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EXPERIMENTAL DETERMINATION OF THE INFLUENCE
OF SPINDLE IMBALANCE WITH BORING BAR
ON MACHINING ACCURACY

A. Opeisn, I. Bananiok, O. Opeisn, B. Konecnix, I1. I[lpokonosuy. ExcniepuMeHTa/IbHe BU3HAYEHHS BILIMBY AUCOAJaHCy IITTMHIES
i3 GopIITAHr0I0 HA TOYHICTH 06POGKH. B poOOTI BUBUCHO BILUIMB ApaMeTPiB MPYKHOI CUCTEMH 03100 TI0BAIEHO-PO3TOTYBAIILHOIO BEpCTaTa
Ha cTaTu4Hi Aedopmarii, KOJIUBaHHS Ta TOUHICTH TOHKOTO PO3TOYyBaHHS. Ha OCHOBI ekcriepMMEeHTaIbHUX AOCIIDKEHb BIUIUBY AHMCOAIAHCY
LINUHENS 3 OOPIITAHTOK0 HA TOYHICTH 0OpOOKH OYII0 pO3pOOIEHO METOJUKY PO3PaxXyHKY BiIXHJICHb BiJl KPYIJIOCTI, BUKIMKAHUX JIi€H0 CHJI
pi3aHHS Ta BIALGHTPOBHX CHJI HA INIPYXKHI CHCTEMH 3 aHI30TPOIHOIO JXOPCTKicTio. Tako)k BHBYEHO CTaTH4HI ITOXHOKH Ta OCOOJIMBOCTI
nedopmanii y 3aMKHYTIH JUHAMiYHid cuctemi BepcraTta. [IoBHE BiIXWICHHS Bifl KPYIJIOCTI, CIPHUYMHEHE MNPY)XHUMH AedopMariisiMu,
OOUHCIIOETECSL K CyMa CTaTHYHUX Ta AMHAMIYHHX CKIafoBHX. HaBemeHo cepenHi 3HaueHHs AUCOANaHCy me, CepeiHi KBaJpaTHUHI
BIZIXMJICHHS ¥ Ta BiIXMJICHHS MaKCHMAaJIbHUX 3HAYEHb JUCOANAHCY MEmax 1O JOIMYCTUMHX [me]. BcTaHOBIEHO BIUIMB HEBPIBHOBAXKEHOCTI Ha
LIOPCTKiCTh 00po0sieHol moBepxHi. OCKiNbKK 301IbLIEHHS BIAXHUJIECHb BiJl KPYIJIOCTI BHUKJIMKAETHCS OBANI3AI[€I0 OTBOPY, TO HPHYMHOIO
MOPYIIEHHS TOYHOCTI (JOPMH MOMEPEUHOT0 Mepepidy 3i 30UIbIICHHIM MONEPEYHOI CHIIH € aHI30TPOIHICTh PalialIbHOT )KOPCTKOCTI HPYKHOL
cucTeMH Bepcrata. IIpyu BUIPoOYBaHHSAX BY3JIiB OJHOTO i TOTO X THIIOPO3MIpy B OJHAKOBHX YMOBAX OBAJIi3allis OTBOPIB HE 3aJIUIIAETHCS
MOCTIHHOIO, TOMY aHI30TPOIHICTh NPYKHUX BJIACTUBOCTEH IOB’s3aHa 3 1HAMBIAYaJbHOIO SKICTIO IINHHIEIBHOTO By3JIa, a CaMe, 3 TOYHICTIO
OKpEeMHX JieTaleli By3ia Ta ix 30ipKkoio.
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A. Orgian, G. Balaniuk, A. Orgian, V. Kolesnik, P. Prokopovych. Experimental determination of the influence of spindle imbalance
with boring bar on machining accuracy. The influence of the parameters of the elastic system of the finishing and boring machine on static
deformations, oscillations and accuracy of fine boring is studied. Based on experimental studies of the effect of spindle imbalance with a boring
rod on machining accuracy, a method was developed for calculating deviations from roundness caused by the action of cutting forces and
centrifugal forces on elastic systems with anisotropic rigidity. Static errors and deformation features in the closed dynamic system of the
machine were also studied. The total deviation from roundness caused by elastic deformations is calculated as the sum of static and dynamic
components. The mean values of the imbalance me, the mean square deviations of y and the deviation of the maximum values of the imbalance
Mmemax to the permissible [me] are given. The effect of imbalance on the roughness of the treated surface has been established. Since the increase
in deviations from roundness is caused by the ovalization of the hole, the reason for the violation of the accuracy of the cross-sectional shape
with an increase in the transverse force is the anisotropy of the radial rigidity of the elastic system of the machine. Testing units of the same
standard size under the same conditions, the ovalization of the holes does not remain constant, therefore, the anisotropy of elastic properties is
associated with the individual quality of the spindle assembly, namely, with the accuracy of individual parts of the unit and their assembly.

