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MULTICRITERIA OPTIMIZATION OF METAL CUTTING
MACHINE'S MAIN DRIVE

A parametric optimization problem is formulated ftve metal cutting machine main
drive as a multicriteria nonlinear optimization goiem of robust dynamical system. A
mathematical model determining amplitude-frequedlgracteristics of tortional forced-
vibrations of the main drive is developed. An assest system of the vibrational stability is
presented. A procedure determining the unique Bawptimal solution by means of direct
approach and a compromising scheme based on theepbif the “utopical” point in
the criteria space and procedure for a~selection” are utilized for approximatelly
solving the formulated problem. An example whiatsicters the parametric optimization
for the main drive of CNC machine CE063 is included

INTRODUCTION

A variety of methods are employed for designing rien drives (MD) of metal
cutting machines (MCM) and they all aim at condiarc optimization in a specific
sense. Quality criteria are determined by differequirements - geometrical, kinema-
tical, strength and deformation, dynamical, techgmal, economic, etc. Generally
speaking, the selected criteria are conflictingiciwheads to the necessity for formu-
lating and solving a multicriteria design problem.

Quite often, despite the found optimal solutione tfeal construction of the
designed object functions in an environment of ax#si indeterminacies which can
destabilize its performance and worsen the qualitiechnological processes. At the
project development stage such indeterminaciestregeunpredictable variations of
some components of the unmanageable parameter vEb&y are caused by different
intervals of recommended coefficient values whidkiegaccount for the elastic-
dissipative characteristics according to the assioti conditions of the constructive
components. This effect is intensified by unwardtdionary or non-stationary distur-
bances of the model parameters by external actidreyefore, the solutions which are
to be worked out in the process of synthesizingaibject, have to show quality cha-
racteristics that are very little susceptible togpaeter disturbances.

In general, the problems of robust dynamic systeymthesis are formulated as
problems of robust dynamic model, robust phasedinates, robust quality criterion,
selection of optimal nominal of the unmanageablaipeters, etc. [8].

Conditions for structure robustness are includetthénoptimization problem in dif-
ferent ways, because of the ambiguous interpretatia assessment of the property of
robustness. In [7] robustness is achieved by vgrihie unmanageable vector compo-
nents in a planned experiment, and the conditiomdbustness of the dynamic system
Is set as a limit in the optimization problem stwe. Thus, parameter robustness is a
priori present in the optimal solution which is fal The paper presents and solves the



multicriteria parameter optimization problem foretimain drive of a metal cutting
machine as a robust dynamic system synthesis ivea §requency domain.

OPTIMIZATION MODEL
Mathematical model

The examined object is a split MD with aggregatecttire which includes a DC
motor, a two-stage gearbox and a spindle unit actedewith belt drives [1].

For steady-state operating modes with the assungfior a discrete mechanical
system with linear characteristics of the elasigsigative ties [4], MD is presented by
an adapted dynamic model (DM) (Fig. 1) for eaclekmatic chairl with parameters —
the adapted values of: mass moments of indytef concentrated masses, elasticity
coefficient k, damping coefficienth; and external influence momentd;, where
j0J:=1:n], id1:=21:(n-1)], I0L:=[1:2].

Fig. 1. Adapted model of a metal cutting machinénndaive (MD)

For the case of a dissipative mechanical systerh airmonic disturbances and
generalized coordinates, the rotation angles ottimeentrated masses, the differential
equations of motion are worked out by Lagrange tops of the second kind. The
mathematical model for determining the amplitudegtrency characteristics (AFC) of
the adapted DM is found from their solution for theuced vibrations whose
amplitudes Din a complex form are expressed by the equations

D=[(C-f?A)+ifB/]\Q, IOL. (1)

Here A, B, and G are square matrices which contain the respectremlized
adapted inertia, resistance and elastic coeffisje@Qtis a vector whose elements are
the generalized amplitudes of the external inflegrandf is the vector of harmonic
disturbance frequencies.

Parameters of the mathematical model

The elements of the matricés B, andC, are expressed by the characterisljck
andh; of the adapted DM (fig. 1), which are determinedmbiguously through the
functional dependencies

‘Jj :‘Jj (r’p)’ kl = ki (r’p)’ hi = hi (r’p’\ll)' (2)

Here r is the vector whose elements are the gemalefrarameters of the structural
elements of the main drive, worked out through theematic and strength -
deformation dimensioningy, — the vector with elements that give account for t



physical-mechanical properties of the materialsdusndy — is the vector with
elements that gives account for the dissipatiomethanical energy, depending on the
structural elements association conditions.

From the condition for keeping the prototype stnoet the calculation diameters
u={u,0r}, AO[1:4] of the belt drives, are assumed as varialdeampeters. The
parameterd;, k andh; of the adapted DM are explicit functionswpfand are presented
by familiar theoretical and empirical dependen§dgds

In specialized literature, the elements of veciorand y are usually presented
within definite intervals with recommendations farrespective choice. Most often
these are different coefficients which define khandh; characteristics. This results in
certain indeterminacies in the found AFC and tispeetive quality assessment. In the
optimization problem these values form the unmaabige parameter vector with
limited interval disturbances:={ p,y} [JA, where A is a given bounded set.

The vector of invariable parameterslp, which determine unambiguously AFC
of MD form the set of specified parametefs

The generalized load ;@ assumed of a harmonic kind, and is applied @ th
concentrated mass. Its amplitude is defined bytéihgent component of the cutting
force for a frequently used technological operatioturning of workpieces with 5%
variation of the feed rate per revolution with 4 meaotting depth and filing
0,25 mm/rev. In the problem solved here, the tahgemponent is assumed to be the
one respective to the spinning frequency of thedpiunit for the calculation chain.
The adapted induced effects at such technologieal hre with frequencl® = 22,5
Hz.

Constraints

The kinematic condition for preservation of thensibe spinning frequency is a
functional constraint of an equality type H(u) = 0.

The strength and deformation conditions for thestmrettional elements and their
joints are domain constraints, and are generabze@(u)< 0.

The requirement for preservation of the main stmadtelements of the drive,
causes interval constraintSsiu< u” to the variation of controlling parameters.

With the set constraints, the optimization model ba generalized as follows

WD, (f), u,a, p)=0, IOL,
udU:={u0E* H(u) = 0, G(uk 0, U <u<u'}, (3)
o:={ p, Y}UA, pdP, IO, fJOF,

wheref,, is a point from the frequency range.

QUALITY CRITERIA

General assessment of the MD vibration resistascgiven by the relative
differences between the MD’s proper vibratiolhsand the external disturbances
vibrationsf = [1].

¢ =015/ 0 0L, (4)



Quantity assessment
of the dynamic influen-
ce of disturbance forces
on the mechanical sys-
tem at a specific fre-
quency f& is given by
the dynamism coeffi-
cients

f, f° fE £ 4§ f, Hz

. . L. ¢34:d|/d|0, |DL,
Fig. 2. Amplitude-frequency characteristics ’ '

whered, is the amplitude of induced vibrations at freqqehE, andd, o — its static
deviation (Fig. 2).

The sensitivity of the designed structure at pataméisturbancesof..a..] of the
a-vector elements is assessed through the relatibgsantity variations forming the
characteristics (4) and (5).

@se=|d =d|/|fi"=f] IOL. (6)

The quantity of the used material is of economigpontance and is assessed
through the relation of the designed object’s nmssid the prototype’s mass,

@;=m/m, (7)

The adapted mass inertia moment is an indicatardyinamic property in transient
processes. In this problem it is assessed forenkatic chain, which provides the wide
spinning frequency sub-ranges, through its relatalee to that of the prototype

ps=J1Jp. (8)

The set criteria (4)-(8) form a vector criterion

owle ={g@}, v=[18], 9
subject to minimizing.

OPTIMIZATION PROBLEM
For the mathematical model (2) the optimizationtem is formulated

Pminu[IA (D, A= { l.IJ(D( f )’ u,a, p) = O’
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uJU, aOA, pOP, fOF}, @(u)dd, (120)

where ‘Fmin’ is a Pareto-minimizing operator [6] of all comparis of vector (u).

The solution of problem (10) are two sub-sef8:[1A of effective points
u*0dA* = {u*: u* = arg Pming, @}; M*0O M - from the corresponding t&* Pareto-
optimal pointsg* ] M* = {@*: ¢* = @(u*)}. The choice of one compromising solution
can be significantly facilitated through a well-gnaled decrease of the sub-setabf
andIT*.

CALCULATION PROCEDURE

A two-stage procedure is used to solve problem[@OAt the first stage the sub-sets
A* andIT* are builtemploying the PSI (Parameter Space ligyegtson) — method [6].

At the second stage, with the help of the so cditedcedure fou-selection” [2],
the sub-setdr [0 M* are defined and arranged according to their oadefficiency
RC{6, 5, ..., 1}. The sub-set of the highest orddg - s usually contains only one
point, which is Salukvadze-optimal solutiom®(f®) [5]. It opens the possibility for a
steady approach of the partitive criteria to th@icompromising optimal values (the
utopian poinu®).

The final compromising solutioru{, f *) can be chosen by means of a sequential
analysis of the selected Pareto-optimal sub-setsn descending order.

NUMERICAL EXPERIMENT RESULTS

An iterative variation scheme in the domain U isdigor the calculation process
[6]. It is a sounding according to the PSI-methath\20741 Sobolev test points. 4096
of them form a legitimate sub-s&t(] U. A setIl*, of 2496 Pareto-optimal solutions,
is selected in the reachable domHinthese solutions are presented by the symbol “¢”
in fig.4.The corresponding points of the legitimatd-seA\* [1 A are presented in Fig.

3 by the same symbol.

240

220

200 o
2
180
250 o
2N, s
200 1 o
T 5 — s
u, 80 Yog yag a0 1S3 16D 170 L oo 1 2 3 4
Fig. 3. A set of effective points* Fig. 4. A set of Pareto-optimal poiri&

Part of the results of the-selection g =[], j = 1, 2, 3) carried out, are
presented in Fig. 4 and in Table 1. The utopic poinn the u-space is presented by
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the symbol “ *, and the Salukvadze-optimal solution (the teshpfrom rowR = 6in
Table 1) — by 1",

The Mg = 5sub-set of the Pareto-optimal solutions from the neost efficient row,
as well as the effective points which correspondhtem are presented in fig.4 and
fig.3 by the symbol “+”. The analysis of their sbtuns makes it possible seven more
compromising versions to be outlined. Two of themshown in Table 1.

Table 1. Selected Pareto-optimal solutions

Row PointNe: uy, Uy, U, Uy f f, fa fs fs fe f; fg
- u° 0.0486| 0.0295| 3.670| 1.545| 0.0115| 0.0031|0.767|0.940
6 95: 134,182,203,207 0.0588®.0363| 4.314| 1.949| 0.0255| 0.0043| 0.965| 1.018
=5 292:137,184,207,210 0.0588.0361|4.311] 1.942| 0.0251| 0.0041| 0.995| 1.029
5
2

1727: 144,182,209,225 0.0589.0379| 4.396| 2.049| 0.0223| 0.0040| 1.057| 1.086
1640: 141,193,180,180 0.060P.0485| 4.468| 2.712| 0.0303| 0.0034| 0.767| 0.961

The number 292 point has minimal values accordmghe criteriag, v.=[1:6],
which means that the designed object will have ebettynamic characteristics
compared to the found Salukvadze-optimal solutioat with higher compromise
levels according to the critergg; and gs.

The number 1727 point ensures the lowest senyitigitAFC of DM for the two
kinematic chains with parameter disturbances -gtland g criteria.

The minimal mass is given by the parameters oftd®@d0. It belongs to thiglg - »
set and the minimal values according to criter@rare achieved at the expense of
higher compromise levels according to the otheea.
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PRINCIPAL STRAIN SEPARATION ON COATED SPECIMEN

This paper deals with principal strain separatioithastrain gages. A normal-incidence
photoelastic measurement on the PhotoStress coptimgdes the difference in principal
strains at the test point. If the sum of the piatistrains can be measured at the same
point, then the separate principal strains are ab#dle by simply adding and
subtracting the two measurements. The measurempatformed on coated specimen.

1. GENERAL INFORMATION OF THE PHOTOSTRESS METHOD

PhotoStress is a widely used full-field techniqae dccurately measuring surface
strains to determine the stresses in a part octstel during static or dynamic testing.
With the PhotoStress method, a special strain-semglastic coating is first bonded
to the test part. Then, as test or service loadsapplied to the part, the coating is
illuminated by polarized light from a reflectionlpascope. When viewed through the
polariscope, the coating displays the strains wolarful, informative pattern which
immediately reveals the overall strain distributiand pinpoints highly strain areas
(Figurel). With an optical transducer (compensatmtached to the polariscope,
quantitative stress analysis can be quickly andyeasrformed. Permanent records of
the overall strain distribution can be made by pgaphy or by video recording [3].

PhotoStress testing provides an accurate and ecoamlomeans
for stress analysis of any part or structure, rdigas of the part’s
complexity or material composition. With PhotoSsrgeu can:

* Instantly identify critical areas, highlighting agtressed and

understressed regions.

 Measure principal stress directions and principaless

magnitudes.

* Accurately measure peak stresses and determirss stoacen-

trations around holes, notches, and other potdiailale sites.
Figure 1. Full-iel . Optimizg th_e_ stress distribution for minimum weigimid maxi-
interpretation of mum reliability.
strain/stress distri Test repeatedly under varying load conditions, aithreco-
bution ating the part.
* Make stress measurements in the laboratory orarfighd —
unaffected by humidity or time.
» Detect yielding, and measure assembly and ressitesdses [7].

2. RELATIONSHIPS BETWEEN FRINGE ORDERS AND MAGNITUD ES
OF STRAIN AND STRESS

The fringe orders observed in PhotoStress coat@gs proportional to the
difference between the principal strains in thetioga(and in the surface of the test
part). This simple linear relationship is expresasdollows:

13



&-&=N—=Nf. (1)

where: g, £, = principal strains in coating\ = normal-incidence fringe orded =

wavelength of yellow light (575 nmj}, = thickness of PhotoStress coatikg,= strain-
optic coefficient of coatingf = A/2tK = fringe value of coating.

Assuming the strains in the coating precisely o those in the test-part
surface, and assuming the part is stressed betowraportional limit, Hooke’s law
can be applied as follows to determine the diffeeenf principal stresses:

(‘91_‘92) : (2)

o, -0, :1+,U

where: g,, o, = principal stresses in test paH, = elastic modulus of test material,

= Poisson’s ratio of test material.

Equations (1) and (2), which are the primary relahips used in photoelastic
coating stress analysis, give only the differeingerincipal strains and stresses, not the
individual quantities. To determine the individumagnitudes and signs of either the
principal strains or stresses generally requires, iaxial stress states, a second
measurement, such as the sum of the principahstfg].

3. PRINCIPAL STRESS SEPARATION WITH STRAIN GAGES

In addition to its unique capability as a full-fietechnique for visualizing stress
distribution, the PhotoStress method provides qtaive stress measurement at any
selected point or points on the coated surfacéeftést object. At interior locations,
removed from a free edge, the stress state is coynidaxial; and it is sometimes
necessary to determine the separate principalsseas well as their difference. This
paper describes a method of making the requiredtiaolal measurement for
determining the separate principal stresses froenpiotoelastically derived stress
difference. The procedure uses a specially desigtrath gage (stress-separator gage)
which is applied to the coating surface after tloemal-incidence reading has been
made.

