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AHaJji3 Tem10(Qi3n4HOI pPeosIoriyHol KAapTHUHHU pi3aHHs, peatizoBaHoi B cuctemi DEFORM 2D
(3D), nmo3Bosisie 3pOOMTHM BHCHOBOK TMPO Te, SIKUM YHHOM JIHHAMIYHI TNOKa3HHKH
TeMIepaTypHux aedopMaliii BIVIMBAaIOTh HA SIKiCTh 00p00JIIOBAHOI NMOBEPXHI Ta HOCIIAUTH
BIUIUB TEPMOJAMHAMIYHUX NOKA3HMKIB HA HANPYKEHO-1e(POPMOBAHUH CTAH 3arOTOBKH Ta
iHcTpyMeHTa. JloBeleHO, 10 HAHOUIbIIA KUIBKICTh TEIUIOTH, IO YTBOPHETHCS BHACIIIOK
aegopmanii 3ammmaerbess B cTpyxui (60-80% yciei TemyoTH pisaHHsA, a NpU MWBHIKiICHUX
pexuMax pizanHsa nmoHaa 90%) i yacTKoBO NMOIrIMHAETHCS 00pP0O/IIOBaHOIO AeTaLiao (1o 20-
40% yci€i remnorn). I aume 3-5% TenyioTH CIPSIMOBYETHCS B iHCTpYMeHT/

Analysis of thermal physical rheological model of cutting system implemented in software
DEFORM 2D (3D), makes it possible to investigate the effect of dynamic parameters on the
stress-strain state of the workpiece and tool. It is shown that most quantity of the heat cutting,
which formed as a result of chip deformation (60-80% of the heat cutting and for the ultra-
speed cutting conditions for more than 90%) remains in the chips and partly absorbed
machined workpiece (up to 20-40% of the heat).

Problem statement recent research and analysis. Thermal effects, arising as a result of cutting
process, are one of the most important factors determining the stress-strain state in the zone of the chip
formation and part surface forming. Heat laws explain phenomena associated with support of the cutting
process parameters, tool life and surface finish quality. Thermal rheological cutting process pattern is
necessary to build an effective structure and parameters of technological process model. Then we can
analyze how dynamic performance thermal deformation affects to the workpiece quality and to investigate
the influence of thermodynamic parameters on the stress-strain state of the workpiece and the tool.

The cutting process heat Qy is formed by the [7]:

1) internal friction between particles of treated metal during deformation process - Qy;

2) external friction at the chip to the face of tool - Q.;

3) external friction of the cutting surface and machining surface to the back of tool - Qj3;

4) separation, chip deformation and chip dispersion Q.

Qy =Q; +Q; + Q3 + Q. (1)
Description of main idsas. The most intense heat is in chip forming zone adjacent to the cleavage
plane (Fig.1). In this zone, the heat released as a result of two synchronous processes: first, as a result of

plastic deformation displacement elements newly chips on the cleavage plane, and secondly, as a result of
plastic deformation and partly shear deformation adjacent to the plane of the allowance slice.
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Fig.1. Elastic-plastic deformation area ahead chip forming zone, formed before the cleavage plane

Elastic deformation is always preceded by plastic deformation during cutting metals [7,11] (Fig. 1).
The quantity of heat released as a result of elastic deformation is relatively small, but neglect the influence
of this process on the thermal characteristics of the cutting process is impossible. The influence of this
parameter on the temperature field’s formation for different materials will be explained later.

On the other hand, the heat generated during the cutting process, does not accumulate in areas of it
generation, and gradient extends from areas of higher temperature to areas of lower temperature.

Moreover, according to the laws of thermodynamics, the intensity of the flow (a%x) the higher, the

greater for the temperature difference or a smaller distance between the heat-affected zones. Cutting heat is
removed from the chip (q,), transferred to the workpiece (g,) and to the tool (gs;) and distributed in
environment (qg4) (Fig.2). Heat balance of the cutting process can be described by the equation:

Qz=q1+qz+Q3+Q4- (2)

