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Abstract

The paper presents an analysis of the possibifitinareasing the accuracy and stability of
machining of low-rigidity shafts while ensuring higfficiency and economy of their machining. An
effective way of improving the accuracy of machgof shafts is increasing their rigidity as a réesul
of oriented change of the elastic-deformable stateugh the application of a tensile force which,
combined with the machining force, forms longitwaditateral strains. The paper also presents
mathematical models describing the changes of thstiedeformable state resulting from the
application of the tensile force. It presents tbsuits of experimental studies on the deformation o
elastic low-rigidity shafts, performed on a spedidt stand developed on the basis of a lathe. An
estimation was made of the effectiveness of théatkof control of the elastic-deformable state with
the use, as the regulating effects, the tensileefaand eccentricitylt was demonstrated that
controlling the two parameters: tensile force amdeatricity, one can improve the accuracy of
machining, and thus achieve a theoretically assuened of accuracy.

Key words: low rigidity shaft, control of machining accuraayathematical models of machining, efficiency,
mechanics of machine tools

1. Introduction

A half or all machine parts are rotating elemersisafts (ca. 40%), discs, sleeves,
cylinders etc. Among those, up to 12% are low-itgidhafts (Pus et al., 1982).

A highly important, and at the same time compleobpgmis the achievement of the assumed
accuracy of machining and operational reliabilitiy low-rigidity shafts. Such shafts are
elements of many assemblies of various machinesdawetes, and find applications in,
among others, aerospace industry, precision mechatmol-making industry (special tools),
automotive industry. They are characterised byrdsprtion in overall dimensions and low
rigidity in specific sections and directions. Sg@mt requirements are also applied in terms of
the geometric shape, mutual positioning of surfalbesar dimensions and quality of surface
finish.

The specific nature of machining of similar parsiges that the primary difficulty relates
to the achievement of the required parameters efatcuracy of form, dimensions and
surface quality. Low inherent rigidity and relatiwéow rigidity of the shaft, compared to the
stiff assemblies of the machine tool, cause theeaggmce of vibrations under specific
conditions. The process of machining interfereh\aitd destabilises many factors (large free
distortions of shafts, vibrations in the tool-oltjsgstem, breaking of chips etc.), which causes
a reduction in the accuracy of machining (Cardalet 2008;Hassuiand and Diniz, 2003;
Jianliang and Rongdi 200@;tak et al., 2004; Litak and Rusinek 2012; Qiar§00;
Altintas, 2000).

The traditional methods of achieving accurate nraohiof low-rigidity shafts, based on
multi-pass machining, lowered parameters of manlginsteadies and additional treatments
and manual lapping, cause a significant loweringf@itiency, and in many cases preclude



the achievement of required reliability; also, theag incompatible with the contemporary
requirements of automation, they are uneconomiugligefficient.

The initial studies on the dynamic response oftatian shaft subjected to a moving load
has been done by Katz et al. (1988). Especiallgy ttocused on the dynamical effects
accounted by different approaches: Euler-BernoRbiyleigh, and Timoshenko beam models
for a simply supported rotating shaft leading te tdihanges in rotor response. This problem
was generalized to a three-directional load movintpe axial direction by Ouyang and Wang
(2012).

In the context of a regenerative cutting proced$smtter vibrations response of the
workpiece modelled as a flexible beam were aladistl by Altintas (2000), Tusty (2000),
Chen and Tsao (2006), and more recently by Bislh €2009a; 2009b), Cahuc et al. (2010),
Han et al. (2012).

2. Mathematical models of machining of elastic-defmable shafts

One of the effective ways of improving the accuratymachining of parts of this type is
increasing their rigidity as a result of orientdthoge of their elastic-deformable state, through th
application of a tensile force which, combined wille machining force, forms longitudinal-lateral
strains. As shown by experimental studies, incredsggidity of parts with diameters from 2 to 6 mm
and length from 100 to 300 mm, with their loadinghwa tensile force within the range from 980 to
1960 N, leads to a reduction of elastic strain bymf 80 to 20%, respectively. Furthermore at
diametersd = 8 — 12 mm such a loading reduce elastic staif by%. Increasing ad > 16 mm at a
given length has practically no effect on the vatdiestatic stiffness and, correspondingly, on the
deformation of the parts (Jianliang and Rongdi,&268Wi¢ et al. 2010).

