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Abstract: The paper presents ways to reduce the vibrations of special cantilever boring bars mounted
on spindle heads of finishing and boring machines. Special cantilever boring bars are designed for
machining holes in non-standard conditions, for example, when boring deep holes with l/d>3 (l–hole
length, d-hole diameter) or holes with a discontinuous surface. The results of the experiments and
theoretical developments, as well as the schemes of the experimental stands, are presented. The
investigated methods for reducing fluctuations are the following: the use of a dynamic damper with
intermittent cutting elements; the suppression of the normal vibrations of the cutter to the workpiece
surface due to the excitation of vibrations directed tangentially to the workpiece surface and not
causing processing errors; increased damping in the cutting zone when changing the design of the
boring bar. The tuning parameters of the dynamic damper, the logarithmic decrement of vibrations,
as well as the conditions for effective damping of vibrations during the interaction of their two
coupled forms are given. The results are shown in the tables and graphs.

Keywords: dynamic damper; parametric vibrations; process innovation; frequency; amplitude;
resonance

1. Introduction

Additional devices built into the boring bar with mass, rigidity, and damping are used
for dynamic vibration damping. It has been established that the efficiency of vibration
damping increases significantly with an increase in the number of its elements. An increased
number of attached masses leads to antiresonances and an increase in boring quality.

The increased compliance of cantilever boring bars leads to the need for a constructive
increase in their rigidity in manufacturing a hard alloy body and damping rods. It pro-
vides the possibility of boring deep holes [1]. However, manufacturing a boring bar from
a hard alloy significantly increases its cost. In practice, one-element and multi-element
dampers are used [2]. Vibration dampers often use viscous or dry friction and their combi-
nations [3]. Many vibration absorbers successfully use particle dampers that effectively
dampen vibrations during impacts [2].

Mandrels have been developed to achieve a change in the damping coefficients using
dry friction [4]. In [5], the influence of various internal cores on the dynamics of boring
units was studied. It is shown that using inner cores made of reinforced hydrocarbon fiber
(carbon fiber) embedded in boring units with a large length-to-diameter ratio effectively
reduces the vibration level. Boring bars have an inner core made of 31% carbon fiber by
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volume. Unlike the inner core of CFRP_1, the inner core of CFRP_2 consists of two different
carbon fiber materials. The polymer used in carbon fiber is an epoxy resin and a carbon fiber
composite material (CFRP_1: Tenax HT 5631; CFRP_2: HS carbon 50K). The installation of
internal cores leads to a decrease in bending compliance [5]. CFRP is characterized by high
rigidity and strength combined with low density [6,7].

A decrease in the amplitudes of forced vibrations has been studied experimentally
and theoretically based on a combined approach: finite element analysis, experimental
model analysis, and machining tests [8,9].

Dampers are often used to suppress the vibrations of different spatial forms, for
example, longitudinal or transverse, which adversely affect the errors in the shape of cross-
sections [10,11]. The problems of vibration cutting were studied to suppress vibrations
normal to the machined surface when imposing vibrations tangential to the machined
surface [12].

It should be noted that when designing cantilever boring bars, internal channels are
often used to supply air to the cutting zone, for example, to remove chips, etc. [13]. In
this work, the central axial and radial holes to the right and left of the cutter provide air
supply to the cutting zone to increase damping and dampen vibrations. Dynamic dampers
equipped with an effective damping material inside the body [14] to reduce cutter wear
have been developed and implemented. A damper mounted on a shank made of phosphor
bronze was proposed to dampen impacts [15].

The number of elements that make up the oscillation damper’s mass defines them as
either single-element or multi-elemental (multi-mass). In metalworking, both single-element
and multi-elemental dampers are used. They are esigned to suppress oscillations of different
time forms: deterministic (harmonic, periodic pulse, polyharmonic) and random [16].

In the paper [17], shock vibration dampers with hysteresis damping were studied
for various shocks arising from the vibration damper. The optimal damper design for
a friction-driven nonlinear generator and its effects are described in the paper [18]. The
design of the vibration damper, which was used to suppress vibrations, is also given [19].