Fig.2. Location of heat sources in the cutting zone

The greatest quantity of heat Q, remains in chips (qy) and partly absorbed by machined workpiece
gz- The heat, created by friction Q, chip to the tool, remains mostly also in chips (q;) and partially (3-5%)
is sent to the tool (gs). The heat Qs, created by tool back friction, directed in workpiece (g,) and to the
cutter (gs). 20-40% of the heat is given to the tool during cutting of metals with low thermal conductivity,
such as high-temperature alloys and titanium alloys [5]. Heat of chip’s dispersion Q4 almost completely
absorbed by chips (g;) or excreted into the technological environment (q,4) (to the coolant or air). Chips



quickly formed in the cutting zone and as quickly pass zone of contact with the tool. The losses of heat by
convection and radiation in the cutting process are very small. Therefore, only a small quantity of heat goes
into the workpiece q,. However, the heat absorbed by the high-temperature steels and alloys workpiece
increases sharply at low speeds and can reach 35-45% of the cutting heat [5]. We can neglect the work of
friction on the tool back, which occurs at a sharp cutting edge and a large relief angle. First of all, the
quantity of heat depends from the cutting speed, feed and depth of cut when cutting structural steels. Over
90% of heat is absorbed by chips for high-speed cutting conditions (more than 20000 rpm).

As we know from scientific sources [5, 7, 11], which is confirmed by the analysis of rheological
models, implemented by the author in the system Deform 2D (3D) [8], the highest temperature observed in
the cutting chips in the contact with the face of tool because there is concentrated the greatest quantity of
heat generated by chips friction and deformation on this surface (Fig.3)
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Fig.3. Zone of thermal field concentration (tool demo not shown)

Whereas that the mechanical work of cutting completely converted into heat, we obtain:
Q=R=P,-V, @)

Q - quantity of heat in joules;

R - cutting work in Nm/min.

However, not all the work of cutting converted into heat in the real-life environment. A small

portion of the heat goes into the potential energy of the crystal lattice distortion. Therefore, the formula
written in full as follows:

Q=Pyx-V-0, ()

a,— coefficient taking into account the losses associated with the deformation of the crystal

structure of the material.

It is important to know not only the quantity of heat, but also its distribution, ie, as the concentration
of heat in different parts of the workpiece, chip and tool for efficient and adequate analysis of the impact of
the temperature fields in the cutting process. On the other hand, if all the heat quickly and evenly
distributed to workpiece and tool, this would lead to the equilibrium in the cutting process, to support
thermodynamic stability and uniform wear of the tool. In fact, the process proceeds differently: a large
quantity of heat is concentrated in certain zones, significantly increasing their temperature. So loss of tool
life is inevitable. The nonuniformity of heat distribution leads to the tool dulling. Metallographic structural
change in the surface layer of the machined surface is even possible. Determination of the gradient
distribution of temperature is very important. Controlling the flow of heat can positively influence to the
cutting process [4].

Laws of cutting temperature changes (on the contact of the chip with face of tool) can be found from
rheological simulation process heat. We can also determine the effect of temperature cutting tool and
workpiece depending from various engineering factors and to compare the findings with the results of
theoretical and experimental studies [3].

We can define work of chip’s deformation, taking into account the above statement that most heat is



generated as a result of chips friction with the face of tool:
1

Rp :PXfV_PTVg’ )
V - cutting speed;
& — shrinkage of the cutting chip.
Because P; =Py siny+P, cosy (neglect the force of friction on the clearance face), work of

chip’s deformation:
Rp = va{l—(sin Y+ COSy)ﬂ : (6)

P
where i, = P—f :
T

Temperature rise as a result of chips deformation:
. 1
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T, - average temperature of the chip, when it comes out from the deformation zone, in Celsius
degree;

T,— initial temperature, in Celsius degree;

o, —coefficient taking into account the loss of heat to the latent energy of deformation (take o, =
0.95);

B,— coefficient taking into account the transition of heat in the workpiece (by Weiner - S, = 0,1
for V=100 m/min, f,= 0,05 for VV =300 m/min [7]);

¢ - heat capacity of chip in kcal/H deg;

p — chips density (7,8x10° kg/mm®);

b — cut width in mm;

a— slice thickness in mm.

P
Taking the specific cutting force, neglecting p = b—x , MP and T, we get:
a

ocp| 1-o)- 6+ cos1)|

TD =
c
P (8)
Chip, which heated to the temperature T, , contacts with the face of tool with the speed V at the

contact area width b and length I.
The heat of friction on the front edge per unit time is:
Q, = ﬂ )
S
Tool seems as a solid bar with a cross section - bl in order to determine the temperature on the front
surface, obtained as a result of friction chips. Constant temperature T, is maintained on one side of the bar
[2]. The heat equation is used to solve the problem [9,10]:

Ty _ o%T,
ot ox?

