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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.

Keywords: ultrasound; vibrations; milling; heat transfer; numerical modelling.

Acknowledgements: The study was supported by the Russian Science Foundation grant No. 24-29002006,
https://rscf.ru/project/24-29-00206/.

For citation: Unyanin A.N., Chudnov A.V., Dimukhametov [.Z. Study of the temperature field formed in the process of
milling with the use of ultrasonic vibrations under various processing modes. Frontier Materials & Technologies, 2025,
no. 3, pp. 91-100. DOI: 10.18323/2782-4039-2025-3-73-7.

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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whereoyg, is the yield stress of the blank material in tltle d  The heat generation density in the chip formation
formation region, determined depending on the teatpey zone with a uniform law of heat source power distrib

in this region, Pa tion [15]:

 is the friction coefficient for yield stress

w1, Ko are the coefficient of friction of the chip on the plate W, ( Wsin )

(front surface of the tooth) and the plate (tooth) on Qg (W T ap
8

the blank;

y is the cutting plate rake angle, deg :
I, is the size (length) of the plate-blank contact zone, m; whered is the shear angle, deg .
uis the coefficient We assume that the power of the heat source in

ax(x) is the depth of plate penetration into the blargk dthe contact zone of the chip with the front surface of
perding on contact time 7, m; the cuter tooth is distributed according to a combined

bis the size of the machined surface in the direction paralfé{» Which is a combination of two laws uniform and

to the cutter axis, m exponent_|al [1.",6, and. the mgimum density of the heat
To calculate the,(t) parameter, a dependence [16] i§0Urce With this law is:

proposed, the arguments of which are: the amplitude of

the ultasonic vibrations in the direction perpendicular to r (W 15 V\ET(W

the machined surfaok,; thevibration frequencyf; thetime b I,TW

of contact of the cutting plate o@th) with theblank t;

the depth of plate penetration into thiank a, depending  The size (length) of the zone of contact of the cutting

on the feed per cutter too® and the anglef contactof plate with the chip is a variable value on the trajectory of

the plate with thélank _ contact of the plate with the blank and can be determined

The length of the contact zohgcan be determined byusing the formula obtained by transforming the depen
the dependence: ence [20]:

, 1, W) ay) M R 1 tg  sec)@
tgD
_ Heat release density in the section located atsa di

wherea is the clearance angle, deg. tance qq from the section with the maximum heatease
Iy is the size of the wear area on the plate, m density:

h, is the height of the elastic uplift of the blank material [19]:

Y Or Xg 2 Gr( 2 éXp>k01~Xl1 ,
~ sz

h, 1155=—% R "B;
E, whereky; is the coefficientm ™.
Heat release density (maximum) in the zone afi-co
B sin? J P1 tgd 05 P Bin2 J tact of the plate with the blank for an a.symme.trlc normal
law of the heat release source power distribution [15]:

whereh is the size of the blank in the direction perpeusic Wl 3 2 W ( )/\Y\/K
lar to the machined surface; m 2T '

; b v GEerf P
os; IS the yield stress of the blank material in the defo v ZM @

mation zone, Pa . -
2,is the elastic modulus of the blank material in the zone\Wferek is the coefficient
contact of the plate (tooth) with the blank, determinee e'fis a function depending on tkeandl, parameters.

perding on the temperature in this zone, Pa Heat release density in the section located atsa di
The size of the wear arégis related to the radial weartance o from the section with the maximum heat release
h, by the dependence: densty [16]:
l, h, GtgDtgJ. Gr Xo W (VP Ky X3 .

Since the parameters being the arguments of this d When machining with a cutter equipped with a reptac
pendence depend to a small extent ontttime of conaict able multi-faceted plate, the heat conductivity equations for
of the tooth with the blank, we assume that the frictidhe blank 1, chip 2, plate 3, and cutter body 4 (Fig. 2) are as
force F, also does not depend onThis assumption is e follows:
firmed by the results of subsequent numerical Hodg

The yield stress of the blank material in the deformation \z 2, § Q W, w8 Q .W,°. .W
zoneog is calculatedusing the formula [17] depending on —L —1, —=—=—1 , v
Wk U owi owe Uowiy,  w

the temperatur@j in this zone and the melting temperature
Tmert Of the blank material.
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