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Abstract: Study of the temperature field of the milling process with the imposition of ultrasonic vibrations (USV), un-
der various ratios of the vibration amplitude to the depth of tooth penetration into the blank, will allow predicting the effi-
ciency of the milling process with USV under various processing modes. The purpose of this study is to develop physical
and mathematical models of the milling process with the imposition of USV, allowing identifying the influence of ultra-
sonic vibrations on the efficiency of the milling process under various ratios of the vibration amplitude to the depth of
tooth penetration. Three sources of heat generation are considered: in the deformation (chip formation) area and in the
zones of contact of the chip with the cutting plate (cutter tooth) and the plate with the blank. The authors have developed
heat transfer models that take into account, in particular, the change in boundary conditions on the surfaces of the cutting
plate and the blank under the USV imposition. When the plate is in contact with the blank, heat flows are directed to
the blank, chips and cutter tooth, and the conditions of thermal interaction within the zones of contact of the plate with
the chips and the blank are described by boundary conditions of the 2™ type. When the plate leaves the contact with
the blank during the ultrasonic imposition and the chip formation process stops, then on all surfaces of the tooth (plate) and
the blank that are in contact with the environment (cutting fluid or air), the convective heat transfer is described by
the Newton—Richmann law (boundary conditions of the 3™ type). The results of numerical modelling are presented, con-
firming the assumption that the effect of using ultrasonic vibrations is higher at high values of the ratio of the ultrasonic
vibration amplitude to the depth of tooth penetration into the blank.
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INTRODUCTION

High temperatures accompanying most machining pro-
cesses have a significant effect on many physical processes
occurring in the machining zone. The temperature of
the surface layers of the blanks affects the structural and
phase composition of its material [1], residual stresses
formed in the surface layer of the machined part [2], and

search into the patterns of formation of temperature fields
of machining processes and the ability to control them are
necessary to increase machining productivity and ensure
the quality of the machined parts.

The efficiency of cutting processes increases with
the use of vibrations, including ultrasonic vibrations (USV),
since their use reduces cutting forces and temperatures in

the microhardness of this layer. Defects appear on the ma-
chined surfaces of blanks made of materials with low tem-
peratures of decomposition and melting, in particular plas-
tics. It has been found that plastics are easily plastically
deformed during machining due to heating [3]. The work
[4] confirms that due to the low melting temperature, plas-
tics are prone to undesirable plastic deformation during
machining and to the formation of burrs.

The temperature of the tool surfaces in contact with the
blanks and chips influences the wear rate, service life and
strength of the tool, i.e. its performance [5]. Therefore, re-
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the cutting zone, which allows increasing the productivity
of processing while ensuring the required quality of parts
[6] or increasing the service life of the cutting tool. Analyti-
cal and experimental studies of mechanical treatment pro-
cesses using USV have shown the possibility of reducing,
due to their use, cutting forces (up to 2 times) and tempera-
tures in the cutting zone during turning and boring [7],
grinding [8] and gear milling [9].

A widely used processing method is milling with cy-
lindrical and end mills. In the milling process, the thick-
ness of the cut per one tooth of the tool changes depending
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on the position of the tooth on the trajectory of its con-
tact with the blank. The variable thickness of the cut
causes a change in many parameters of the process of
treatment, including cutting and friction forces, powers
and densities of heat sources. The process of heating
the cutter tooth is non-stationary. The tooth heats up in
a short period of time while in contact with the blank,
then cools down. When modelling this process, the mu-
tual influence of heat sources from successively operat-
ing teeth should also be taken into account. Experimental
studies indicating an increase in the efficiency of the mill-
ing process using USV have been carried out, in particu-
lar, when machining non-rigid parts [10] and blanks
made of corrosion-resistant steels [11].