Numerous studies in machine dynamics provide sound recommendations on the
design of their components, tools, the choice of cutting conditions, and special devices that
provide a low vibration level.

Based on the analysis of literary sources, it is possible to formulate the purpose and
objectives of the research. The work aims to improve the dynamic quality of special
cantilever boring bars during fine boring under difficult cutting conditions. For this study,
the following specific tasks are formulated:

- To experimentally study the settings of the dynamic vibration damper when boring
discontinuous surfaces;

- To investigate the vibrations of special boring bars for boring deep holes with increased
damping in the cutting zone;

- To substantiate the possibility of damping self-vibrations during fine boring by forcing
vibrations tangential to the machined surface.

Thus, all three tasks correspond to the goal, and the obtained results are aimed at
achieving it.

2. Materials and Methods

It should be noted that the optimal settings of dynamic vibration dampers provide
reliable, stable cutting when boring solid surfaces. However, the working conditions of the
vibration dampers change when boring intermittent surfaces, even if the installation site
of the vibration damper is preserved. The operating conditions of the dynamic damper
installed in a rotating or fixed boring bar also change, as well as the working conditions of
the vibration dampers installed on the fixture [20].

The second group of tasks is related to the design solutions of the elements of the
boring bars, ensuring reduced vibrations. At the same time, devices and techniques have
been distinguished that change the parameters of the elastic system (structural elements
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with increased damping, modified mass, or stiffness). Implementing the design features of
such boring bars provides increased the damping of the elastic system when the working
medium flows into the cutting zone. At the same time, a stable process of boring deep
holes with an l/d ratio of up to 12 is realized. In this case, using conventional boring bars
is impossible due to the loss of vibration resistance.

The third task is to study the possibilities of vibration damping of the boring bars and
the method of vibration cutting. The paper investigates the conditions for suppressing
vibrations normal to the surface being machined with the help of excited forced vibrations
directed tangentially to this surface. It should be noted that the results of studying the
connectivity of vibration modes that occur during boring and milling make it possible
to control the vibrations of different spatial forms. It should be noted that the technical
literature does not describe the possibility of damping bending vibrations by forced axial
vibrations during finishing boring.

The experiments were carried out on stands assembled based on a finishing and boring
machine. Boring cutters with carbide inserts were used with geometry: for steel boring
main rake angle ϕ = 60◦, auxiliary rake angle ϕ1 = 15◦; for cast iron boring ϕ = ϕ1 = 45◦ [21].

In the experiments, sets of 5 cutting inserts with the same geometry were used. Cutting
conditions: cutting speed 100–200 m/min, depth 0.05–0.10 mm, and feed 0.02–0.04 mm/rev [22].

To measure the vibrations, piezoelectric sensors, strain gauges, and inductive sensors
were used, connected via a Vibration Detection Device (VDD) to a computer, as well as to a
vibrometer. The samples were bored from steel C45 and gray cast iron GI 18.

The vibrations of a double-mass system, including an object with variable stiffness
C1(1 + 2ε cos 2ωnt) and a dynamic vibration damper, can be considered according to the
design scheme presented in Figure 1.
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Vibration equations have the form:{ ..
y1 + 2h1

.
y1 + ω1

2(1 + 2ε cos 2ωnt)y1 + 2µh2
( .
y1 −

.
y2
)
+ µω2

2(y1 − y2) = 0;
..
y2 + 2h2

( .
y2 −

.
y1
)
+ ω2

2(y2 − y1) = 0,
(1)

where y1,2,
.
y1,2,

..
y1,2 are the vibration displacements, velocities, and accelerations of the

object and the dynamic vibration damper, respectively; m1, h1, C1 are the reduced values
of the mass, damping, and stiffness of the object; m2 is the absorber mass; C2, h2 are the
stiffness and damping of the absorber–object connection; ω1