The PhotoStress Separator Gage embodies a numipecitl features designed
for ease of use and optimum performance in PhaeStapplications. First in
importance, of course, is that the gage does nguinee any particular angular
orientation. It is simply bonded at the point wheseparation measurements are
desired. Separator Gauges must be used with aafipete@signed interface module in
conjunction with the Measurements Group P-3500irstrdicator. The Model 330
Interface Module is a four-channel switch-and-beéaminit with precision resistive
circuits for reducing gauge excitation voltage tanimize self-heating effects,
supplying bridge-completion for the 200-Ohm Separ&auge and attenuating the
gauge output so that the P-3500 Strain indicataseut in units of 10 microstrain.

As noted earlier, a normal-incidence photoelast@asurement on the PhotoStress
coating provides the difference in principal stgaat the test point. If the sum of the
principal strains can be measured at the same, gbemn the separate principal strains
are obtainable by simply adding and subtractingwitemeasurements [4].

14



Representing the gage output signal by the syshdbr convenience in algebraic
manipulation:

S =L252, (3)
and
£ +€,=2S,. (4)
Adding and subtracting with Equation (1),
N f
=S t— 5
€78+ (5)
N f
&, = SG —T . (6)

4. EXAMPLE OF SEPARATION ON COATED SPECIMEN

The following example is provided to illustrate tbalculating the separate prin-
cipal stresses from the combined photoelastic apdrator strain gage measurements.

Specimen of steelH= 21.10°MPa, u=03) has been coated with Type PS-1
photoelastic sheet, 3,1 mm thick. For plane sugapeemanufactured flat sheets are
cut to size and bonded directly to the test pdne Tringe valuef for the coating is
605ue/fringe. Using the Model 040 reflection polariscope, thernmal-incidence
measurement at a point of interest on the coaiiglgy/a reading 00,26fringes (N ).

The load is then removed from the specimen, andodoStress Separator Gage is
installed on the coating at the same point. Gagetation is arbitrary, since the sum
of any two perpendicular strains is equal to tha sdi the principal strains. The strain
gage is connected to a portable strain indicatoouih the Model 330 Interface
Module and the instrument is balanced to zero atdha for the no-load condition

(Fig. 2).

Fig. 2. The model 330 interface module in conjunetivith the P-3500 strain indicator and
PhotoStress separator gage

15



For example, with the multiplier switch of a P-356ét to X1, the same load is
reapplied to the specimen, after which the inditateain (Zg = 10 times the display

reading) is ¢, +&, =10ue . In this case, it is not corrected eitharor » ¢ for
reinforcement or strain-extrapolation errors. Sinstg N, f and ZE=ZSG into
Equations (7) and (8):

e+Nf 10+ 026.605
£ = 2 —= =g (7)

~T4u¢ . (8)

A _>.e-Nf 10-026.605
s 2 2

These principal strains are then substituted itte biaxial Hooke’s law to
determine the principal stresses:

5
1-u 1-03
5
0= (e, +pe) =220 (- 7410 + 038410°°)=- 11262MPa (10)
1-u -03
Conclusions

This paper describes a unique method of making réguired additional
measurement for determining the separate prinsijpasses from the photoelastically
derived stress difference. The procedure uses @atlyedesigned strain gage (stress-
separator gage) which is applied to the coatindasar after the normal-incidence
reading has been made. Practical experience wehntathod demonstrates that it
offers several advantages over oblique-incidencasorements. It is quick, easy to
use, and it completely eliminates the need for Igigleveloped photoelastic skills. In
most cases, it is also more accurate than obligcidence determinations.

Bibliography

1. Instruction Bulletin S-116-HPhotoelastic MaterialsRaleigh: Measurements Group, 1996.
2. Instruction Bulletin S-127-FPhotoStress Separator Gadealeigh: Measurements Group, 1996.

3. Tech Note TN-702-2:iIntroduction to Stress Analysis by the PhotoStrekthod Raleigh:
Measurements Group, 1996.

4. Tech Note TN-708-2:Principal Stress Separation in PhotoStress Measargm Raleigh:
Measurements Group, 1996.

5. Trebuwia, F.:Principy, postupy, pristroje v metdéde PhotoStréssSice: Typopress, 2006. 360 s.
ISBN 80-8073-670-7

6. Strain Measurment with the 040-Serie ReflectionaRetope Raleigh: Measurements Group,
1996.

7. www.vishay.com

16



ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ] NR 273
Mechanika z. 80 2010

Elena BEZVESILNAJA
Yuryj PODCHASHINSKY*

National Technical University of Ukraine “KPI”, Kie *Zhitomir State Technological
University

INCREASE OF ACCURACY OF LINEAR ACCELEROMETERS
USING OF ARTIFICIAL NEURAL NETWORK

In the article the algorithmic method of increadeaocuracy of linear accelerometers is
considered. In the gyroscopic accelerometer thdean§ideviation of a sensing element
consists of a constant and variable making. Thest@n making is proportional to
acceleration, which is considered constant on daariral of one measurement. Variable
making is determined by precessions of a sensemegit. In conditions of presence of
correlated distortion of determined and random &wer it is necessary with high
accuracy to define values of a constant makings Tioblem is solved in the article
because of method of a maximum probability. Théizateon of algorithm of identify-
cation of an angular rule of a sensing element heeaof artificial neural network
application is offered. This network contains aageline and three adaptive linear
neurons. The procedures of training and adaptatidna network provide additional
error reduction in non-stationary and unfavorablenditions. The obtained outcomes
can be used for a construction of high-precisiosigational and gravimetric systems.

INTRODUCTION

For perfecting high-precision gravimetric and nasignal systems the broad
application of algorithmic methods of processingnoéasuring signals is necessary.
Let's consider algorithmic methods of identificatiof a condition of a gyroscopic
sensing element in linear accelerometers. By arcooumt of an evaluation the
condition is identification of an angular positiamd parameters of an attitude of a
sensing element(t) = a; +ag (t). Thus amplitude useful makin; Is considered

by a constant on an interval of observation. Thplgude is proportional to linear
acceleration, which is measured. The parameterablarmakinga; (t) Motion of a

sensing element are necessary in further procedfredgorithmic processing for
compensation of errors of an evaluation of a camdiand increase accuracy of linear
accelerometers.

Variable makinga; (t) is determined by the solution of a non-linearefiétial

equation [1]

Gg +28g Gy +wssinag =0, (1)
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where w,,§; — circular frequency and decay coefficient of pemtons of a sensing
element.
In case of small oscillatiosén(a; ) =a; , and the solution of an equation (1)

has a kind [1]: ag (t)=Ag e sin(wg t+0g ), where wg = wp -5 |
A.i .0 — amplitude and initial phase of precessions ofeasing element. If
&c — 0, mathematical model of ideal trajectory of motafra sensing element

a(t)=a; +og (1), a; =const, oy (t) =0acsinwg t+agcoswg t, (2)

where a. = Ay cosp , ag=A; sing . In this case state vector of a sensing

element, which is necessary for identifying, isalqd: Z, = (a; ,a.,0¢)" .

The evaluation is executed because of data progessi from the sensor of an
angular position of a sensing element. Thus

o) =a(t)+8,(t), i=LK, t=ild,, T,=KIJ,,

| a

where a(t;) — value, which correspond of ideal trajectory obtion of a sensing
element,d,(t;) — errors of the measured trajectory of motion iemvof handicaps

which are operational on a sensing element, aradseaf the sensor of a anglk, —
guantity of references, which goes from the semdaan angle and are used for an
evaluation of a conditionl, — time of observation behind a sensing elemeént- the

interval of time between references.
Generally errorsd,(t;) measured trajectory of motion can be correlatéds |

stipulated by presence of handicaps of determinbdracter and kinematics
nonlinearities of a sensing element. For exampke pperation of a harmonic handicap
is stipulated by a non-stationary thermal mode stmsing element and influence of
periodic motions on frequency of oscillations ofstielement [2]. It is possible to
consider distribution of amplitude of an error nainproceeding from presence of a
set of the factors calling these errors. Thereibig necessary to apply a method of a
maximum probability to an evaluation of a conditmima sensing element.

IDENTIFICATION OF AN ANGULAR POSITION OF A SENSING ELEMENT

For an evaluation of a condition of a sensing el@me shall make a functional
because of of method of a maximum probability [3]:

_ 1 1l o
2= G P R )
where
F%:GZ'AEDK‘FRA (4)
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— correlation matrix of errors of the measuredettyry of motion of a sensing
element,05: — dispersion of an error of the sensor of a anigle- unit matrix by the

size K xK, R — correlation matrix of errors stipulated by are@tion of correlated

handicaps on a sensing elemeft, :(BG (tl),...,ESO((tK))T — vector of errors of the

measured trajectory of motion of a sensing element.
For simplification of further evaluations we shadiss to a log of a functional (3):

— 1 _E T -1
an(Z“)_ln((Zn)Klz(det(Rq))”zJ S8, RA,. 5)

The evaluation of a maximum probabiliﬁ{x for state vectoZ, because of (5) is
determined from an equation [3]

dInIZ)) - o1 R o -2, T))=0, (6)
dz,
where
00(Z,t) 0a(Zyt) da(Zt) ]
04, 04, 04,
AT = 0a(Z,.t,)  9a(Z,.t,) 00(Zq ty )
FER a. " 8G. |
0a(Zy,ty) 0a(Zyt,)  00(Zg.t)
| dd, o6, 7 ddg |

* * * T . .
a = (0(1 ,...,O(K) — vector of outcomes of measurement of trajecadrynotion of a

sensing elementy(Z,,T) = (o((ﬁm,tl),...,0((2a,t,<))T — vector of values of a angle of
deviation of a sensing element calculated for nmratigal model (2) because of ideal
trajectory of motion in view of an evaluatkﬁ]1 state vectorT = ¢, ,...,t,)" — vector

of instants, for which the references of the meadtrajectory of motion are obtained.

In this case
a(Z,, 1) =8; +08csin(e t)+85cos@q t), (7)
1 1 1
AT = sin(wg; 8;)  SiN(2wg; 0;) ... sin(Kwyg; ;) |- (8)
CoS(@gj 05) COSRwg; ;) ... cosKwy; 0,)
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In an equation (6) return correlation matrixes wbes of the measured trajectory
of motion are calculated according to (4) and nucady is equaled

R;:L:[Wji]’i’j:l_K- (9)

Let's calculate an evaluation of a maximum proligibr state vector of a sensing
element because of (6) with the registration @) ahd (9):

1 1 1 _Wll W12 WlK_
sin(wg 8,) SiN@ug 8;) ... sin(Kag 8,) x| 2 22T K
Cos(gj O5) COSRwg; ;) ... cos(Kawy; 0,)

[ Wk1 Wko Wik
oy -G, -G sin( 8,) —GsCcosy 3,) |
| 01 =0 —Gcsin2og 8,) - & cOSRu 3,) “o.

Loy =6 =G sin(Kwg 3,) — s cosKuwyg Jy) |
From here

K

i ZKZZW +a CZK:(S"'\GOOQ] 6a)iwjiJ+

Q>

i=1 j=1 i=1

+6,Y| cosfay 5. )lew j z[a,iw J

i=1 =1
K

a; Z[Sinﬂ%i 5a)ZWji j + &Ci[sinz(iwgi éa)ZK: w, J +

i=1 i=1

+ aSZK:[SinGQ)QI 6a) COSGQ)QI aa)ZK:Wji j :ZK: [GT Sin(i(x)c‘l 65)2}(: Wj; }

i=1 j=1 i=1 j=1
K

a; Z[cosdw@ 6a)iwjiJ+dczK:[sinGw@ d,) cosfwy 6a)iwjiJ+

i=1 i=1 J:l

Z[co§(lwc, 3, )ZW J=i(af cos{uy; 6a)ZK:Wji J

i=1 i=1 =1

or in the matrix form

7, =C,, (10)
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_i""u iWI sin{u; 05) iwg cosiC; ;)
B, = iWI sin{o; 6,) iwg sinf(iw; 8,) iwg sin{w; 9,)cosiw; d,)

iV\I COSKQ)QI 63) i\’\'{ SII‘I(Q)(;] 6a)COSK%I 63) i\’\'{ Cog(iw@i 6&)

K K K T K
ca{ZWia? Y wa; sinfog 8,) > wa; cosfug 65‘)} AEDNUE
i=1 =1

i=1 i=1

The solution of a system (10) concerning an evelnadf state vectoZA(x also is

by an outcome of identification of parameters oftioo of a sensing element in the
linear accelerometers. This solution can be obthimecause of known rules of the
solution of systems of linear algebraic equationd & by a linear function of the

rather measured values of referenaes

a“ — Bllcl + BZlCZ + BSICS a — BlZCl + BZZCZ + BSZCS a — Bl3Cl + B23("’2 + B33("’3
! det(B,) e det(B,) oS det(B,)

where B; — cofactors of elements;, matrix B,, ¢, — elements of vectdt, .

Thus, the solution of a problem of identificatioechuse of method of a maximum
probability has a kind:

K K K
o :Zai Ly i Gc :Zai Lci» Os :Zai Ls; -
i=1 i=1 i=1

In this case for definition of state vector of asiag element the constants factors
I I I ] =(n—-k+1),n are used. These factors depend on frequency of
. . . . . — 2 _ 2
oscillations of a sensing elemeat,, decay coefficient,,, frequencyoo—ono0 &

which is used in algorithm of identification, slioétime 8, between references acting
from the sensor of a angle.

al ,j* "aC,j? 'aS,j?

REALIZATION OF ALGORITHM OF IDENTIFICATION AFTER
OF ARTIFICIAL NEURAL NETWORK APPLICATION

All listed values can be certain with some errod déime means of measurements
can vary on some interests under an operation efvrious destabilizing factors
while in service. All this requires adaptation amptimum set-up of parameters in
algorithms of an evaluation. In an outcome the tawolukl error of linear
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accelerometers, stipulated by unfavorable and tetmeary conditions of
measurements decreases.

The adaptation and optimum set-up of parametemsgarithm of an evaluation
can be executed during adaptation and trainin§cati neural network. Such network
is offered to realize algorithms of an evaluatioh & condition of the linear
accelerometers. The built-in algorithms and methofdset-up of weight factors are
essential advantage artificial neural network onoaparison with usual means of
processing of the measuring information [4].

For an evaluation of state vector of a sensing efgrwe shall use artificial neural
network, which consists of delay lines and threapdige linear neurons (Fig. 1).
Training of such network and set-up it of weighttéas we shall execute because of
modifications of a method of least squares [4].

sensor of
a angle

e ————

IarS,n—k+l
M~ —— g S p— =
, Functions Output
Delay Input Weight Adders

. o of activa- of network
line of network coefficient tion

AN /
Y

Avrtifical neural network in a structure of three
adaptive linear neurons

Fig. 1. Block of diagram of an evaluation of ste¢etor of linear accelerometer
because of artificial neural network

The degree of approximation of an output signad ofetworkZ,, = (&; ,6c,0s)"

to precisiouly valueZ, = (a-l- ,ac,aS)T can be appreciated by a functional of quality

of activity of a network. For example, for the fimutput of a network this functional
J; =E[F(a, (o;,6;,€))] - min, where E[] — expectation of a loss function

F(A, )=(A, )® from an errorA,; =a; —a; network. The outcome of training is
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optimum vector of weight factors = (I;-,- wolai neprenlai ,n_kﬂ)T, which minimizes a
functional J; . This vector takes into account influence of tlestdbilizing factors

and non-stationary conditions of measurements. Vidilee € =c can be obtained
from an equation

DJO('I' (6) = E[DF(AGI (6))] =0.
Recurrent algorithm of training artificial neuradtwork:

(o) =C(q-1) - () [OF (A, (ag ,6; ,E(a-1)).c(a-1), (11)

where q=1,N — number of a step of recurrent algorithm of tragnbecause of
signala; , N,,. — duration of a procedure of training (total afps), ['(q) — matrix

of amplification, which determines speed of a pdure of training,

jad+

2 n
alaF - aglAd[ )- _Zai,r(aﬂ' = 20l 'j] =2, (O‘ﬂ' - q ) (12)
al ,n

al ,n j=n—k+1

Because of (12) and (11) is obtained:
S(a) =E(q-D +T (o) 2o, oy —diy ), (13)

Because of (13) is obtained a resultant expresioran evaluation of weight
factors of neurons in learning process:

la (@)= lo i(@-D+20, [ﬁaﬂ' - q )D/i Noxi .
E‘C’J’(q) = EC,j(q_l) +2a;, [ﬁo‘ic _dC)D/i ot .
E‘S’J’(q) = ErS,j(q_l) +20;, E(O(is _ds)wl' o .

where o || =af [&; — Euclidean norm of vector of references of a séghal on an

input of a network.
Indication of the ending of a procedure of trainisghe fulfillment of conditions

O —0; (<€, Uc —Qic (A) €y, Os — 05 (Q) S E4s, (14)

wheree; ,€,c,€,5 — allowed values of an error of an evaluationtafesvector for the

linear accelerometer (error of an output artifigi@ural network). Let's consider that
€4 =E€qc =E4s- Then for mathematical model (2) the root-mearasgwalue of an

al
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error of a signala(t), stipulated by errors (14), is equaley =¢€; /\/Z_SSGAE /3,
whereo ;. — root-mean-square value of an error of the sesfisarangle. From here

Oy =8y (<04 /3, 0c =0, (Q) S04 /3, O —Gis(q) S04 /143,

These ratios determine the ending of a proceduréramhing artificial neural
network. These ratios are also guaranteeing theallgt calculated accuracy of
assessments of state vector for the linear aceetdtry in unfavorable and non-
stationary conditions of measurements.

