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1. Introduction

Experimental research is used for inspection, cor-
rection and verification of numerical results and at stochas-
tic modeling which describes the most realistically machin-
ing processes and systems. Technological construction and
projecting of the modern machining processes demand to
analyze all technical and technological parameters of the
process and to apply scientific methods for modeling and
defining of optimal conditions of machining processes and
systems.

The main goal of modeling and optimization of
machining process is to increase productivity, economy,
total quality of the product or partial segments (machined
surfaces, tool durability, etc.) also to decrease material
costs, energy, machining time, and machining costs per
one piece of the product.

Using theoretical analytical models it is hard to
define precisely parameters of machining processes like:
wasting tool, optimal geometric shape, deformation ap-
pearance at tool or press die, limitation level of deforma-
tion, tribologic (friction) processes, tool loading. In each of
the mentioned machining processes a lot of significant
factors and theirs interactions were applied. Therefore the
application of experiments and analysis of their results is
unchangeable in developing the new and improve existing
machining processes and systems.

The main goal of modeling is to define mathe-
matical model which is necessary in optimization, simula-

tion, revitalization and controlling of processes and sys-
tems.

Regarding that, the main aim of process and sys-
tem modeling is the construction of mathematical models.
The main aim of experimental research is to get exact, ap-
proximately correct data which will serve as relationships,
necessary for mathematical model. Mathematical model is
necessary to start optimization of process. Regarding that,
the main aim of modeling and optimization of machining
process and systems is cheaper and higher quality produc-
tion [1].

Mathematical model of deep drawing force with
double reduction of wall thickness is presented in this pa-
per.

2. Election of significant factors

For significant factors electing it is used criteria
that elected factors are not related and not depends from
outside factors. Outside factors are unelected factors which
also belong to the process of deep drawing but are not sig-
nificant for it. Significant factors values have to be appli-
cable for the measuring process. For the process of deep
drawing are elected three significant factors deformation ¢,
diameter ratio d,/d, and friction coefficient .

Variation of the factors limits are shown in Ta-
ble 1 [1 - 4]. The experiment was conducted with the varia-
tions factors of two levels. The experiment was repeated
three times for each sample.

Table 1
Significant factors of machining
EXPERIMENT LEVEL Significant factors
Deformation ¢ Diameter ratio d,/d, Friction coefficient u
Maximal 1.22 1.055 0.20
Minimal 0.95 1.017 0.10

3. Equipment for researching

In experiment planning it was decided to use three
independent changeable input values with two levels which
make eight samples. For each sample measuring was re-
peated three times which makes twenty four measuring
times.

This experiment of deep drawing process with
double reduction of wall thickness is executed on hydraulic
testing machine Amsler 300 kN (Fig. 1). Sensors for meas-
uring friction coefficient (Fig. 2) were installed [5, 6]. The
material of raw specimen is CuZn28 which before deep
drawing process was prepared by heating, washing and
lubricating.

Outer of the raw

diameter specimen s

dy=26.4 mm (Fig. 3). Force of this process is measured on
the same hydraulic testing machine.

Force measuring equipment in this machining
process are presented in Fig. 4 [6]: I - hidraulic testing
machine, 2 - signal acquisition unit, 3 - monitor for presen-
tation of data and 4 - unit for data processing.

4. Experiment results

After decision which significant factors would be
used in this process, the number of variation levels and
decision about the number of repeating for each sample,
start phase of the experiment process which are presented
Figs. 1 -4.
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a
Fig. 1 Testing equipment: a - hydraulic testing machine, b - specimen grips

Y
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normal contact
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Fig. 2 Process of deep drawing with the system for measuring of contact tensions p, and z,

dy=226.4

Fig. 3 Raw specimen

Fig. 4 Measuring system of force
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Table 2
Experiment results

N Significant factors data Results after measuring of deep Arith- Square Degree of | Varia-

TEL drawing force metic sum freedom tion
3 value

Gy _ i —\2 B

E o | did | u | FoN | Faa | o | 5 2F | 2007 s 5;
1. 0.95 1.017 | 0.10 34 33 34.2 33.7 0.83 2 0415
2. 1.22 1.017 | 0.10 46 43 452 44.7 4.83 2 2415
3. 0.95 1.055 | 0.10 28.1 27.4 27.9 27.8 0.26 2 0.13
4. 1.22 1.055 | 0.10 42.6 43.1 42.3 42.7 0.33 2 0.165
5. 0.95 1.017 | 0.20 34.8 34.8 36.1 353 1.14 2 0.57
6. 1.22 1.017 | 0.20 47.1 47.2 46.1 46.8 0.74 2 0.37
7. 0.95 1.055 | 0.20 29.5 28.1 29.8 29.2 1.66 2 0.83
8. 1.22 1.055 | 0.20 48 48 47.5 47.8 0.17 2 0.085