2 = C1/m1, ω2
2 = C2/m2 are

the squares of the partial frequencies; µ = m2/m1 equals the mass ratio; εcr is the excitation
coefficient. ωn is the frequency of the parametric excitation; t is time.
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Substituting into Equation (1) the solution in the form:{
y1 = a1 cos ωnt + b1 sin ωnt;
y2 = a2 cos ωnt + b2 sin ωnt,

(2)

where a1, b1, a2, and b2 are the coefficients of the corresponding functions.
After the substitution of expression (2) into Equation (1), the vanishing of the determi-

nant of this system is the condition for the existence of a periodic solution of Equation (1).
After introducing the dimensionless factors ν = ωn/ω1, æ1 = 2h1/ω1, æ2 = 2h2/ω2,

Ω = ω1/ω2, and simplifying equal transformations, we obtain:∣∣∣∣∣∣∣∣
1 + ε νæ1 ν2 − (1 + µ)Ω2 −(1 + µ)Ωνæ2
νæ1 1− ε (1 + µ)Ωνæ2 ν2 − (1 + µ)Ω2

−ν2 0 Ω2 − ν2 Ωνæ2
0 −ν2 −Ωνæ2 Ω2 − ν2

∣∣∣∣∣∣∣∣ = 0. (3)

This expression allows for finding the excitation coefficient at the boundary of the
stability region:

εcr
2 =

{[(
1− ν2)(Ω2 − ν2

)
− µΩ2ν2

]2
+
(

Ω2 − ν2
)

ν2æ1
2 +

[
(1 + µ)ν2 − 1

]2Ω2ν2æ2
2−

−2µΩν6æ1æ2 + Ω2ν4æ1
2æ2

2
}

/
[(

Ω2 − ν2
)
+ Ω2ν2æ2

2
] . (4)

An unlimited increase in εcr occurs at Ω→ ν and æ2 → 0 . These conditions deter-
mine the values of the parameters of the dynamic vibration damper, under which the
occurrence of parametric resonance is impossible, namely: the partial natural frequency of
the damper must be equal to the frequency of the parametric perturbation, and the inelastic
resistance of the damper-to-object connection must be as low as possible.

To determine the direction of action of shock pulses transmitted by the damper ele-
ments to the boring bar, the design of dampers (Figure 2) with annular protrusions on the
disks was studied.
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The vibration damper with annular protrusions on the discs 1 is compressed by a
spring 4 through a pusher 5. The spring is held by a threaded cap 2, and when it is screwed
into the body of the boring bar, the axial compression force N increases. The position of
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the cover is fixed by a lock nut 3. To determine the direction of action of shock pulses
transmitted by the elements of the absorber to the boring bar, a design of a dynamic
absorber with annular protrusions on the disks was made. The vibration absorber under
study is shock-dynamic and makes it possible to optimize the shock characteristics. It is
known that the effect of vibration damping depends significantly on the characteristics
of the shock pulse. To increase the impact efficiency, the shock pulse vector is aligned
with the axis of symmetry of the disk and its center of gravity. The impact surface of the
disk is located in the middle section of the cylindrical surface and is made in the form
of an annular protrusion. The shape of the transverse section of the protrusion, which
affects the size of the contact area during collisions, is chosen empirically, depending on
the efficiency of vibration damping. With optimal grip force, the discs can only move
in the direction of the cutting force. The cross-sectional shape of the protrusion and the
width of the platform, along which contact is made during impact, is selected depending
on the material characteristics from which the disks are made. Note that the shape of the
protrusion in the form of an acute angle provides the best damping of the shock pulse. The
other two forms of protrusions increase damping in the absorber. The presence of friction
in the damper weakens the damping effect. At the same time, the presence of attenuation
will expand the frequency range at which the effect of oscillation damping is manifested.
When testing the vibration damper, the axial compression forces were determined using a
calibration device (Figure 3). When the axial compression force of spring 2, transmitted to
disks 1, is changed, pusher 3 moves in the hole of the threaded cover 4. The magnitude of
this movement is measured by a dial indicator installed in body 5 of the device, which is
fixed on the shank of the threaded cover during adjustment. The device is calibrated by
loading the pusher through a dynamometer, with the threaded cover removed from the
boring bar.
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The efficiency of the dynamic damper was evaluated in two ways: by determining the
frequency response of the boring bars (d1 = 25 and 50 mm; l1/d1 = 6–8) and by measuring
the vibrations of the boring bars (d1 = 15, 25, 50, and 70 mm) during boring.