The results of numerical modelling of the tempera-
ture field of the process of milling using ultrasonic vi-
brations, carried out on the basis of an analytical study
of this process, are given in [12] with varying the pitch
of the cutter teeth and in [13] with varying the thermal
conductivity of the cutter material. However, these re-
sults were obtained with the ratios of the vibration am-
plitude A4 to the maximum depth of penetration of
the cutter tooth (cutting plate) into the blank a,.,.., at
which the tooth does not come out of contact with the
blank, while at different moments of contact time during
processing with ultrasonic vibrations, the depth of tooth
penetration can be both greater and less than the depth
achieved during processing without vibrations (Fig. 1 a).
When the values of these parameters differ insignificant-
ly or the amplitude 4 exceeds the value a,,,., in certain
sections of the trajectory of contact with the blank,
the tooth comes out of contact (Fig. 1 b).

When using ultrasonic vibrations in the cutting pro-
cess, the reduction of thermal and force intensity is en-
sured by changing the kinematic parameters of the cut-
ting process, reducing the friction coefficients in the cut-
ting zone [7] and changing the mechanical characteris-
tics of the blank material [14]. During the period when
the tooth leaves contact with the blank, the cutting and
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friction forces, power and density of heat sources are
zero, therefore, with an increase in the ratio of the USV
amplitude 4 to the depth of tooth penetration into
the blank, the effect of changing the kinematics of
the process of treatment should be higher. However, to
calculate the temperature field of this process, it is nec-
essary to develop appropriate physical and mathematical
models. These models should take into account, in par-
ticular, that the boundary conditions on the surfaces of
the cutting plate (cutter tooth) and the blank change with
USV imposition if the plate leaves contact with
the blank. When the cutting plate contacts the blank, heat
flows are directed to the blank, chips and plate (milling
cutter tooth), i.e. the conditions of thermal interaction
within the zones of contact of the plate with the chips
and the blank are described by boundary conditions of
the 2™ type. When the milling cutter plate comes out of
contact with the blank and the chip formation process
stops, the heat flows disappear on all surfaces of
the plate and the blank that are in contact with the envi-
ronment (cutting fluid or air), and the convective heat
exchange is expressed by the Newton—Richmann law
(boundary conditions of the 3™ type).

The purpose of this study is to develop physical and
mathematical models of the milling process with the impo-
sition of ultrasonic vibrations (USV), allowing identifying
the influence of vibrations on the efficiency of the milling
process at different ratios of the vibration amplitude to
the depth of tooth penetration into the blank.

METHODS

In the thermophysical analysis of cutting processes,
three sources of heat generation are usually taken into ac-
count [15]. Therefore, we assume that during milling, heat
is generated in the deformation (chip formation) zone and
in the zones of contact of the chip with the cutting plate
(front surface of the cutter tooth) and the plate (rear surface
of the tooth) with the blank, where friction forces act.
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Fig. 1. Dependence of the depth of tooth penetration into the blank a,, on the contact time t:
1 — without the use of ultrasonic vibrations; 2 — with the use of ultrasonic vibrations at a phase shift of p=0°;
3 — with the use of ultrasonic vibrations at a phase shifi of p=180°. a — 2A<a,pax; b — 2A=0,p10x
Puc. 1. 3asucumocmo 2nybunnl eHedpenus 3y0a 6 3a20Mo6KY d,, Om PeMenu KOHMAaKma t:
1 — 6e3 npumenenusn Y3K; 2 — c npumenenuem V3K npu cosuze gpasvr p=0°
3 — ¢ npumenenuem Y3K npu cosuce gpazvr p=180°. a — 24<a 00 b — 2A=0,0x
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The studies were carried out for the process of counter mill-
ing with cylindrical cutters and the periphery of end mills
for the case when one tooth (plate) is located on
the contacttrajectory in the plane perpendicular to the cutter
axis. Thermal resistance in the zones of contact of the cut-
ting plate with the chip and the blank is not taken into ac-
count. Therefore, it is assumed that the temperature at
any point in the contact zones of these objects is the same.
The heat transfer diagram is shown in Fig. 2.