(10)



A -
where ® = — — thermal conductivity;
Cp
A — heat conductivity of the tool,
¢ — heat capacity of the cutter;

p— density;
T — time during which the chip is in the contact area length I:
= | = I—é : (12)
VCTP \

Under the initial and boundary conditions Ty =T, at x =0 and T, =0 whent=0, we get the
equation:

o2

X 2 2 . 7mX
T =T ———e & sin— |, 12
WXTPIA g A (12)

ne T_, —temperature that occurs at the point with the coordinate x at the time 7 ;

A — the depth to which the heat penetrates during time 7 .
Neglecting the temperature of the environment, we receive:

P; /Vin
ooV &
T 2pacpl

Summing temperature deformation chips and friction with the tool face, we get cutting temperature,
i.e., the average temperature at the contact area of the chip and tool:
1} V n
Pr
+

(13)
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This formula describes the pattern of cutting temperature changes depending on various factors.
And, as a rule, with an increasing of the cutting speed deformation temperature is decreases, but friction
temperature increases - and vice versa.

It should be noted that the temperature of cutting really should be higher than the temperature
calculated by theoretical formulas, because the heat of friction on the clearance face is not included in the
formulas. This component will be more important with increasing cutting speed and during tool dulling.
Workpiece is heated mainly by heat deformation. It is obvious that the temperature of the workpiece

(14)

should decrease with increasing cutting speed, because TD decreases. However, the situation changes as

far as tool become blunted and a significant reduction of the tool clearance ¢ and the cutting edge angle
@ . In this case the temperature of workpiece increases when cutting speed V increase. At the same time,

the temperature of the workpiece decreases with increasing feed S. This is quite natural, since the frictional
force on the clearance face of the tool remains almost unchanged with increasing of feed, but at a certain
length of parts is reduced relative path of the tool (processing time) and, therefore, reduces the work of the
cutting force.

Theoretical calculation of cutting temperature is not always adequate, because the calculation
formulas independent variables are interdependent parameters. For example, thermal capacity ¢ increases

and thermal conductivity A decreases with increasing temperature. Length of chip and tool contact
decreases with increasing cutting speed, but significantly increases during tool wear. In addition, the
temperature in the cutting zone depends from the use of lubricating fluids. Therefore, the empirical formula
commonly used for calculation of cutting temperature change depending from the various factors. These
formulas are adequate only for the specific conditions of machining [5].



Therefore, the use of rheological models simulation can most realistically predict the
thermodynamic state of the workpiece and the tool especially for cut-in conditions, change of tool direction
and so on. Rheological simulation for turning process cutting speed V = 100 m/min in the system Deform
2D is according to the theoretical calculations. Material of the workpiece is a steel AISI 45. Material tool is
tungsten-cobalt alloy BK6.

As a result modeling confirmed that most of the heat released in the chips (Fig. 4).
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Fig. 4. Distribution of heat between the chip, tool and workpiece
for the cutting speed V=100 m/min

Percentage distribution of temperature in the cutting zone is shown in Fig. 5. Found that the
maximum temperature in the cutting zone at cutting speeds 100 m/min is 767° C, and the mean value of -
231° C. The experiment showed that the maximum quantity of heat released in the contact zone between
the face of tool and workpiece (Fig. 6).
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Fig. 5. Percentage distribution of temperature in the cutting zone

A similar pattern of temperature fields distribution occurs when milling steel AISI 45 (Fig. 6)



-156

2210

265

320

33

a8 °

3 |
-286 2219 -152

Fig. 6. The temperature field in the contact tool and workpiece during milling
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The highest tool temperature that is centered near the front surface of the cutting edge due by the
interference of the major source of heat - Q1, ,Q, ,.Q3. The Fig. 7 shows the temperature field and cutter

that obtained as a result of the rheological modeling of the steel AISI 45 machining (feed S = 0,25 mm;
cutting depth t = 1 mm, cutting speed V = 120 mm/min). Isotherms in the chip forming zone are parallel to
the surface displacement and for tool - almost concentrically around the front cutting blade. In this case,
the heat flow must be directed normal to the isotherms. In the diagram (Fig. 7) heat flows are shown as
vectors: D - in workpiece; S - in chip; | - in tool. It should be noted that these data correlate well with the
theoretical data [3,5,7].
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Fig. 7. Temperature fields of the chip and tool
(feed S = 0,25 mm, cutting depth t = 1 mm, cutting speed V = 120 mm/min).