Keywords: spindle, bridge, joint, bearing, imbalance, centrifugal force, stiffness

Introduction

The forces of unbalanced rotating masses (centrifugal forces) are an example of perturbing forces
that produce forced vibrations. Every real shaft, due to inevitable manufacturing inaccuracies and inho-
mogeneity in the shaft material, has some static and dynamic unbalance. Centrifugal forces of unbal-
anced rotating masses can excite forced oscillations of two types: oscillations of the structure on which
the rotating part is fixed and oscillations of the rotating part itself. In finishing boring machines, the
most critical unit is the spindle head with the tool, the vibrations of which determine the accuracy of
boring. With increasing speeds of the main cutting force, as well as the force of unbalanced masses,
there are additional dynamic loads on the bearing systems of machine tools, on the spindle supports with
rolling bearings, which increases the wear of elements of elastic systems and leads to loss of accuracy
[1]. Studies of dynamic models of the spindle-boring bar subsystem allow to determine with great accu-
racy the characteristics of vibrations, their amplitudes and frequencies, as well as to perform their effec-
tive damping. By studying the process of balancing spindles with tools, it is possible to improve the
accuracy of finish boring by simple means [2].
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Analysis of recent publications and problem statement

At high main motion speeds, the unbalance force can increase the cutting force, disrupting work-
piece shaping [3, 4]. In [5], modern designs of spindle assemblies for high-speed cutting are presented.
The main elements of spindle assemblies are described, taking into account future design trends. Meas-
uring systems, drives and sensors are investigated in order to improve the dynamic quality of machine
tools. In [6], heat dissipation during spindle operation and methods of heat dissipation are studied. Heat
dissipation heat dissipation paths were designed at the joints of bearings with the spindle housing in
radial direction. To reduce heat transfer, the inner surface of the track wall was covered with a heat-
insulating material. Therefore, heat was directly transferred from inside the spindle head to the external
environment. The determining effect of heat dissipating tracks on the heat transfer efficiency was inves-
tigated. In [6, 7], some sources of unbalance of the spindle-tool system were studied experimentally,
and then the quality of dynamic balancing for the whole system was presented. At idle speed, forces
were studied at three test cases of machine tool vibration signal and its characteristics: spindle without
tooling system, spindle with fully balanced tooling system and spindle with different unbalance of tool-
ing system [8, 9]. To predict the dynamic interactions considering the assembly, modelling of the spindle
head was performed using the tool holder and support connections. The connection parameters of the
spindle toolholder were determined from the experimental platform based on model separation, and the
parameters of the support connections were determined from Hertz contacts. Modal and harmonic re-
sponse analysis was performed to design the spindle systems. The model is able to predict the corre-
sponding frequencies and amplitudes of the spindle system. An important result of the spindle control
system is the reduction of machining errors in real time [10, 11]. A dynamic model of the relationship
between machining technology and cutting process has been developed for the control system. The
transfer matrix method of multi-mass system was used. An elastic element is introduced in the model
for tool to workpiece contact. The transfer matrix method is used to calculate the harmonic influence
coefficients between the tool and workpiece. This technique is used to calculate the natural frequencies
of vibration of the spindle with the workpiece and tool support [12, 13].

The development of calculation models of spindle heads allows to determine their frequencies,
forms of unstable vibrations, as well as stiffness [14, 15]. Based on the use of balancing medium for
automatic balancing of rotors, new results on the value of unbalance force were obtained [16].

