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INVESTIGATION OF CUTTING FORCE DURING BORING OF SCREW NON-RIGID
MACHINE PARTS

In the work, the peculiarities of boring of screw workpieces are described. The regularities of the processes of
boring screw non-rigid parts have been established. The specifics of the design of the equipment for boring screw non-
rigid parts and the expediency and prospects of using screw workpieces are substantiated. It is based on theoretical and
experimental studies. A theoretical generalization and a new solution to the scientific and technical problem expressed
in the development and creation of technological processes for processing non-rigid screw workpieces, are presented.
This will make it possible to ensure the expansion of technological capabilities and the improvement of technical and
economic parameters. Calculations were carried out using a package of applied statistical programs for processing and
analyzing the results of experimental studies for a PC. According to these results, the dependences of the response
surfaces of the optimization parameter and the two-dimensional section of the response surfaces were constructed and
analyzed for a visual representation of the results of the experimental studies. The dependences of the change in
cutting force on feed and cutting depth were constructed and analyzed. The dependences of the optimization
parameter, that is, the dependence of the cutting force on the change of one input factor with a constant value of the
other two factors, were also substantiated. After carrying out research using the program «Statistika», a two-
dimensional section of the response surface of the dependence of the cutting force on the feed and depth of cut and the
response surface of the dependence of the cutting force on the feed and depth of cut were constructed. The obtained
experimental broken line was built based on the results of the conducted research. Approximation of it was carried out
according to known standard methods, while the amount of deviation (mismatch) was determined by the method of
least squares.

Key words: cutting process, feed, cutting depth, nature of loads, boring process, statistical analysis, lathe and
screw-cutting machine.

INTRODUCTION

Modeling of cutting processes depends on many factors: physical and mechanical properties of the
material, feed, cutting depth, nature of loads, etc. The specified factors are of a stochastic random
nature, so it is necessary to conduct a set of experimental studies to determine the dominant factors that
significantly affect the boring process. In order to perform a statistical analysis of the obtained results,
empirical dependencies should be introduced into the selected mathematical model. They will show the
change in the cutting force depending on the cutting depth and feed.

ANALYSIS OF LITERATURE DATA AND STATEMENT OF THE PROBLEM

To determine the cutting force during boring screw non-rigid machine parts [3-4], experimental
studies were carried out on a screw-turning machine with different spindle speeds. Cutter material of the
brand T16K5 was chosen for the boring process [4-5].

The part was installed in a special device and fixed in a three-jaw chuck of the lathe and screw-
cutting machine 16K20 so that the researched process could be carried out on machines that are widely used
in repair shops of enterprises engaged in equipment repair. The workpiece was installed in the device
manually.

In addition, experiments were conducted for different values of feed and cutting depth [3]. In this
way, an experimental array of optimization parameter data was obtained depending on the feed and cutting
depth. From the entire obtained experimental array of data, a data sample of one specific feed value with
different values of the cutting depth was created [1-2]. The obtained numerical results of the cutting force
were entered in the table of a conditional full-factor experiment [1].

Processing of the obtained data of the experimental array was carried out according to well-known
methods of correlation and regression analysis of experimental data to obtain the final result of empirical
regression equations [1].

To obtain a regression model of the optimization parameter in the form of a full quadratic
polynomial, a suitable conditional plan of a full factorial experiment was chosen. Its implementation was
carried out in a specified sequence.

PURPOSE AND TASKS OF THE RESEARCH

The purpose of the work is to analyze the features of the boring process of screw workpieces and to
establish the regularity of the boring processes of screw non-rigid parts.

The tasks of the research: plot the dependencies of the response surfaces of the optimization parameter
and a two-dimensional section of the response surfaces for a visual representation of the results of the
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experimental studies; plot and analyze the dependence of the change in cutting force on feed and cutting
depth; plot the dependence of the optimization parameter, that is, the dependence of the cutting force on the
change of one input factor with a constant value of the other two factors; plot a two-dimensional section of
the response surface of the dependence of the cutting force on the feed and cutting depth and the response
surface of the dependence of the cutting force on the feed and depth of cutting on the basis of research results
using the program «Statistika.

RESEARCH RESULTS

Since, in the process of conducting experiments, variable independent factors are heterogeneous and
have different units of measurement, and the numbers expressing the values of these factors are of different
orders, they were brought to a single system of calculations by replacing real values with coded ones.