CONCLUSIONS

The algorithmic method of increase of accuracy iakdr accelerometers is
considered. In conditions of presence of correlatestortion of determined and
random character it is necessary with high accutacglefine values of a constant
making. This problem is solved in the article bessawf method of a maximum
probability.

The realization of algorithm of identification ohaangular rule of a sensing
element with artificial neural network applicatieoffered. This network contains a
delay line and three adaptive linear neurons. Thequures of training and adaptation
of a network provide additional error reduction non-stationary and unfavorable
conditions.

The obtained outcomes can be used for a construabd high-precision
navigational and gravimetric systems.
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COMPUTATION OF PLANE STRUCTURES
EIGENFREQUENCIES BY HYBRID FINITE ELEMENT
METHOD USING TREFFTZ FUNCTIONS

A hybrid stress method for eigenfrequencies aralysi developed using a plane
rectangular hybrid element. Complex Trefftz funwieavhich are solutions of elastostatic
problem are used. By the complementary energy tiamial equation a relationship

between the stress parameters and the nodal displants is obtained. The Lagrange’s
variational equation for the dynamic case gives expression for computation of
eigenfrequencies.

INTRODUCTION

It is known that in the free vibration finite elenteanalysis both shape functions
and element matrices depend on frequencies [S5THt is why so-called dynamic
finite elements are created [4, 2, 10]. Their eletraiffness and mass matrices are
presented in ascending powers of the natural freqyuén this case the computation of
associated matrices is complicated and eigenvalgestion becomes nonlinear one.

In the conventional displacement finite elemeng fvébration analysis the dynamic
correction terms are not taken into account in agapn of element mass and
stiffness matrices (static element matrices arkided instead). Necessary accuracy is
achieved either by mesh refinement or by increafiegpower of the approximating
polynomials.

A hybrid stress method for eigenvalue analysis ascdbed in [1], where the
element internal displacements are obtained by sepamres method.

In this study free vibrations of plane stress oanpl strain structures are
investigated by an approach, which does not take @&ecount dynamic terms, but
instead of standard polynomials Trefftz functioms ased and hybrid stress model is
chosen [9]. As in every hybrid variant of the fenielement method [9, 3, 6]
independently two fields are approximated — onthef in the interior of the element
and the other — on the element boundary. Equiklorastresses in the interior,
expressed in stress parameters are introducedratependently — displacements on
the boundary, represented in their nodal valuese $tiess parameters could be
substituted by nodal displacements on the elemerel.l This is reached by
complementary energy functional and associatedatianial Castigliano’s equation.
Taking into account the dependence between stremmmgters and nodal
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displacements in Lagrange’s variational equatiom étynamic case eigenvalue
problem is obtained.

PROBLEM FORMULATION
Variational equation of eigenvalue problem
Displacements of a structure in free vibrations/acording to

w=u (X Y, 2) sinat, (1)

where u (X, y,2) are their amplitude values. To investigate thee frvibrations
Lagrange’s variational equation for dynamic proldasmused in the form [12]:

[voe"adV +[ydw pw dVv = 0. (2)

The strainse = Dw and stressegr = E€ = EDw (D is the differential operator
matrix, E — the elasticity matrix ang — the volume density) are substituted in the
above equation. Taking into account thiat —afu sinat it is obtained

Jv(D&u) "E (Du)dV — w? [y &u TupdV = 0. (3)

Stiffness and mass matrices of hybrid Trefftz elems

The eigenvalue problem for membrane (plane streptaoe strain state) is solved.
Rectangular hybrid finite elements of voluMare used for discretization.

According to hybrid procedure stresses in the ioteof the elementv and
independently — displacements on the boundargre approximated. The stresses
inside the element are not expressed in their naalaks, but in stress parametgrs

o=ABinV. 4)
Trefftz functions, which satisfy homogeneous etpilim and compatibility

conditions, are used as shape functions in theimair In the plane case these
conditions are, respectively

D'g=0inV, (5)
A(ox+ag)=0inV, (6)
where

A = 3°10x°+0%/0y”.
By integration of the stress shape functions ipassible to obtain displacement

shape functions, which are needed for the elemeatrices. So the internal
displacements could be expressed in stress pananfketee.
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u=WginV. (7)

Element boundary displacements can be approximas#ay their nodal valueig

us=GvonS (8)
whereG is the shape functions matrix. If an element b@aupgector coincides with a
portion of external boundal§, of the region, on which the displacementsre given,
kinematical boundary conditions must be satisfied

us= T onS. (9)

In order to obtain equations for determining thgeavalues the stress parameters
must be expressed in the nodal displacement§or this purpose Castigliano’s
variational equation can be used

[ve"™8odV —Jsus'n 'dgdS= 0, (10)
deduced from the complementary energy functional

MNe(o) = 1y €' odV —[sus 'nTadS= 0, (11)
wheren is the matrix of direction cosines of the boundaormal. Since the shape
functions are Trefftz ones the volume integral banreduced to surface integral by
Gauss-Ostrogradskiy’s formula [11], i.e. the finstegral in (10) is written down as
follows

[ve"™8adV =], (Du) 'dgdV =Jsu 'n"8gdS—yu'D dodV . (12)
The last integral equals zero and the variatiogah&on (10) becomes

Jsu'n"d3gdS —Jsus'n T80 dS=0. (13)

It contains boundary integrals only. Putting in tbepressions ofg, u and us,
determined by (4), (7) and (8) into (13) it is ab&l

B IsWnTAdSB-v'|sG'nTAdSdB=0. (14)

Introducing the compliance and leverage matricespectively

C=[s(n"A) TWdS,H =[s(n"A) T GdS, (15)
it is found
LB=CHv. (16)
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In the equation (7) element rigid body displacemmeare not taken into account.
The static analysis does not require them sincg tleenot provoke appearance of
strains and stresses. In dynamics the rigid boslyl@tements influence the inertia and
it is necessary to introduce them writing downig7the form

u=WgE+W, 4 inV. a7

Using the relationship (16) the stress paramegffene excluded from (17) and it is
obtained

u=WCHv+W,B inV. (18)

Since the paramete® must be expressed in the nodal displacemerito, the
collocation method is used. The internal displaggsemust coincide with the
displacements in two nodes and thus it is obtained

B =Lv (19)
Therefore (18) becomes

u=WC Hv+W,LvinV. (20)
If for the sake of convenience, it is introduced thatrix

B=WC™H +W,L, (21)
the expression (20) can be written down so

u=BvinV. (22)

Now it is possible to derive the element stiffnessl mass matrices, substituting
the displacements from (22) into the variationalaopn (3), applied to the individual
finite element. That equation becomes

ov'[v(DB)E (DB)dV v—cfov'[yBTBpdV v=0. (23)

The first integral is reduced to surface one, apply12) and realizing that Trefftz
approximation functions are used and the rigid bdidplacement terms vanish. Thus
from the above equation the well-known form of aifgequencies problem is obtained

Kv—-w’Mv=0, (24)

whereK andM are the element stiffness and mass matrices, ctisply

K=HTC™H, (25)
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M =JyB"BpdV. (26)

Shape functions

In order to obtain the necessary element Trefftar@amation functions it is
possible to use the complex solutions of the piasticity problem [7]

2uu+) =x¢ (2 -2¢'(2)-¢(2), (27)
G tiny=¢(2+¢'(29-28"(9-¢'(2), (28)
—ity=¢' (2 +¢' (2 + 28" () +¢'(2), (29)

whereg¢ (2) andy (2) are analytic complex functions. Lame’s constanénd y can be
written in the form: Z=e/(1+0, x = (3-6 /(1 +6) and y = (3 — 46 for plane
stress and plane strain state, respectivelys the Young's modulus ané — the
Poisson's ratio.

Since the finite element is simple connected domiie two complex functions
@ (2 andy (2) can be represented by power series, i.e.

$(2) = ki_akzk W)= ki_bkzk . (30)

Using the complex coefficients in the foraq = S +ifG2 and by = Lz + 154,
substituting them into (27) —(29) and regroupirigis obtained the following
representation of the displacemeunts= [uv] and of the stressas® = [0, G, )

2027 - 127 |
2/u=Re iz(2 + k20
k1 k2 Pks Pxa — ’ 31
o= {Z[ﬁ bz Bis Bl (31)
i
K2+ 2T (k1) 2“7 |
SN) 3 S S T ) o
xy = - kz
] ik 2 |
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K2+ 2+ (k-1) 27 |
d ik[ZY - 2 = (k-1) 227
g, =R Z[ﬂk,l Bz Bra ﬁk,4] — . (33)
k=1 kzk 1
I -ik 2 |

The elements of the matrices (31)—(33) represérdfftz approximation
functions, which are used in computing the elenséiffness and mass matrices.

NUMERICAL RESULTS AND CONCLUSIONS

The membrane from the example in [4] is used to pame eigenfrequensies,
obtained in this study (HTM), in [4] (DEM), in [1{HM) and by conventional
displacement-based finite element method (FEMis # square cantilever membrane
10x10x1, vibrating in its own plane, with materanstante = 2.210'*Pa, 8= 0.3,p
= 7850 kg/m.

Table 1. Eigenfrequencies percentage error

Mesh Model i) W 0y ) s s
4x4 |FEM 3.14 1.10 571 8.31 9.35 6.97
HM [1] 2.70 0.73 4.26 5.43 7.81 2.80
HTM 2.64 0.695 3.48 4.63 6.84 1.71
DEM [4] -2.83 0.50 -3.56 -3.39 -3.34 -0.82
5x5 |FEM 2.16 0.747 3.88 5.85 6.29 4,51
HM [1] 1.86 0.497 2.95 3.74 5.13 1.88
HTM 1.79 0.479 2.40 3.19 5.00 0.5¢
DEM [4] -1.97 0.28 -2.51 -2.61 -2.38 -0.41
10x10 | FEM 0.64 0.23 1.19 2.08 1.80 1.32
HM [1] 0.56 0.16 0.99 1.47 1.45 0.72
HTM 0.52 0.15 0.79 1.32 1.36 0.35
DEM [4] -0.60 -0.64 -4.09 -1.25 0.81 -0.24

The numerical results for hybrid Trefftz, hybridin [1] and displacement-based
methods are obtained by the computer system VIMKE finite element method
application. The four-node rectangular finite eletseare used. Table 1 presents
percentage error in the first six eigenfrequencié® results, obtained for 20x20 mesh
size in [4], are used as reference values.

Figure 1 shows the convergence characteristidseofdur methods.
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Figure 1. Convergence characteristics of eigenfrqu solutions

It is seen that the hybrid Trefftz element givesenaccurate values than those of
displacement-based and hybrid element [1]. Theepteslement is better than the
dynamic element [4] for the first and third eigegjuencies. For the higher
eigenfrequencies the dynamic element [4] is mooeiiate. This is explicable because
it takes into account the dependence of elementicaatfrom eigenfrequencies and
leads to a more complicate nonlinear eigenvalubleno.
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EIGENFREQUENCIES DETERMINATION
BY HYBRID STRESS FINITE ELEMENT METHOD

An application of hybrid stress method in studytimg free vibrations of two-dimensional
continuum in plane stress or plane strain probldipdinite elements is investigated. The
basis of the method is the assumed parametric sstiiekl giving equilibrium of the
internal forces inside the element area. The dismiaents on the element boundary are
independent of the stress field and fully deterdhibg the nodal displacements. The
displacement field inside the element is independethe assumed stress field and it is
determined by parameters different than the assursttdss field parameters.
Differentiating the assumed displacement field, eavrstress field is obtained, which
parameters are set to approach the assumed sietddf the least squares method.

INTRODUCTION

In hybrid finite element method, applied for sotitechanics problems, element
characteristics are presented by several fieldg,[3]. It can be assumed displacement
or stress field in the element interior. Indepeniyeit is assumed another form of
these fields on the element boundary. Only ondnefassumed fields is expressed by
the physical degrees of freedom (nodal displacesn@nhodal forces) and all others —
by generalized parameters.

In the hybrid stress formulation of a dynamic pewh) in contrast with the static
case, not only the element boundary displacemastsi@eded, but these ones in its
interior, as the inertia forces depend from them.the displacement-based finite
element method the displacemeuntare the basic unknown quantities, from which the
strains and the stresses can be obtained readaydifferentiation. In the hybrid stress
method basic unknowns in the interior of the firstement are the stresses. Therefore
the displacements can be either introduced in appropriate mann&aarbe obtained
from the selected stresses by integration.

When a variational formulation of the problem i®dsthe functional is initially
written in all introduced parameters and then iteiguired stationary conditions to be
fulfilled. As a result a system of equations isadhéd, in which general parameters
and physical degrees of freedom are contained. Sifstem is used for elimination of
the generalized parameters.

In this contribution it is discussed an applicatiwinhybrid stress finite element
method in studying the free vibrations without giseance of plane stress or plane
strain continuum. The basis of the method is tlsemed parametric stress field giving
equilibrium of the internal forces inside the elemerea. The boundary forces
correspond to this field. The displacements onelleenent boundary are independent
of the stress field and fully determined by the adatisplacements.
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PROBLEM FORMULATION

Free vibrations of 2-D structure are investigatddis accepted [6] that the
structure is free on the surface (the portionhef whole boundary, where traction is
prescribed) and is fixed on the surfé&gthe portion of the boundary with prescribed
displacements). Small displacements are considscedll equations are linear and the
displacements, the strains and the stresses am@hiar with a circular frequency
Further the amplitude values of stresses, strawdsdisplacements are used, denoted
by o, € and u, respectively. The structure is discretized witbo tkinds of finite
elements. These one, which are on the structuredawy with prescribed traction,
further are noted as external finite elements, thedother — as internal. The external
finite elements (Fig. 1a) have a side, which isag pf the boundar,. The internal
finite elements (Fig. 1b) have no side with prdssxitraction.

Fig. 1. External (a) and internal (b) finite elertgen

It is known [6], that the eigenvalue problem of aamanical system with finite
degrees of freedom has a form

Kv=AMy, (1)

whereK andM are the stiffness and the mass matrices of thersysespectivelyy is
the nodal displacement vector, aidds an eigenvalue of the system. By the finite
element method the structure is reduced to a sysfénfinite degrees of freedom and
the matrice¥X andM are obtained.