Problems of static balancing of spindles with an unbalanced workpiece have been studied on the
basis of random search for devices for moving corrective weights onto the spindle [17 —20].

Purpose of the study

Experimental determination of roundness deviations caused by cutting force and centrifugal force
on systems with anisotropic stiffness.

Objectives of the study: in order to achieve the objective, the following tasks were accomplished:

— determine the sources of anisotropy in the elastic system of the machine tool,;

— determine the stiffness of the joint between the head and the bridge;

— determine the non-uniformity of radial stiffness over the angle of rotation caused by raceway
deformations in the spindle support bearings;

— determine the effect of spindle-tool imbalance on machining quality.

Statement of the main material

There are machining conditions in which the workpiece-fixture ductility significantly exceeds the
value corresponding to standard tests (e.g., axial ductility can exceed 0.01 um/N). In these cases, the
deformability of the workpiece-fixture system cannot be neglected. The statistical machining error is
caused by the combined action of the cutting force and centrifugal force, with the workpiece-fixture
subsystem being loaded by the cutting force alone. If the spindle-tool system is balanced, the static
component of the roundness deviation is equal:

AR, =0.5/(T12 + 112 +117),

where: I1_, IT , IT, are the components of the static error [21], and in their calculation the value of the

sum of the pliability of the spindle-tool and workpiece-fixture system is entered.

Determining the dynamic error is reduced to calculating the amplitude of forced oscillations of the
cutter relative to the workpiece. The total deviation from roundness caused by elastic deformations is
calculated as the sum of the static and dynamic components.
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In this paper, the allowable values of unbalance are determined and it is shown that the real values
of unbalance on the spindles of UDB (universal-diamond boring head) do not exceed the allowable
values. Table 1 presents the average unbalance values m_, the mean square deviations y and the ratios

of the maximum unbalance values m, . to the tolerance values [m,].

The effect of spindle-tool imbalance on machining quality is manifested in the increase of devia-
tions from roundness of the hole (Table 2, steel 20, UDB-1, t=0.1 mm, S=0.03 mm/rev,
V =350 m/min.

Table 1 Table 2
Average imbalance values Effect of spindle-tool imbalance on machining quality
Spindle On the flange On the pulley Centrifugal On the flange On the pulley
unit m | v Mo m ", Mo, force, N 0 80 | 120 [ 250 | 130 [ 180 | 250
size glem | oem | [m] | gicm | glem | [m,] DEer:)ar:I’:OFI
UDB-1 | 125 | 6.4 0.8 84 | 5.6 0.6 roundness, | ©° | 05 | 07 | 18 | 06 | 10 | 18
UDB-2 | 158 [ 9.1 0.2 9.2 5.7 0.2 um
UDB-3 | 175 | 11.2 0.1 168 | 76 0.1
R";g“&‘;ss' 012 | 016 | 0.18 | 0.16 | 0.32 | 0.32 | 0.32

It can be seen that the effect of unbalance on machining roughness is weakly expressed. The in-
crease in non-roundness is caused primarily by the ovalization of the hole. Therefore, the reason for the
violation of the accuracy of the hole shape when the transverse force increases is the anisotropy of the
radial stiffness of the machine tool elastic system. When testing assemblies of the same size under the
same conditions, the ovalization of the bore does not remain constant; therefore, the anisotropy of the
elastic properties is related to the individual qualities of the spindle assembly, namely the accuracy of
the individual parts of the assembly and their assembly.

Possible sources of anisotropy can be: the bridge, the joint between the head and the bridge, and
the mating of the fixed bearing rings with the head housing. Bridges of finishing boring machines have
the form of a portal. The bridge is represented by a frame with rigidly embedded struts, in which the
axial moments of inertia of the cross-section of the transom and struts are calculated from the corre-
sponding cross-sections of the bridge. Table 3 shows the values of bridge pliability in horizontal and
vertical directions for some types of machines.