The relationship between coded x; and natural X; variable factors was established by dependence:
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where X;, — natural value of the i-th factor at the zero level;

AX; — variation interval of the i-th factor.

The zero level or average value of the input factor was determined by the formula:

XD — EmaxtEmin (2)
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where Xp — the numerical value of the zero level of the input factor;
Xnax — numerical value of the upper level of the input factor;
Xnin — numerical value of the lower level of the input factor.

The intervals of variation by factors are determined:

AX; = Emoaxtimin (3)
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Conventional designations of the upper, lower, and zero levels of factor variation were entered,
respectively +1, -1, 0 to construct a conditional plan-matrix for the planning of experiments. The results of
the coding of the experimental factors and the levels of their variation are shown in Table 1.

Table 1 — Results of factors coding and their levels of variation

Natural Coded Variation Levels of variation
Factor designa- | designa- irterval natural code
tions tions upper lower zero upper lower zero
Feed, S,
mm/stroke X1 X1 0,08 mm 0,2 0,04 0,12 +1 1 0
Cutting
depth, t, mm X2 X2 1,0 mm 2,5 0,5 1,5 +1 1 0

After coding the input factors, a plan-matrix of a conditional full factorial experiment of the FFE 3°
type was compiled for the total number of experiments N=P¥, where P is the number of levels of variation
(three), k is the number of active input factors (three) in the experiment, shown in Table 2.

Table 2 — Conditional plan-matrix of the FFE 3° type experiment

e Interaction of | Optimization parameter, Y Average
the Factor levels Factors values
experi- Frequency %
ment Xg X1 X2 X1X7 1 2 3 Yoo,
1 +1 -1 -1 +1 Y11 Y1, Yis Y.
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2 +1 +1 -1 -1 Ya1 Y2 Y23 Yac
3 +1 0 -1 0 Ya1 Y3 Y33 Yse
4 +1 -1 +1 -1 Yu Y Y43 Yie
5 +1 +1 +1 +1 Y51 Y52 Ys3 Yse
6 +1 0 +1 0 Ye1 Ye2 Ye3 Yec
7 +1 -1 0 0 Y71 Y72 Y73 Y7e
8 +1 +1 0 0 Ya1 Ya2 Yes Yse
9 +1 0 0 0 Yo1 Yoo Yo3 Yo

In order to reliably estimate the cutting force when boring screw non-rigid parts during experimental
studies, the required number of measurements of the controlled parameters (repetition of experiments) was
determined according to the methodology outlined in [1-2]. The experiments were carried out three times.

To implement the plan-matrix and to preclude the influence of uncontrolled and unregulated factors on
the research result, randomization of the plan-matrix was carried out using the method of random balance,
which was implemented by getting the serial numbers of the experiments from the urn.

The obtained results of the calculations were entered in the table of the obtained results of
experimental studies. The analysis of the obtained results of the experiments was carried out using a well-
known method of processing and analysis of the conducted experimental studies [1-2].

At the same time, the response function (optimization parameter) was taken as an approximate
mathematical model of a full quadratic polynomial [1-2], which describes the real experimental process:

¥

P, = by + byxy + BoXa + byoX %o+ byy x5 + byyx3,  (4)

where P, — experimental value of cutting force, H;

bo, by, by, by, byg, bay, — regression coefficients of the corresponding values of the input factors x;;

X1, Xo — input coded factors.

The coefficients of the approximating polynomial, presented in the form of a complete quadratic
equation under the condition of orthogonality and symmetry, were determined according to the appropriate
formulas [1]:

- free term by and coefficients of the b;i-th factor:
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- interaction coefficients b and bjj:
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where x;, — the value of the coded variable in the appropriate column of the experimental design;

3, — the average result of the u-th experiment;

u — serial number of the experiment

i — factor number;

J, k — factor number other than the i-th factor;

N — the number of conducted experiments.

The statistical significance of the coefficients of the regression equation bi was performed according to
the Student's test and determined in the following sequence:

- the dispersion of experimental errors in the lines of the FFE plan was determined as:

2 1 vn o —2
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where n — number of parallel experiments (repetitions of one experiment);
j=1,2,.,n.