RESULTS

The powers of heat sources in the deformation (chip
formation) zone W, and in the zones of contact of the cut-
ting plate with the chip (W)7), and the blank (W#,7) change
depending on the position of the tooth on the trajectory of
the contact with the blank (contact time t) and are calculat-
ed using the dependencies [16]:

W (®) =P, (0)-V = Wi () + Wor (0);
Wir (1) = Fi (1) 15
Wor(t)=F,(1)-V,
where P,(1) is the main component of the cutting force of
the cutter plate changing along the contact trajectory, N;
Fi(t) and F(t) are the friction forces in the zones of contact

of the plate with the chip and the blank, respectively, N;
V is the cutting speed, m/s;

7 is the speed of chip movement relative to the cutting
plate (front surface of the tooth), m/s;

V\=V/k., where k, is the chip thickening coefficient;

T is the time, s.

To calculate the main component of the force P.(t) and
the friction forces Fi(t) and F,(t), the authors transformed
the dependencies [17] obtained under the condition that
the assessment of the destruction of the blank material is
made on the basis of the plastic flow theory (“plastic flow
method”). The angle of inclination of the chip groove of
the cutter in the calculation dependencies is not taken into
account, since the dependence of the force P,(t) and friction
forces on this angle is insignificant [18].

Dependencies for calculating the forces:

P, (t)=1.155-0,-u-a,(t)-bx _
“2'12(1‘-) + kc.am(r) J

k—°+u~siny+
u-a,(t) 4u-b-cosy

4u - cosy

X[D'COS'Y-F

D={1+p1(l—tgy)+W}

c

F(1)=1.155 -Gst-u'am(t)-b(u+M];
siny

F,=1.155-p, -0y -5,(1)-b,

Fig. 2. Diagram of heat transfer during cut-up milling:
1 — blank; 2 — chips; 3 — cutting plate; 4 — cutter body, 5 — cutting fluid supply nozzle
Puc. 2. Cxema mennoobmena 8 npoyecce 8CmpeuHo2o Qpe3eposanus:
I — 3aeomoexa; 2 — cmpyscka; 3 — pexcywas niacmuna;
4 — kopnyc gpe3svi; 5 — conno ona nooavu COX
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where oy, is the yield stress of the blank material in the de-
formation region, determined depending on the temperature
in this region, Pa;

p is the friction coefficient for yield stress;

Wi, W are the coefficient of friction of the chip on the plate
(front surface of the tooth) and the plate (tooth) on
the blank;

v is the cutting plate rake angle, deg.;

1, is the size (length) of the plate-blank contact zone, m;

u 1s the coefficient;

an(t) is the depth of plate penetration into the blank de-
pending on contact time T, m;

b is the size of the machined surface in the direction parallel
to the cutter axis, m.

To calculate the a,,(t) parameter, a dependence [16] is
proposed, the arguments of which are: the amplitude of
the ultrasonic vibrations in the direction perpendicular to
the machined surface 4,; the vibration frequency f; the time
of contact of the cutting plate (tooth) with the blank t;
the depth of plate penetration into the blank a, depending
on the feed per cutter tooth S, and the angle of contact of
the plate with the blank.

The length of the contact zone /, can be determined by
the dependence:

5:g+ﬁh,
tga

where o is the clearance angle, deg.;
1, is the size of the wear area on the plate, m;
h,, is the height of the elastic uplift of the blank material [19]:

h, =1.155-252.p . B;
E

z

0.5+

B:sinzy+;,tl‘(l—tgy)+ —u-sin2y,

c

where £ is the size of the blank in the direction perpendicu-
lar to the machined surface, m;
o,, is the yield stress of the blank material in the defor-
mation zone, Pa;
E. is the elastic modulus of the blank material in the zone of
contact of the plate (tooth) with the blank, determined de-
pending on the temperature in this zone, Pa.

The size of the wear area /, is related to the radial wear
h, by the dependence:

l,=h, -(ctgoc —tgy).

Since the parameters being the arguments of this de-
pendence depend to a small extent on the T time of contact
of the tooth with the blank, we assume that the friction
force F, also does not depend on t. This assumption is con-
firmed by the results of subsequent numerical modelling.

The yield stress of the blank material in the deformation
zone o, is calculated using the formula [17] depending on
the temperature 7, in this zone and the melting temperature
T,,.e1 of the blank material.