Table 3
Values of bridge pliability in horizontal and vertical directions

No | Machine Pliability of the bridge K —10?, um/N
n/a model In the vertical direction, K, In the horizontal direction, K, Difference, K, — K,

1 Toyoda 0.25 0.12 0.13

2 2706 0.23 0.59 —-0.036

3 2712 0.21 0.28 -0.07

4 2704B 0.036 0.053 -0.017

5 2706B 0.11 0.04 0.07

6 2712B 0.095 0.056 0.029

The difference K, —Kjy, which characterizes the anisotropy of the bridge, may increase compared to
the data in the table when the loading force P and the measuring point are moved along the spindle axis,
since torsional deformations of the transom and struts are taken into account. Let’s analyse the displace-
ments occurring in the tool cross-section when the spindle with the tool is loaded with radial force in
this cross-section due to deformations in the junction of the head with the bridge. Fig. 1 shows the
loading scheme of the joint at the vertical position of the transverse force Q.

The action of the force Q is reduced to loading the joint with the moment M, causing the joint
to rotate with respect to the axis y orthogonal to the drawing plane by an angle ¢, and to the vertical
force Q applied at the centre of the joint. A view of the contact surface is shown in Fig. 2.
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Fig. 1. Scheme of loading of the joint of Fig. 2. Shape of the surface of the joint between the head
the head housing with the bridge by housing and the bridge

vertical force Q

The geometric characteristics of the joint are the moments of inertia J, and J,, and the area F .
The moment M = QL causes the joint rotation angle:

k'M n
¢, = yo ,
Jy
and the force Q is the vertical displacement of the joint:
8, =k'on',
where: k' = ( cm)(lm) — coefficient of contact pliability; ¢ — coefficient depending on geometry of
c+0,

surfaces and type of material; m — exponent of degree; o, — initial average pressure, N/cm?; Bl —

coefficients taking into account the influence of deviations from flatness on elastic displacements in flat
joints.

At convexity of one of the mating surfaces p, can vary within 113, at other types of deviations
from flatness p =0.7..1.4, p' canvary from 1to 5.

For mating parts made of cast iron with ground surfaces it is possible to take ¢ =0.4, m=0.5. The
value ¢ is equal to the ratio of Q to the joint area, and o, is the ratio of the force P, with which the

Q

head body is bolted to the bridge, to the joint area. Taking into account & =5 o, =§ and the values

of ¢ and m can be written:

02 VF QL
P = J,  JQ+P’
020 Q

8:

Z

Cro

JF
02VF QI mL(L 1) w
Jo+P J Fl

y
where: | =L, —L, is the distance from the point of force application to the section where the displace-
ment is determined.
When the force Q is horizontal, its action on the joint is equivalent to the action of the moments

M, and M, and the central force Q (Fig. 3).

Full travel in any tool section:

88 z(pny+62 = (1)
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Fig. 3. Schematic of loading the joint with horizontal force Q

Let us determine the displacement at the point of application Q, caused by the moment M,
namely M, =QL, =RI, where R is the resultant tangential stress at the back or front of the joint. Hence:
QL,

I
Average tangential stresses in the joint from the action of M, :

_2R_2QL

T
“F IF
Angle of rotation 6, , caused by M :

R:

o - 2k, _ 4k QL
o FI?

where: k_ — is the contact tangent ductility coefficient.

umN™

2 l

At contact of ground surfaces of ferrous metals k_=0.025...0.012 if normal pressure in

N
cm?

the joint o =50...150

Tangential displacements in the joint from the central force 5, =k, % The angle of rotation of the

joint about the x-axis caused by the moment M, =Qh , is determined by analogy with ¢, :

o _02F_ on
Y3, JQ+P’
where: ! takes into account the type of non-planarity of the mating surfaces in the YOZ plane.
Total displacement at the point of force application Q when the force is horizontal:

2 0.2u/ VF 2
=OZL0+6y+9Xh=kTQ 1+ 4';" + M“’( on .
F I Jo JQ+P

Using formulas (1) and (2) it is possible to calculate the values of displacements in vertical and
horizontal planes in any cross-section under the action of radial force Q and to estimate the value of

d

()

hor
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hole ovality A, resulting from the difference between 5, and §,, . Note that for the calculation it is
necessary to choose correctly the coefficients p_, u; and p'.

