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BALANCING SPINDLES WITH TOOLS FOR FINISHING
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I Ob6opcvkuii, O. Opeisn, I'. Bananiox. banaHcyBaHHsl LIINUHAEJIIB 3 iHCTPyMEHTaMH Il YHCTOBHUX i PO3TOUYBaJIbHHX
BepcTaTiB. O37100II0BaIBHO-PO3TOUYBAIbHI BEPCTATH 3aCTOCOBYIOTH Y CEPifHOMY Ta MacOBOMY BUPOOHHIITBI Ul 0OpOOKH Pi3HOMAaHITHUX
3a (opmoIo Ta nehOpPMATHBHUMHU BIACTUBOCTSIMH ACTANICl: Tifb3, MIATYHIB, MOPIIHIB, (IAHI[B, My(QT, a TAKOXX KOPIIYCHHX JACTalel THITY
KapTepiB, OJIOKIB, HMIHAPIB Ta iH. Ha cTaHWHI rOPH30HTAIBPHUX PO3TOYYBAJIBHUX BEPCTATiB BCTAHOBIIOIOTH MOCTH, Ha SKUX 3aKPiILTIOIOTH
IIMKHIETbHI BY3JIM. BupimanbHuid BIUIMB HAa TOYHICTH OOpOOKM HaJalOTh MapaMeTpH IINHMHACIBHOTO By3JIa 3 IHCTPYMEHTOM Ta
MPUCTOCYBAHHS 3 JETAJUII0. 3aCTOCYBAHHS CYy4YaCHHX IHCTPYMEHTAIBHHX MaTepianiB poOMTh HEOOXIIHMM MHiIBULICHHS HIBUAKOXITHOCTL
IINUHIETBHUX By31iB 710 8...10 THC. 06/XB mij yac 00poOku oTBopiB AiameTpoM 16...40 MM. Y poGOTi TOCIIKEHO aHI30TPOIIII0 KOPCTKOCTI
TIPY’KHOT CHUCTEMH BEpCTaTa, 10 IPU3BOAUTD 10 BiIXUIICHB BiJ 331aHOT MIMOMHM Pi3aHHS IMiJ] €0 CHJI, 10 00ePTAIOThCS pa3oM 3 pisuem. B
€KCIIEPUMEHTAaX BHMBYECHO BIUIMB AaHI30TPOMii pajiajdbHOI MOAATIMBOCTI Ha MOXHOKM 0O0poOku. OTpUMaHO 3alIeKHICTh BH3HAUCHHS
JI0JIATKOBOI BiZLIEHTPOBOI CHITH, 110 3a0e3medye MiHIMyM BiJIXHIIeHb Bij KpyriocTi. [ 3a0e3nedenHs MiHIMyMY BIJIXHJICHHS BiJl KPYIJIOCTI
po3pobiieHa METOIMKA [I03BONISIE BUKOHATH BCHOTO TPU PO3TOUYBAHH. 3a3HAUMMO, 1110 BUKOHAHHS BUMOT 10 (JOPMH MOMEPEYHOro mepepisy
3a BIACYTHOCTI JcOagaHCy BCTAHOBIIOETHCS MICIsl MEPIIOr0 PO3TOYYBAHHA. 3a PO3POOJCHOI0 METOMMKOI TNPH3HAYAOTHCS 3HAYCHHS
BIALIEHTPOBUX CHJI, IO 3aJAlOTHCSl MAcOI0 BaHTAXYy, 3aKPIIUICHOro Ha (iaHNi OOPLITAHTM Y MIKiBY. BUMipsiHI 3HaueHHs BIIXWICHb Bil
KPYIVIOCTI Ta LIOPCTKOCTI MOBEPXOHb OOPOOJIEHHX OTBOPIB MiATBEPIIKYIOTh PO3PAXyYHKOBI OIL[IHKU. BCcTaHOBIEHO, 110 JIHIIE JUIS TOJIOBOK
nepioro tTunopo3mipy (YAP-1) makcumanbHa HEBPiBHOBaXKEHICTh OJM3bKA 10 MOPSAKY BEIMYMHU A0 JOMYCTUMOI, TOMy OallaHCYyBaHHS
IIIMH/IEIS CJIiJ] HPOBOAUTH IS TOJIOBOK, MTPU3HAYCHHX I pOOOTH Ha YaCTOTaX 00EpTaHHs, OJIN3BKUX 10 MAKCUMAIIbHUX.