3. Results
3.1. Experimental Results of Dynamic Vibration Dampers for Boring Discontinuous Surfaces

The dependence of the amplitude Ad of vibrations of boring bars with a dynamic
vibration damper on the number of damper elements (Figure 4) is nonmonotonic for both
test methods. Using a dynamic vibration damper with an optimal value of n equal to 8
leads to a decrease in the vibration amplitude during cutting by a factor of 3–5 compared
to a single-element damper.
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Figure 4. Dependence of the vibration amplitude on the number of elements of the dynamic vibration
damper: 1—according to frequency response; 2—when boring; n—number of elements; o− d1 = 50 mm,
l1 = 475 mm; • − d2 = 25 mm, l2 = 175 mm.

When studying the frequency characteristics, the ratio of the maximum values A0
max/Ad

max,
where A0 is the amplitude of vibrations in the system without a damper, is taken as a mea-
sure of the efficiency of a dynamic vibration damper. By changes in efficiency: with a joint
variation of the diametrical clearance and the force of axial compression of the disks, the
values of these parameters were set.

The conditions for effectively using a dynamic vibration damper to process discon-
tinuous surfaces are studied. To study the vibration damper under the conditions of the
excitation of parametric resonances alone, we find that the maximum efficiency of the
dynamic vibration damper is achieved with its damping coefficient negligible. This result
is consistent with the theoretical conclusion (Equation (4)). When the constant component
of the cutting force, which leads to parametric excitation of forced vibrations, is included in
the consideration, we obtain a non-zero optimal value of the damping coefficient for the
linear model of the dynamic vibration damper. The value of æopt obtained in the simula-
tion is approximately 30% less than that calculated by Den Hartog [23]. When studying
the frequency characteristics, the ratio of values A0

max/Ad
max, where A0 is the vibration

amplitude in the system without a damper, is taken as a measure of efficiency.
Full-scale tests of the dynamic damper during the boring of samples with a discontinu-

ous surface were performed by varying the compression force of the disks and the diametric
clearance. The results of these tests (Table 1) show that Nopt = 15–17 N and somewhat more
than when boring solid surfaces and 2bopt = 0.2–0.4 mm. The vibration amplitude of the
boring bar, with an installed absorber with optimized parameters, is reduced by about
a third.

Table 1 shows the values of the oscillation amplitudes of the boring bar when varying
the values of the compression forces and the diametral clearance (hole diameter d = 30 mm,
six equally spaced grooves, steel C45, cutting depth t = 0.1 mm, cutting speed v = 200 m/min,
and axial feed s = 0.04 mm/rev).

Single-element dynamic vibration dampers reduce the amplitude of vibrations at
resonance and increase the limiting compliance of the boring bar by 3–4 times and the
multi-element dampers by 5–10 times.
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Table 1. Dependence of the oscillation amplitudes of the boring bar (µm) on the diametral clearance
(2b) and the axial compression force of the disks (N) when boring a discontinuous surface.

Diameter clearance
2b, mm

Oscillation amplitudes of the boring bar, µm

With vibration damper for N Without vibration
damper

5 10 15 20 30

10

0.1 8 7.5 5 5.5 7

0.2 6 4 5 5 7

0.3 5 3.5 3 4 5

0.4 5 4 3.5 4.5 5.5–6

0.5 6 6 4 6 8

3.2. Airflow Supply to the Cutting Area

Cantilever boring bars with axial and radial holes for supplying cutting fluid or air
to the cutting zone are widely used in finishing and boring machines. Such boring bars
provide not only increased cooling efficiency of the cutting tool but also the removal
of chips from the cutting zone. There are also known proposals to use the reaction of
the jet flowing from the boring bar to balance the cutting force. However, the tool’s
characteristics and the workpiece’s interaction with the medium flowing out of the boring
bar are poorly understood.