Changing the value of all or just some input pa-
rameters and repeating the experiment the matrix of output
result values is completed. Repeating of experiment in
same sample with the same values of significant factors
was founded three different results. Final experimental
results are given in Table 2. For further procedure it is im-
portant to find arithmetical mean value of three repeated
experiments. On these bases it is possible to finish inspec-

5. Processing of experimental results

After inspection of the homogeneity of experi-
mental results, the next step would be the calculation of
regression coefficients. Regression coefficients are calcu-
lated using the following formulas (models) [1, 7]

N
tion of homogeneity of result dispersion. b, = iz X,y,,1=1,2, .., k @)
Inspection of homogeneity of dispersion for N3
sorted level of reliability (P=0.95) has been done by
AR and
Cohran’s criteria [1, 7]
1 ¥ _
max S*? b,, :WZX;'/XW'J’/ Q)
K, = j gK[(f,,N) 1) =

N
2.5
Jj=I

where K, is value by Cohran’s criteria.

Dispersion (variation) is calculated by the next
model (2) (Table 2)

where X is the value of X, in j-th experiment presented
in Table 3, y, is measured value in j-th experiment and

N is the number of experiments (samples).

For correct structuring of mathematical model of
any process in machining it is very important to choose a
correct approximate mathematical model. If the first is not

15 Sy tit i t t all the steps fi -

S? = 3. Fj=12..8 7 correct it is necessary to repeat all the steps for new ap
Tom -1 ,Z:;‘(y’ Y ) / ) proximate model construction.

‘ In this paper the function of deep drawing force

Sfi=n;-1 (3)  correlates with the mathematical model presented in for-

where f; is degree of freedom, n; =3 is the number of

repeating for one sample
By Cohran’s criteria:
- after calculation process with the results in Table 2

K, =0.4849

- using data from Table 1 founded in reference [1] it is
obtained

K,(f,.N)=K,(238)

K, =0516

Regarding that K, =0.4849<K,=0.516, process

of getting mathematical model to be continued. Cohran’s
criteria confirms that homogeneity of experimental results
dispersion satisfy.

mula (6) where is /=3

Y=b+bX, +b,X,+bX, +b,X X, +
+b23X2X3 +b13X1X3 +b123X1X2X3 (6)

After calculation of regression coefficients results
are presented below

by =38.5, b =7,b, =—1.625,b, =1.275
by, =1.375, b, = 0.525, b,, = 0.35, by, = 0.4

The next step is testing of significances of regres-
sion coefficients. Each coefficient should be tested for im-
portance in our mathematical model of deep drawing force
(function) (6). In this calculation were use coded values.

Evaluation of significances of regression coeffi-
cients is going to be done separately one by one. Regres-
sion coefficients which are not significant should be re-
moved from the mathematical model. It is not necessary to
do value correction for significant regression coefficients.
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Table 3
Code value of process
No of Variables of physical process Code variable of process _r r —r R\
sample Vi Vi (y‘/ Y )
9 dildy U Xy X, X3
1. 0.95 1.017 0.10 -1 -1 -1 33.7 33.7 0
2. 1.22 1.017 0.10 +1 -1 -1 44.7 44.7 0
3. 0.95 1.055 0.10 -1 +1 -1 27.8 27.8 0
4. 1.22 1.055 0.10 +1 +1 -1 42.7 42.7 0
5. 0.95 1.017 0.20 -1 -1 +1 353 353 0
6. 1.22 1.017 0.20 +1 -1 +1 46.8 46.8 0
7. 0.95 1.055 0.20 -1 +1 +1 29.2 29.2 0
8. 1.22 1.055 0.20 +1 +1 +1 47.8 47.8 0
Two known criteria for the evaluation of signifi- |b3| = |1_275| >0.28183 significant
cances of regression coefficients can be used: # — Student’s .
criteria or Fisher’s criteria and correlation [1, 7] existing |b12| = |l'375| >0.28183 significant
between them || =0.525] > 0.28183 significant
F(LF)=£(f) e |b,;| =10.35) > 0.28183 significant
|b123| = |0.4| > 0.28183 significant
For the evaluation of significances of regression
coefficients of model b,, it would be used #’s criteria or where
Student’s test. tf,.¢)=1(f,,a)=1(16,0.05)=1.75 (13)