Kurouosi crosa: BiuUEHTpoBa cuia, QUcOaiaHC, IINMHACIL-OOpIITAHTa, MOAATIMBICTb, BIAXWIEHHS BiI KPYIJIOCTI, HIOPCTKICTb,
JIeTalIb-IIPUCTOCYBAHHSI, aHI30TPOIIis

H. Oborskyi, A. Orgiyan, A. Balaniuk. Balancing spindles with tools for finishing and boring machines. Finishing and boring
machines are used in serial and mass production for processing parts of various shapes and deformation properties, namely liners, connecting
rods, pistons, flanges, couplings, as well as body parts such as crankcases, blocks, cylinders, etc. Bridges are installed on the bed of
horizontal boring machines, on which spindle units are fixed. The decisive influence on the accuracy of processing is exerted by the
parameters of the spindle assembly with the tool and the fixture with the part. The use of modern tool materials makes it necessary to
increase the speed of spindle units up to 8...10 thousand rpm when machining holes with a diameter of 16...40 mm. The paper investigates
the anisotropy of the rigidity of the elastic system of the machine tool, which leads to deviations from the specified depth of cut under the
action of forces rotating together with the cutter. In experiments, the influence of the anisotropy of radial compliance on the processing errors
was studied. The dependence of the determination of additional centrifugal force, which provides a minimum of deviations from roundness,
is obtained. To ensure a minimum deviation from roundness, the developed technique allows you to perform only three borings. Note that the
fulfillment of the requirements for the shape of the cross section in the absence of imbalance is established after the first boring. According to
the developed method, the values of centrifugal forces are assigned, given by the mass of the load fixed on the flange of the boring bar or on
the pulley. The measured values of deviations from the roundness and roughness of the surfaces of the machined holes confirm the calculated
estimates. It has been established that only for heads of the first size (universal diamond-boring UDB-1) the maximum unbalance is close in
order of magnitude to the allowable one. Therefore, spindle balancing should be carried out for heads designed to operate at speeds close to
the maximum.

Keywords: centrifugal force, unbalance, spindle-boring bar, compliance, roundness deviation, roughness, fixture detail, anisotropy

Introduction

Finishing and boring machines (FBM) are high-performance semi-automatic machines designed
for fine boring of holes, turning of external surfaces, turning grooves and cutting ends. These ma-
chines provide high accuracy of shape and location of machined surfaces.

The imbalance of the spindles during rotation leads to variable loads on the supports. These loads
cause vibrations and lead to loss of accuracy of workpieces, premature tool wear, etc. Unbalance is
especially undesirable in high-speed machines and mechanisms. It is known that the dynamic loads
caused by the imbalance of a rotating rotor can many times exceed its gravity. It is known that dynam-
ic loads can also occur when the center of gravity lies on the axis of rotation. The reasons for the im-
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balance can be inaccuracies in the manufacture and assembly of parts, the anisotropy of the rigidity of
the spindles, etc. In mechanical engineering, static and dynamic balancing is carried out on special
balancing machines.

Analysis of recent publications and problem statement

Disturbing forces act on the spindle of the boring machine, causing forced vibrations. These forc-
es include the centrifugal forces of unbalanced rotating masses. Any real shaft, due to the inevitable
manufacturing inaccuracies and inhomogeneities in the shaft material, has some imbalance [1]. In
shafts rotating at a critical speed, forced oscillations of large amplitude occur [2, 3]. Two rotating forc-
es act on the spindle: the component Py, of the cutting force and the centrifugal force F.. A non-
rotating shear force from a belt drive is applied to the spindle pulley. Its influence on the distortion of
the cross-sectional shape is significantly less than the influence of rotating forces [4].