Analysis of the effect of the tensile force on #tatic rigidity of machined elements can be
performed with the use of the model in Table 1lelth The model does not provide an adequate
description of the behaviour of the elastic linevatious methods of fixing. This means that, in the
model in question, the element fixed in the tadktof the lathe has both the possibility of linear
displacement along the axis of the part and thsipitisy of free rotation of the section at the poof
fixing. In many cases, such a method of fixing does lead to a reduction of deformation in the
machining zone.

With the application of the tensile force, the fiigiof a shaft can be realized by means of a spring
sleeve. Such a method of fixing can be interpretedigid fixing, with the possibility of axial play
(Tab. 1, lines 2 and 3).

To minimise elastic deformation, it is also possibd control the angle of rotation of the part
section at the point of fixing, through the apptica of a tensile force shifted with relation okthxis
of the centresSwi¢ et al. 2010). This kind of fixing can also be egented as a moving rotary
support (Tab. 1, line 4).

The fundamental feature of the presented scherizatite application of the control moment at the
point of fixing of the machined part—through ettie tension. The application of a single
controllable force factor — eccentric tension —nmi&s the generation of two force factors at any
predefined section of the part, and in the machimione in particular: the longitudinal for€g and
the bending momenM; =F,; - e, counteracting the machining forces, i.e. the nted elastic-
deformable state of the shaft.

The application of tensile forces with a shift tela to the axis of the centres at both ends of the
machines shaft — in this case the fixing can bessgmted as a moving rotary support (Tab. 1, ljre 5
permits the control of the position of the partsafiom two sides at any position of the cuttingl too
relative to the length of machining. Moreover, st possible to use a special fixture for mobile
tensioning in the machining of long shafts with logidity (Tab. 1, line 6).

The specifics of elastic-deformable loading of Idgidity parts, with eccentric compression in
machining operations, are taken into account ingh@dTab. 1).

In Table 1 the following symbols are used:



Fua — tensile force;
F2g — bending force;
Fe, Fp, Fr — are two bending force and axial components;

e — eccentricity of tensile force in tension;

M, — moment generated by the axial comporkenf the machining force;

X1, X2, X3 — current coordinates at each of the sections;

a — distance between the cutting edge (point of kygulication) and the point of fixing
of the part in the spindle;

b,c — other characteristic distances along the shaft;

d — diameter of the machined part;

L — length of the shatft;

Qo andMy — initial parameters: perpendicular force and matna the point of the fixing of the

part, respectively.

One of the methods that permit the generation wfathematical model describing the kind of
elastic line, with relation to the part parametersl to the parameters of the process of machining
(loading forces) is the energy method of Ritz, bgams of which the deformation functions were
obtained for a tensioned rod with an end fixeddtig(Tab. 1, line 2).

Another method permitting the achievement of reswith practical utility is the generation of a
description of the elastic line of a low-rigidityag in lateral-longitudinal bending, in the form af
system of differential equations of the fourth ardeith a constant coefficien#Vith the occurrence of
concentrated forces and moments dividing the shiftsections the following differential equations
can be written (axial tension — model 3) at eacthefsections:

y' —a%y; =0, (1)
where: a =,/% , E—modulus of elasticity, — moment of inertia of the section.

In the simplest case, the only disturbance of thstie line is located at the point of machining,
ie.

i =0{12} @

The solution of equation (1) can be written in #a@plified single mode form (for symmetric
situation - model 2 instead of hyperbolic functighe trigonometric ones are used) (Young et al.,
2003):

¥, (%)= Asinha x+ B coshr x+ Cx+ L, (3)
and in the case of (2):
¥:(%) = Asinha x + B costw x+ Gx+ D
Y,(%,) = Asinha x,+ B, costr x+ G, x+ D,
Taking into account thaM,(x )= EI Oy;; F(x)=EI G, ; My(x,)=EIGj,; F,(x)=EIL,,
from the boundary conditions (column 3, Tab. 1) éach system of coordinates a =0,

deformationy;(0) = 0, angle of rotation of sectioy,(0)=0 and EI 0y, (0) = M,, EI 51 (0)=Q,, the
constant coefficients were determined as follows:

(4)

Qo Mo
1 = 1 == 1 D == ) 5
E|a2 B 2 TP e )
and the equation of deformations on section I, nigikinto account (5) and the terms for the
determination ofr can be written as:




M
V(%) =~2-(sinhax, - ax)+=*( costar x- . (6)

x1 x1
CoefficientsA,, B,, C,, D, were expressed from the boundary conditieys 0, conditions of
balance and  compensation  of  deformationsy,(a)=y,(0),  Ely,(a)=Ely,(0),

Ely; (a) + F,, = Ely,(0) =0 and they are equal to:

_ Q,coshaa+ My sinlwa+ F
a’El
. N ,
B, = Q,sinhaa : Mo smhaa' e
a’El
_ Q coshaa+ My sintwa+ F
? a’El ’
D. = Q,sinhaa+ M sinlora
? a’El ’
And the equation of deformation on section |l canaitten as:
Qchaa+ M shaat+ E sinhaa+ M costera
Y>(%) = +9 0 (costr % - 1 (8)
ak, ak,

Equations of deformations on sections | and II, ther case of model 4 (Tab. 1) and the other
cases of loading considered, obtained in an anag@nner, are presented in column 4, Tab. 1.

The values of the initial paramet&ps andM, were determined at extreme conditions at the end
of the rod:

i (sinhax —ax) +

y.(L-a)=0, (©)
and the equations of deformations at the end ofitfiermed rod:
Y1(a) = _YZ(L - a) : (10)

The results of solving equations (9) and (10) d@vergin column 5, Tab. 1.
At eccentric tension (model & # 0, e # 0) the differential equations (1) on each of seil
and Il have the form:

y)' —aty, =0, (11)
yY -a?y, =0, (12)

where: a, = 1/ 1/ Fa

and the solution of (11) and (12) is written as 8king into account; on section I. Substituting the
boundary conditions, conditions of balance and itamd of simultaneity of deformations (column 3,
Tab. 1) into equations (11) and (12), a descriptibrdeformations was obtained, as presented in
column 4, Tab. 1.

The initial parameter§)y, and M, were determined through conditions (9) and theatign of
balance:

EM(L)=QL+Mo+F, S +FyfL-a)-Fee=0 (13
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and the obtained values @Qf andM, are given in column 5, Tab. 1.

A specific feature of the problem of control of &tla deformations of an elastic-deformable part
under consideration, with two-sided eccentric emgiTab. 1, line 5), is the ease of determinatibn o
the initial parameter®, at knownM; = F,; - &, andM, = F,, - & from the conditions of the balance of
forces, relative to the axes of coordinat@sY(=0) and of the balance of momenty M, = -0

columns 3 and 5). At the same time, it becomes ronomeplicated to determine the angle of rotation
Qo, at which the term sought was obtained from equat{10) and presented in column 5.

For a long part loaded with a tensile force, thewation schematic was presented in the form of
a beam twice statically indeterminate (Tab. 1, | loaded with bending forc&,, moment

M, =F B%and longitudinal force§&; andF,;. The values of the forces and moments are definite

with F,, >F, and F, >0, therefore to the left from poidt the beam is always in a state of tension,

and the value oF; can be negative as the direction of the workimyelf changes. In the case of

diameter equal td; on the left section of the part (from poidtto 0) and diameted, (to the right
4

from D), the axial moments of inertia of the cross-sectwill equal, respectively,:llz%,

El

moves with it at the same velocity, and distabdeas a constant value. Dimensi@mchanges within
the range of & a< (I —a). To solve the double statically indeterminatebpem of longitudinal-lateral
bending of the beam, under loading with the movamnsile forceF,,, the left and the rights parts of
the beam were analysed.
From the boundary conditions and the conditionmofual interaction of deformations (Tab. 1,
line 6) the functions of deformations (column 4} dhe initial parameters (column 5) were obtained.
The results of modelling of the values of elastdodmations of the part within the machining
zone K = a) are presented in Fig. 1, the numbers of analytedations corresponding to the numbers
designating the models in Table 1. Relation 5 watained experimentally, with the part fixed in the
grip of the spindle and in the spring sleeve ofttilstock, with no possibility of cross-sectioriation
at the point of fixing (model 3).