The formula for significance testing of regres-
sions coefficients b, with ¢ - criteria is

] Iblx/Nn

EcH > (1.0 ®
fori=0,1,2, ...,k or
|b,| = 4b, = oS =l S )
@) o fy @) \/ﬂ
fori=0,1,2, ...k

The variation of experimental error can be de-
scribed by the model

S == (10)
J fy
or
2
S;.— L 0,1,2,....k (11
n
where
N
f,=2(n,=1)=N(n-1) (12)
Jj=1
and f} is total number of degree of freedom, n ; is the

number of experiment repeating in j-th line of matrix,
when is the same repeating number

S, -t =0.28183, in the condition for being significant. The

coefficients which satisfy this condition |b,.| >SS, -t,are:

n:n‘/‘.

|p| =[38.5 > 0.28183 significant
|b,| =7 > 0.28183 significant
|p,| =|-1.625| > 0.28183 significant

After significance testing of regression coeffi-
cients in the mathematic model, the conclusion is that all
regression coefficients are significant. The next step is to
return original values for all regression coefficients in
model (6). After this model will have the structure pre-
sented in formula

Y =38.5+7X,-1.625X, +1.275X, +
+1.375X,X, +0.525X, X, +0.35X, X, +

+0.4X, X, X, (14)

Model Eq. (14) presents deep drawing force as the
function of significant parameters but in the code value.
Used those coded values the values of deep drawing force
are calculated. They are presented in Table 3.

6. Structuring of final mathematical model

After calculating and writing down the results of
deep drawing force, the next step is to test this mathemati-
cal model (14) for adequacy. For this purpose, Fisher’s
criteria presented below are used

F,<F, (15)

where F, is value founded in Table 3 in reference [1]
where is determinate by level of significance
p(F,>F)=a=005 or (I-a)=095, it is 95% reli-
ability. Where is

F =5 < E(f.0)=F(1,) (16)
for S3>Sj
Fa S2 —F(ﬁ fZ) t(fa’fy) (17)



forSf, >S2.

The value of dispersion of adequacy is determined
by the following model

2 in(?f—yf)z
g

18
a 7 (18)

where f, = N —k—1is the number of degree of freedom

which is related to the dispersion of adequacy.
The corresponding mathematical relation is ob-

tained using the model (16) when S} > S

SZ
F,=—=0
S,V
From this it can be concluded that the mathemati-
cal model 100 % describes finished experiment. That is

F =0<F =3

N
Zn(}f -y )2 is a part of model (19). Model (19) pre-
j=1
sents
N
Zn(}f - yf)z equals zero (Table 3). That shows coeffi-
j=1
cient of multiple regression will equals 1.

When regression model correctly describes the
process R — 1. Coefficient of multiple regression is de-
scribed by the model (19)

coefficient of multiple regression. Result of

e -ye)
(19)

As the model (14) adequately describes mean
value of deep drawing force F' in relation with significant
parameters: ¢, d\/d, and p, then the next proceeding is the
conception of final mathematical model. In order to get
mathematical model with real coefficients it is necessary to
finish decoding of the model using transformation equation
[1].

Mathematical model for deep drawing the force
where force is related with significant parameters is de-
scribed in the next model

F =213.4-30.469—213.584, /d, +3049.14 41+
+68¢(d, /d,)—3149.88¢ 11—2999.9u(d, /d, )+

+3115.69¢ u(d, / d,) (20)

The correlation between the force and parameters
can be shown graphically Fig. 5, 6 and 7. Diagrams (Fig. 5,
6 and 7) present the correlation of deep drawing force with
double reduction of wall thickness with: deformation de-
gree ¢, diameter ratio of press die d,/d, and friction coeffi-
cient p.
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Fig. 5 Theoretical correlation between deep drawings force
F, kN and deformation degree ¢

A
F, kN
9=122 9=122
©=020\ u= 0.10\
50 N \\
45 X
40
35 §8~§\
30 —
9=0.95 0=0.95] — o~
25 =02 =01
20
15
10
5
0 >
1 1.01 1.02 1.03 1.04 1.05 1.06d\/d;

Fig. 6 Theoretical correlation between deep drawing force
F, kN and diameter ratio d,/d,
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Fig. 7 Theoretical correlation between deep drawings force
F, kN and friction coefficient u



7. Conclusions

Experiments of deep drawing process with double
reduction in press die of wall thickness were performed.