ELEMENT MATRICES

In accordance with hybrid stress method [4] in ttidume of the individual
elementV the stresses are expressed in terms of stresn@a@rs vectof

o=Ag, (2)

whereA is a matrix, whose elements are functions of coaids.

34



On the boundary of the elemeBtdisplacements are expressed in terms of nodal
displacements by compatible interpolation functions.

us=Gu. (3)

The assumed stresses are required to satisfy theodemeous equations of
equilibrium inV

D'o=0, (4)

For internal finite element the condition (4) hashe fulfilled but for external
finite element — condition (4) and on the portigythe condition

no=T, (5)
where D is a matrix-differential operatdf,— the boundary traction vectar,— the
matrix of directional cosines of the boundary ndrma

In order to obtain the finite elemestiffness matrix the complementary energy
functional is used in the form [6]

MNe=1/2)y 0 'EodV —Jous T T us dS, (6)

whereE " is the elastic compliance matrix.
After a substitution of (2) and (3) in (6) the failooal is transformed to

Ne=12B8" [VAE™ 4 dV 8- B [susA'TN'G dSv. (7)

From the extremum conditiodl1¢ (5 = 0, i.e. the first variation of (7) with respect
to stress parametefequals zero it follows

L=CHy, (8)
where
c=[yA'EAdVv 9)

iIs the compliance matrix (positive definite, if afunctions in A are linear
independent),

H =Jsus(n'A)'G dS=Js,s A'NG dS (10)

is the leverage matrix.
If equation (8) is substituted in the deformatioegy expression it is obtained

U=12lyo'Elodv=12B8"CB=12vH'C"HVv=1/2v'K v, (11)
where
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K=H'C™ (12)
is the hybrid stress finite element stiffness mxatri

The element mass matrix can be obtained by thdikiraergy expression in the
form [6]

Ec=1/2Afyu'pudv. (13)

The displacements inside the element can be selected in a diffengminer. In
the suggested hybrid method the stressegse assumed. The obtaining of displace-
mentsu from o is connected with fulfilment of Beltrami-Michelloaditions, which
complicates the procedure, because of that itggested another way. The displace-
ments inside the element are independent of theveess stresses and they are determi-
ned by parameters different than the assumed giegameters. In general case [5]

u=La + Loas (14)
where @ are the parameters, associated with rigid bodglaitements, and; a& the
parameters, associated with displacements causiiogndations.

Differentiating the assumed displacements (14), stegsses are obtained

J = EDL,a, (15)

To approach these stresses to stresses (2) itet the functional of the least
squares

® =y (G- o) V. (16)

The extremum conditiod® (&) = 0, i.e. the first variation of (16) with respdo
& equals zero, yields

a=R7NS. (17)

By substitution of (8) in (17) it is obtained

& =RNCHv. (18)

It is necessary to express the paramedgirs (14) by the nodal displacements
For that purpose the collocation method is usephasing that displacement function

in the interior of the finite element, consideradaarigid body, has values in the nodes
1 and 2, coinciding with their displacements, i.e.

as= L, V. (19)
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The resulting displacements then become

u=Qu, (20)
where
Q=R7INCH+L,. (21)

The dependence (20) is substituted in (13) andepeession for kinetic energy
takes the form

Ex= 120V [s,Q' o QdVr=1/2AV Mv, (22)
where
M= QpQav (23)

is the mass matrix of the hybrid stress method.

Computer programs are created for calculation stdieed element matrices. The
stress functions in the matrifulfill conditions (4) and (5) for external andradition
(4) for internal finite element. In this matrix yolomials of third power for internal
and of fourth power for external finite element ased. The functions contain a suf-
ficient number of unknown parametefsaccording to the conditiom=> n —p, where
mis the number of the stress paramefgnms— the number of finite element degrees of
freedomp — the number of degrees of freedom of the elemeiat rigid body.

To compute the matrices a transformation of Caatesioordinates in normal
natural ones is done. For computation of integ&asss quadrature formulae are used.
The displacement approximation inside the elementwith polynomials of fourth
power.

NUMERICAL RESULTS AND CONCLUSION

In order to estimate the possibilities of the
suggested hybrid stress method it is investigate
the problem of eigenfrequency determination of
homogeneous membrane 10x10x1m, fixed on th
two opposite sides (Fig. 2). The described befor
external and internal elements are used.

The discretization variants with 25, 64 and
100 quadratic finite elements are investigated. It
Is used the computer system VIMKE for finite ,
element method application to obtain the first Fig 2. Homogeneous membrane
three eigenfrequencies of the membrane (Table thdybrid and displacement
methods (denoted with HM and DM, respectively).

In the graphics from Fig. 3 the changes of eigepfemcies are shown when the
mesh is refined.
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Table 1. Eigenfrequencies of the membrane

Mesh Method w w 1)
5x5 HM 621.02 623.36 703.52
DM 923.59 1641.22 1698.41
8x8 HM 858.28 965.89 969.21
DM 920.09 1638.41 1693.26
10x10 HM 882.30 1203.13 1207.65
DM 919.35 1637.73 1692.54
1000 “1 1800 “2 :
J 10— * -------------------------- E
900 B :
=
=
=
300 3
1
700
600 i ‘
mesh size NxN 8 10 S mesh size NxN 8 10
1800 ah!
1600 ¢ --------------------------- .
3 .
z
60
1000
800
600

10 Fig. 3. Membrane eigenfrequencies

mesh size NxN 8

It is followed from the results that with increagiof the finite elements number
the values of eigenfrequencies, obtained by hydiress method grow, remaining
smaller than ones, obtained by the displacemergebamethod, which have a
decreasing tendency. This confirms the known félctHat the displacement method
gives the upper bound for the eigenfrequencies.
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THE ELECTROCHEMICAL CHARACTERISTICS
OF SURFACE PRE-TREATED BY ABRASIVE BLASTING

The paper presents results of research aimed onuatian of electrochemical
characteristics of metal surfaces after mechanmatreatment by blasting. Corrosion
resistance was evaluated by materials identificatéd fixed time intervals after their
exposure in an electrolyte. Electrochemical chagsgstics of the blasted surfaces were
evaluated in 0.1 mol NaCl solution by electrochainimpedance spectroscopy (EIS).
There was used monodispersive blasting media baselifferent materials in conditions
of pneumatic blasting. The results of EIS measuné&m&ere a Nyquist diagrams from
which there was determined the polarization resiséavalues Rp on the basis of their
circular regression.

INTRODUCTION

One of the most important part of the technologymaichine production are the
processes of changes in the surface, so-calletizAtian technologies that improve
the quality and the condition of the surface. Te timalization technologies, we can
include some of the processes of material joinind aoating technology. Each of
these technologies includes specifications thagrdehe the resultant nature of the
products.

From the whole range of ways of the surface pratreat before following
application of functional as well as protective togs the abrasive blasting
technology comes to the fore. It can be used tpgreethe surface of required quality
to ensure good adhesion of applied coatings teubstrate. Blasted surface has a very
high surface activity. In real conditions, its aiy rapidly decreases by the chemical
adsorption of gases from the atmosphere and omitlaifhe consequence is a
reduction of the electrode potential of the mgtal3].

In the industrial sphere, there are several staliwkd tests for the rapid estimation
of the corrosion properties such as cyclic wetdng drying tests, tests in salt spray or
resistance to ultraviolet radiation. However, tloerasion research is determined for
continuous development due to the upcoming chadleng this field of science such
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as increasing diversification of products - theedsity of sortiment, using of new
types of materials and the application of high-tethnologies.

To determine the corrosion resistance of metalsconductive environments
electrochemical methods based on the electrochéthieary of corrosion are used.
Continuously increasing demands on the life of @sion protection of the materials
lead to the development of new electrochemical odsh which can be used to
determine protection effectiveness of the coatingsspectively other surface
treatments in a relatively short time. The modergthuds of corrosion monitoring
include "Scanning Kelvin Probe" techniques (WCL)ec&rochemical impedance
spectroscopy (EIS) and electrochemical noise mdtNi) [4-7].

The contribution presents the use of EIS in th&wation of the electrochemical
characteristics of the blasted surfaces on themdifit material basis in the corrosive

environment.

MATERIAL AND METHODS
For the experimental work the following materialsres used:

a) structural steel S235JRG2 (EN 10025A1)
b) stainless steel X8CrNiTi18-10 (EN10095)

c¢) aluminium AW-1080A (EN 573-3)
Chemical and mechanical properties of particulaestigated materials are shown in

Table 1 and 2.

Table 1 Chemical composition of used materials

o ¢ | N | P | s | M Nl si| T cd zy Fg
S235JRG2 | 0.170.007] 0.045] 0.045

X8CTNITi18-10 | 0.12 0045/ 003 | 20| 2| 11] 1| 00b
AW-1080A 0.150.03/ 0.02] 0.05] 0.15] bal

Table 2 Mechanical properties of used materials

Rm [MPa] Re [MPa]
S235JRG2 373-980 195-637
X8CrNiTi18-10 480-2240 170-1000
AW-1080A 40-60 85

The test samples were turned into cylindrical sHap#&.3 x 20 mm and then the

front areas were adjusted by common metallogramiacedures. The front areas of all
samples were blasted by following blasting medidn\grain size d= 0.4 mm:

a) Brown Corundum (AIOs),

b) Glass beads.
Pretreatment of the surface was carried out byihklasting on laboratory device
TVJP - 320 at pressure of 0.4 MPa using a necessaoynt of the blasting medium,
so that the surface was completely covered withartgof blasting media grains.
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After the blasting the surface roughness was eteduasing the roughness tester
Surftest SJ - 301, Mitutoyo, according to EN ISO8A2 Surfaces of the blasted
samples were studied on a light microscope OlynigXisl. Electrochemical characte-
ristics of the surfaces were evaluated using eleb#mical impedance spectroscopy

(EIS) on the Ilaboratory device
VoltaLab 10. The measurements
were carried out using the measuring
unit PGZ 100 and the control unit
CTV 101. Corrosive environment
consisted of 0.1 M NaCl solution.
Time of the sample’s free potential
stabilization was 5 min. and 1, 4 and
8 hours. The frequency changes
ranged from 100 kHz to 10 MHz
with the change in frequency 20
times per decade. AC \voltage
amplitude was 20 mV. The
temperature during measurement
was 22°C = 1°C. The sample during
the measurement was rotating on the
rotary electrode at the speed of 70
min®.  Circuit diagram  and
measurement principle is shown in

Fig. 1. Experimental device for potentiodynamic anHig. 1. Determination and calculation

galvanostatic tests: 1 - sample, 2 - calomel refexe of the polarization resistance Rp was
electrode, 3 - rotating electrode, 4 -platinum B -~5rried out from the measured

electrode, 5 - stand, 6 - sample holder, 7 - c@nos

bank

courses of the EIS by circular
regression from Nyquist diagrams,
which are provided for the

illustration for the material S235JRG1 in Figs.ni2l &.
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Fig. 2. EIS curves of steel S235JRG1in 1 M
NacCl solution after blasting by corundum
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Fig. 3. EIS steel curves S235JRG1 in 1 M NacCl
solution after blasting by glass beads
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Fig. 4. Equivalent circuit of the porous corrosgystem with inductive part [4]

For the analysis of the measured curves, basedan shape, the equivalent
circuit shown on figure 2 was used. It is one @& thost common cell models, when
u(t) represents AC voltage,sPresents resistance of 0.1 M NaCl solutiony C
corresponds to double layer capacitance which xst the interface between an
electrode and its surrounding electrolyte agdoR R, is charge transfer resistance or
polarization resistance. For more information oa éhements listed in the equivalent
circuit can be found if4]. The values of the parameters that charactereediticular
components in the equivalent circuit were deterchibg software analysis using the
program VoltaMaster 4.

DISCUSSION

Based on this methodology microgeometry of thetbthsurfaces was evaluated.
In Fig. 5 we can see two profilographs of the mateurface S235JRG2 after blasting
with corundum (a) and glass beads Mfjer blasting with corundum we obtained very
rough surface consisting of sharp notches, depgrahirthe shape of the used blasting
media, Fig. 6a. Blasted surface using glass beadsisted of spherical indents
according to the shape of blasting media (Fig.atn) the values of the roughness after
blasting with glass beads were lower for all eviddamaterials, see Table 3. The
values of the arithmetical mean deviation of thefifg Ra and maximum height of
profile Rz depend on the relation of the blastingdiam and blasted substrate
hardness, as well as on the technological parametéhe blasting process.

For individual types of the materials, the shap®&pquist diagrams changed, Figs.
3 and 4. Polarization resistance for this shapthefcurves equals to the semicircle
diameter in the Nyquist diagram, therefore only pnesence of insulating-layer was
recorded.

With increasing of the exposure time of sampleselectrolyte, the value of
polarization resistance Rp increased, Fig. 7. liblakted materials the higher values
of Rp were measured using brown corundum, which beayelated to the size of the
real surface area after blasting as well as thetkinenergy of incident grains of
blasting medium. The maximum value of Rp for S2353Rsteel was found in
exposure time 4 hrs. For the other two materialair(ess steel X8CrNiTil18-10,
aluminium AW-1080), the maximum Rp moves accordmghe increasing time of the
exposure of samples. With the increasing Rp vatumsion rate decreases.
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Fig. 5. Profilographs of the surfaces of S235JRt8&lsfter blasting by: a) brown corundum,
b) glass beads

Table 3 Roughness values for individual materials

Ra [pm] Rz [pm]
substrate
corundum glass beads corundum glass beadls
S235JRG2 1.44 1.04 15.64 5.85
X8CrNiTil8-10 2.31 0.61 17.42 4.44
AW-1080A 7.12 2.81 39.28 15.32

Fig. 6. Appearance of the blasted surface usirggpa)ndum, b) glass beads
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Fig. 7. Time dependence of the polarization restdaRp for the material a) S235JRG2, b)
X8CrNiTi18-10, c) AW-1080A
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Fig. 8. Time dependence of Rp for materials blagtedg: a) corundum, b) glass beads

The decrease in the polarization resistance R@aused by the diffusion of the
corrosive products into the electrolyte, which werartially protective in nature,
resulting in the creation of new surfaces and tmghér active development of the
corrosion process. Corrosive products are bettier tabadhere to the blasted surface,
and if their breaks occur, it leads to faster cg&ioo process. The increase in the total
resistance at the interface material - electrolyteaused by the increase in resistance
of the porous layer. At the same time we can olesdrg increase in resistance, which
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may be caused by the activation of more corrosiw@avells near the surface during
the corrosion process. Corrosion microcells mayubcbetween the particular
microstructural compounds with the different ndbilor between the microstructure
and more noble corrosion products.

CONCLUSIONS

The experiments were carried out to establishrifleence of blasting the surface
by various blasting media on corrosion resistariaaaterials with different properties
— structural steel S235JRG1, stainless steel X8G18t10 and aluminium AW-
1080A using EIS method — electrochemical impedasgectroscopy. Mentioned
materials were exposed in the corrosion environmdnM NaCl solution. Parameter
which characterizes the properties of the matenalhese tests is the polarization
resistance Rp.

Evaluation of surface microgeometry showed thastilg by brown corundum
created very rough surface formed by sharp notepending on the shape of the
blasting media. The surface blasted by glass beandsists of spherical impacts and
values of roughness after blasting by glass beadslf evaluated materials were
lower.