m4 F FXl + Ff . .
|, =—2, and parameterg, = |, a, = .|——— . When suppor moves to the right, poirid
> 64 2 VEL T

ylum] ‘
750 d=4mm
625 3 ; Fzg=19.6 N
500 5. o= 1| 4| Fx1=1960N
375 ¢ P i
250 I / N
125 4 \

O™ .
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 L mm

y[um] d=4mm
750 Fzg=196 N
Fx1=980N

250

0O 20 40 60 80 100 120 140 160 180 200 220 240 2607 L mm

Fig. 1. Estimatedrelations of elastic deformation changes of a shafhumbers from 1 to 5 correspond to
the numbers designating the models in Table 1).



3. Experimental studies

The experimental studies of elastic deformationdowf-rigidity shafts were conducted on a
special test stand, constructed on the basisatha (Fig. 2).

A shaft (1) is aligned in the lathe grip betweestandard compression dynamometer (2) type
DOSM-3-02 (measurement range from 19.6 to 196.0M¥ynted by means of a bracket (3) in the
cutter holder (4) of the lathe. The radial compdrefnthe cutting forceF, was estimated using the
dynamometer (2). Registration of elastic deformmtizvas conducted by means of an electromagnetic
displacement transducer (9) with a recorder urfl).(The transducer (9) was mounted in a holder (8)
on a plate (6) positioned on the guide rails (5 @nd

AW

10

Fig. 2. Schematic of the experimental stand for th&esting of elastic deformations of parts.

The experimental stand was used to test the eldstarmations of shafts with diametaels 2 —

18 mm and lengths of 100, 200 and 300 mm. The maxirdeformation of the part, under tension
with the axial forceF,;, decreases in a non-linear manner in accordante the equations given
above (Tab. 1).

Experimental results (model 1) are shown in Figl'i3 shaft was loaded with axial forEg =
1960N (a) and 980N (b), respectively, while thesdak force wad=,; = 19.6 N. The measurements
accuracies were 0.4 N and 0.01lmmFH~graxial forces and displacements, respectively.

Based on the further experiments performed (to m8jlene can state that the discrepancy
between the analytical results and the experimetdtd is from 3 to 12%. The calculations were
made with the use of model 4, with the assumpti@t E,, #0, e=0 fully correspond to the data
obtained from model 1.

Certain discrepancies between the results coulnlraksult from the assumptions adopted in the
selection of calculation scheme.
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0 .
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Fig. 3. Experimental dependence of elastic shafordetion (of lengthL = 300 mm and
diameterd = 4 mm ) loaded with axial force,, = 1960N (a) and 980N (b). The lateral fofeg =
19.6 N, fitted according to the model shown in Eab| case 3.

On the basis of the calculations of elastic defdiona caused by axial tension, and also on the
basis of experimental data, it can be stated thayapoint on the part(d = 15 — 50 within the range
of shaft diameters under consideration), and apthet of machining in particular, situated dirgctl
beneath the cutting edge € a), the value of elastic deformation of the shafistéd can be
significantly reduced through the selection of @adile tensile forcd=,; and eccentricitye (Halas et
al., 2008;Swi¢ et al. 2011).

In the development of technological methods forabmetrol of grinding accuracy of low-rigidity
shafts the elastic-deformable state can be gemelatemeans of longitudinal compressive forces,
shifted relative to the axis of the centres or eggphdditionally to the ends of the parts by meains
bending moments.

4. Optimisation of parameters of an elastic-deformble state
The calculation scheme of the forces acting onsthaft and the elastic line of the shaft are
presented in Table 1 (line 7). The application @hpressive forces, shifted relative to the axithef



centres, was considered as method of generatianbeihding moment applied to the face of a low-
rigidity shaft and as a technological premise far ¢ontrol of machining accuracy.