The heat generation density in the chip formation
zone with a uniform law of heat source power distribu-
tion [15]:

_ Wy(1)-sin®

(1) ¥

E
m

where O is the shear angle, deg.

We assume that the power of the heat source in
the contact zone of the chip with the front surface of
the cutter tooth is distributed according to a combined
law, which is a combination of two laws — uniform and
exponential [15], and the maximum density of the heat
source with this law is:

1.5 Wir ()
)=———=.
¢ (7) b-1,(%)
The size (length) of the zone of contact of the cutting
plate with the chip is a variable value on the trajectory of
contact of the plate with the blank and can be determined

using the formula obtained by transforming the depend-
ence [20]:

L(v)=a, (1) kf,)'] -[kc .(1 - tgy)+ secy].

Heat release density in the section located at a dis-
tance x,; from the section with the maximum heat release
density:

%T(xulvr): 17 (1)-exp |__ ko 'xulj >

where ky, is the coefficient, m .

Heat release density (maximum) in the zone of con-
tact of the plate with the blank for an asymmetric normal
law of the heat release source power distribution [15]:

ooy 2@k
T b etk |

where £k is the coefficient;

erf is a function depending on the kj and /, parameters.
Heat release density in the section located at a dis-

tance x, from the section with the maximum heat release

density [16]:

QZT(xuaT):‘hT(T)'eXP[_ko xﬁJ

When machining with a cutter equipped with a replace-
able multi-faceted plate, the heat conductivity equations for
the blank 1, chip 2, plate 3, and cutter body 4 (Fig. 2) are as
follows:

Oh 1 Of M oh) of M Oh)l_y oh.
ot ox\c,-py Ox ) oyvle-py Oy ox
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L |0 M L), Of M 0L | _
ot Ox\c -p; Ox oy\e-pp Oy
o7,

—I/I'COS'Y%—I/I'S]'H"{

y
oL |0 A 0L, 0f A L))
ot Ox\cy-p; Ox v\esps oy )|’

Oy |0 * 0L |, Of Ay 0Ty
ot Ox\cy-py Ox ovles-ps )|

where Ay, A3, A4 are the coefficients of thermal conductivity
of the materials of the blanks (chips), cutting plate and cut-
ter body, respectively, W/(m-K);

c1, €3, C45 P1, P3, P4 are the heat capacities (J/(kg-K)) and
densities (kg/m®) of the materials of these objects;

T\, T», T3, T, are the temperatures of the blanks, chips, plate
and cutter body, respectively, K.

We assume that the thermophysical characteristics of the
chips are equal to the corresponding characteristics of the
blank (cy=c1, ps=p1, M=M).

When machining with a cutter without a plate,
the thermophysical characteristics of the cutter body are
equal to the corresponding characteristics of the cutter
tooth (c4=c3, ps=p3, As=A3), then the last equation will
have the form:

or, o 0 an), o 2 an,
ot | oxlespy ox ) ovleps Oy )|

This form of recording differential equations of thermal
conductivity assumes that the physical characteristics of
the materials of the blank, cutter body and plate (cutter
tooth) depend on temperature.

Initial condition: the temperature of all objects at
the initial moment of time T(x, y, 0)=T,, where T, is
the ambient temperature (air and/or coolant).

Within the contact zone EV; of blank 1 and plate (tooth) 3,
the thermal interaction is expressed by the boundary condi-
tion of the 2™ type [16]:

ﬂ__qéT(xu) . %__q”ZT(xu) .

(1)

v MGy
Ty =Ts 5 q'ZT(xu)-’-qu(xu):(’IZT(xu)a

where ¢{;(x,;), qir(x,;) are the heat flows directed to

blank 1 and plate (cutter tooth) 3, respectively, at a distance
x,1 from the section with the maximum heat release density,
W/m?;
T\, Ts, are the temperatures on the surfaces of blank 1 and
plate (cutter tooth) 3 within their contact zone, K.

Similar boundary conditions of the 2nd type can ex-
press thermal interaction within the contact zone DE of
blank 1 with chip 2 and within the contact zone EN of

chip 2 with plate (tooth) 3 in the section with maximum
heat generation density.