From the analysis of Nyquist diagrams and from theasured polarization
resistances it can be concluded that the highdsewa Rp was found for stainless
steel X8CrNiTil8-10, the lower value for aluminiulsW-1080 and the lowest value
were measured for structural steel S235JRG1. Tlwasealso noted shape change of
Nyquist diagrams, what suggests a change in theaaf the corrosion products layer
and a decrease in the total Rp. The decrease @ Bye to detachment of corrosion
products that are of protective character. Withi@asing the exposure time of samples
in the electrolyte the potential value increasesictv corresponds to the reduction of
surface activity. A larger decrease was noticedmaterials blasted by brown
corundum.

Experimental works have shown that the use of mdebemical impedance
spectroscopy (EIS) as a modern non-destructive addaththe possibility of new rapid
method of quantitative description of the localrosion process, progress of corrosion
processes and their management. It represents utiiee fin corrosive industrial
monitoring because it allows obtaining informatiabout the corrosion relatively
quickly, or continuously. Quick response to theemsification of corrosion is needed
for an operational action to either adjust the d@omus of its own technology and
corrosion protection so in order to reduce cormogm acceptable levels or to avoid
serious damage of the premises and accidents.
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ANALYSIS OF SPOT WELDS QUALITY OF ZINC-COATED
SHEETS AND THEIR CORROSIVE PROPERTIES

The contribution presents results of research aimedvaluation of spot welds quality
formed by resistance spot welding at zinc-coategketshjoiing processes. There were
determined electrochemical properties of materiaish help of linear voltammetry.
Change of spot weld strength was evaluated befodeadter their exposure in selected
corrosive media.

INTRODUCTION

One of the most dynamically developing industrieslaly is the automobile
industry. Significant contribution to its rapid adepment is provided by continuous
improvement of quality and performance parametémaduced vehicles. One of the
important requirements for materials used for ehaonstruction is their corrosion
resistance, which, when provided, leads to theeg®ing share of the automobile parts
with protective, especially zinc coatings. Galvaoizsheet produced by zinc electro-
lyzing or dipping shows very good resistance toasjpmeric corrosion and is therefore
suitable for outdoor using. Surface treatment blyagazing ensures good corrosion
resistance of metal chassis and allows producersffey more than 10 year life
guarantee of the chassis. However, this type dhseartreatment causes considerable
problems in the methods of joining metal chassisenvusing conventional methods
(MIG welding, resistance spot welding), but alsocamventional methods (laser
welding) leads to evaporation of protective layefrsveld due to the heat and thus to
decrease of the corrosion resistance of the asgegrabis L, 2 4, 14.

The contribution presents results of the researole@at analysis of the quality of joints
on galvanized sheets and their corrosive propeRiexective efficiency of zinc coatings for
automobile sheets was evaluated, based on therde&tion of their electrochemical
characteristics in passivated and non-passivaite, sts well as their corrosion resistance in
simulated corrosion environments.

MATERIALS AND METHODS

For experimental work following materials were used
a) ZINKOHAL 220 sample A — chemical and mechanicalgarties in Table 1 and 2,
- sheet thickness 0.70 mm:; zinc coated 140%g.m
- surface treatment: non-passivated
- use: for exterior body panels for cars — DACIAGAN - the roof
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Table 1. Chemical composition of the Zinkohal 28&eE[%] according to EN 10327/04

C|/Mn| Si| P S| V B| Mop S Sh N Cu Ti Al Te N Cr As
N [d |0 [~ [w|[o [ NN N[ Y[ NN [d oo d
o © |9 |9 |9 |s&8 © o |lo|ld4d|lw | g |lo|o|ldJd|o
S |+ |©|S&|S |S |8 S ||| ||| |S|S |o|S
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Table 2. Mechanical properties of the Zinkohal 82l [%] according to EN 10327/04

Tensile strength| Yield strength | Ultimate elongation  Normal anisotropy | Strain hardenig
Rm[MPa] Rpo2[MPa] Ago [%0] coeficient r [-] exponent n [-]

max. 288 155 43 2 0.24

b) ZINKOHAL 220 sample B - chemical and mechanmalperties in Table 3 and 4,
- sheet thickness: 0.70 mm; zinc coated 140%g.m

- use: for exterior body panels for cars — DACIAGAN — doors

- surface treatment: passivated Cr3+

Table 3 Chemical composition of the Zinkohal 228e5{%)] according to EN 10327/04

C|/Mn|Si|] P] S| V| B[ Mol Sn Sb NI Cf T zZt Al N Ch Te
N[ |[olw|g|gla|laolar|d|l]d]d]|w] o4
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Table 4 Mechanical properties of the Zinkohal 2@&®&k[%] according to EN 10327/04

Tensile strength| Yield strength | Ultimate elongationf Normal anisotropy | Strain hardenig
Rn[MPa] Rpo2[MPa] Ago [%0] coeficient r exponent n

max. 282 162 a7 2.5 0.22

Test samples of stated materials were cut accotditige norm STN EN 051 122
to size 90 x 40 mm, length of lapping was 30 mnotSpelding was carried out on
pneumatic spot-welder BPK 20 with welding electod@uCr with diameter g5 mm.
Selection of the welding parameters were basecherrécommendations of British
Standard (BS 1140) for spot welding of coated sheshile the correction of the
parameters was necessary, given the options ofifispepot-welders. Welding
parameters: contact force Fz = 2.6 kN, welding timel4 periods, welding current 85
KA. [3, 5] For the evaluation of mechanical propestof spot welds before and after
the exposure to the corrosive environments tetsdeaccording to STN 05 1122 was
realised. The tensile test of spots and full pextietn welded joints were carried out on
a test machine TIRA-test 2300, VEB TIW Rauenstéin Created joints were exposed
to an environment of 5% NaCl solution and orgaretutton Solmag. The above
environments simulated influence of the spreading&hicle operation conditions. [8,
9] For the evaluation of the corrosion processewimetric method was used. For
determination of the electrochemical charactesgstaf these materials potentio-
dynamic polarization curves for the assessmenkof &rrosion potential by Tafel, Ik
— corrosion current density and Rp - polarizatiassistance were measured.
Electrochemical characteristics of the tested samplere evaluated before exposure
to the corrosive environment and after 240, 480 &2@ hrs of exposure by Tafel and
Stern method. For potentiodynamic measurement gotamrcontrolled potentio-
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stat/galvanostat VOLTALAB 21 PGP201 (producer Rawkter Analytical, Denmark)

with software VOLTAMASTER 4 was used; a schematiagdam of apparatus in

three-electrode wiring is in Fig. 1. For the SEMalmsis electron microscope JEOL
JSM - 7000F was used.

............ g

i
—

Fig. 1. Scheme of measurement of base corrosioractesistic with linear voltammetry method: V —
voltmeter, G — ammeter, 1 — sample, 2 — SCE - a&&dircalomel electrode, 3 — Pt — auxiliary
electrode

RESULTS

Maximum power for the destruction of spot jointdse their exposure to the
corrosive environments were 10.7% higher for samplépassivated state) compared
with samples A (nonpassivated state), Fig. 2. Aftterexposure the test samples in the
corrosive environment of 5% NaCl solution, increhsarrying capacity of joints was
observed in samples B (passivated state). When @angpthe values of Fmax before
and after the exposure to the corrosive environmntenas ascertained, that for both
types of samples the spot-welds strength increé®edsamples A by 0.45%, and
samples B by 5.1%). After the exposure of the t®mihples to the corrosive
environment made up of Solmag ecological soluttagher carrying capacity of the
joints for samples B (passivated state) was fouaina

Fig. 3 presents the macrostructure of the crossesecf the welded joint. We can
observe good penetration with no signs of defeots reonpenetrations, heat affected
areas and local flashing of the Zn layer in thetacinplace of welding electrodes. Fig.
4 presents the formation of the zinc corrosion potsl on the surface of the test
samples after the corrosion tests in NaCl envirarimelt is possible to observe
produced zinc hydroxide, called white corrosion,ichhwas confirmed by EDX
analysis as well. The main factor behind the foramabf white corrosion on zinc layer
Is condensation of air moisture, respectively thpact of the electrolyte.

Due to the moisture galvanized sheet behaves Ilgadaanic cell, where zinc layer
with a lower electric potential is the anode aneektrepresents the cathode. A very
important factor in the atmospheric corrosion iygen, because the thin layers of
moisture pose as minimal barriers for its diffusioto the condensed moisture [11].
Therefore, it is not necessary for the procesefalectrochemical reaction to reach
the dew point. Therefore, already at a lower hutypidvhich is usually referred to as
the critical corrosion humidity (60%), a very thayer of electrolyte solution (0.005 to
0.15 mm) is created on a metal surface. The causieei surface roughness and the
presence of settled solid particles.
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Tensile test of weded joint

B before exposure

F max. [N]

M NaCl - after 720 hour

1 Eko - after 720 hour

A - unpassivated B - passivated

HAZ  deformation of material caused by welding

Flushed Zn layer

Fusing joint

Fig. 2. Average values of maximum strenght of Fig. 3. Macrostructure of the cross section of

A and B samples

Fig. 4. SEM of Zn layer on sample surface
after corrosion test

white corrosion
-

_~" products
-

welded joint [7]

In the environment of 5%
NacCl solution during the exposure
time 240 hrs increasing of samples
weight occurs, what is possible to
attribute to corrosion products
mainly of zinc formation. After
crossing this threshold there is a
significant weight loss of zinc
coating in chloride environments,
causing the release of corrosion
products in the electrolyte. Since it
IS an aggressive environment, the
protective efficiency of Zn signi-

ficantly reduces destruction of the coating occMybien comparing the weight losses
of A and B samples in 5% NaCl solution, the diffese is 53.66%4d;ig. 5, 6.
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Fig. 5 Weight loss of A samples exposed in

corrosion enviroments
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Fig. 6 Weight loss of B samples exposed in

corrosion enviroments

It follows that the passivated samples are morestegg to mass loss than non-
passivated in 5% NaCl solution. In environmentha €cologic solution weight losses
with time of exposure didn’t significantly changedathe weight loss of samples du-
ring the samples immersion didn’t occur. Measuretkptiodynamic polarization cur-

ves of the samples in both states (non-passivatégassivated surface) evaluated by



Tafel method are shown in Fig. 7. From the resoftshe potentiodynamic measu-
rements there were determined particular electroctad characteristics of materials.

Fig. 7. Tafel evaluation of polarisation curvesaf80-day exposition of samples in 5% solution of
NaCl — immersion tests, a - samples A (nonpassivateface), b — samples B (passivated surface)
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Fig. 8. Tafel method for determination of Jk  Fig. 9. Stern method for determinationRy

Non-passivated zinc-coated sheet (A) and passivatedcoated sheet (B) in 5%
NaCl solution after 720 hours exposure show theeseonrosion current densitieg J
i.e. passivation makes sense only in the early epludisexposure, Fig. 8. Chloride
corrosion environment operates on galvanized shssetggressive that after the first
tens of hours of exposure is not significant défeze between passivated and non-
passivated surface in zinc-coated steel sheet. M@resting phenomenon occurs
between 240 to 480 hours of exposure passivatedcoated steel in non-aggressive
environment, when corrosion products show a higharfmation resistance JRto
corrosion current flow (1.2 — 1.6 W see Fig. 9). But this passive layer is even w lo
aggressive environment after 720 hours of expogislated and predominates “run-
off” effect of Zn into the environment.

CONCLUSIONS

Welded joints made from passivated sheets showglgehicarrying capacity in
initial state. After exposure of samples in bothrasive environments there was found
higher carrying capacity of joints in the passidasamples. This increase is possible
to refer to accrued zinc corrosion products, whibespite their low adhesion to the
substrate caused an increase in the strengthr$ joi
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Microscopic analysis confirmed the formation of huguality welds, which con-
firmed the correctness of the technological paramsedf welding. It has been obser-
ved locally flashing of Zn layer in contact of welg electrodes and after exposure of
samples in corrosive environments formation of zaooecrosive products, so called
~white corrosion” occurs in consequence of condéoga of air moisture or action of
the electrolyte.

Samples immersed in ecologic solution SOLMAG redctiering corrosion tests
increasing of weight in consequence of accrued zmmrosive products, corrosion
process was running slower than in immersion in INse@ution. In this relatively
aggressive corrosive environment weight loss octuBased on potentiodynamic
electrochemical measurements both types of shdwisvesl after 720 hours of
exposure the same corrosion current densitiepassivation makes sense only in the
early phase of exposure of samples in corrosiver@mwients. On surface of passi-
vated samples were created corrosion productsanmtigh polarization resistance Rp,
which hold their favorable properties up to appnaxiely 500 hours of exposure [12].
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PROGRAM CONTROLLED AIR CUSHION ROTARY TABLE
WITH PNEUMATIC STREAM DRIVE

Design of the rotary table which uses energy of gressed air to drive necessary
movements is proposed in the article. This desigoreases reconfigurability,

performance, and should facilitate to increase uratility due to absence of rigid

kinematic connections and dry friction units. Tugniangle and stop moment are
determined by control program which algorithm ipented in the article. To maximize
efficiency of the rotary table it was necessargtiady laws of rise of the moving part of
the table, its fixation and rotation. Some reswfsresearch on time of rise, fixation,
rotation, and overall performance of the device presented in the article.

Rotary Tables (RT) are used as transportation whiggsitomatic devices. Because
of lack of reconfigurability they rarely find appdtions in a small scale production.
This is due to presence of kinematic couples iir tthesign. It is advantageous to use
energy of compressed air in the drive of theseadsvi

We proposed a new design of the RT [1] principleesce of which is depicted in
Fig. 1. This device performs a turning accordingthhe angle given by the control
program which reduces time of reconfiguration ore&v working mode.

The RT consists of the franie the rotary uni, which holds the faceplate from
the top and the turbin® and the magnetic rin§ of the contactless sensor of the
turning angled from the bottom. There are two contradirected hesz&, and6, for
forward and backward rotations in the frafnagainst turbine blades The RT works
as follows. In the initial position the clearancsvieeen the rotary uni and the frame
1 is connected to the vacuum source and compressédveing from the nozzles,
acts on the blades of the turbiBieCompressed air is then fed to the clearance legtwe
the framel and rotary uni2 which leads to the rise of the latter on the aishion.
The stream of compressed air flowing from the n@gzldrives the moving part. The
control system backtraces the position of the ngpwart with aid of the sensdrand
determines the reverse moment. At the reverse mobthemozzles, is disconnected
from the source of compressed air and oppositelgtérl nozzl®, is connected to the
source in order to accomplish smooth braking of m@ving part2. The reverse
momentt,,, is calculated in such a way that the velocityhaf moving part is close to

zero by the moment when it reaches the desirediposBy the timet;, before stop

of the moving part the clearance between the raiaiy?2 and the framé is connected
to the vacuum. The latter causes lowering anditirabf the rotary part in the current

53



position. Information on position of the moving p& constantly fed to the control
system via the sensdr The time of stof,, is determined by the control system. The

loop is then repeated. The order in which noz8leand6, are turned on determines
direction of the rotation.

. >
2
3
5
]
— &
— = 6,

Fig. 1. Scheme of program controlled rotary table

Control of the RT is done according to the alganitpresented in Fig. 2. The
program starts with input (block) of the required turning angl&g), the accuracy
(A), the delay between experimenB;(the value for angle correctiolCA) is set to
zero, the variabl®oRotate which is responsible for repetition of experingns set
to “true” (block 2). Work of the RT is started in the block The function
“RotateAnglé does turning by given angldNA+CA) and returns deviation from the
given angle. It is stored in the varial@@. Then, in the block, the comparison of the
obtained deviation GA) with the acceptable deviatiomd)( is done. If obtained
deviation CA) is more than the acceptable deviatigi the correction of the position
of the moving part is performed (blo&j according to the obtained deviatiocGA).
Return to the block is then done until deviation of the turning anigléess than the
acceptable deviation. The blogkis used to set the delay time before experiment is
repeated. The work is stopped when the variBlolRotateis set to fals€'.