In the case of a beam compressed with a longitutbnee and transmitting any lateral force, the
solution of equation (1) can be presented in theafo

Y = Yo+ Yoax + Yo (L - cosax) + y, (ax —sinax) + f (), (14)
where: y,, Yo, Yo. Yo — deformation, angle of rotation, second and tddvatives at the origin of

the system of coordinates, respectiveix) — function of the effect of lateral loads.
The equations of the lines of elastic deformati@msections | and Il have the form of:

Y, = Yoax+ Y, (1- cosax)+ y, (ax - sinax),
Vi = Yoax + Yo(L-cosax) + y, (ax —sinax) + f (x).
The initial parameters, in accordance with the doyts adopted earlier (Tab. 1) are as follows:
. Fuy {[a'L(,B -1+ cos,BaL)—§inaL] (cosal) (- cos,BaL)} .
aF, al cosal —sinalL

(15)

+&{(aLsina'L +cosal 1) (1-cosalL.)

s +sinal |, (16)
Fu al cosdfL -sinal

-_ Fu [[aL(,B -1+ cosfal)-sin aL](cos,BaL)} ~
Yo OF. al cosal —sinalL

Mz(aLsma'L +cosaL—1) (17)

F_X1 al cosal —sinal

L-a . . .
where: 8 :T , Fx1 — in the given case — compressive force.

After integration and transformation of (15), thguation of the bending moment on section |
was obtained:

M, (x) = —F—le(y;az cosax + yyar’ sin ax) (18)

Taking into account that at = 0, My(0) = M, it follows from (18) thathzF—xé and,
a

correspondingly, y, = FM2 . After considering the function of the effect afdral loading
x1
f(x)=-

the equation of deformations on the shaft sectidiimately assumes the form:

Fylx-a) | Py sin(x—a), (19)
I:xl x1

y,(x) =~ :Zzg [A1-cosd.)-(1-cosBaL ) x+% [B(1-cosal +sinaL)| ax—
x1 x1
'\F/l—:(l—cosax) +(|;/;:—§’X'1A—M—f] (ax—sinax), (20)
= —E - _i i -
yi (%)= v, (x) =) (x-a) oF, sin(x-a).

where:

As al (B -1+ cosBal)-sin Sal g aLsinal +cosal -1
al.cosal —sinalL ’ alLcosal —sinalL




For the estimation of the effectiveness of the wetbf control of the elastic-deformable state
after the application of bending moments to thdtdhae, and of the technological capabilities wéls
control, the relation describing the elastic lifi¢hee shaft was obtained in the form of (15).

The initial parameters are determined from thetiora

. = Fu (ﬁ_sinﬂaLJ_ZMz(cosa’L _ij
° aF, sinaL ) F, (sinaL aL)’
" 2M
Yo=— = 2, (21)
x1
y = Fu sin,&rrLj_ZM2 cosa'Lj
° aF,\ sinaL /] F, \sinalL)’

Taking into account equation (19), the functiomdeformations ultimately assumes the form:

F

1

_ P _2M, 1 _2M,
4 =2 (- 2 (o] "2 1-cosa)+
+[%+Mj(ax—sinax), (22)
anl Fxl
Fu Fg
yi () =y, (x)-—2(x~a)+—=2-sin(x~-a),
Fxl X1
where: C =—Sir]’3a|_ ) :—C(.JSUL .
sinalL sinaL

Equations of lines of elastic deformations (20) &2d), as well as the equations presented in
Table 1, describing the position and shape of arigidity shaft in relation to its dimensions and
active loads, permit estimation of the effectivenescontrol of the elastic-deformable state ofa-I
rigidity shaft during turning.

The control of the elastic-deformable state with tise of the tensile fordg, and eccentricitye
as the regulating factors, enabled the formulatbthe problem of optimisation: definition of the
values of the tensile fordg, and eccentricitye as functions of part parametdrsaandd, component
forces of machinindr, Fp, Fc (and thus also machining parameters a,), distancea from the cutting
edge to the point of fixing of the part in the gflen and the instant coordinake minimising the
deformation of the part:

y=min¢(d,I,Ff,v,ap, f,Fxl,e,a,x). (23)
Fx.©

Functiony was arrived at on the basis of relations preseimddble 1 (columns 4 and 5). The
values of components,, F. andF; of the machining force were defined by means eftéthnological
conditions, i.e. the parameters and the geometmawhining;u; technological limitations imposed on
the variable parametét,, resulting from the specific design features of dloglipment and from the
permissible tensile loads.