The experimental stand (Figure 5) includes a special boring bar 4 (d1 = 26 mm, l1/d1 = 6.5)
with a central axial hole and three radial holes equally spaced from each other, located near
the cutter. The boring bar is installed on the spindle head 3 of the finishing and boring
machine model 2706B.
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Figure 5. Scheme of the stand for studying the action of the airflow substituted into the cutting zone.

The number of outlets can be changed using screw plugs. The air supplied to the
cutting zone enters the boring bar from compressor 1 through receiver 2, equipped with
a pressure sensor and a hollow spindle. The pressure P at the receiver outlet varied from
0 to 500 kPa in increments of 50 kPa at a constant air flow rate. The inductive sensor
6 measured the elastic displacements of the free end of the boring bar in the presence or
absence of the processed sample 5. The signal is transmitted to the PC through the Vibration
Detection Device.

The elastic displacements were measured when air flowed through one hole to study
the constant component of the force of interaction between the boring bar and the flow. The
displacements at the exit of air into the atmosphere and into the gap between the sample’s
inner surface and the boring bar’s outer surface were compared. The outlet was installed
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in the middle part of the sample, the length of which was 30 mm. Measurements with and
without rotation of the boring bar were carried out by varying the air pressure and gap.

The dependence of elastic displacements y on pressure P at different values of the gap
∆ (Figure 6a) shows that the displacements are directed towards the jet outflow from the
boring bar.
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As the gap increases, the displacements increase. The rotation of the boring bar leads
to a decrease in displacements and the manifestation of the nonlinearity of their dependence
on pressure. When the outlet of the boring bar is located outside the sample and the free
flow of air into the atmosphere, the elastic displacements are directed opposite to the
outflowing flow since the reaction force of the jet causes them. When air flows into the gap
between the boring bar and the sample, the pressure drop in the flow creates a force that
changes the sign of the displacement.

The conditions of the air outflow and the direction of the force of interaction of the
boring bar with the flow during boring change since the movement of the feed leads to
a change in the position of the outlet of the boring bar relative to the sample. Therefore,
when air flows out through one hole, the force of the interaction of the boring bar with the
airflow cannot balance the cutting force along the entire length of the machining, a result
of which is that the machined surface deviates from cylindricity, and the use of boring
bars with one outlet is irrational. The force of the interaction of the boring bar with the
flow does not cause the machined surface to deviate from cylindricity when air flows out
through several holes equidistant from each other in one cross-section of the boring bar.
The valuable effect of the airflow for such a boring bar increase with increasing damping.
With the introduction of the boring bar into the sample hole without an air supply, the
value of the logarithmic vibration decrement δ = 0.10 was measured. The measurements
δ when air flows through three holes show that with increasing pressure, the logarithmic
decrement of vibrations increases, reaching large values δ = 0.23 when flowing into the gap
between the boring bar and the boring hole–∆.

The boring bar was equipped with a boring tool made of Elbor-R. Cylindrical holes
with a diameter of 30 mm were machined in samples made of GI18 cast iron at a cutting
speed of 250 m/min, a feed rate of 0.04 mm/rev, and a depth of cut of 0.1 mm. The presence
of a minimum in the dependence of the amplitude of vibrations of the boring bar during
cutting on the air pressure at the receiver outlet at P = 250 kPa was established (Figure 6b).
The transition from processing without air supply to processing at optimal pressure leads
to a decrease in the amplitude of vibrations by 3–4 times and a decrease in the height of
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the micro-roughness of the treated surface from 3.0 to 1.1 µm (l/d = 10). In this case, the
deviation from roundness reaches values of 1–3 µm.

3.3. Excitation of Vibrations Tangential to the Treated Surface

The results of the studies of the connectivity of the vibration modes that occur during
boring and milling make it possible to control the vibrations normal to the machined
surface by excitation of vibrations directed tangentially to this surface and not generate
machining errors.