The function RotateAngléreceives the angIBIA of the turning. The angle could
be positive, for a rotation in one direction, orgagve, for a rotation in another
direction. In the blocK the values of the variableg, - the current angular position of

the moving part an®A - the desired angular position, are set to zerdahé block2
the command to rise the moving part is given aner afie rise timd,s, the command
to rotate is issued. While the current anglas less than 35% of the required angle

(NA) (block3) the data on the velocity and the acceleratiod of the moving part are
collected (block4). Afterwards, in addition to mentioned actionso{X 6), the desired
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angular positionRA) at the stop moment is calculated (blagkaccording to the data
on the positionp, the velocityw, and the acceleration of the moving part. When the

RotateAngle
.y — 1

!

Input NA, A, P; CA=0 p=0; PA=0;
- DoRotate = true 2 Table rise, start rotate
no 3 ves no 3 yes
DoRotate ¢ < 0,35 NA
4 4
CA = RotateAngle(NA+CA) [ Write ¢, calculate o, ¢|
5= 5
2 no es
P TABS(CAYA PA<NA d
6 6
[ Write o, calculate o, &
CA = RotateAngle(CA) I
I [ 7 Calculate PA |

7 [ 8 '
I_ Pause(P) |_ Revler s8¢
l

no 9 yes
Cnd > p oo

10
[ Write ¢, calculate o, g
 E—

no TR < NAy o~ _yes
ABS()<0)

[ Write ¢, calculate o, ¢
[13 Calculate PA |

—_

IJ 4" Table fixatio;l; R=NA-¢ |

Fig. 2. Algorithm of control program of the rotagble

desired angleRA) equals or more to the required andgi&\) (block 5) braking of the
moving part is turned on (blod. Then, in the block8, 10, collection of data on the
velocity « and the acceleratioa of the moving part is done until the current angle
less than 60% of the required anflé&. Afterwards, in addition to the same actions
(block 12), the desired angle of the stop momdpw)(is calculated according to the
data on the positiog, the velocityw, and the acceleratiof of the moving part. This
is done (blockL1) until the desired angldd) is less than the required anghd) and
the moving part revolves in needed direction. Tiielock 14), the command of
fixation of the moving part is issued. When the mgvpart is finally stationary the
deviation R) from the given position is calculated. The flolaemh goes to the main
algorithm.
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Fig. 4. Dependence of the rise tirtjg, (a) and the fixation timég, (b) on the height of rise

As it was shown above in order for the RT to workgerly it is necessary to
determinet;se, t, andt,,, . To calculate these parameters mathematical modelks

been developed and published in [2].

Study of rise, fixation and rotation mechanismgha moving part of the RT has
been done using an experimental setup of the RJ. &i Apart from described above
elements the setup contains air distribut@&s(Freeway 4V210-08), computer
connection devicée/, control compute® (based on 2GHz AMD Sempron 3600+
CPU). As the contactless sensor of the turningeadghe sensor GCIOK.0411200
with the magnetic rin - Z161.MO06 is used.

Our study has found that the most pronounced effie¢he rise time,;s. is due to

the height of risez, Fig. 4 a. The rise time&;s. is more than 0.01 s only when the

height of risez is less than 0.033 mm. Further reduction of thghtez of rise
significantly (8-fola. by 0.07 s) increases theditp, of rise to 0.079 s at = 0.021

56



mm). Increase of the height of rigeby more than 0.04 mm leads to insignificant (by
0.007 s) reduction of the timig, of rise to 0.0022 s at the height of rize- 0.287

mm.
Dependence of the fixation tintg, on the height of rise and the massy of the

faceplate is shown in Fig. 4 b. The results are@pmated by the equation:

t, (zm) = (0.00210%- 0.011720m + 0.02172 fn(2) +

+ 0.00907(Y — 0.04978m + 0.10142

where z is the height of rise in mm. Deviation between #agerimental and
calculated data is within 14% with average deviatb4%.

Experimental study of the law of rotation of thewimgy part has demonstrated
adequacy of the proposed mathematical models. Asxample, disagreement of the
experimental and theoretical data for the timeuoh bf the moving part by 50 degrees
is no more than 5% and is always within the comfaeinterval.

It is thus reasonable to conclude that proposedhenadtical models of rise and
rotation laws of the faceplate on the air cushibthe reconfigurable rotary table with
stream drive are adequate and could be used ityjdssign and working parameters
of these devices.

Usage of calculated values for the time of rotgtiese, and fixation in the control
program allowed achieving good performance of tlwiak. In most cases the
positioning of the moving part of the device inasd2-3 iterations with step-by-step
approach to the given angle of turn. The average of turnt,, according to 150

experiments is presented in Figived. The parameter is about two times larger than
the minimal time (the time of getting given anglefiost effort), Fig. 5Min.

tiot S Av

-~

0 15 30) 45 60 ¢,grad

Fig. 5. Dependence of the tinig,; of turn on the turning angl$ (Min - minimal, Av - average)

It was experimentally found that the minimal tugniangle of the setup is 40'. The
precision of the fixation is thus +20'. The parasnas mostly limited by the time of
response of the air distributors, by the time sé tj;;, and fixationtg,, of the moving

part.
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Proposed RT is therefore characterized by highopmdnce which is comparable
with performance of other high speed models of Rfie additional advantage of a
stream drive, small acceleration and high veloewtyich is unaccessible for other
discrete turning devices, is of particular impodamvhen turning angles are large.
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THE INFLUENCE OF AMOUNT OF FILLER ON
MECHANICAL PROPERTIES FOR ELECTRO PRODUCTS

In order to favorably influence some product maotifee qualities of plastics (an
increase of mechanical properties, chemical resista etc.), or by reason of reduction in
price of finished plastic product, the fillers amdded to plastic materials. The
contribution deals with the change of mechanicalparties of selected types of plastics
with different % of glass filler. The mechanicabperties were measured by tensile test
and Charpy impact test in a standard ambient andrafegradation of materials by UV
radiance. The fracture areas of studied materiadgsernobserved on scanning microscope.

INTRODUCTION

The main cause of high interest in using plassca good understanding of their
properties. Plastics are materials with good prigeerfor universal use and are
especially affordable. Despite of advantages, pgksare changing with time,
maturing, getting older as well as living organisifisese changes are often referred to
as aging, degradation, damage or failure.

The aging of plastics can be defined as a fileh&fnaical and physical processes.
We know the natural aging and comparable alteredtivnatural aging is the aging
artificial. Artificial aging is the aging of plass in artificial conditions, in our case, as
we examine specific types of plastics used in edéethnical industry - it is exposure
to UV radiation in the chamber. In order to favdalyainfluence some properties of
plastics (an increase of mechanical propertiesmatad resistance, etc.) there are
added in fillers into the plastics.

The meaning of filling is in order to modify of mhact properties as required under
the terms of their adjustment applications and petsl This led to the development of
new polymer filled materials with fillers. The dgsa of filler must be followed
precisely because with increasing amount of pldskse, the plastic properties can be
increased, decreased or passed through a maximusnvdry important to select the
appropriate amount of filler in order to avoid usidable properties [1, 2].

In fact, there is no filler, which would be comg@it inert, because the properties
of filled material are change and depend on consddén terms. The improving of
plastic properties is accompanied by deterioraiiorother properties. Differences
between the effects of fillers are not be chemicahposition of filler and the size of
particles, shapes and surface activity [3].
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The experiment was to test the influence of UVatdn on the change of selected
the mechanical properties of plastics. From thetsps of mechanical properties of
plastics there was chosen these mechanical tastssie test, Charpy Impact test in
standard ambient and after UV exposure chamber.

MATERIAL AND TREATMENT

Three types of materials were used for the expearisneith different percentages
of filler - glass fibres. The selection of matesialas made in view of their extended
use in the manufacture of plastics products foretketrical industry.

The material used in the experiments:

 Slovamid 6 GF 30, in the experiments marked

 Slovamid 6 GF 25 FRA, in the experimentsked B,

» Makrolon 9415/ Z, in the experiments marke

Material Slovamid 6 GF 30 is chemically reinforced plastic with 30% glass
fibres. It is used for plastic products with higresgth and toughness. Material is used
in automotive, electronics, engineering and consundustries. The material can be
in natural form and in various colours. The manufeer of the material is company
Plastcom.

Material Slovamid 6 GF 25 FRAis chemically reinforced plastic with 25% glass
fibres, retarded with halogen flame retardantss Itmainly used in the electronics
industry for circuit breakers, body coils and phasgregated terminal box. The
manufacturer of the material is firm company Plastc

Material Makrolon 9415/Z is a polycarbonate moulding and extrusion typés It
chemically reinforced with 10% glass fibres andnféa retardants retarded. The
manufacturer of the material is company Bayer Malt&rcience.

The selected mechanical properties of tested nagdeare listed in Table 1.

Table 1. Mechanical properties of tested mate[ils

Material for experiments A B C
Mechanical properties Unit The Value
Tensile strength MPa 170 135 45
Modulus of elasticity MPa 8 600 10 000 3 800
Relative elongation % 3 2 10
Charpy impact test (23°C) kJ/nf 12 2 10

The test samples werproducedon the injection moulding machinlfARBURG
ALLROUNDER 320C). It was used injection mould witkplaceable mould boards.
Processing conditions during the injection mouldimgere according to the
recommendation of the producers. The evaluatiotemdile properties of plastics was
made according to EN ISO 527-1, 2 and was used|sayye 1A for testing. The test
samples were controlled scilicet after injectionuhdang and after the conditioning
time. Tensile test was carried out on tensile nreefilRA- test 2300. It was tested in
5 samples of each type of materials. The estabbsihirof Charpy Impact test was
performed according to EN 1SO 179-1. The test wasied out by Charpy hammer -
type PS V500. It was tested in 10 samples of eguh of materials. Artificial — aging
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test by fluorescent UV lamps were made in the U¥neher according to EN 1SO
4892-3, exposure time 28 days at 12 hour cyclealfdest materials. The test samples
after removal of UV chambers were conditioned adicgy to ISO 291:2008.
Subsequently, tensile test was performed and CHhanpwgct test to detect changes in

the properties of the materials after artificialirgg by UV fluorescent lamps in
accordance with the above methodology.

EXPERIMENTAL RESULTS

The graphic dependence of the measured averagesvaluensile strength of test
samples in a standard ambient and degradation igha¥hber is shown in Figure 1.
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O Standard ambient @ Degradation of material after UV radiance

Fig. 1. Comparisons of tensile strength of testatenmals

The graphic dependence of the measured averagesvaiittlative elongatiorof
test samples in a standantbientand degradation in UV chamber in Fig. 2.
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Fig. 2. Comparisons of relative elongation of tdsteterials

The fracture areas of test samples after tensdewere observed on scanning
electron microscope JEOL JSM - 7000F, Japan -JFig.Fig. 6.
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Fig. 5.The fracture area material B Fig. 6. The fracture glass filler - material B
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Fig. 7. Comparisons of Charpy Impact test of testatkrials

62



In Fig. 3 to Fig. 5 are presented fracture surfaddested materials. It can be seen
that there is also a breaking of glass fibres.

Fig. 6 shows fracture in the glass fibres of matdsi. In addition to structure of
fibres, peeling of another layers can be used. §lfibses are covered with layers for
better wettability.

Graphic dependence of the average measured vatuasGharpy Impact test of
test samples in the standard ambient but also titedegradation in the UV exposure
chamber shown in Fig. 7. The all of test sampleseve®mplete broken. In Fig. 8 to
Fig. 10 is the fracture surface of tested materad in Fig. 11 is detail fracture of
glass fibres- material B.

\(
i o 1
SEI 150k X250 100pm WD 9.9mm

o

5 GV 8 . o _
SEIl 15.0kv  X1,000 10um WD 10.5mm SEIl 15.0kv  X3,700 1um_ WD 10.5mm

Fig. 10. The fracture area- material B Fig. 11. The fracture glass filler - material B

DISCUSSION

On the basis of the experimental results of medadtésts the following

conclusions could be formulated:

« The highest value of tensile strength (162 MPa) massured for the material
Slovamid 6 GF 30 after UV exposure chamber. We siate that artificial
aging in the UV chamber had not influence on thee/ay, of tested materials
- Fig. 1.
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* The highest value of relativelongationwas measured formaterial Makrolon
scilicet 37% in the standard ambient, and 34% afwgradation in the UV
exposure chamber. The measured values correspond to thivem gn the
material sheets of tested materials. We can dtateattificial aging in the UV
chamber had not influence on the vatyeof tested materials — Fig. 2.

* The values of Charpy impact test of the aging ef ttv chamber for each test
materials increased by only small amount (1-2 kJ3ndn material Slovamid
6 GF 25 was obtained the value Charpy impact tgsta2 kJ.mof, which is
consistent with the letter of materials. This vaisieesults from Fig. 10 of the
scanning microscope, the structure of the matesipecially matrix) is
different from the others tested materials. The suead values correspond to
those given in the material sheets of tested nas$eand artificial aging in the
UV chamber had not influence on the valyg of tested materials.

Mechanical properties of composites depend on nmarameters, from which
most important properties are the matrix and reggment, the type or length of filler
reinforcement, the volume fraction and arrangenoémeinforcement and consistency
of the surface of the matrix. Filler composites a& show a preferential orientation.
The holder of the strength of the reinforcing fillevhich is anchored in the matrix
only the force of friction.

CONCLUSION

Obtained knowledge in this paper are only partthefgeneral problem of testing
the technical plasticSelected made testiesire for deeper investigation of the issue of
changing the structure of plastic material and &mppnt other tests in technological
applications plastic parts of the investigated mal® in practice for electrotechnical
industry.
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EVALUATION OF COEFFICIENT OF FRICTION OF
UNCOATED AND TIN COATED TOOLS IN DEEP DRAWING

The present investigation was set up to examinie jpctdicted and experimental values
of forces, power and friction in drawing cups frdaow carbon steel blanks using the
same die set but in different uncoated and TiNembabnditions. The results showed a
good agreement between predicted and experimentabs. In addition, the findings
demonstrated that the TiN coated tools reducedfiibBon at a tool — blank — die —
interface (by about 5%), which in turn reduced tbeces (by about 7%) and improved
the final product quality, when compared to thefpenance of uncoated tools.

INTRODUCTION

Drawing is a metal forming operation successfulpimoduction of cylindrical
hollow cups from blanks. It involves a circulaabk that is formed, simultaneously,
over a punch and a die profile radius by stretcland drawing [1]. A stress ring is
used to apply some pressure to the blank in omerévent it from wrinkling and
buckling. This requires an extra attention to dlett is because if the pressure is too
high the reductions in blank thickness are excesand the material may tear. When
insufficient pressure is applied, the material enthe die cavity too fast. It is not
stretched enough and when it reaches the die c#wife is not enough clearance
between the punch and the die. Because of tlightbkness of material is reduced by
ironing when dragging it against the side of the ds component travels in the
direction of the punch. As a result the drawingcés increase, the component quality
is poor, and the die life is reduced due to scragzhmicro-welding and localised
heating effects at the die cavity — work piece malte- and punch interfaces. In
seeking improved deep drawing performance, reseescAnd manufacturers have
made significant advances through the modificataindie-punch geometry and
advanced coatings. The selection of compromisengéaal features for die-sets and
punches has resulted in setting up the limits éor#dii of punch corners, radii of die
entries, depth of draw and reductions in blank dims achievable, if tearing of the
material is to be avoided [2, 3]. With respectoatings previous empirical studies on
metal drawing [1] and metal forming [4] have shotkat TiN coated forming tools
were more efficient than uncoated tools [1] anddhehirome plated tools [4]. Audy
[5] studied the influence of hard coatings on thefgrmance of industrial tools
employed in practical machining and forming opemdi His work suggested that the
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hardness and chemical stability of coatings havenbidentified among the most
desirable properties, since this would lead to ceduool wear and increased tool life.
With respect to metal forming operations, the Tibdated tools were reported [4] to
provide about 70% tool life increase for about 14%st increase compared to
uncoated tools. Most recently market offers adargriety of single and multi-layer
surface coatings, each claiming to significantlprove the technological performance
measures such as increased tool-life, and redumegd and power. Much of the
reported information appears to be descriptive gulitative, leaving the many ‘hard
decisions’ to the users and customers. Furtherareb aimed at providing reliable
quantitative evidence of improvements in formingfpenance for each and every
coating available in the market is clearly requif&ld

Consequently, this study involved investigationsefficiency of TiN coated tools
in deep drawing cylindrical cups from steel blankslooked at predicted and expe-
rimentally measured technological performance messsuch as forces, power and
press work. Uncoated die-set and punch were aistuded in the study for
comparison.

