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Abstract. Searching solutions for minimizing vibration level of the metalworking machinery
always remains an issue of high priority. The methods of enhancing vibration resistance may be
conventionally classified as constructive and processing. Constructive methods are focused on
stiffening effect measures applied to the technological system elements during construction and
mounting of the system, and on the use of vibration damping equipment. Processing methods are
based on cutting mode selection, optimization of tool geometry parameters, and application of
process cutting fluids. The article is devoted to the basic methods of reducing vibration level of
the technological system elements.

Keywords: vibration, vibration activity, constructive and processing methods, reducing vibration
activity, technological system.

1. Introduction

The objective of reducing vibration level of the metalworking machinery elements is an issue
of vital importance at any stage of the engineering and technology development [1-4], especially
in the conditions of modern manufacturing and high-speed cutting of materials. It is possible to
reduce vibration level of the technological system and its elements by the following methods [4-6]:
constructive and processing.

The method is selected depending on the reasons that led to vibration and their parameters. In
this work, we try to make a synthesis of the present constructive and processing methods of reducing
vibration level of the metalworking machinery. The emphasis is made on their combined application.

2. Constructive methods for reducing vibration level of the metalworking machinery
elements

Constructive methods for reducing vibration level of metalworking machinery are usually
implemented by:

— mounting of anti-vibration equipment and vibration isolation elements;

— balancing of the vibration source elements and using damping elements based on various
functional principles.

The use of vibration dampers [4, 7] is the most common technical solution for oscillation
suppression. Therefore, we start our research of constructive methods from vibration dampers and
provide a review of their design and operational characteristics.

3. Vibration damping devices

Depending on the functional principle, vibration dampers are divided into friction dampers,
dynamic dampers and shock absorbers.

3.1. Friction dampers
The common structures of the friction dampers are presented in [5, 7, 8]. These vibration
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dampers are designed mainly for low-frequency oscillations suppression of the technological
system. However, they are distinguished by a number of disadvantages, namely, low frequency
bandwidth and inability to control operating parameters of the damper during processing.

In an effort to overcome these drawbacks, the development team has designed viscous friction
damping steady-rest for oscillation suppression during turning or circular grinding operations
(Fig. 1).

This vibration damper [6, 9, 10] includes the rack 1 containing two hydraulic cylinders 3 with
pistons 2, plungers 7, and rollers 6, which are capable to perform reciprocating motion for
adjustment of the workpiece diameter by means of regulation by screws 5 located in the hydraulic
cylinder cap 4.

Fig. 2 shows a scheme of the hydraulic cylinder together with the hydraulic circuit.

The hollow plungers 5 with the rollers 6 are connected to the flexible diaphragm 7 by the nut 8
and washers 9. Screws 11 and rings 10 attach the diaphragms to the body of hydraulic
cylinders 2. The plungers move along the guide bushings 12 and the pins 13 in the rack 1.

The vibration damper is adjusted to a specified diameter of the workpiece by means of
regulating screw 14, which is screwed into the cap 4, fixed by the locknut 15 and pivotally
connected to the piston of the hydraulic cylinder 2.

Fig. 1. Viscous friction based damper for the suppression
of oscillations during turning or circular grinding operations
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Fig. 2. Construction and hydraulic circuit of the connection of hydraulic cylinders

The pressure source 16 creates working pressure in the hydraulic system, which is controlled
by the pressure gauge 24 (Fig. 2). The hydraulic fluid enters hydraulic cylinders through the nozzle
19, after which the valve 17 is closed. The throttle 21 adjusts the fluid flow during operation
between the cylinder 2 and the hydropneumatic accumulator 18 through the check valve 20. The
hydraulic fluid is drained from the hydraulic system to the hydraulic tank 23 through the connected
globe valve 22.