A positive effect of axial vibrations and the possibility of damping self-vibrations
by forced vibrations are known. However, only a one-dimensional model of interacting
vibrations is considered, and the nature of the interaction of various spatial vibration modes
remains unexplored. For example, it is unclear what characteristics of damping vibrations
make it possible to excite vibrations normal to the treated surface. A number of experiments
have been carried out to address these issues.

The influence of the vibrations of fixture 2 (x–vibrations) in the feed direction on
normal to the surface to be machined y–vibrations of the boring bar 6 was studied on the
stand (Figure 7). Inductive sensors 3 and 4 of the vibrations of the fixture and the boring
bar are connected to a PC through an amplifier of the vibration detection device, on which
pulses from the spindle speed indicator 5 are also recorded.
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The samples of steel C45 were bored at a depth of cut of 0.1 mm and a feed rate of
0.02 mm/rev with a carbide cutter, the tip of which was blunted to ensure self-excitation in
the system of stable y-vibrations of the boring bar. The rotation frequency varied between
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1200–1800 rpm in increments of 50 rpm. The frequency fx varied widely, including the
frequency of self-vibrations fy.

Intense self-vibrations with an amplitude of 10–15 µm, accompanied by a characteristic
sound, were observed in the system under one of the following conditions: (a) with the
amplitude of the forced vibrations of the fixture ax = 0 or sufficiently small (ax < 2 µm);
(b) when the frequency fx of the forced vibrations of the device coincides with the natural
frequency fy of the vibrations of the boring bar, (c) at a frequency fx that is a multiple of the
spindle speed, i.e., upon reaching the equality 60 fx/n = 1, 2, 3, . . .

These results are illustrated by a diagram (Figure 8), on which the amplitudes ay are
shown in circles for various combinations of forced vibrations and rotation frequencies.
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Note that the x–vibrations change the cross-section of the cut layer, leading to a
change in the parameters of the cutting process; in this case, parametric vibrations develop.
The changes in the cutting factor generate additional “friction forces” proportional to the
parametric excitation factor. Therefore, the suppression of self-vibrations is possible at
sufficiently large, i.e., for sufficiently ax.

Condition (b) excludes the number of available frequencies of the forced vibrations
that correspond to the resonance of the boring bar. Condition (c) shows that the useful
effect of forced vibrations depends on the variability of the section of the cut layer.

If the amplitude of the forced axial vibrations exceeds a specific value (for the studied
system—2 µm), fx 6= fy and 60 fx/n = k + 1/2 (k is an integer), then the amplitudes of
self-vibrations decrease by 6–7 times. Thus, vibrations in directions tangential to the surface
to be machined are capable of detuning and suppressing the vibrations excited by the
regeneration of the “trace” and the “primary” self-vibrations generated by the nonlinearity
of the elements of the closed dynamic system of the machine.

4. Discussion

The paper explores three ways to improve the dynamic quality of cantilever boring
bars, aimed at expanding the technological capabilities of the fine boring operation. The
dynamics of special cantilever boring bars under difficult cutting conditions (interrupted
cutting, boring of deep holes with the ratio l/d > 3 to l/d = 12, and under self-vibrations)
have been studied. All three methods provide damping of vibrations and increase the
vibration resistance of the tool. The tasks formulated in this work are aimed at achieving
the set goal.

Why was the vibration damping method chosen using vibration dampers? Indeed,
even from a brief review of the literature, it is clear that numerous studies have been carried
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out on the designs, principles of operation, calculation, and tuning of dynamic vibration
dampers. However, for optimal tuning of vibration dampers, you should know which
vibrations need to be damped.

Inertial dynamic dampers are used to suppress harmonic as well as narrow-band
random vibrations. These dynamic dampers are tuned to the frequency of the suppressed
vibrations by setting the stiffness of the elastic element and the mass of the damper. Under
the conditions of the action of broadband vibration effects, dynamic dampers with friction
and vibration absorbers are used. For dynamic shock dampers, the gap size and mass
are selected depending on the frequency and amplitude of the disturbing force. Dynamic
shock dampers are most often used for boring bars. At the same time, their multi-element
executions are the most effective. Thus, to tune dynamic dampers, it is necessary to
understand the characteristics of the influences that cause vibrations. In addition to force
and external kinematic effects on the elastic system of the machine, the sources of vibrations
are parametric disturbances.