It should be noted that a number of studies have studied the change in the vibration signal during
idling due to the influence of the dynamic characteristics of the system during the excitation of internal
parameters (changes in bearing tightness, violations of cooling conditions, inertial forces, etc.). The
main factors characterizing changes in the dynamic quality of spindle assemblies are determined,
namely: problems with the shaft (imbalance), misalignment with the tool, etc.); problems with bear-
ings, non-linearity of bearings, etc. [5, 6]. The development of dynamic models of spindle assemblies
of different configurations and algorithms for calculating their main dynamic characteristics (frequen-
cies and forms of natural vibrations), as well as dynamic compliance, are described in [7, 8].

It has been determined that the processing accuracy is mainly determined by the dynamic state of
the spindle assembly during cutting shaping. The imbalance of the spindle-tool-workpiece system in-
creases significantly at high spindle speeds. In this case, the unbalance force can often exceed the cut-
ting force and significantly affect the dynamic state of the workpiece [3, 4].

New results of automatic balancing of rotors with a balancing medium presented in [9, 10]. The ro-
tors have cylindrical chambers partially filled with the working medium; at certain frequencies, the vi-
bration resistance of rotating machine elements increases. The tasks of static balancing of spindle assem-
blies with an unbalanced workpiece are considered using the method of random search for automatic
balancing by moving corrective masses on the spindle from the hydrostatic support [11, 12, 13].

High-speed spindle systems can generate considerable heat during operation and cause thermal
distortion that affects the accuracy of the spindle. Heat dissipation is a common and effective method
of removing generated heat. The temperature distribution of models with and without heat-conducting
paths has been scientifically and experimentally studied [14]. Due to various errors in the process of
special design, manufacturing and assembly, there is a varying degree of unbalanced residual content
in the machine tool spindle system. Some types of sources of imbalance of the spindle-tool system, as
well as the degree of quality of its dynamic balancing, were studied [15]. The design of the spindle
system requires the modeling of dynamic characteristics taking into account the characteristics of the
connection. To predict the dynamic behavior, a method of modeling a spindle system using a spindle
tool holder and support joints was presented. Tymoshenko beams were used to describe the compo-
nents of the spindle system. The presented modeling method is useful for evaluating the performance
of the spindle system [16]. The work [17] developed a dynamic model of the interaction of the pro-
cessing technological system with the cutting process. The model is presented in the form of a dynam-
ic model of the elastic system “spindle assembly-workpiece/tool-cutting process-tool/workpiece”. The
proposed approach is used to calculate the natural oscillation frequencies of the spindle with the part
fixed in the chuck and supported on the tool.

Purpose and objectives of the study

Analyzing the results of studies on determining the dynamic imbalance of spindle assemblies it
should be noted that many publications reflect the methods of balancing, taking into account the pa-
rameters of the elastic system spindle-tool. We also note the clearly insufficient number of publica-
tions on this issue for high-precision finishing and boring machines. Spindle imbalance in these ma-
chines is one of the sources of oscillations that generate errors in the shape of the machined surface.

Summarizing the results of studies of the dynamic quality of spindle assemblies with boring bars,
as well as the part-fixture system, the purpose and objectives of this work are formulated.

The purpose of the work is to develop a methodology for determining the imbalance of the spin-
dle with the tool, taking into account the accuracy of the machined surface, as well as the permissible
values of the imbalance for different spindle heads.
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Obijectives of the study:

1. Determine the dependence of the amplitudes of the harmonics of the oscillations of the spin-
dles on the magnitude of the centrifugal force F;

2. To study the influence of the anisotropy of radial compliance on the processing error;

3. Determine the magnitude and direction of the centrifugal force based on the results of successive
borings, taking into account deviations from the roundness and roughness of the machined surface.

Main part

The influence of the rotating transverse force Q=P +F. on tool oscillations and deviations

from roundness was investigated in experiments with idle rotation of the FBM spindle and at parting.

An idea of the effect of unbalance on the distortion of the cross-sectional shape of the machined
hole is given by the round diagrams obtained by boring samples from steel 20X at t=0.15 mm,
§=0.03 mm/rev and V=470 m/min. With coinciding directions of action of the forces F. and Py, the
oval is oriented in the same way as the elastic system stiffness diagram and with opposite directions of
these forces, the orientation and magnitude of the ovality change.