EXPERIMENTAL DETAILS

A type Ruwolt - 50 tonnes — hydraulic press was leggal to carry out the
experimental investigations. It was equipped wittie-tool set specially designed for
deep drawing operations. Relevant drawing tooBeg up showing the position of
tools and work piece blank materials including pigoaphs of the actual stress ring
and the die are shown in Figure 1.

DEEP DRAWING
STANDARD STOP 20 mm

STRESS RING [ PUNCH DDR 1
STOCK # 60 x 1 mun THICK

STRESS RING

140

DIEDDR 1

PRESSURE PAD |
Ty A
(a) (b)
Figure 1. The experimental cup forming set-up shgwa) the actual position of drawing tools and
blank material, (b) the stress ring — blank holded (c) the die

The deep drawing experimental set up (i.e. theah@&xperimental arrangement)
for the force, power and work tests is shown iruFég2. The press was equipped with
a load cell for force measurements and a lineatagel displacement transducer
(LVDT) for stroke measurements. A computer wasluserecord and plot the out put
data. The intended blank diameter, D, and the&migss, t, values were 60 mm and 1
mm, respectively. The actual value of the blardnabter was 59.9®.005 mm. The
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relevant values of actual experimental die sebl ggometrical features are shown in
Table 1.

PUNCH

|- hppax

I:. D' i
PRDDU‘-

Figure 2. General experimental arrangements forf@uping tests showing the die-set with tools;
drawing punch and drawn product; including bothhteank and the drawn product with their key
dimensional features

Table 1 Geometrical data of tools employed in thepddrawing experiments

Punch
diameter [mm]

Punch
corner radius
[mm]

Mid-
corner radius
[mm]

Die entry
radius [mm]

Angle of radial stress
at die entryq, [°]

32.88

5

5.5

3

90

The tools were tested firstly in uncoated cond#icand then in TiN coated
conditions. The coating was deposited by a physiepour cathodic arc system.
With reference to source [1] the base pressurbencbating chamber was 5x10-3Pa;
the tool substrate material was argon ion etchedpméssure of 5Pa and a bias voltage
of -1kV; the metal ion etching was conducted atias lvoltage of -800V; the actual
TiN was deposited as a single layer (up to a theskrof ~jum) using a substrate bias
voltage of -100 V and a chamber pressure of 5xP@:1
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EXPERIMENTAL RESULTS

Prior conducting the actual experimental test is wlacided to calculate (predict)
the height of the cup, and drawing forces, thetifnt coefficient and degree of

performance.
Estimated applied force [7, 9, 10]:
Fiox = (F o + T+ T, + Fo )exp@.f 12) = (F, . + 2.F.F, + F, ).exp(r.f /2)

where Fnax represents a component of the drawing force reduior deforming the
blank i.e. the deformation resistance of the blardterial. The symbols;Tand T
represent friction forces between the blank, tlaaklholder and the die. Thg iB the
friction force at the die radius, while, F the bending forcey - the angle (for radial
stress) at the die entry,= 9C°, Ky - blank holder force, f — coefficient of friction.

Degree of performancerz.

To evaluate the influence of the change in the atemband coated tools properties
of the die contact surfaces on technological charestics of deep drawing process it
Is essential to determine the degree of perforem@2ic

tunc (2)

where: 7). is performance of coated todf, — drawing force of coated todk;,,. —
drawing force uncoated tool.

Coefficient friction:

Consequently, the maximum drawing force can be utated using (1) for
uncoated tool [7, 9, 10]:

I:tun = (Fld max + 2 func'FN + Fo)'(1+ 1'16func) (3)
and for coated tool
Fo = (Fy o +2.F..Fy +F )1+ 116f) (4)

The friction coefficients of the actual frictionrfees T, and T, are responsible for
about 10% of the total drawing force (we assumbdt 2.f.Fy [ 2.f, Fn. After the
substition and adjustment of formula (2) we wil/ba

_ k. _ Exp(mrf,/2)
,7C Ftunc EX“” func /2) (5)
and
func-IN@7,.) = 1, (6)
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The values of friction coefficients, £ = 0.095 for uncoated tool for materials DC
04 [11].

The experimental outputs recorded the press staokkeforce for each produced
cup, see an example shown in Figure 5.

35
= UNCOETED TOOLS
= 30 %
€ 55 ///T-EEEATED TOOLS\\
2 / S
/ )
15
v
10 4/
5

0 25 50 75 100 125 150 175 200 225
Stroke [mm)

Figure. 5 An example of experimental load/strokepuis showing ‘qualitative’ comparison for forces
and work generated by the same tool set emplogdahth uncoated and TiN coated conditions

The press work was calculated as the area undefrotice-stroke curve. In
addition, the as produced cups were measured &r dodquantify the changes in the
work material thickness and the cup height, and thefaces were visually inspected
for scratches and defects. These experiments egr@ucted by Audy at Melbourne
University.

From Figure 5 it is evident that the die set andlsteemployed in these deep
drawing tests produced qualitatively similar patten both uncoated and coated
conditions. However, from the quantitative poihvew, the uncoated tools produced
greater forces, and hence greater press work kigacoated tools. The mean values of
forces and press work for 15 measurements weriststally different at 95% and
higher confidence level (C.L.) for both the uncoased coated tools. The same was
found for the variances — they were different é096.L and greater for the uncoated
tools. This allowed to use the grand mean valaeg/@iantifying the overall benefit of
coated tools against uncoated tools.

The following experiments were conducted indepetigdny Evin at Technical
University in Kosice city in Slovakia [8]. Figu& shows the outputs from extensive
computer simulations for uncoated and coated twigloyed in drawing a Type 1010
(DC1) steel blanks.

Comparisonof computer assisted predictions in Figure 6 veixiperimental trends
in Figure 5 showed strong similarities in patteeritls, and a reasonable good
agreement from qualitative and quantitative poihtview. This agreement was for
force-stroke displacement at different stroke leaganging from O mm to 12 mm. At
strokes greater that 12 mm the differences betveagerimental trends and simula-
tions became more distinctive. It is because @ eékperimental tests the drawing
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clearance was similar to the blank thickness. Tdassed increasing of the cup
thickness at the top of the product, and reducisgwall thickness during deep
drawing. Consequently, the range / duration of imar drawing force (of ~30 kN

‘on average’), see Figure 5, was quite long i.ethat stroke lengths ranging from
~10 mm to ~17 mm. In contrast, when looking at Feg®é (simulations) this

range/duration of maximum drawing force was mucbrtghn i.e. occurring at strokes
ranging from ~10 mm to ~12 mm. This happened b&zau simulations the drawing
clearance was 1.2 times greater than the blankrtegs. Because of this no wall
thickness reduction was involved and the value$oofes, friction and power were
slightly lower than those obtained from experimepts drawing caps by wall

reduction.

Table 2. Comparison of experimental data for urexband coated tools, predicted values, and diffe-
rences between measures produced by the coatethandted tools. After Audy et al [1]

Feature

Uncoated tools (U7

)

Coated Tools
(CT)

CT versus UT
Difference [%]

Cup Height [mm] 20.1 19.8 -1.5
Force [kN] 32.18:0.94 30.20.65 -6.2
Performance 1 0.941 -
Coefficient friction 0.095 0.894 -

30

T

N}
o

Punch force [kN]
&
N

N
P

d ™

0 2 4 6 8 10 12 14 16 18 20 22 24
Stroke [mm]

Material DC 04, coefficient friction f=0,085; uncoated tools

e \aterial DC 04, coefficient friction f=0,08; coated tools

Figure 6. Predicted load/stroke outputs for unabatred TiN coated tools employed in drawing a Type
1010 steel blank

Referring to data in Table 2 it is evident that ttuated tools reduced the press
force and press work by about 6.2 and 7.4 peraespectively. Comparison of
predicted data with experimental data indicateceasonable good comparison for
forces and cup height. Empirical rules for pradgtpress work provided only rough
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approximation. Visual observations of cup surfacedicated more scratches and
surface defects hence occurrence of some ironidgawing with uncoated tools.

It needs to be noted that the drawing force hdetmwer than the maximum force
(or ultimate tensile strength) of blank materidhe use of TiN coated tools was found
to reduce the friction coefficient by about 4% whionproved material flow and
reduced drawing work, forces and power neededawithg cups from a Type DC 04
steel material. Similar improvements are expedatedrawing products from eg CrNi
— austenitic steel used in automotive industry.

CONCLUSIONS

The experimental deep drawing tests conductedanptiesent study have shown
that that the pattern of forces versus stroke predwby the uncoated and the coated
tools showed qualitative agreement and quantitadifierences at 95% and higher
confidence level. The coated tools reduced theefdrg 6.2%, work by 7.4%, and
improved the friction coefficient by ~5%. The ch@ight values were very similar i.e.
20.1 for the uncoated tools and 19.8 for the coabets with main differences in
earring (wavy pattern around the top of the cum) seratches due to ironing close to
the earring which were greater for tool sets inaated conditions than in coated
conditions. Predictions were reasonable gooddarels and cup height values, not so
good for work values. In addition it appears ttiare is a need to establish more
reliable predictive equations for coated tools.
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THE LATEST ACTUAL TRENDS IN PROCESS OF DESIGN
AND PRODUCTION IN AUTOMOTIVE INDUSTRY

Time of innovation cycle in automotive industryb&ing reduced thanks to increasing
market competition. It is possible to follow thiend first of all by means of CA-
applications in the design and production phasepadduct life cycle. Regarding to
systematic shortening of design process and matwiag, the main accent is put on
application of CAD/CAM technologies for serial pumtion of shaped-complicated parts.
The aim of this paper is to show some aspectstabbtrends in process of design and
production in automotive industry.

CURRENT REQUIREMENTS FOR DESIGN AND PRODUCTION OF SHAPES

Intensive improvement of the consumer and autoraciidustry puts more and
more demands on technologies of plastic mater@igssing and forming.

Design, analysis and production of parts and compt@nis in these industry
branches inconceivable without using CA technolegied CA approaches connected
with them for design and production.

Current requirements on design and production apeh in the automotive and
consumer industry result from the way of shapegiesind its next production. An
automobile is composed of many components: supppdkeleton consists of shape
profiled sheets. External shapes are from shegqttastic materials (Fig. 1). Interior is
mainly from plastic materials or textile fabrics bging which hard foams are covered
with. Every part has its own tool by using whichpi®duced. Tools production for
serial production of shape parts is related withfdct.

Fig. 1. Plastic and metallic external componemisao body, plastic mouldings of interior
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Final shape production in technologies of injectimoulding and sheet-metal
pressing is made by using a tool that is callecdbranf Form active parts contain
information of product shape that is produced thigr help [1].

DESIGN AND PRODUCTION: IN THE PAST AND TODAY
Comparison of shape solution for front-end car seain

Shape design for mentioned car part was quite icesdr by possibility of
production of individual components not long agceadlights were mainly with
circular diameter 160 or 130 mm. Skoda 105/120thadsame headlights as e.g. Lada
1200/1500. Similarly it was also in the West of continent. Alfa Romeo, VW, Fiat,
Ford and Simca had also circular headlights. Bumpesre mostly chromium-plated
molded panels. One of components the most diffeeenbng various automobile
marks was shape of direction indicators that wleeentolded plastic parts [2].

Fig. 2. Comparison for shapes of car bodies [2]

Designers at past times were able to model otheous shapes for bumpers,
headlights or direction indicators but technologéshe past times did not allow their
mass production.

In the past

Complicated shapes were produced on the basieah#nually produced models
from wood or modelling material. Off-print of theoatel again into the modelling
material the model negative was created. Accortbriggwas created by using profiler
the form cavity.

Model shape acquirement — a clay model

Shape designers in the automotive industry mateegiltheir primary ideas by
using paper and a pencil into the sketch whichesgmted individual views on shape
of designed car body. Materialization of the idatoithe 3D model was made by
modelling clay according to the sketches. Thereewsreated the shape designs and
models in scaling factor 1:10 in initial phase after shape adjustment in scaling
factor 1:5 or 1:1 [5] (Fig. 3). In the end the aata model from clay and laminates
was produced in its real size, so called ,mastedatipwhich served as the unique car
body reference (Fig. 3).
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Fig. 3. Model 1:5 and ,Master model“ intended $bape scan for tools production [5]

The approach for shape design was described bysmlified scheme. In fact
many activities were several times repeated [6].

Copying — by profiler

Demonstration of copying of shape for part of digsusing a laminate model is
shown in Fig. 4.

Fig. 4. Copying of shape by profiler for dies tsing a laminate model [6]

) Negativ m
Master model —— : g2 Pl ) Mould
Seale 1-1 impression o Copying by . tools for
. el profiler : production
il components
Positive

impression

Fig. 5. Classical design process based on clayemod

The whole process (Fig. 5) could be shortly desctias follow: Model shape was
created by using modelling approaches on clayramates basis. There were scanned
shapes from completed model in scaling factor hé.Shapes served for negative
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shape production by using profiler or the clay moaas laminated or moulded into
the cavity off-print. The model was then used fovduction of the form insertion by
profiler. By the classical approach a profiler wased as a tool for shape
transformation from laminate model as a pattero the active tool part — the form
produced from tool steel. Profilers were usedliierpurpose.

Today

By using CA approaches for design and productienbibom was made in design
of mentioned car parts. (Fig. 2). CA technologiesnyy as well as progressive
technologies for material processing connected thiém allow to mass production of
shapes that have not been able to snag nor pragudassical manner.

The clay model production for negative shape adipnslosses its meaning at
present. The model negative is obtained directlyfCHD system by using simply
Boolean operation of subtraction. If the problensmggging of cavity shape but it is
possible to snag the positive shape then the appré@ model production is as
“electrode”. Shape cavity of the form is then reatby electro erosion machining.

Simply said from shapes designed in CAD system withport of NC modules
CAM system data for NC machines can be generatéet mMachines are able
according the data to produce desired shape o$ jrad tools for their production
(tools for sheet-metal pressing, forms for plasti@terials injection moulding, and so
on).

Also thanks to this fact progress in car shape exfag various automobile marks
was reached. Headlights and direction indicatoes taday contour and create one
complete whole in connection with splash-board lauahper [2].

Shape acquisition for virtual model and copying CA/CAM-CNC

Product shape can be obtained by:

Creation of computer virtual model (Fig. 6) in gnagal environment of CAD
systemby using approaches of surface or volume modelkngodel is created either
directly by CA skilled designer or by CAD expert (a@odeller) on the ground of
sketches and idea designs of a designer. A modelested in an environment of
surface modeller from basic elements in 2D. On gdotlhe elements are then created
3D shape surfaces. The result is the surface nuddieé shape.