- the dispersion of the reproduction of the experiment was determined as:

-

- 1 I
Si :;Eiqsﬁ (8)

- the reproduction error was determined as:

-
Sy = .JS}' C))
- the significance condition of the b; coefficients of the regression equation was determined as:
tTSy
b,:_;,-k} = ﬁ' (20)

where t; — the tabular value of the Student coefficient, which is selected from the table depending on the
degree of correspondence f and the level of significance « [1-2].
The degree of compliance is determined by the formula:

f=(n-1)N, (11)

If (9) is not fulfilled, then the coefficient bi of the regression equation was taken equal to zero, and the
appropriate term x; was excluded from the regression equation.

Verification of the adequacy of the selected mathematical model with experimental data, that is, the
correspondence of the mathematical model to the real process, was carried out according to Fisher's F test as
follows [2]:

- the variance of adequacy was determined as:

539 = ‘-,'.-fg.' Yo=a0m — )2 (12)

where N-g’— the number of degrees of freedom of the adequacy variance;
g’ —the number of significant coefficients in the regression equation;
3, — average response value in the u-th trial;
37, — the response value at the u-th point of the plan, calculated by the regression equation;

- calculated Fisher's correspondence criterion F, was determined as:

5!1
B=T (13)

where 5 — dispersion of experiment reproduction.

The tabular value of Fisher's F+ test was determined at a given level of significance « and two
degrees of correspondence f,;=N-g Ta f,=N(n-1) [1].

The adequacy condition of the selected mathematical model was checked according to the inequality:

Fo<Fr (14)

If the condition F,<F+(0,05, f,,, f,) was fulfilled, i.e., the calculated value of F, - Fisher's test is less
than the table F+ for the 5% level of significance, the number of degrees of freedom of the variance of
adequacy, f,,=N-g and the number of degrees of freedom of the variance of reproducibility f,=N(n-1), then
the PFE regression equation is adequate to the experimental data.

DISCUSSION OF RESEARCH RESULTS

According to the results of the calculations, which were carried out with the help of a package of
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applied statistical programs for processing and analyzing the results of experimental studies for a PC, the
dependencies of the response surfaces of the optimization parameter and a two-dimensional section of the
response surfaces were built for a visual representation of the results of the experimental studies.

To build and analyze the dependence of the change in cutting force on feed and depth of cutting, we
used the statistical program package for PC «Statistika». The analysis of randomness of the process was
evaluated according to standard methods [2].

The dependence of the optimization parameter, that is, the dependence of the cutting force on the
change of one input factor with a constant value of the other two factors, was built using the «MathCad 11»
PC application package.

Approximation of the obtained experimental broken line, which was constructed based on the results
of the conducted research, was carried out according to known standard methods, while the amount of
deviation («mismatch») was determined by the method of least squares, which is described by the
dependence:

@=3%L, e =3" (m;, —m;)* (15)

where @ = =2 — amount of «mismatchy;
m;,, my, — respectively, the theoretical, determined by the empirical formula, and the experimental

g
value of the i-th experiment.
After conducting the research, a two-dimensional section of the response surface of the dependence of
the cutting force on the feed and depth of cut and the response surface of the dependence of the cutting force
on the feed and depth of cut were constructed using the program «Statistika».
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Figure 1 — Two-dimensional cross-section of the response surface of the dependence of the cutting
force on the feed and cutting depth
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Figure 2 — Response surface of cutting force dependence on feed and cutting depth

CONCLUSIONS

The work examines the peculiarities of the process of boring of screw workpieces. The regularities of
the processes of boring screw non-rigid parts have been established. The equipment for boring of screw non-
rigid parts is presented on the basis of theoretical and experimental studies, substantiation of the feasibility
and prospects of using screw workpieces. A theoretical generalization and a new solution to the scientific
and technical problem, which is manifested in the development and creation of technological processes for
processing screw non-rigid parts, are presented, which will allow to ensure the expansion of technological
capabilities and the improvement of technical and economic parameters.
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pi3aHHs NPU PO3TOYYBAHHI TBUHTOBHMX HE;KOPCTKHUX JleTasleil MallluH.