In the experiments, the mass of unbalanced weights, their position, and the spindle speed were
varied. Vibration spectra of the tool for values F.=0...200 N were obtained experimentally using a
vibrometer [18] on the stand. At the stand, we checked the indicators of dynamic quality when testing
machines. The main criterion for dynamic quality indicators is the accuracy of processing, which is
most affected by the influence of the variability of system parameters. Determination of changes in
process parameters requires an increase in measurement accuracy. With the modulation of oscillations
characteristic of non-stationary systems, side harmonics close in
frequency appear in their spectra [19]. Therefore, during the ex- a, um
periments, spectrum analyzers were used. To determine the vari- - /

a as

ability of the rigidity of the spindle assembly with a mandrel, a
device was used, fixed on the bridge of the machine.

With an increase in F¢, only the amplitudes of the a, and a3
harmonics increase, corresponding to the doubled and tripled ro-
tation frequency (Fig. 1). Dependences a, and az on F. are non-  0.05 —
linear and can differ significantly for individual instances of bor- |
ing heads of the same size. The intensity of the increase in the
amplitudes of harmonics increases when the application point F, 0
moves along the boring bar from the flange to the cutter. In ac- 40 80 120 160 Fc, N
cordance with the relationship a,>as, low frequency distortions  Fjg. 1. Dependence of the amplitudes
of the cross-sectional shape of bored holes appear mainly in the of harmonics of oscillations of the
form of ovality. spindle of the UDB2 head on the

Calculations and experiments have established that the centrifugal force applied at a distance
sources of anisotropy in the compliance of the FBM tool subsys- ~ of 65 mm from the spindle flange
tem are the rolling bearings and their connection with the head
body. The contribution of bridge deformations to the anisotropy of compliance is 2...5 %, and the de-
formation of the head-bridge joint is 1...2 %. The anisotropy of the compliance of the machine sub-
system is also small, but can significantly increase depending on the shape and size of the part, on the
conditions of its basing on the fixture.

Let us consider the influence of the anisotropy of radial compliance on the machining error. As-
suming that the compliance diagrams of the tool and workpiece subsystems are elliptical, we represent
the radial compliance of each subsystem as a function of the spindle angle  :

0.10

K, () = K, +=AK sin 2y,
L (1)
K, (W) =K, +EAK9 sin2(y +v,),

where K, Ky are the average values of subsystem compliance, AK;, AKq are the differences of maxi-
mum compliance values, o, is the angle between the directions in which the subsystem compliance is
maximum. The tool subsystem is loaded in the direction of the normal to the machined surface by
force Py+Fcosa (a is the angle between the directions P, and F¢), and the part subsystem — by the
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force P,. Therefore, the cross-sectional radius of the machined hole is determined by the expression
1 . 1 . .
R(v)=R, +[Ki +§AKi sin 2\|;}(Py +F, cosa) +{Kg +§AK9 sin2(y +\y0)} P,, from which you can

find the deviation from roundness AR,:

AR, = \/[(Py +F cosa)AK, +P K, cosZ\yO]2 +(PAK, sin2y,)*. (2)

The resulting dependence allows, during the debugging of the machine, to minimize deviations
from roundness by selecting a suitable centrifugal force. Perform no more than three borings in the
order indicated in Table 1.

The magnitude and direction of the centrifugal force are assigned according to the results of suc-
cessive borings, for the description of which the following designations are accepted:

AR — roundness deviation after i-th boring,

[AR] - allowable deviation value,

v, — the angle between the major axes of the ovals after the first and subsequent boring.