These features give rise to a number of computational problems. One of these
problems—the conditions for setting up a dynamic vibration damper to suppress paramet-
ric resonance—is solved in this work. Periodic repetitions of cutting in and out of the tool
during interrupted cutting lead to the variability of the parameters of the elastic system,
the cutting process, and other working processes. In this case, vibrations of a higher level
are more excited than with continuous cutting. For a shock-dynamic vibration damper,
the conditions for optimal tuning (with changes in the compression forces of the disks
and diametrical clearance) make it possible to reduce the amplitude of bending vibrations
by a factor of three compared to boring without a vibration damper. The conditions for
optimal tuning when suppressing parametric and forced vibrations are qualitatively close.
It has been established that the highest vibration-damping efficiency is achieved using
multi-element shock-dynamic devices. Single-element shock vibration dampers increase
the value of the limiting compliance of the boring bar by 3–4 times and multi-element ones
by 5–10 times.

Additional experiments are needed to improve the dynamic properties of boring bars
with a tuned vibration damper during interrupted cutting. As one of the options for such
experiments, there can be a constructive increase in the torsional compliance of a boring bar
with a built-in vibration damper. It will increase the plunging time (transient time), shock
absorption will occur, and the wear of the cutting blades will decrease. In the development
of the experiments performed, it is necessary to determine the conditions for excluding
“stagnant zones” in multi-element dynamic dampers when the masses work as a whole.
It is necessary to study the influence of the shape of the cross-sections of the disks on the
process of friction between them.

The use of the developed vibration-resistant boring bars with a source of air under
pressure in the cutting zone provides a significant expansion of the technological capabilities
of boring machines: fine boring is feasible with a hole-to-diameter ratio of up to 12 with a
roughness Ra = 1–1.3 µm and a roundness deviation within 2–3 µm. This work studied the
outflow of air through one and three holes. The diameters of the radial holes were 2, 4, and
8 mm and were equally spaced. Smaller values of vibration amplitudes were realized at a
diameter of radial holes equal to 8 mm. The diameter of the central hole for a boring bar
with a diameter of 30 mm was 10 mm.

It is known that at l/d > 4, the cantilever boring bars lose vibration resistance. Cutting
becomes unstable, cutting blades are prone to chipping, and the wear of cutting inserts
increases significantly. To combat this phenomenon, it is necessary to manufacture boring
bars manufactured from hard alloys, which are very unprofitable. As shown by the
described experiments, boring bars with airflow make it possible to bore deep holes. This
possibility is provided by a significant increase in the logarithmic swing decrement (up to
δ = 0.25) when flowing through three holes (d = 8 mm) compared to the mode without flow
when flowing through one hole δ = 0.1.
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The positive results of the experiment suggest the possibility of using the outflow of
a more viscous working medium, for example, industrial oil, instead of an airflow. Such
a replacement will provide an increase in the logarithmic decrement, a decrease in the
amplitude of the vibrations of the boring bar, and an increase in the quality of processing.
Naturally, it will be necessary to protect against the working environment splashing.

The third way to suppress the vibrations of cantilever boring bars is proposed based
on the coherence of the vibration modes that occur during boring. Therefore, it becomes
possible to control movements normal to the treated surface by exciting vibrations directed
tangentially to the surface. It was established that, in this case, it is possible to suppress the
self-vibrations normal to this surface, both regenerative and generated by the nonlinearities
of the dynamic system.