After adjusting the technological system machine-fixture-tool-workpiece, the vibration
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damper is installed. Plungers are fixed to the workpiece by means of screws 14 and are fixed by
locknuts 15. Vibrations arising during work on a workpiece are transmitted through the roller 6 to
the plunger 5, which moves translationally along the guide bushings 12. The fluid is displaced
from the cavity of the hydraulic cylinder through the fitting 19 into the hydraulic system, where
the throttle 21 absorbs vibrational energy due to viscous friction. In order to return the plunger 5
to its initial position at decayed pressure in the hydraulic cylinder 2, the energy of the fluid of the
hydropneumatic accumulator 18 is used.

When the level of vibration (amplitude and frequency) of the workpiece is changed, the signal
measured by a vibration sensor (not shown on the scheme) is supplied to the control system 25,
which changes the orifice size of the throttle 21 correspondingly.

The advantages of the damper include extended frequency range of vibration damping, and the
ability to adjust the frequency of vibration damping.

The results of researches carried out during milling a loose workpiece on the real equipment
(MCV-400 machining center) have confirmed prospects for the use of the proposed device.
Reduction of the vibration level increased productivity by two-three times.

3.2. Dynamic vibration dampers

The common dynamic vibration dampers are designed for damping low-frequency vibrations
arising in the technology system. They constitute an oscillatory system with an adjustable elastic
oscillating element and a vibrational damping element. These vibration dampers have a significant
drawback: inability to change the frequency of vibration damping rapidly.

The controlled dynamic vibration damper has been designed in order to extend the damping
frequency band [11, 12] (Fig. 3, 4). The absorber consists of the base 2 with a mounted elastic
element 3, and a movable weight 8. The damping element 7 is set on the basement 1. The weight
drive (stepping motor 4, ball bearing 5, lead screw 6) moves the load to a position, at which the
natural frequency of the damper is equal to or approximates the value of the oscillation frequency
of the processing equipment; thus, there is an effect of vibration damping.
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Fig. 3. A schematic diagram of a dynamic vibration damper

The vibration damper 14 (with base 2, elastic element 3, stepping motor 4, ball bearing 5, lead
screw 6) is installed on the table of the processing equipment 15 by the base 1 (Fig. 4), forming a
single vibration system with the main parameters: «,, a,, ¢,, ¢,, m,, m,, —coefficients of viscous
resistance, restitution, and mass respectively, referring to the object (table) and the damper.

If vibrations arise on the protected object, the movable weight begins to oscillate in the
direction of these vibrations. The sensors 10 and 11 record the level of vibration of the object, and
transmit this information via the information channels 12 to the control system 13. The latter gives
a control signal to the movable weight drive 8.

The operating frequency range of the damper can also be controlled by adding weights and
changing the damping coefficient of the damper 7.
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The use of this vibration damper makes tool life 1.2-1.5 times higher, and improves surface
undulation from R, 40 pm to R, 10...15 um (MC-032 machining center).
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Fig. 4. A schematic diagram of a dynamic vibration damper
3.3. Vibration shock dampers

The main disadvantage of the known designs of shock dampers [7, 11, 13] is inability to control
the vibration damping frequency.

A scheme of a shock damper designed for damping vibrations, which are perpendicular to the
base, is presented in [14].

The design of the damper (with basement 1, base 2, elastic element 3, stepping motor 4, ball
bearing 5, lead screw 6, weight 8) (Figs. 5, 6) differs from the previously discussed one by
presence of the striker 10 with the stop 7 (instead of the damping element), and the gap adjustment
drive 9 allowing precise tuning for the desired vibration frequency. System parameters: m,, m,,
¢,, Cy ¢, — masses, restitution coefficients and viscous resistance coefficients of the protected
object and the vibration damper, A — the distance between the striker and the stop, x,, x,, — the
displacement functions of the object and the damper, F (t) — external disturbance.

Fig. 5. A schematic diagram of a shock vibration damper

The principle of operation is similar to the operation of the device shown in Fig. 3. The
vibration damper 14 (with base 2, elastic element 3, stepping motor 4, ball bearing 5, lead screw 6)
is installed on the protected object 15 by the base 1 (Fig. 6). During the work of the processing
equipment the weight 8 on the elastic element 3 starts vibrating, and the control system 13 (with
information channels 12 and sensors 11) allows tuning the damper at the desired frequency of
vibration damping.

