, (/&
ATj=———22 |-, (6)
P26 apv

where AT 1 18 the average temperature rise (°C), p, is density of the workpiece material
(kg/m3), ¢, is specific heat value for the average temperature 7 ~ (7 +7 ) [J/(kg-° O],
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a, is thermal diffusivity of the workpiece material for temperature T, +T ' (m?/s), and £ is

deformation coefficient. The average temperature in the chip rub area is

_ . _ 0.754R,q, |8l
Tr=T,+AT; =T, +———= e (7)

P2C3

With regard to the cutter, (1—R,)q, refers to the fixed heat source, which implies
the average temperature of the cutter rake face as follows:

_ (I=Ry)gyl; —

T, T ActTo, @®)
t

where 1, is heat conductivity of the tool material at temperature of 7, [W/(m:°C)], T,, is
the initial temperature of the cutter (°C), and 4, is coefficient of length-to width ratio
related to the heat source area. Both T, and T, are the average temperatures of the
cutter-to-chip contact area, which should be equal. In view of v, = v/, we obtain R, by
combination of Egs. (7) and (8)

gyl A _ FvA _
T, - T, Ny, T,
R, = A _ a,k, 9
2 - — - — .
P2Cy | Vay Ay lraEcypy \vay a8,

From formula (9), it can be seen that heat fluxes from the cutter-to-chip heat source to
the chip are affected by many factors and are coupled with the heat flux from the shear
plane to the chip. This coupling/interaction relates to the cutting speed and frictional
conditions for the given cutting conditions. For the equal values of the tool and workpiece
initial temperatures, Eq. (9) can be reduced to

o A, /(G4 )=T,a, cosy, /[(141.3263¢; pyJaye/ (va, ))sin peos(y g = §)F 4]
2 0.754/ (cop [Vl pas )+ A4, /(EL,) -0

Equation (10) indicates that heat value related to a chip increases with cutting speed.

Average Temperature in the Machined Surface-Tool Flank Surface Contact Area.
In the course of steady cutting, a part of heat is produced by sliding friction between the
cutter flank surface and the workpiece machined surface, and it is distributed between the
tool and the workpiece. Assume that the share/ratio of heat dissipated into the cutter is R,
then the heat fluxes into the cutter and workpiece are R;q; and (1— Rj3)g3, respectively.
The rub heat source along the workpiece is a moving one. The temperature of the machined
surface caused by heat dissipation (1— R;)g; can be expressed as

_ 1= Ry )l
7, = 0754 TR Gh (45 o (1)
P3C3 vi,,

where a; is thermal diffusivity of the workpiece material at temperature 7T, (mz/s), 3
is mass density of the workpiece material (kg/m3 ), and c; 1is specific heat of the workpiece
material [J/(kg-° O)].
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The rub heat source to the cutter flank surfac can be taken as a fixed heat source, as
well. The average temperature of the contact area at the tool back surface is equal to

= R3q5l, —
= At T, (12)
t

where It is heat conductivity of the workpiece material [W/(m:° Q)], 4,, is form factor

related to the heat source size ratio a,,//,,. Similarly to the cutter rake face, R; can be
obtained from Eqs. (11) and (12) as

0754q3lw as
p3c;  \vl 1
R = 0 7saas Y L, (13)
. a ¢y |v
haln ELATI e TP LR TP % Lt e B T
P3C3 v, A4, A \a;

From formula (13), it can be seen that the ratio of heat distribution for the tool
manifests a significant reduction with cutting speed. After obtaining R; for the given
cutting condition, it is easy to find the average temperature at the machined surface of the
workpiece or at the cutter flank surface via Eq. (11) or Eq. (12).

Visualization of Heat Distribution. In order to derive the particular ratios of heat
distribution between chip, workpiece and cutter in the cutting temperature fields for
particular materials, caclulations were made for the cutting medium carbon steel and
ceramic cutting tool, whose physical parameters are given Table 1. The calculated heat
distributions for the first and the third deformation zones are shown in Figs. 2 and 3, which

illustrate the numerical expressions in Egs. (5) and (13). It can be seen from Figs. 2 and 3
that the ratios of R; and R; vary with cutting speed.