Compliance with the requirements for the shape of the cross section in the absence of imbalance
(Scheme 1, a) is established by the results of the first boring, if both subsystems are isotropic
(AKi=AKg=0), and if y,=90° at AK;=AKg. Having found the excess of permissible deviations from

roundness (1, b), the second boring is carried out, setting F.=—Py. If the anisotropy of the tool subsys-
tem is large (AK;>>AKy), then the shape of the hole is corrected during the second boring (2, a).
If AKj=AKgand v, = 45°, then the minimum deviation from roundness is achieved at the set val-

ue Fc.=-Py (2, b), and further correction of the shape is impossible. If the anisotropy of the subsystems
is the same (AK;=AKgu y,=0°), then the shape correction is achieved at F.=-2P (2, c). In other cas-

es, corresponding to a large anisotropy of the subsystem of the part (AKy>>AKj), to assign F, the
third boring should be performed.

Small changes in hole ovality after the second boring compared to the first one (2, d and 2, e)
may occur at y ,=45°, when after the third boring the ovality changes slightly (3, a and 3, b), as well

asat y,=0°(3, e), or y,=90°(3, d) when the third boring fully corrects the cross-sectional shape.

Note: thin lines in diagrams (2, a) — (3, b) show the contours of the hole after the first boring: ] -
the selection of F is completed.

When correcting the cross-sectional shape by creating an imbalance on the boring bar when bor-
ing samples of bronze BrOCS 6-6-3, the imbalance me=140 g.cm at a spindle speed of 1800 rpm cre-
ates a centrifugal force F.=50 N. The action of this force reduces the deviations from roundness by
about 4 times.

Relation (2) is also used to determine the allowable values of the imbalance of the spindle with
the tool according to the standard values of the allowable deviations from roundness ([AR]=1.2 um
for UDB1, 1.6 pum for UDB2 and 2 um for UDB3).

In calculating the allowable value [Fc], of the centrifugal force applied near the cutter, one should

enter the value Kg[AR], where K. =+/1-(AR/[AR])* coefficient that takes into account deviations

from roundness AR;, caused by the kinematic error of the machine tool and high-frequency oscillations
of the boring bar. The permissible value of the centrifugal force is determined by the expression:

P, | |K2[ARPE (AK,Y . AK
Fl =—2 R - 9 | sin?2y, ——2cos2y, —1}, 3
LFel, cosa \/Pf(AKi)2 AK, Yo ™Ak Vo ®)

whence at o =y, =0 we find the minimum value [F.], .i, = K [AR]/ P,AK; - AK / AK; 1.

The value of [Fc], depends on the length I, of the boring bar, because with a change in the dis-
tance to the spindle flange, the characteristic of the anisotropy of compliance (Fig. 2) also changes.
Calculation of elastic displacements for finishing boring heads UDB1, UDB2 and UDB3 leads to the
ratio [Fc]s=(1+0.003 1,) [Fc],, which determines the allowable value of the centrifugal force applied to
the flange of the boring bar.
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Table 1
Selection of the centrifugal force value based on the results of boring
The magnitude . Appointment of
Boring of the centrifugal Hole shape after boring centrifugal force
number force when based on the
boring scheme AR Vo results of boring
ARy < [AR] - F, =0]
a
1 F.=0
0 ARy, - [AR] - F.=-P,
b
,-"'7"{]
f(:} ARy, < [AR] - F =—P]
a A
A
; AR ~0.7AR, 15...30° F.=-P]
b
2 Fc=-P, :'. ARz = 0.5ARy, ~0° F.=-2R]
C o
_ng AR, ~0.9AR,, ~0° F. =—(4..5)P,
d
AR, ~1.1ARy, ~0° F. =(4.5)P,
e
Fo=—(4...5)P, ARy =~ AR, 15...30° F.=-R]
a X
Fo=(4..5)P, “ ARg ~ ARy 15...30° F,=P]
3 b =
Fo=—(4...5)P, .. ARy <[AR] - F.=—(4.5PR]
C
F-98, | () AR < [AR] - F, =(4.5)R,

Discussion of results
The calculated values [F]; (Fig. 3) are compared with the results of tests by cutting heads of three
sizes (Table 2).