A simple and reliable design of the damper with smaller dimensions comparatively to certain
devices along with the possibility of automatic adjustment to the desired vibration frequency offer
the prospect of application of the device.

The disadvantage of this damper is insensitivity to high excitation frequencies.
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Fig. 6. A schematic diagram of a shock vibration damper

3.4. Balancing and self-balancing

One of the reasons for the low-frequency vibration process in the system is unbalance of
rotating elements [4, 5, 15, 16] due to the poor mounting of parts, their wear, inhomogeneity of
the material etc.

Depending on the type of imbalance, static, torque or dynamic balancing are applied [16].

When the imbalance of rotating elements arises during operation, resulting in uneven wear of
the grinding wheel, chipping cutter teeth etc., the devices for damping vibrations in a wide range
of excitation frequencies (inertial dynamic dampers) should be used [7, 15, 17]. This may be
accomplished, when dampers are presented by the elements capable to adjust their vibration
frequency according to the excitation frequency. For instance, such characteristics [7, 15, 17] are
typical for the elements capable of carrying out rolling of closed surfaces: a sphere in a spherical
cavity, a cylinder in a cylindrical cavity etc. Mounting such elements to the vibrating object results
in synchronization of their rolling movement with external excitation. The periodic reaction
created by a rotating element resists vibration load. For example, the schemes of the self-balancing
system reviewed in the works [15, 17] have proven high working reliability and decreasing
vibrations by 12-19 dB while balancing grinding wheels.

3.5. Foundations and anti-vibration mounting of tools

The reasons causing technological system vibration may take effect in the presence of
vibrations transmitted from the outside [11, 14, 18-20], such as those of forging machinery,
powerful motors, etc. In this case, the anti-vibration mounting of the machinery or mounting
equipment on the foundation is performed [19-21].

Let us review the construction of a hydropneumatic shock absorber as an example of a device
reducing vibrations [22] (Fig. 7).

The hydraulic shock absorber consists of the intermediate weight 1 moving in the guides 2.
The elastic coupling 4 is mounted between the intermediate weight 1 and the base 3. The cavities
of elastic couplings 4 are made of high-pressure hoses, filled with fluid, and connected by the pipe
5 to the damper comprising the check valve 9 and the adjustable throttle 6, which are arranged in
parallel. The damper is connected to the fluid cavity of the pneumatic pressure tank 7, whilst the
gas compartment of the tank is connected to the charging valve 8 and the safety valve 10.

Before starting hydropneumatic shock absorber, the pneumatic pressure tank 7 is set at initial
pressure Py through the charger 8. The same pressure P, will be in the deformed high-pressure
hoses 4 filled with fluid. The safety valve is set to pressure exceeding the pressure P,.

When a shock load influences the intermediate weight 1, it passes on the high-pressure hoses
4 deformed in the radial direction, and the fluid is pushed out of them. The throttle 6 absorbs
vibration energy by means of viscous friction arising when the fluid enters it. Return to the initial
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position is done by means of the energy in accumulator 7.

Controlling the average pressure in the hoses 4 allows adjusting the rigidity of the system, and
change of the orifice size of the throttle allows controlling the damping level.

The use of such vibration isolator (JSC “Sibelektromotor”, Tomsk city) led to significant
reduction of vibration level by 60 dB, which has significantly improved the accuracy of the
protected precision equipment [23].

Similar designs of the hammer foundations [20, 21] enable reducing the dynamic soil loading
by 4-5 times; damping of the vibrations caused by impulse input is performed during one cycle;
dimensions of the foundations are significantly smaller comparing to the constructions not capable
to control the process of damping.
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Fig. 7. Hydropneumatic shock absorber Fig. 8. The arrangement of sensors

4. Processing methods of reducing vibration level of the technological system

The processing methods [1, 4, 5, 24] give general recommendations on the reduction of
vibration level, and often they are not applicable in certain processing conditions due to many
factors causing vibrations, such as tool geometry, cutting modes, mechanical and physical
properties of the workpiece etc. Thus, there is a need for carrying out researches.