Boundary condition of the 2™ type within the zone EN
in the section with variable heat generation density:

o __girlxg). 0T _ 9 (%)
M(1)

on M) T on

TZkl(xul): T3kl(xul); ‘I{T(xm)*' ql”T(xul): qlT(xul)s

where ¢j7(x,;), qir(x,) are heat flows directed to chip 2

and plate (cutter tooth) 3, respectively, at a distance x,; from
the section with maximum heat generation density, W/m?;
T 2kl(xul), T 3k1(xul) are temperatures on the surfaces of

chip 2 and plate (cutter tooth) 3 within the zone of their
contact at a distance of x,; from the section with the maxi-
mum heat release density, K.

We assume that at the junction of plate 3 with cutter
body 4, the thermal resistance is insignificant, therefore
the temperatures of the contacting surfaces of the plate T3,
and body T} are equal (boundary condition of the 4™ type):
T30=Ti.

Heat transfer from the surfaces of the objects participat-
ing in heat exchange — the cutting plate, cutter body, chip
and blank contacting with the environment (cutting fluid or
air) is expressed by the Newton—Richmann law (boundary
conditions of the 3™ type) [16]. One of the arguments of
the dependence describing this law is the coefficient of heat
transfer from the surface. The heat transfer coefficients to
the environment (cutting fluid and air) depend on the tem-
peratures of these surfaces, which are not known in ad-
vance. Therefore, if a preliminary calculation of the coeffi-
cients is performed without taking into account the actual
surface temperatures, unreliable results can be obtained.

When solving analogues of differential heat conduction
equations using the numerical finite element method,
the calculation of heat transfer coefficients is performed in
parallel with the calculation of heat conduction equations.
When calculations are performed using this method,
the time, during which the heat exchange process is consid-
ered, is divided into finite small intervals At. The tempera-
tures of objects determined at the previous moment in time
are used to calculate heat transfer coefficients at the current
moment, and the obtained values of the coefficients are
used to calculate the temperature field at the next moment.

If the surface temperature of the object exchanging heat
with the cutting fluid (NK, V>,V and VL of the plate (tooth), MD
and MN of the chip, CD, V3F, BC and FF; of the blank, KQ
and LS of the cutter body (Fig. 2)) is lower than its boiling
point, then the heat transfer coefficient in the cutting fluid is

g Y ’

X

o

where Nuyis the Nusselt criterion;

Agr is the thermal conductivity coefficient of the cutting flu-
id, W/(m-K);

£, is the characteristic surface size, m.
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As a characteristic size, we can take: for chips — their
thickness a., for a blank — the size of the contact trajectory
FB of the plate (cutter tooth) with the blank, and for
the plate (cutter tooth) — the size / (Fig. 2).

The Nuy criterion is calculated using the equation:

Nuf:C'Re}n'Pr;’(P”jf/Prw)k,

where C, m, n, k are coefficients whose values are deter-
mined by the surface shape and the coolant flow mode
(laminar, transitional, turbulent);

the Prandtl number Pr and Reynolds number Re:

P},f:ug/'.cgf .
vV, -t

Ref: £ X 5
Veor

where 1, is the dynamic viscosity of the cutting fluid, Pa-s;
¢, is the specific heat capacity of the cutting fluid, J/(kg-K);
Vv, is kinematic viscosity of the cutting fluid, m?/s;

V, is the speed of the cutting fluid movement, which can be
calculated in cut-up milling as

Vo=V +V,

where V,; is the speed of the cutting fluid flow from
the nozzle used to supply it, m/s.

Parameters with f index in their designations are deter-
mined based on the temperature of the cutting fluid at
the nozzle outlet; if w index is used in the parameter desig-
nation, it is determined depending on the average tempera-
ture of the corresponding surface.

In most cases, a mixture of cutting fluid and air is pre-
sent in the cutting zone; therefore, the calculations use
the reduced heat transfer coefficients, which depend on
the percentage of air in the air-liquid mixture.