On a special stand, the effect of the vibrations of the fixture (x-vibrations) in the feed
direction on the bending y-vibrations of the boring bar, which are normal to the surface
to be machined, was studied. Samples of steel were installed in the fixture and bored at a
depth of cut of 0.1 mm and a feed rate of 0.02 mm/rev with a blunt-tipped carbide cutting
blade to ensure stable self-vibrations of the boring bar (y-vibrations). The rotational speed
has changed within 1200–1800 rpm. The frequency fx was varied in a wide range, including
the self-oscillation frequency fy. In the experiment, the conditions for the excitation of self-
vibrations with an amplitude of 10–15 µm were determined. The results of the experiments
proved that if the amplitude of forced axial vibrations has a certain boundary value (for the
system under study = 2 µm), fx 6= fy and 60fx/n = k + 1

2 , then the amplitude of self-vibrations
decreases by 6–7 times.

The roughness of the treated surface is Ra = 1 µm. Vibration damping occurs due
to the variability of the cutting factor. In this case, additional “friction forces” appear,
which are proportional to the vibration-damping coefficient. The suppression of vibrations
is achieved at large values of the attenuation coefficient, i.e., with sufficiently large cut
sections—ah. Thus, it has been established that the suppression of self-vibrations upon
the excitation of forced axial vibrations depends on the variability of the section of the
sheared layer.

It should be noted that the usefulness of the results of these experiments lies in the
unconditional sharp decrease in the wear of the cutting blades. The experiments should
be additionally performed to quantify wear, although preliminary experiments showed
a decrease in wear of the cutting insert per 1000 m by approx. three times compared to
cutting without applying additional vibrations (when boring steel samples).

It should also be clarified that such vibratory cutting for fine finishing boring is not
described in the technical literature. However, it is often used for non-precision machining
in turning, milling, drilling, etc. Further research on the errors in finishing boring is
also necessary.

5. Conclusions

In this work, three methods for damping the vibrations of special cantilever boring
bars for fine boring are studied in special cutting conditions (when machining deep holes,
intermittent boring, and during self-vibrations). To expand the technological capabilities
of fine boring, it is necessary to increase the dynamic quality of the cantilever tool. The
conditions for setting up a dynamic vibration damper to suppress parametric resonance
are analytically determined: the partial natural frequency of the damper must be equal to
the frequency of parametric excitation, and the inelastic resistance of the damper-to-object
connection must be as low as possible.

The conditions for optimal tuning of vibration dampers in suppressing parametric
forced vibrations are qualitatively close. The highest efficiency of vibration damping is
achieved when using multi-element shock-dynamic devices.

In interrupted cutting, the conditions for optimal setting are:

- A multi-element vibration damper for the boring bar, which reduces the amplitude of
bending vibrations by three times;
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- Number of elements (masses) of the absorber n = 8;
- The dependence of the boring bar’s oscillation amplitudes on the disks’ axial compres-

sion force and the diametrical clearance value (Nopt = 15 N, ∆ = 0.2–0.4 mm).

The features of the interaction of the airflow flowing from the radial holes in the boring
bar with the workpiece are studied. The values of pressures that provide the minimum
level of fluctuations and the smallest processing errors are determined. At a pressure of
200–400 kPa and a gap between the boring bar and the sample of approx. 2 mm, the values
of the logarithmic vibration decrement increase to 0.25. In this case, the vibration amplitude
of the boring bar decreases from 7–8 µm to 1.5–2 µm and the roughness of the treated
surface Ra = 1–2 µm.

The possibility of effectively reducing the bending vibrations that are normal to the
machined surface under the action of forced axial vibrations in the feed direction has
been studied. The conditions for damping the amplitudes of self-vibrations up to seven
times compared to vibrations of the boring bar without forced axial vibrations (5 µm)
are determined. In experiments on the boring steel samples without axial vibrations, the
amplitude reached values of 15–20 µm.

All of the above problems should be attributed to non-stationary issues of dynamics
since, during processing, there is variability in the parameters of the elastic system and
the cutting process. Due to the variability of the parameters, such vibrations are called
parametric. The non-stationarity of the dynamic systems of machine tools and parametric
vibrations are characteristic of almost all metal cutting problems. These problems are not
exhausted by the content of this work. Still, its results allow us to outline a number of
directions for developing the dynamics of systems with variable parameters that are useful
for mechanical engineering technology.
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