Table 1
Physical Parameters of Cutter and Workpiece Materials
Materila

Workpiece Tool

Medium carbon steel Al,O3 ceramic
Density Heat capacity Heat conductivity

p3, kg/m? ¢, J(kg°0) Ay Wikg°C)

7850 480 38.2

Figure 2 shows that share of the energy consumed in shear deformation and
dissipated in a chip (ratio R/) increases with cutting speed. One can see that this ratio
manifests a steep rise depicted by a straight line at low velocity, followed by less steep rise
at the medium speed and saturation portion at high speed. Finally, it attains a constant
value, which can be attributed to the fact that heat produced by shear deformation is carried
away by rapidly flowing chips. As a consequence, less heat is dissipated in the workpiece.
From Fig. 2, it can also be found that 96.24% of heat is carried away by the chip — at high
speed. The simulated results imply that HSC is not only benefitial for the work efficiency
but also makes it possible to reduce the cutting heat effect on the machining quality, which
is confirmed by the available experimental results on the HSC. Thus, Fig. 2 can be used to
design the cutting parameters for a workpiece with the required precision level and to
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Fig. 2. Rate of heat distribution in a chip for the first deformation zone.
Fig. 3. Rate of heat distribution in a cutter for the third deformation zone.

optimize the cutting conditions. For example, by determination of the cutting speed
according to the accuracy requirements and heat transfer ratios, one can get robust evidence
to establish the optimal HSC processing plans.

The heat distribution in the cutter depicted in Fig. 3 indicates that the heat ratio
corresponding to the interface between a cutter and a machined surface is very small. This
value is higher at low cutting speed for the given cutting conditions and is sharply reduced
with cutting speed. This ratio in the third deformation zone (in the tool) is also very low,
since under high-speed conditions there is not enough time for heat to dissipate into the
tool, so the ratio (R5) of heat in the tool is very low. With increase in the cutting speed, time
of heat conduction decreases sharply and it is too late for the rub heat to be transfered to the
tool. The above statements show that wear and tear of the cutting tool flank surface is
limited by the rub heat, which can supply a reference for research on tool wear mechanisms.

Conclusions. This paper ascertains heat sources of metal cutting by means of analysis
of the energy consumption in three deformation zones for dry cutting. Models of heat
generation are proposed and heat-conduction laws based on the energy from cutting
deformation and frictional work at steady cutting. By using the average temperature
computation of a moving heat source in a semi-infinite plane, one obtains the average
temperatures in the shear plane and cutter rake face, with disregard of the cutter flank
surface. This also provides distribution rates of the three heat sources for the chip, cutter
and workpiece. Qualitative analysis for three deformation zones and quantitative visualization
for heat distribution ratios of the first and third deformation zones have been validated by
some experimental results.

1. The ratio of heat energy which is dissipated in a chip in the first deformation zone
increases with cutting speed, increasing fastest at low speed, slower at intermediate speed,
and then remains a constant value with the slowest increment at HSC. These results
indicate that the HSC is advantageous to improve the processing efficiency and work
accuracy.

2. The ratio of rub heat dissipated in a chip in the second deformation zone can
increase with cutting speed, in which it reacts continuously with heat from the first
deformation. Due to many complex influencing factors, this needs a further analytical
investigation for the actual HSC conditions.

3. The ratio of rub heat dissipated in a tool in the third deformation is reduced with
cutting speed, while this ratio descends fastest at low speed, slower at intermediate speed,
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and very slowly at high speed. For the given cutting conditions, R; ~ 1%o, which can offer

a reference for studying the wear mechanism of flank surface of cutting tool at the HSC.

4. The acquired cutting-temperature-field model is applied to predict temperature of
the shear plane, rake face and flank surface of a cutter and is instrumental for refining the
HSC mechanism by the comparative analysis with the experimental results.
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Pe3ome

BucokomBuakicHe pi3aHHS IIMPOKO BUKOPHUCTOBYETHCS B aBiaKOCMIiYHiHM, aBTOMOOLTBHIN
Ta IHIIUX Taly3sX MPOMHUCIOBOCTI. OJHAK KOMIUIEKCHUH MEXaHi3M IpPOLIECY BHCOKOIIBHU/I-
KICHOTO pi3aHHS IIIe HEJIOCTaTHHO BUBYCHHUI. Ha OCHOBI aHami3y TEIIOBOI piBHOBAru Mix
TEIUIOBUAIJICHHSIM 1 CIIOXKMBaHHSIM €HEprii Npu BUCOKOMIBUAKICHIH 00poOii 6e3 MacTHIIb-
HO-0XOJIOJDKYFOUOI PIZIMHY 3aIIPOIIOHOBAHO MOJIENI TEIJIOBUX JUKEPEJ Ta MOJIB TeMIIepaTyp
pizanHsa. Jljs aHamizy BIUIMBY BHUIUICHHS 1 BUXOAY Temia NMpu oOpoOIli Ha BHCOKHUX
LIBHJKOCTSX pi3aHHSI BUBEJCHO MaTeMaTHYHI MOJEII TEMIIEpaTyp pi3aHHs Ui TPhOX 30H
nepopmyBaHHS. Br3Ha4eHO CITIBBITHOIIEHHS PO3MOJLTY TEIUIa MK CTPY)KKOIO, Pi3akoM i
3aroTiBKOIO, IO UIIOCTPYIOTh CTYIiHb HPOMOPLIHHOCTI 31 MIBHAKICTIO 3a JIOIIOMOTOIO
maketa npukiragaux nporpaMm MATLAB.
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