If the surface temperature of the object participating
in the heat exchange exceeds the boiling point of the liquid,
the calculations use the reduced heat transfer coefficient,
the value of which depends on the heat transfer coefficient
during coolant boiling oy.

To calculate the oy, coefficient, you can use the equation

Nu, =C, -Re}" - Prl3?

where Cy and m are coefficients;

Nuk = ak 'lxl /7\/g1 N

Rey =wy -1y /vg;

Pry =vgy /ag,

where A, v, are physical parameters of the cutting fluid at
the saturation temperature;

wy is conventional boiling speed of cutting fluid vapor, m/s;

ag is thermal diffusivity coefficient of the cutting fluid at
the saturation temperature, m?/s;

£, is characteristic size of the surface whose temperature
exceeds the cutting fluid saturation temperature, m.
Coefficient of heat transfer to air is

(xb g

>
X

where A, is thermal conductivity coefficient of air,
W/(m-K);

Nuy, is Nusselt criterion calculated using dependencies
similar to those for calculating Nu,.

When applying ultrasonic vibrations, the depth of
the plate (tooth) penetration into the blank changes. If
the vibration amplitude 4, exceeds the depth of the plate
(tooth) penetration into the blank, the plate may come out
of contact with the blank. During the absence of contact
between the tooth surface and the blank, which were sub-
ject to the above boundary conditions of the 2™ type during
cutting, heat will be exchanged with the environment (cut-
ting fluid or air), and the boundary conditions will change.

For the surfaces of the blank and the cutter tooth,
the boundary conditions of the 3™ type will take the form:

M0 '%:al '(Tlf_TW);

_k3(73)‘66_T;:a3 ‘(T3f _Tw)’

where o; and o3 are the coefficients of heat transfer to
the environment from the surfaces of the blank and
the plate (cutter tooth), respectively, W/(m*K);

T, is the temperature of the environment (cutting fluid or
air), K;

Ty, Ty is the temperature of the flow surface of the blank
and the plate (tooth), respectively, K.

To solve the equations of thermal conductivity of
the objects participating in the heat exchange, the numerical
finite element method is used.

Discrete analogues of differential equations of heat con-
ductivity are obtained based on the fact that the sum of all
heat flows entering and leaving the element under consider-
ation over a time interval At is equal to the change in
the enthalpy of this element (finite volume). To ensure the
stability of the numerical solution of discrete analogues of
differential equations of heat conductivity, expressions are
obtained for calculating the limitations per a step of the
difference grid.

The temperature of the deformable layer is used in
the programme when calculating the yield stress of the blank
material in the chip formation area.

The adequacy of the above method for calculating
the temperature field was assessed by comparing the calcu-
lated value of the average temperature in the surface layer
of the blank with the results of its measurement by a semi-
artificial thermocouple. The difference between the calcu-
lated and experimental values does not exceed 12 %, which
indicates the possibility of using the proposed method.

Using the developed software, the process of milling
polycarbonate blanks was simulated at a cutting speed of
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V=8 m/s using ultrasonic vibrations with a frequency of
18,600 Hz and an amplitude of A=10 um. The imposition of
vibrations in the direction perpendicular to the blank sur-
face being machined was simulated.

The maximum depth of tooth penetration into the blank
depends on the elements of the milling mode — the cutting
depth ¢ and the feed per tooth S;. Consequently, with a fixed
ultrasonic vibration amplitude, different ratios A/a,,.. can
be achieved by varying these elements of the mode.

When machining without ultrasonic vibrations with
a cutting depth of /=0.5 mm and a feed per tooth of
§.=0.12 mm/tooth, the maximum depth of tooth penetration
into the blank is @,,,,,=36 pm, and when applying ultrason-
ic vibrations, the ratio A/a,u. 1s 0.27. In this case,
the tooth comes out of contact only during the initial period
of its contact with the blank. With further movement of
the tooth along the contact trajectory, the application of
vibrations leads to a change in the depth of tooth penetra-
tion, both decreasing and increasing. Therefore, changing
the kinematics of the milling process due to the use of vi-
brations at small values of the ratio 4/a,,,, does not have
a noticeable effect on the efficiency of the process.