The following conclusions were made:

- final mathematical model is adequate for describ-
ing the process of deep drawing what is confirmed
by Fisher’s test;

- final mathematical model is absolutely correct for
describing the process of deep drawing what is con-
firmed by multiple regression coefficient. Which is
equal 1;

- deep drawing force is in line function of independ-
ent input parameters: deformation degree ¢, diame-
ter ratio of press die d,/d, and friction coefficient x;

- final mathematical model should be used for opti-
mization of deep drawing process.

The main goal of the optimization of this mathe-
matical model is to get minimal deep drawing force with
the reduction of wall thickness with optimal input parame-
ters (factors). The importance of this force minimizing
would be multiple: from minimizing energy consumption
to decreasing of intensity of wasting on press die guides
and other pieces of press die.
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I. Karabegovi¢, E. Husak

GILIOJO ISTEMPIMO JEGOS, PERPUS
SUMAZINANCIOS SIENOS STOR[, MATEMATINIS
MODELIAVIMAS

Reziumée
Straipsnis skirtas plastinio deformavimo jégos,

susidarancios giliojo iStempimo metu ir perpus sumazinan-
¢ios sienelés storj, matematiniam modeliavimui. Matema-
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tinis modeliavimas jgalina teisingai analitikai aprasyti
deformacijos procesa. Turint analitiSkai apraSyta deforma-
cijos procesa, galima skaiCiuoti giliojo iStempimo jéga ir
optimizuoti visg deformacijos procesa bei iStempimo jéga.
Straipsnyje apraSoma planuojamo eksperimento eiga, pra-
dedant svarbiausiy parametry ivertinimu, sienelés storio
tolygumo kitimo, eksperimente naudojamos jrangos, gauty
rezultaty palyginimu su zinomais analiziniais modeliais bei
galutinio matematinio modelio giliojo iStempimo jégai
nustatyti sudarymu.

I. Karabegovi¢, E. Husak

MATHEMATICAL MODELING OF DEEP DRAWING
FORCE WITH DOUBLE REDUCTION OF WALL
THICKNESS

Summary

The main goal of this paper is to get a mathema-
tical model for the process of deep drawing force with the
reduction of wall thickness. Mathematical model should
have a correct analytic description of this deformation
process and along with that a possibility to calculative deep
drawing force and after that a possibility of optimization of
the whole deformation process and force. In this paper
experiment planning is presented, from defining significant
factors (parameters), levels of variation, equipment for
experiment performing, processing of receiving results
with known analytic models and on the end structuring
final mathematical model for deep drawing force.

I. Karabegovi¢, E. Husak

MATEMATHYECKOE MOJIEJIMPOBAHUE CHUJIbI
I''TYBOKOU PACTSIKKHU, YMEHBIIAIOIIEN
TOJIIMMHY CTEHKU B JIBA PA3A

Pes3ome

CraTbsl MOCBSIEHA MaTEeMaTHYeCKOMY MOJIENHU-
POBaHMIO CWJIBI IIACTHYECKOW JeopMaluy yMeHbIIA0-
el TOJIIMHY CTEHKH o0pasla B JiBa pa3a NpH IIyOOKOi
BBHITSDKKE. MaTeMaTH4deckoe MOJIeTMPOBAaHNE HCIIOJIb30Ba-
HO C LENBI0 aHAIUTHYECKOTO ONHMCaHUs Tpolecca aedop-
Manuu obpasna. Ilpm anamuTHdeckod OIEHKE Ipolecca
nedopManrui BO3MOXKCEH IMOJICUET CHUIBI TITyOOKOH BBITSIK-
KW, OIITHUMHU3AINH €€ M BCETO Ipoliecca BEITOKKA. OmrcaH
XOJl TUIAHMPYEMOTO SKCIIEpUMEHTa, HAuWHas C OIICHKH
OCHOBHBIX TapaMeTPOB, M3MEHEHHsS] PaBHOMEPHOCTHU IIIH-
PUHBI CTEHKH, B SKCIEPUMEHTE HCIOIB3YyEeMOro 000pyao-
BaHus. [lomydeHHbIe pe3ynbTaThl CpaBHEHBI C pe3yJsibTaTa-
MU, MOJYYCHHBIMH IPH KCIOIH30BAHUM HM3BECTHBIX aHa-
JUTHYECKUX MOJEJCH U B KOHEUHOM CUETe CO3/IaHa MaTe-
MaTHYeCKas MOJIENb JJIs OIpelNeeHUs CHIIBI TITyOOKOH
BBITSDKKH.
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