Since the head body is joined to the bridge by small areas (see Fig. 2), the influence of convexity
of one of the mating surfaces on the value of ¢, is excluded. Other types of non-planarity have much

hor

less influence on the deformations in the joint. In addition, careful machining of the mating surfaces
must be taken into account. The hull bottom is lapped and the bridge surface is scraped. Therefore, the
values of the coefficients p_, u, and ' may differ only slightly from 1.

The value of P is defined as the sum of the four forces acting in each M16 clamping bolt. For bolt
M16 made of steel 35 [P]=12 kN. Calculations were further carried out at P =40 kN, which is slightly

less than the permissible value.

Let’s carry out the calculation for the head UDB-1, the dimensions of the joint of which are mini-
mal, and the spindle speed is the highest compared to other sizes.

Initial data: F =220 cm? J, =47200 cm?; J, =3860 cm*. The dependences of the value of 2AR

on Q, P, L, are shown in Figs. 4, 5, 6.

2AR, A
pm
2AR, A
AOG um
0.20 / 0.20 \
0.15 / 0.15
/ ﬂshor(Q, \
- ///// 010 \
0.05 ,// —.—-‘-—-_ 8h0r(Mx) 0.05 \-.\
" Over Mv) [ ——
Z-”""" = V_erﬁQ) 0 .-
0 80 160 240 320 Q N 4 8 12 piotN
Fig. 4. Dependence of deviations from roundness of ~ Fig. 5. Dependence of deviation from roundness of a
the hole when changing the value of radial force Q at hole at change of force P with which the head is
L, =32cm, P =40 kN pressed to the bridge of the machine at Q =100 N,
L, =32 cm

The ductility of the joint in the horizontal direction is greater than in the vertical direction. There-
fore, for machines 2712B, 27068 (Table 2) the differences K, — K for the bridge and the joint are

obtained with different signs, and for machine 27048 with the same sign.

Thus, the anisotropy of the fixed head body-bridge system depends on the ratio of the anisotropy
of the bridge and the junction.

The non-uniformity of radial stiffness over the angle of rotation is also related to raceway defor-
mations in the spindle support bearings and depends on the accuracy of the parts mating with
the bearing.

Experimental studies of the radial stiffness of spindle assemblies mounted on the finishing and
boring machines bridge have shown great variability in the shape of the radial stiffness measured by the
spindle rotation angle. The measurements were performed on a large number of spindle assemblies on
the same machine with a constant loading and measuring system. Since the changes in the experimental
conditions were related only to individual features of each node, it is natural to assume a major role of
mounting and precision parameters of spindle supports in the formation of inhomogeneities of radial
stiffness. This is also evidenced by the fact of a significant change in the radial stiffness diagram after
running-in of the head (Fig. 7).
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2AR,
um

0.15 /
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0.05 //

0 30 40 50 Lo cm 180°*
Fig. 6. Dependence of hole roundness deviation on Fig. 7. Radial stiffness diagrams before running
the point of Q application along the mandrel axis at in (1) and after (2)

Q=100 N, P =40 kN

The results of measurements of pliability of assemblies with a control mandrel (d =30 mm;
I =100 mm) are presented in Table 4.

Table 4
Results of measuring the pliability of assemblies with a control mandrel
Spindle unit size Average value of radial pliability K, um/N Number of units
Ko K. AK tested
UDB-1 0.092 0.076 0.016 5
UDB-2 0.067 0.052 0.015 6

The disadvantage of the applied measurement method is that the displacement reference point was
a point on the bridge surface at the place of attachment of the lever with the indicator. Therefore, the
measurements do not fully take into account the deformation of the bridge. More accurate measurements
would be made if the displacement indicator was mounted on the machine bed.

The experimental data in Table 5 correspond to a certain mandrel length. The value of the pliability
K and, accordingly, AK, is likely to change when the mandrel outreach is changed. Let us evaluate the
nature of these changes. Consider the spindle as a two-axis rigid beam on linear-elastic supports. Reac-
tions in rear A and front B supports:
R, = Q—b 'R

A

_Q(a+h)
a' ® a '’

3)

where: a is the inter-support distance, b is the distance from the front support to the section of the
mandrel where the radial force Q is applied.