In the mode of =0.1 mm and S,=0.05 mm/tooth, when
machining without ultrasonic vibrations, the value of a,,,q
is 7.6 um, i.e. less than the vibration amplitude, the ratio
Ala@yma 1 1.3. In this case, when vibrations are applied,
the contact of the tooth with the blank is interrupted
throughout the entire trajectory of the tooth movement rela-
tive to the surface being machined. When machining with
ultrasonic vibrations in a mode with the ratio 4/a,,,,=1.3,
compared to machining without vibrations, the force P,
decreased by 45 %, and the temperatures in the contact
zones of the tooth with the chips and the blank decreased by
15 %. At lower ratios A/a,..., these parameters decreased
to a lesser extent.

DISCUSSION

The developed set of mathematical models and depend-
encies for calculating the main component of cutting force
and temperatures during milling has the following differ-
ences from the dependencies given in works [6; 15].

1. The change in the depth of tooth (cutting plate) pene-
tration into the blank is taken into account when using ul-
trasonic vibrations.

2. The change in the boundary conditions on the surfac-
es of the tooth and the blank is taken into account if, when
using ultrasonic vibrations, the plate comes out of contact
with the blank. In work [6], heat transfer from the surfaces
of objects participating in heat exchange is not taken into
account.

3. The models allow taking into account the dependence of
the thermophysical properties of objects (milling cutter, blank
and chips) on temperature and the effect of the temperature of
the deformed layer of the blank material on the deformation
stresses and cutting forces of individual milling cutter teeth.

The proposed method for numerically solving analogues
of differential equations of heat conductivity with general
boundary conditions in the contact zone of objects allows
determining the distribution densities of heat flows between
the contacting objects (milling cutter, chips and blank).

The developed method and software make it possible to
take into account the influence of a larger number of factors
on the temperature field than, for example, in [6]: the di-
mensions of the blank and the milling cutter, including
the tooth angles (cutting plate); wear of the milling cutter;
thermophysical characteristics of the materials of the blank
and the milling cutter (cutting plate); yield strength of
the blank material; friction coefficients; elements of the
milling mode (cutting depth, cutting speed and feed);
thermophysical characteristics of the external environment
(cutting fluid and air); the rate of cutting fluid flow through
the nozzle for its supply; the number of successively work-
ing teeth of the milling cutter, etc., and also to determine
both the temperature in the surface layers of the blank and
the temperatures in the contact zones of the tooth with
the chips and the blank and the temperature of the chips.

The assumption that the effect of using ultrasonic vibra-
tions during milling is higher at higher values of the 4/a,,;,4x
ratio was confirmed. Previously conducted studies have
found a decrease in cutting forces during turning [7] and
grinding [8] with an increase in the vibration amplitude.
In [9], it is noted that the efficiency of using ultrasonic vi-
brations during gear milling increases with an increase in
the amplitude. Consequently, the results of numerical mod-
elling indicating a decrease in the thermal and force stress
of the milling process correlate with studies conducted us-
ing other processing methods.

One of the reasons for the decrease in forces and tem-
peratures is a change in the kinematic parameters of
the milling process with an increase in the ultrasonic vibra-
tion amplitude, as it has been found in other studies [7; 9].

In the present study, it was found that the use of ultra-
sonic vibrations during milling leads to a decrease in
the milling force to a greater extent (by 45 %) than in tem-
peratures (by 15 %). The obtained result coincides with
the study [9], which also recorded that temperatures de-
crease to a lesser extent than cutting forces.

CONCLUSIONS

1. Analytical studies of the temperature field were
performed and software was developed that allows estab-
lishing the influence of ultrasonic vibrations on the pa-
rameters of the milling process at different ratios of
the vibration amplitude to the depth of tooth penetration
into the blank.

2. It was found that changing the kinematics of the mill-
ing process using ultrasonic vibrations has a more signifi-
cant effect on the process parameters at a cutting mode that
provides a greater ratio of the vibration amplitude to
the depth of penetration.