VY poOoTi pO3rISIHYTO OCOOIMBOCTI Mpolecy MPOTOYYBaHHS HAaBHBHUX 3arOoTOBOK. BcTaHOBIIEHO
3aKOHOMIPHOCTI IPOLIECIB PO3TOUYBaHHSI TBUHTOBHX HEXKOPCTKUX AeTajieil. OOrpyHTOBaHO OCOOIMBOCTI KOHCTPYKIIi

CULACH TEXHOAOM B MAWHHOS YAYBAHHI TA TPAHCAOPT!, 2023, Nel (20)




© R. Redko, O. Povstyanoy, R. Polinkevich, T. Chetverzhuk, O. Zaleta 2023

OcHameHHs st po3rodyBanHs ['H3 Ha OCHOBI TCOPETHYHHMX 1 €KCIICPUMEHTANBHHUX OCIHIKEHB, & TaKOX
JOIIJIBHOCTI Ta TMEPCHEKTUB BUKOPHUCTAHHS TBUHTOBUX 3aroTOBOK. HaBeneHO TeopeTHyHe y3arajJbHEHHS i
HOBE BHUPILICHHS HAYKOBO-TEXHIYHOI 3aJadyi, 10 BUSBISAETHCA B PO3POOLI i CTBOPEHHI TEXHOIOTIYHHX
nporeciB  0OpOOKM HEXOPCTKUX TBHHTOBHX 3aroTOBOK, IO JIO3BOJIMTH 3a0€3MEYUTH PO3MIMPEHHS
TEXHOJIOTIYHUX MOJXJIMBOCTEH Ta TIOKPAIICHHS TEXHIKO-eKOHOMIYHUX IIOKAa3HUKIB. 3a pe3ynbTraTaMu
PO3paxyHKiB, sIKi MPOBOAMIIN 32 JTOTIOMOTOI0 MAaKeTy MPUKJIAJHUX CTaTUCTHYHUX MPOrpaM OOpoOIeHHS Ta
aHaJTi3y pe3yJbTaTiB eKCIepUMEHTAILHUX nMociimkens g 1K, moOynoBaHi i mpoaHanmi3oBaHi 3aJICKHOCTI
MMOBEPXOHb BIATYKY HapaMeTpy ONTHMI3aIlii Ta ABOMIPHOTO IEpepi3y MOBEPXOHb BIATYKY TSI HAOYHOTO
300paXeHHS Pe3yNbTaTiB MPOBEACHUX EKCIepUMEHTATbHUX HociimkeHb. [loOymoBani 1 mpoaHami3oBaHi
3aJIeKHOCTI 3MiHM CHJIM pi3aHHS Big momaui i riauOuHm pizaHHs. Takoxx OOIpyHTOBaHI 3alieKHOCTI
napameTpy OonTuMiszalii, ToOTO 3aJ1eXHICTh CHIIM pi3aHHS BiJ 3MiHM OJHOTO BXiZHOTO ()aKTOpy 3 MOCTIHHUM
3HAYCHHAM IBOX IHmMUX (pakTopiB. Ilicims mpoBemeHHS MOCTIKEHb 3a JOIMOMOTOI0 Tporpamu Statistika
no0yJ0BaHO ABOMipHUI Mepepi3 MOBEpXHi BIATYKY 3aJ€KHOCTI CUIIM Pi3aHHs BijA mojadi i rmuOuHN pi3aHHS
Ta MOBEPXHIO BiATYKY 3aJI€XKHOCTI CHUJIM Pi3aHHs BiJ Mojadi # TIMOMHM pi3aHHS. ATPOKCHMAII0 OTPUMaHOI
eKCIIepUMEHTATBHOI JIOMaHOi1 JIiHii, sika moOy/IoBaHa 3a pe3yIbTaTaMu MPOBEICHNUX JOCIIIKEHb, IPOBOIMITH
3a BIJIOMUMH CTQHIAQPTHUMH METOJUKAMH, IPU [IbOMY BEJIMUUHY BiJXWICHHS (HEY3TrOJUKEHHS) BU3HAYAIN 32
croco0OM HaMEHIINX KBaJ[paTiB.

KarouoBi cioBa: mporec pizaHHs, Mojada, TIHOWHA pi3aHHS, XapaKTep HAaBaHTaXEHb, IPOIEC
PO3TOYyBaHHS, CTATUCTUYHUH aHai3, TOKAPHO-TBHHTOPI3HUH BepCTaT.
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