The authors have implemented into practice a testing technique that helps to reduce the level
of the technology system vibration basing on:

— the lathe 1K62 [25];

— the milling machining center MCV-400 [26];

— the five-axis machining center Metrom P1000 [27].

The purpose of this technique is definition of a minimum vibration level through a variation
of tool geometry and processing modes.

A hardware and software system is presented in all the cases by a portable measuring device
K-5101, and a laptop with installed special mathematic software “Vibroregistrator-F” based on NI
LabVIEW (00O “Vitek”, St. Petersburg, “Vitek-Sibir”, Tomsk).

The method lies in implementing the following steps [27]:

— adjustment of the technological system and installation of the sensors at the points of
measuring vibration level, namely vibration acceleration — A, m/s* (Figs. 8-10);

— development of the plan of experiment (Table 1);

— carrying out the experiment (according to the plan) by varying the cutting speed (V/, m/min)
and the feed per tooth (s,, mm/tooth) with the following parameters:

* cutter material — HI10F;
* cutter diameter 10 mm;
* number of teeth z = 4;
* helix angle of the cutter helical groove — 60°;
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« circular pitch (uneven) ¢ = 93°,91°, 85°, 91°;

— analysis of the results (Fig. 6) and issuing recommendations.

Basing on the results of the experiment (six passes of cutter at different operating modes while
processing workpieces made of steel 40X), the vibrational level A (vibration acceleration
amplitude) has been defined for each pass. Technological parameters Eq. (1) enabled to calculate
the volume of the removed material W for each pass of the cutter:

W = a,a,s,zn, (D

where a,, — depth of milling, mm; a, — cutting width, mm; n — cutter speed, rpm.

Fig. 9. Machining center Metrom P1000 Fig. 10. Working area of the machining center
Metrom P1000
Table 1. Plan of the experiment
No. Cutting modes No. Cutting modes No. Cutting modes
of pass | V, m/min | s,, mm/tooth | of pass | V, m/min | s,, mm/tooth | of pass | V, m/min | s,, mm/tooth
1 0,02 4 0,017 5 0,014
2 100 0,048 5 120 0,04 6 140 0,034

As a result, a unified diagram (Fig. 11) has been designed reflecting dependence of the
vibration acceleration amplitude and the amount of removed material on number of the pass. This
diagram allows to determine the operating modes preferable for processing operations (with the
lowest level of vibration): passes No. 1, 2 and 3.

The spectrograms of vibration for two passes are shown for a visual comparison of the
vibration levels at various cutting modes (Fig. 12).
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Fig. 11. Characteristics of technological process at a,, = 5,3 mm, @, =3 mm
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Fig. 12. Spectrograms of vibration level: a) pass No. 1;
b) pass No. 5, vertical dashed lines correspond to the number of teeth of the cutter (1-4)
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This method has its limitations [28], and works well under conditions of high rigidity of the
technological system elements. If the system includes non-rigid elements, as well as production
modes involving the presence of low-frequency vibrations of 2-50 Hz, it is better to use
constructive methods or combine them with the aforementioned processional methods.

5. Conclusions

1. While searching solutions for minimizing vibration level of technological systems during
machining, an integrated approach is required that addresses the reasons causing vibration and
their parameters [33-37].

2. An important factor in the design and choice of damping devices is the ability to change the
frequency of the vibration damping and its range rapidly. It allows to adjust dampers quickly to
the optimal working parameters while changing production modes and working conditions of the
technological system.

3. The use of special hardware and software mathematical complex “Vibroregistrator-F” [29]
helps identifying the reasons causing vibration, setting optimal working parameters, and
maintaining control of vibration damping devices reviewed in this work with minimal time spent
in a production environment.
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