an{o,L}, x0{o, L}, ec{o 2d},
Fo00 ={(Fu):gi(Fu)<u}, uy=20, i=1n. (24)

The most significant effect on the accuracy of nigidl is that of the value of deformation
directly beneath the cutting tool; expressions (2Bd (24) should be complemented with the
limitation:

a=L-x. (25)

The formulated problem relates to issues of noadinprogramming and can be solved with
suitable methods [21]. The easiest way is to ddfieerequired values of the longitudinal tensileecéo
F.«., at axial tension (model 2 or model 4eat 0). For the selection of the valuesFgf, corresponding
to the relations (23), (24), (25), the bipartitethoel was applied. Numerical studies with the hdlp o
the method grids (Fig. 3a) demonstrated that thectise functiony is a unimodal function.

The bipartite method permits the determinatiorheféxtreme value d,; within:



I:xlmin J , (26)
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Fig. 4. Objective functions and changes of tensiferce F,; in relation to the machining length obtained
in the case of various models (1-3 — numbers desaimg models from Table 1). Note, different
scale in Fig. 3a.

The results of modelling (Fig. 3 b, ¢, d) indicttte possibility of obtaining, determined by the
process conditions, low values of elastic deforaratias a result of controlling the forieg, but with
relation to the condition (24) in such cases édsisable to contrdt,, at given values of eccentricigy
when testing model 4 (Martos, 1975).

To achieve the required low value of deformatiomélcentric tension can be applied (model 4 at
ez 0).

Analysis of the results of numerical studies, aidi from relations (23), (24) and (25), as well
as the supporting experimental tests, demonstriditeid elastic deformations of low-rigidity shafts
under eccentric tension control decrease, in tee ofithe parts class considered, from 2- to 2@-fol
and in the case of shafts wilh< 6 mm the decrease is achieved at lower valudisedfensile force. It
was demonstrated that eccentric tension very effdgtreduces the elastic deformations of shafts
withd=6 mm € = 300 mm) as compared to axial tension. For exaygild = 8 mm,L = 300 mm,
Fo=147 N,A, = FJF; = 0.5 k = 9d) and values of,, = 980 N,e = 2.5 mm (Fig. 4d) elastic
deformations on the whole machining length are ftbmo 2.4-fold lower than in the case of axial
tension. With adaptive control of the values of esttdcity e and forceF,;, the value of elastic
deformations can be reduced 18-fold; it amount&te 4.5)-10° mm (L = 300 mm,d = 8 mm,F, =
147 N,A; = 0.5,F,4 = 1245N,e = 7.8 mm) and is practically stable over the whelggth (Fig. 4e).
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Fig. 5. General view of 3D of hyperbololid like shpe of the response surface for the values of the
objective function — a); relations of change of olgctive function y(0), tensile forceF,; (x) and
eccentricity e with relation to length L at x = a — b, ¢, de: b) (d=6mm, F,=49N, F,,,~980N,
L=300mm, F=30N), c) €=6mm, F,=70N, F,;,=980N, L=300mm, F;=40N), d) @=8mm, F,~147N,
Fx1=980N,L=300mm,F;=196N), e) =8mm, F,;=147N,F,,,=980N,L=300mm, F;=196N).

To determine the optimum parameté&s ande, taking into account the limitations (24), (25),
one can apply both the method of grids and (withtien to the unimodal nature of the objective
function) the gradient method.

A general view of the numerically estimated 3D mese surface for the objective function (23)
with process limitations in the form &%imax €nax and with an extreme at poiRtis presented in Fig.
4a. In many cases there is no need to find theey and it is sufficient to determine the required
value ofyg ,aq. The cutting plane®;A;C;D; andO,A,C,D, correspond to the required values/Qf saq.
andy’ s« -aa, relative to which the set of optimum valued-gf ande is sought.

The relations of changes of the objective functiptensile forcer,; and eccentricity at various
shaft diameters and values of machining force,inbthby means of modelling as a result of search
with the gradients method, are presented in Figc,dl@. The modelling was conducted with the



assumption of the following conditions:= 6 mm,F,4=49 N, F,qo = 980 N,F; = 30 N (Fig. 4b);
d=6 mm,F,;=70 N,F,o =980 N,F; =40 N (Fig. 4c)d=8 mm,F,y = 147 N,F,0= 980 N,F; =
196 N (Fig. 47d)d = 8 mm,F,4= 147 N,F.0 =980 N,F; = 196 N (Fig. 4e).