3. The results of the studies will allow predicting the ef-
ficiency of the milling process with ultrasonic vibrations at
different processing modes.
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Annomayun: ViccnenoBaHusi TEMIIEPaTypHOTO IIOJIS Mporiecca (ppe3epoBaHms ¢ HAIOKEHHEM YIIBTPa3ByKOBBIX KOJIe-
6annii (Y3K) npu pa3nnyHbIX OTHOIICHMSX aMIUTUTYABI KojieOaHWH K IIyOWHe BHEApEHHWs 3y0a B 3arOTOBKY IO3BOJIST
porHo3upoBars 3¢ dexTuBHOCTH Mpouecca (pesepoBanus ¢ Y3K npu pasnmuuHbix pexxumax obpadotku. Llens uccneno-
BaHUs — pa3paboTKa (U3MUECKUX W MaTeMaTHYeCKUX Mojeleil mpoiecca (ppesepoBanus ¢ HamoxeHrnem Y3K, mo3Bomnsio-
mux ycraHoBUTh BiusiHHE Y3K Ha 3¢ (dexTnBHOCTD mpouecca Gpe3epoBaHus NPU Pa3INYHBIX OTHOUICHUSIX aMILUIATY/bI
KosebaHuii K yOnHe BHeApeHus 3y0a. [IpHHATH BO BHUMaHKWE TPH UCTOYHHKA TEIUIOBBIICNICHHS: B 001acTH 1e(OpMHUpO-
BaHUS (CTPYKKOOOpPa30BaHMSA) W B 30HAX KOHTAKTa CTPYXKKH C PEXYIIEH IUIACTHHOH (3yOoM (ppe3bl) M IUIACTHHEI C 3aro-
TOBKOH. Pa3zpaboTansl MOJENH TEMII000MEHa, YUNTHIBAIOIINE, B YACTHOCTH, U3MEHEHHE TPaHUYHBIX YCIOBUI Ha MOBEPX-
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HOCTSIX PEXKYIIeH TUIACTUHBI W 3aroToBkH Npu HanmoxkeHnun Y3K. Korma mracTrHa HaXOmWTCS B KOHTaKTE C 3arOTOBKOM,
B 3arOTOBKY, CTPY>KKY M 3y0 (pe3bl HarpaBiIeHbI TEIUIOBBIE OTOKH, a YCIOBHUS TEIJIOBOTO B3aMMOJICHCTBHUS B IpeAesax
30H KOHTAKTa IUIACTUHBI CO CTPYXKKOHM M 3arOTOBKOI ONMCBHIBAIOTCSI TPAHUYHBIMH YCJIOBHSAME 2-r0 pona. Korga mimactuna
npu HajgokeHnH Y3K BBIXOIUT M3 KOHTAKTa C 3arOTOBKOHM M IIPOIECC CTPYKKOOOpa30BaHMS HMPEKPAINAETCs, TO HA BCEX
MIOBEPXHOCTSX 3y0a (IJIACTHHBI) U 3aTOTOBKH, KOHTAKTUPYIOIINX C OKPYKarome cpenoil (CMa3ouHO-0XJIaXIatoen Ku-
KOCTBIO MJIM BO3AYXOM), KOHBEKTHBHBIN TEINI0OOMEH OIMChIBaeTCs 3akoHOM HpioToHa — PuxmaHna (rpaHWYHBIC yCIOBHSA 3-
ro poxna). IlpuBeneHs! pe3ynbTaThl YUCICHHOTO MOJEIHPOBAHNUS, MOATBEPANBIINE MPEINOIOKEHNE, YTO 3GPEKT OT MpH-
mereHus1 Y 3K Belle npu 6onbmnX 3HaYEHUSIX OTHOLIEHUsT aMILIuTyasl Y 3K k riryOuHe BHenpeHus 3y0a B 3ar0TOBKY.

Knrwouegvie cnosa: ynstpasByk; KonebaHus; ppe3epoBaHie; TEIUIO0OMEH; YUCICHHOE MOJICIIUPOBaHHE.
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