AK;,
um/N UDB1
0.015
UDB2
0.01 UDB3—
0.005
0

Fig. 2. Dependence of the anisotropy of the radial
compliance of the tool subsystem on overhang

100 200 300 I;, mm

[FC]fl
< UDB3
UDB2
150
100 —
- |_—"Tupbe1
50—
0.3 0.5 07 K

Fig. 3. Calculated permissible values of centrifugal

force on the flange
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Table 2
Influence of unbalance on boring accuracy
. Fe, N
Head size On the flange On the pulley AR, pm Ry HM

0 - 0.5 0.15

80 - 0.5 0.14

120 - 0.7 0.23

UDB1 250 - 1.8 0.22
- 120 0.6 0.17

- 180 1.0 0.16

- 250 1.8 0.19

0 - 0.7 0.22

uDB2 80 - 0.8 0.22
200 - 1.4 0.24

0 - 0.6 0.23

uDB3 120 - 0.9 0.24
250 - 1.8 0.23

The boring of samples from steel 20X was carried out at t=0.1 mm, S=0.03mm/rev,
V =220m/min. The value of F, was set by the mass of the load fixed on the flange of the boring bar or
on the pulley. The measured values of deviations from roundness and surface roughness of the ma-
chined holes confirm the calculated estimates.

Mass measurements of the accuracy of spindle assemblies show that under constant machining
conditions, the level of vibrations and the associated waviness of the cross section of the machined
surface can change quite significantly. In the experiments described above, a small level of fluctua-
tions (~0.1 um) was provided, which corresponds to the calculated value of Kgr=0.8. At
o =0.5...0.8um, we obtain Kz=0.5 and correspondingly lower values of [F];. It was found that the
influence on the processing errors of centrifugal forces applied on the pulley and on the flange is ap-
proximately the same. Similar results were obtained in the processing of bronze.

Permissible unbalance values [me] at Kr=0.5 are compared in Table 3 with the results of meas-
urements of the unbalance of spindle assemblies performed on a machine for dynamic balancing of
modes 9.01-30. Only for heads of the first standard size the maximum unbalance is close in order of
magnitude to the permissible one. Therefore, preliminary balancing of the spindle without a tool
should be carried out only for UDB1 heads designed to operate at speeds close to the maximum.

Table 3
Comparison of maximum and permissible imbalance values
. Number of heads Memax/[Me]
Head size tested N, rpom On the flange On a pulley
UDB1 22 4000 0.7 0.6
uDB2 26 2500 0.2 0.1
UDB3 12 1500 0.07 0.05

Since the unbalance of the spindles does not exceed the allowable values, the choice of the mag-
nitude and direction of the centrifugal force should be performed in accordance with Table 1, depend-
ing on the parameters of the spindle with the tool and the fixture with the workpiece.

Conclusion

1. A technique has been developed for determining the magnitude of the imbalance of the spin-
dles of finishing and boring machines and compared with its permissible value for the line of spindle
heads.

2. Based on the results of only three consecutive borings, this technique allows, when debugging
the machine, to minimize deviations from roundness by selecting the appropriate centrifugal force.

3. The results of the first boring determine the shape of the cross section when both subsystems
of the spindle-boring bar and the part-fixture are isotropic. When the specified deviations from round-
ness are exceeded, a second boring is performed, setting F.=P,. At the same time, the cross-sectional

MAIIMHOBY IYBAHHA
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shape is corrected if the anisotropy of the tool system is greater than the anisotropy of the part subsys-
tem; if the anisotropy of the subsystems is the same, then the correction of the form is achieved at
F.=-2P,. If the anisotropy of the part subsystem is greater than that of the tool, the third boring is per-
formed for assignment £, (Table 1).

4. In the calculation of the allowable value [F.], of the centrifugal force applied near the cutter, a
coefficient should be introduced that takes into account deviations from roundness caused by the kin-
ematic error of the machine tool and high-frequency oscillations of the boring bar.

5. The calculation of elastic displacements for different spindle heads leads to the relation
[F.];=(1+0.003/))[F.],, which determines the allowable value of the centrifugal force applied to the
flange of the headstock.

6. Preliminary balancing of the spindle without a tool should be carried out only for heads operat-
ing at close to maximum speeds (Table 3).

7. The parameters of the spindle with the tool and the fixture with the part completely determine
the magnitude and direction of the imbalance.
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