In the zone of chip formation temperature is highest near the cutting edge and in the chip buildup.
The real temperature field is more complicated, since cutting temperature also depends on the length of the
contact cutting surface and chip on the back and front surfaces of the tool [6]. The smaller the length of the
contact on the back surface, the lower the average temperature of the cutting and the closer to the cutting
edge positioned its maximum. When cutting structural steel with speed V >100 m/min temperature
reaches 800°C, and the friction surface on the front face temperature reaches 1200°C.

Obviously, the temperature is more concentrated and the position of maximum temperature moves
away from the cutting blade when shaving decreases the length of contact with the front surface of the tool
(Fig. 8). It is essential to ensure the tool life and parts precision.



Fig 8. Picture influence shorter contact with the front surface of the chip on the distribution of
temperature fields in the tool and workpiece.

In order to analyze the influence of cutting speed on the temperature in the chip forming zone,
modeled the process of turning steel AISI 45 workpiece (cutting speeds 100 m/min; 150 m/min; 200
m/min; 250 m/min; 300 m/min) by the tungsten-cobalt alloy tool.
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Fig. 9. Graphs of temperature dependence from the cutting speed

Obviously, the cutting temperature increases less rapidly than the cutting speed. During the heating
tool temperature difference between the chip and the tool is reduced, and therefore decreases the intensity
of the heat from the chip to the tool. Thus, with increasing cutting speed V, tool temperature rises
significantly, but slower than the speed. Modern experimental research of cutting high-strength steel with
ultra speeds (up to 72,000 m/min) argue that cutting process occurred almost adiabatically (without heat
exchange) [1]. This phenomenon is accompanied by a sharp reduction of cutting forces and a significant
increase of the brittleness of the metal in zone of chip forming. This process facilitates the rapid separation
of the chip from the workpiece in the absence of plastic deformation (shrinkage) chips. Moreover, the
negative contraction (lengthening chips) is a result of centrifugal forces at ultra-high cutting speeds.

We can easily predict the relationship between the depth of cut t, feed S and temperature in cutting
zone. Thus, the chip pressure on the cutter grows, and job strain grows too. But while chip shrinkage
decreases and thus the work of deformation is also reduced. Friction on the back of the tool with increasing



supply varies little. Therefore, the amount of heat generated in the chips will increase less compared to the
feed increasing. The extraction of heat is improved when increasing the thickness of the chip, as the
contact area of the chip cutter expands. As a result, the cutting temperature increases with increasing feed,
but to a lesser extent than at higher cutting speed.

Cutting depth influences to the temperature less, than the load per unit length of the cutting edge
does not change. Length of cutting blade at a constant angle in terms of proportion increases when
increasing the depth of cut. But the heat sink equivalent increases. Thus, per unit length of the cutting
edges increase the heat to very low. As a result of temperature changes little with increasing depth of cut.
A simulation model was developed in the system DEFORM 2D to confirm these theoretical considerations.
Simulation results allow analyzing the influence of cutting depth on temperature in the chip forming zone.
The process of turning for cutting depth: 0.1 mm, 0.4 mm, 0.7 mm, 1.0 mm, 1.3 mm was investigated. It is
confirmed that the temperature grows when depth of cut increases, but only in the range S = 0,1... 0,4 mm
(20%). The temperature difference varies between 50... 70% with a large feed increasing. This difference is
5-7 % of the nominal value of the temperature (Fig. 10). Thus, the cutting depth significantly changes the
temperature of the cutting tool by changing the power of heat flow. Feed changing bring to the changes in
temperature cutting, cutting forces, wear intensity and path length cutting tool. In the short-term machining
temperature change is a consequence of sharp changes in temperature and heat flow values designed into
the tool. During prolonged treatment effects tool wear will greatly affect to the value of the temperature in
the cutting zone as well.
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Fig. 10. The dependence of the thermal measure from the cutting depth

Coefficient of friction chips and tool is an important factor to the temperature measure in the
technological environment. Moreover, this factor is determined not only physical quantity pairs: tool
material - the material of the workpiece, but also the influence of lubricoolant. The process of turning for
the coefficients of friction: 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 is modeled. Workpiece material is a steel AISI 45.
Material tool is a tungsten carbide. It is confirmed that the temperature in the contact zone increases
proportionally when coefficient of friction increases (Fig. 11).
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Fig. 11. The dependence of the thermal measure from the friction ratio

As shown in Fig. 12, the temperature in the contact zone increases to a certain value (section AB),

and then goes into default mode and remains constant (beyond point B).
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Fig. 12. The variation of temperature in the cutting time