As follows from analysis of the results presentedrig 4, control of the level of machining
accuracy, at elastic-deformable state of the pdft Wwd = 15 — 50, can be effected with sufficient
effectiveness through the control of two parametienssile forceR,; and eccentricitye; this permits
the achievement of a theoretically assumed levatoiiracy.

Loading a semi-finished product with a tensile &rcausing the elastic-deformable state, is
equivalent to the creation of an additional suppartsing an increase of the static stiffness optré
Therefore, the alignment and the fixing of semidired products can be realized in self-centringsgri
or in a spring sleeve.

5. Conclusions

Machining accuracy of low-rigidity shafts can béeefively enhanced through increasing their
rigidity as a result of oriented change of themstic-deformable state, through the applicatiora of
tensile force generating, together with the mactgjriorce, longitudinal-lateral loads.

Mathematical description of the object of controfunaction of deformations of a low-rigidity
shaft — at defined parameters should take into uatcaumerous factors: methods of part fixing,
loading conditions, etc. In the approach proposieel mathematical model is a problem of structural
identification, therefore it is necessary for itlie sufficiently simple for further use in relatiom
problems of accuracy control, to comply with infatmen on the mechanism, interrelations and
parameters of phenomena, and to take into accbosetfactors that have a dominant effect on the
accuracy indices of the process of machining.

The study on elastic deformations of low-rigidityafts shows that the divergence between the
analytical and the experimental results amountsatm 3 to 12%. Certain discrepancies between the
results could be attributable to the adopted astangin the selection of calculation schemes. it a
point on the shaftl{d = 15 — 50 within the range of diameters under ictanation), and in particular
at the point of machining, directly beneath thetingttool, the value of elastic deformations of the
shafts tested can be significantly reduced thrabghselection of a suitable value of tensile fdfge
and eccentricite.

In the development of technological methods of i@iling the accuracy of machining of low-
rigidity shafts, the elastic-deformable state cangenerated by means of longitudinal compressive
forces, shifted relative to the axis of the ceniesapplied additionally to the ends of the part by
bending moments.

Analysis of the results of numerical studies angegxnental tests demonstrated that elastic
deformations of low-rigidity shafts under eccentiénsion control decrease by from 2- to 20-fold.
Eccentric tension very effectively reduces the teladeformations of shafts witth=6 mm ( = 300
mm) as compared to axial tension. For example,=aB mm,L = 300 mm,F, = 147 N,A; = F/F; =
0,5 (k = 90)) and values of,; = 980 N,e = 2.5 mm, elastic deformations on the whole mdogin
length are from 2- to 2.4-fold lower than in theseaf axial tension. With adaptive control of the
values of eccentricitg and forceF,,, the value of elastic deformations can be reducgdbold; it
amounts to (3 — 4.5)-70mm (L = 300 mmd =8 mm,F, = 147 N,A; = 0.5,F = 1245N,e = 7.8 mm)
and is practically stable over the whole lengthe Hssumed accuracy of machining of shafts in the
elastic-deformable state, witl./d =15-50, can be achieved by controlling two parameters —

tensile forca,; and eccentricitg.

Loading a shaft with a tensile force is equivakenthe creation of an additional support causing
an increase of the static stiffness of the parer&fore, the alignment and the fixing of semi-fivad
products can be realized in self-centring gripsnoa spring sleeve. Such a new elastic-deformable
state of the workpiece could be also helpful torosme chatter vibrations in turning process (At
2000).

Apart from turning process (Altinté000; Ouyang et al., 2007; Kagz al., 1988), the flexible
tool mashing attracts more attention also in bogngcess (Li et al., 2003), milling (Xiong et al.,
2003; Movahhedy and Mosaddegh, 2006k et al., 2013; Sen et al., 2013). One shouwlig: that the
present paper neglected dynamical effects as agpeaf multiple modes, inertial and gyroscopic



effects. Here it was assumed that the cutting speéarly small. Thus for higher speeds and/or the
results should be recalculated with more sophigtitapproach including the dynamical effects.
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