Displacement in support sections:

O,, =K,\R,; 8, =K;R;, 4

where: K, and K, are pliability of supports in the direction of Z axis.

Movements at outreach L:
_ (8,, +8,5)(a+Dh)

a

5 5)

7L
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Displacements at outreach L taking into account (3), (4) and (5):

) b b
I<zL :EZL:|:KZB +;(KZB + KZA):‘(l—i_Tj b

A similar expression is obtained for K ,and K , =K,
Then:

B "

2 2
K, =K, K“Bj +9} and 2AK :ZAKB{[1+BJ +9] (6)
a a a a

where: 2AK, =K, —K ;.

From (6) we can see that the ductility changes according to the parabolic law when changing the
mandrel outreach, and the argument includes the mandrel length. With the help of (6) and experimentally
obtained value 2AK (L =90) (Table 4) it is possible to obtain values 2AK, and then the character of
anisotropy variation along the mandrel length will be given. Fig. 8 shows the characteristic of anisotropy
of heads as a function of mandrel length L.

2AK-1072 A
pum/N
5 /
4 1 o
3 /\///
=]
0 >
100 200 300 400 500 L,°um

Fig. 8. Variation of anisotropy of radial pliability along the mandrel length: 1 — UDB-1, UDB-2; 2 — UDB-3

he anisotropy of the part subsystem is determined by the elastic properties of the part, the table fixture
and their connections. The part can have a wide variety of configurations. The fixture is rigid enough, it has
no moving contacts and its anisotropy will be lower than in the tool subsystem. The deformation of the fixture
of the “vertical post” type under the action of a force directed along the Y -axis can be considered as a trans-
verse bending of the console, the moment of inertia of the cross-section J, of which is determined by the
horizontal cross-section of the fixture. In the Z-axis, the pliability of the fixture is determined by the com-
pressive strain. The relationship K, and K, is expressed by the formula:

K J

Z X

K Fh?’

y

where: F is the area of the average horizontal section of the fixture, h is the height of the axis of the
specimen being bored above the table mirror.

Estimated fixture stiffness for machine tool 2712A: C, =6.7-10° N/um. This value is significant
and the anisotropy of the workpiece subsystem obviously has little dependence on the elastic properties
of this type of fixture. Therefore, it can be said that the anisotropy of the part subsystem is determined
by the shape and dimensions of the part, its connection to the fixture, and the moving contact between
the table and the bed. Figure 9 shows the variation of maximum deviations from roundness of machined
holes when changing the length of boring bars mounted on balanced and unbalanced spindles.
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Fig. 9. Maximum hole unroundness AR: 1 — without balancing, 2 — after balancing

Conclusions

Unbalanced spindles have little effect on surface roughness. The main cause of hole shape accuracy
violation with increasing shear force is anisotropy of radial stiffness of the machine tool elastic system.
Anisotropy of elastic properties is related to the accuracy of individual parts of the assembly and their
mounting. It has been established that the sources of anisotropy can be: the bridge, the joint of the head
with the bridge, as well as the mating of fixed bearing rings with the head housing.

The dependence of the hole ovality on the radial force Q at the head-to-bridge clamping force P

from 10 kN to 120 kN has been determined. With the increase of P within the specified limits from 4 kN
to 120 kN the deviations from roundness decrease from 0.2 um to 0.03 um. Thus, the anisotropy of the
fixed hull-bridge system depends on the anisotropy ratio of the bridge and the joint.

Comparing the contents of Table 3 with the calculated data on bridge and joint anisotropy, we
conclude that the anisotropy of the spindle subsystem is determined by the rolling supports and their
connection to the head housing: the contribution of bridge deformations to the pliability anisotropy is
on average 2...5%, and that of joint deformations 1...2% . Obviously, as the accuracy of spindle assem-
blies increases, the balance of anisotropy will change towards an increase in the contribution of the
bridge and joint. Therefore, for machine tools of accuracy classes A and C, the anisotropy of elastic
properties created by bridge and joint deformations can be significant.

Maximum deviations from the roundness of the holes at the outreach of the boring bar from 100
mm to 250 mm, without balancing varies from 0.6 um to 1.0 um, and after balancing is in the range
from 0.1 pm to 0.6 pm.
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