Obviously, the physical, chemical and mechanical characteristics of the workpiece material (heat
capacity, thermal conductivity, density, coefficient of friction, etc.) significantly affect to the temperature
field in the cutting zone. Simulation rheological studies for various structural steels and alloys carried out
to analyze the impact of these factors on the thermodynamic parameters of the cutting process (Fig. 13).
Thus, the temperature of cutting brittle metals such as steel AISI 45 is significantly lower (20% ) than
when cutting steel AISI 20. Low-temperature conductivity of heat-resistant chromium-nickel alloy XH60
cause concentration temperature (up to 1000°C) at the front cutting edge and creates significant thermal
deformation of the chip and the cutting tool. We can draw similar conclusions for the temperature fields
during machining of titanium alloy BT6. In this case significant temperature difference (10... 12% ) due to
adiabatic chip forming process. This heat generated as a result of plastic deformation is localized in a
narrow zone. Shear deformation becomes more concentrated, and chip is cyclical cell. Cutting temperature
is low during the processing of aluminum alloy AD33 (about 360°C). This can be explaining not only by
small load, but as a result of high aluminum thermal conductivity.
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Fig. 13. The dependence of the thermal measure from the physical, chemical and mechanical
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Fig. 14. Thermal fields in the chip forming zone for: a) steel AISI 45; 6) aluminum alloy AL 6061

The geometry of the cutting tool makes a significant impact to the cutting temperature. Experimental
studies [5,7] show that the cutting force increases when the front corner y reduced. This causes an increase
in the quantity of heat which generated in the chip forming zone and, as a result, cutting temperature
increases as well. These results support the findings of rheological cutting model in software DEFORM 2D
(Figure 15). The extraction of heat will intensify when the tool edge angle £ will increase. In terms of the

angle ¢ also affects to the cutting temperature. The load on the cutter increases when approach angle ¢

decreases and, seemed like, that temperature in the cutting zone must to grow. However, it is the opposite:
cutting edge extended when the angle ¢ decreases, and as a result, heat transfer significantly improves.
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Conclusions. 1. Analysis of thermal physical rheological model of cutting system implemented in
software DEFORM 2D (3D), makes it possible to investigate the effect of dynamic parameters on the
stress-strain state of the workpiece and tool.

2. It is shown that most quantity of the heat cutting, which formed as a result of chip deformation
(60-80% of the heat cutting and for the ultra-speed cutting conditions for more than 90%) remains in the
chips and partly absorbed machined workpiece (up to 20-40% of the heat). Only 3-5% of the heat goes into
the tool. The loss of heat by convection and radiation during the cutting process and the quantity of heat
that goes into workpiece, are very small. This is because the chips rapidly formed in the cutting zone and
just as quickly leaves the zone of contact with the tool.

3. Zone of maximum cutting temperature almost coincides with the area where the chip element is
subject to elastic deformation. This is proved by the analysis of rheological experiment. We can conclude
that the zone of plastic deformation is heated much less (for the above article in the experiment - about
100°C).

4. 1t is shown that the cutting temperature increases less intensive than cutting speed. The difference
between the temperature of the chip and the temperature of the tool is reduced during heating tool.
Therefore, the intensity of the heat from the chip to the tool decreases. Investigation of ultra-speed (up to
72000 m/min) cutting of high-strength steels suggests that the process of heat production occurred almost
adiabatically. This phenomenon is accompanied by a useful reduction of the cutting forces and a
significant increase of the metal brittleness in the cutting zone. This process facilitates the rapid separation
of the chip from workpiece with the absence of the chip plastic deformation.

5. The geometry of the cutting tool makes a significant impact to the cutting temperature.
Experimental studies show that the cutting force increases when the front corner y reduced. This causes an
increase in the quantity of heat which generated in the chip forming zone and, as a result, cutting
temperature increases as well. The extraction of heat will intensify when the tool edge angle £ will

increase. In terms of the angle ¢ also affects to the cutting temperature. The load on the cutter increases
when approach angle ¢ decreases and, seemed like, that temperature in the cutting zone must to grow.
However, it is the opposite: cutting edge extended when the angle ¢ decreases, and as a result, heat

transfer significantly improves.

6. Using a simulation by the rheological models can most realistically predicts the thermodynamic
state of the workpiece and the tool in rapidly cutting conditions, especially when cutting tool change
direction quickly, in condition of tool build-up, fast changes of feed and so on.
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