[3]CATIA V5 - [NARDO.CATProduct] &)X
Insert  Tooks  Window  Hel e

@y BB & |

w B

¥y
3

Fig. 6. Virtual automobile model and sceneriesadrgcontrol created in SW CATIA [9]
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On the ground of virtual (CAD) model there are gated CNC data by using
system CAM modules (Fig. 7). The data are desonptif model surface position data
on which atool has to go through for snagging réesishape. It is not a case of
mechanical, electro mechanical or hydraulic systefr@ofilers which transfer shape
from template into the form shape. There are thdenmo CNC milling centres which
on the ground of digital data created on CAD moaoiasis with support of CAM
module will snag desired shape. The template depats mentioned CAD model on
which ,surface” the tool of CNC machine is led.

Demonstration of snagging on the ground of virtoeddel is shown in Fig. 8
and 9.

Physical model,

CAM — NC manufacturing real component

{(virtual model copying) or mould tools
for production

components

CAD model [——

Fig. 7. Scheme of manufacturing process based dWCAM

Reverse Engineering

By scanning of points position data for the claydelo(Fig. 8) are obtained by
using three-dimensional digitizing machine - scanii@e first step in model transfer
from real into the digital environment is its détaieasure. For needs of ,reverse
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engineering” (Fig. 12) it is used at present thegiple of contact-less scanning by
optical or laser 3D scanners. The result of measen¢ is high number of points
with X, Y, Z measures — it means ,a cloud of pdir{tsg. 11) usually exported with
triangular net in data format STL for the next mesing. The measured STL model is
in the follow phase transformed into the CAD suefatata. The digital model is
always a compromise among surface smoothness,tideviaom measured data and
speed of their creating [4].

Fig. 11. ,Cloud of points" with s triangular netcahemoothed surface model in ICEM Surf [7]

CAD model '—— Digitizing —— Clay model

u Physical model,

_ ; real component
CAM — NC manufacturing —— or mould tools

for production
components

Fig. 12. Scheme of reverse engineering process
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Fig. 14. Virtual tuning in Image&Shape CATIA V5 (Bert BOSLAI — student of 3rd year)
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An example of the software Image&Shape CATIA V5ngsifor digitizing of
shapes is shown in Fig. 13. Fig. 14 shows possdsliof Image&Shape module of
CATIA V5 software in the area of virtual tunning.

CONCLUSION

In connection with start in business of concerke Wolkswagen, PSA and KIA in
Slovakia requests for competent technical staffeeepced with CA.. technologies
will always increase. Our university has the triaditin teaching the systems on basis
of software CATIA and Pro/ENGINEER. Many of our duates were successfully
practiced in the automotive industry in Czech Réipudnd Germany thanks to CA..
approaches handling of design and production.

REFERENCES

1. Fabian M. Analyza vplyvu vyrobnycinite/ov na kvalitu povrchu a tvaréinnychcasti lisovacich
nastrojov Pisomna praca k dizetteej skuske, KoSice 2004

2. Fabian M.Znalog’ CAM-nutnos? Nie. Nevyhnutnek In: itCAD 6/2003, Brno 2003, s. 40-42,
ISSN 0862-996X

3. Fabian M.:CAD/CAM v procese pripravy odbornikov pre autonmtyil priemyselIn: itCAD
4/2005, Brno 2005, s. 32,34, ISSN 0862-996X

4. Hendrych T.Reverse engineering v automobilovom priemyisieitCAD 6/2004, Brno 2004, p.
28, ISSN 0862-996X

5. Twek J.:Kupé UVMV 1100GT — Elegan z Vyan. In: automobil revue 8/2000 Unipress Praha, s.
39. ISSN 1211-9555

6. Likat O., Sedlak |.Vyroba automobil a technicky pokrakin: automobil 5/1977 SNTL Praha, p.
23.

7. Waterman P3D Data at Work , Desktop Engineerifgugust 2004, [cited 09.11.2005], accesible
on WWW <http://www.deskeng.com/Articles/Feature/BBta-at-Work-004081728.html>

8. Hyan T.:Tovarna na napadyZdroj: automobil revue 12/2004, [cited 09.11.2DGEccesible on
WWW <http://www.dopravnimedia.cz/default.aspx?satts 1&server = 1&article = 1067 >

9. Centrum informatiky SjF TU v KoSiciach, CAD/CAM modelovanie, NC obrabanie, [cited
2.1.2007], accesible on WWW < http://www.sjf.tultdci/catia/index.htm >

10.Car Design online, Clay Modelling, <http://wveardesignonline.com/design/modelling/ clay-
modelling.php>

11. Fedorko G. Molnér VCatia zaklady projektovanid. vyd. KoSice : ES/AMS, TU, 2006. 105 s.
ISBN 80-8073-648-0

12. Fabianova J. Gre3kowr.: Vplyv technologickych parametrov na vysledné medckérvlastnosti
plastovych vyliskavn: Plasty a katuk. vol. 46, no. 7-8 (2009), p. 196-198. ISSN 03320

13. Fabianova J. GreSkévk.: VyuZitie CA technologii v procese navrhu a vyrdagtpvych vyliskav
In: Acta Mechanica Slovaca.&0l0,¢. 2b (2006), s. 493-498. ISSN 1335-2393

14. Spisak E.Matematické modelovanie a simulacia technologickyaicesov —ahanie TYPO
Press, KosSice,2000

15. Stachowicz F., Spisak EEposoby oceny zdolftd blach cienkich do ksztaltowania plastycznego
na zimno Rzeszéw 1998, s.121, ISBN 83-7199-078-2.

This paper was supported by Agentlra na podpgskumu a vyvoja&. APVV-0629-06.

80



ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ] NR 273
Mechanika z. 80 2010

lvan GAJDOS
Peter KATUCH

Technical University of KoSice, Slovakia

COMPLEX APPROACH
TO THE REVERSE ENGINEERING TECHNIQUES

This paper describes possibilities of integratioewest technologies in reverse
engineering process. The integration of computemadgraphy and FDM rapid
prototyping technology allows to reproduce plagbarts without any documentation
(blueprints, CAD model...) in very short cyclestilag few hours. Even complex shaped
parts, with difficult geometry become no problemr fmmbination of these two
technologies, where the conventional approach uerge engineering would last weeks if
ever possible. On experimental part with complepngetry was presented modern
complex approach in reverse engineering includirepsuring and digitalizing of part,
data preparation for printing, printing and finishg of new part. Computer tomography
was also used to compare shape and dimensionsgifi@rand reproduced part.

INTRODUCTION

Reverse engineering could be defined as the psoads discovering the
technological principles of a device, object ortegs through analysis of its structure,
function and operation. In the area of mechanicajireeering especially production
technologies, reverse engineering serves for reping of parts. Following are
reasons for reverse engineering a part or product:

1. The original manufacturer of a product no longerdoices a product

2. There is inadequate documentation of the origiealgh

3. The original manufacturer no longer exists, butistemer needs the product

4. The original design documentation has been losewer existed

5. Some bad features of a product need to be desmrte&or example, excessive
wear might indicate where a product should be imgdo

6. To strengthen the good features of a product baseldng-term usage of the

product

7. To analyze the good and bad features of compétporduct

8. To explore new avenues to improve product perfoneand features

9. To gain competitive benchmarking methods to undecdst competitor's
products and develop better products

10.The original CAD model is not sufficient to supponbdifications or current
manufacturing methods

11.The original supplier is unable or unwilling to pide additional parts

12.The original equipment manufacturers are eitherilling or unable to supply
replacement parts, or demand inflated costs f@-solrce parts
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13.To update obsolete materials or antiquated manuiagt processes with more

current, less-expensive technologies

Reverse engineering enables the duplication ofxastieg part by capturing the
component's physical dimensions, features, andriabpgoperties. Before attempting
reverse engineering, a well-planned life-cycle gsialand cost/benefit analysis should
be conducted to justify the reverse engineeringepts. Reverse engineering is
typically cost effective only if the items to bevesse engineered reflect a high
investment or will be reproduced in large quargitiReverse engineering of a part may
be attempted even if it is not cost effective,hié tpart is absolutely required and is
mission-critical to a system.

Conventional process of reproducing parts via egngineering includes a
dimensional analysis. The detail dimensional anslgbould be conducted using at
minimal calipers, however a more complete analysig facilitated using a
Coordinate-measuring machines (CMM), which can $&duo digitize the entire part
and the information can be utilized in computeredidmodeling [1]. More
sophisticated methods in reverse engineering ieclager scanning which, as the
name implies, uses laser beams to scan acrossrfiaeesof components of any shape
and display the results in real time. Represengjagmetry of the part in terms of
surface points is the first step in creating pataimsurface patches. A good polymesh
is created from the point cloud using reverse esgging software. The cleaned-up
polymesh, NURBS (Non-uniform rational B-spline) e&s, or NURBS surfaces are
exported to CAD packages for further refinemenglgsis, and generation of cutter
tool paths for CAM. Finally, the CAM produces theygical part.

It can be said that reverse engineering begins théhproduct and works through
the design process in the opposite direction tveaat a product definition statement
(PDS). In doing so, it uncovers as much informatisrpossible about the design ideas
that were used to produce a particular product.

MODEL DIGITALIZATION VIA COMPUTED TOMOGRAPHY

Reverse engineering of mechanical parts involveguiang three-dimensional
position data in the point cloud using laser scesmmme computed tomography (CT).
Modern measuring technique utilizing computer torapdy allows to obtain digital
model independent on complexity of measured partrggry , which were impossible
to measure by non-destructive approach by convaaitimeasuring technique. For our
research, part as shown in Fig. 1 made from AB§rpel was used. The goal was to
join advantages of computer tomography and FDM reldyy, to produce part
reproduction in shortest possible time. This partconventionally produced by
combination of injection molding technology and diefy and its complex shape is
suitable to present application and synergy efééatomputer tomography and FDM
technology.

This part was measured with help of industry torapyrMetrotom 1500 (Fig.
2). The part is placed into measuring chamber 601 between source of X-ray and
detector. The part rotate 36@round vertical axis, to obtain a set of 2D pietur
(typically 700 — 1000).
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Fig. 1. Selected part (fitting) used for experiment

Fig. 2. Metrotom 1500' computer tomography measuring device (left), amdieasuring chamber
(right)

From these pictures with help of computing techagyis generated an 3D model
of measured object, known as cloud of points (B)g.This format is not suitable for
use as base in any CAD modeling software, or asnmdtion for direct 3D printing
[2]. To be able to print reproduced part with FDMnper, obtained data (cloud of
points) were processed with software VG StudioMA&R. StudioMAX converts cloud
of points to suitable format for any rapid protatgtechnology STL (Fig. 3). Whole
process from part measuring to finished STL filenodasured part takes about 2-3
hours.

Fig. 3. Cloud of point representing measured peft) @nd single view in interior of part (right)
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PRODUCING OF PART

Obtained STL file, is imported into CATALYST 4.3oftware that could be
compared with CAM software used in machining preess This software also
prepares and compute toolpaths for modeling métarid support material. These
toolpaths are then send into the FDM 3D printeredJ&DM technology with SST
modification (Soluble support) is ideal for suchpdég of complex shaped parts,
because of easy removal of support in water saluéeen in hided corners etc. If
another rapid prototyping technology would be usethoval of support inside of this
part would significantly more problematic. In CATXIST 4.3 proper orientation in
building chamber of printer was selected, and taiblp were generated (Fig. 4.).

Fig. 4. Data representing scanned part suitableriating, with toolpaths for modeling material ¢je
and toolpaths for support material (gray)

Prepared toolpath file in CMB format was sent imBnsion SST 768 printer (Fig.
5) with ABS material used as modeling material pridted in 22 hours. To speed up
the process, from printed part were mechanicallgoeed all support structures that
were reachable. Remaining support structures weteed in water solution in
cleaning station (Fig. 5). After 15 hours all thgogort material was removed and part
was ready to use.

Fig. 5. Dimension SST768 printer (left) and clegnstation (right)
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RESULTS

Whole reverse engineering process of selectedyzertfinished in about 40 hours.
Printed part was visually compared with originabasplayed in Fig. 6.

Fig. 6. Visual comparison of original and printeattp

Printed part was also measured in Metrotom 180Measured data from original
part were compared as shown in Fig. 7.

——

Fig. 7. Measuring results form Metrotom 18¥0left — original part, right —printed part. Redaws
points to area with staircase effect

From Fig. 7 obvious limitations of FDM technologye visible, especially the
staircase effect resulting from nature of all agdittechnologies and strongly
dependent on building layer thickness. Staircagscetould be also eliminated with
proper orientation of model during generating tatis [3], to do this is necessary an
STL file generated from original CAD file. STL filgenerated from cloud of points
measured in Metrotom does not contain any plandaces (as in CAD file or on
original part), and the surface of generated STe_Ifioks like blasted.

To check if this combination of technologies & only fast, but also suitable for
reverse engineering , was selected the aspecinwndional, and shape accuracy. In
the Fig. 8 displacements between original and gdimgart are displayed. From Fig. 8
is obvious that printed part has high dimensiorabigacy and the shape displacement
is maximally 0.2 mm.
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-0.200

Fig. 8. Comparison of shape displacement betweigmat part an printed part

DISCUSSION AND CONCLUSION

Presented paper describes application and integrafi modern technologies in
process of reverse engineering. Selected paih{fjtivas ready to use in less than 48
hours, this time would be unable to reach usingrmomtechniques of measuring and
manufacturing. Copied part shows excellent dimerai@accuracy, however there is
lot of possibilities to further development. Thésea need to generate more accurate
STL file after measuring. For better quality ofriged parts there is possibility to use
nanofillers to fill out empty space inside of FDMojotype structure. Also it is
possible to use surface finishing techniques (iolgstpainting) to improve visual
quality of produced parts.
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IMPROVING SURFACE FINISH QUALITY OF FDM
PROTOTYPES

Rapid prototyping technologies decrease productiome and costs in engineering
industry but also in other industries. One of maglely used technology FDM suffers
under low surface finish quality. This paper is adnon research of surface finishing
technologies applicable to improve the quality EDM prototypes surface finish. Pre-

treated samples were blasted with sodium bicart®maad glass beads. The values of R
and R were measured on the samples and compared thacingb selected blasting

medium and blasting conditions on surface finisaligg of FDM prototypes.

INTRODUCTION

Because of increasing complexity of products, dapprototyping (RP)
technologies are gaining important place in proddewvelopment process, and
industrial demand is driving manufacturers to inyerahe specifications of RP
machines. These technologies are widespread us&Pforapid tooling (RT) or rapid
manufacturing (RM) has lead to research efforrprove their characteristics.

One of the most commonly used technologies is dfudeposition modeling
(FDM). Advantages of this technology are: wide gariof materials available, quick
material change, low maintenance costs, quick potbolu of thin parts, a tolerance
equal to -+0.1 mm overall, no need for supervisimmtoxic materials, very compact
size, low temperature operation. The main disagged are surface quality, the need
of support structures, axial weakness perpendigularlarger area of slices requires
longer building times, and temperature fluctuaticlsing production could lead to
delamination, and high surface roughness.

In practical application, poor surface finish atBedhe function of RP parts,
depending on the geometry of the enclosing surfétoe, building strategy, layer
thickness and orientation of the part; this dravdamay outweigh the advantages of
RP parts.

Decreasing of layer thickness leads to the bettefase finish of produced
prototypes in RP machines, but this issue is atkerted by the angle between the
vertical axis and surface tangents (staircase @ffstoreover, since the solid model is
approximated by series of triangles (STL formatjjstresults in a chordal
approximation error that will also negatively atféwe surface smoothness. As regards

FDM, the road width, air gap between roads and iinetheperature will also have
an impact on the surface roughness. As a consegueustomers often demand hand
finishing for even the most basic levels of par@algy, with the result that the
geometrical features of the prototypes are strodgpendent on the operator’s skKill.
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In literature a wide variety of approaches has eskld the problem of analyzing
[1, 2] and improving surface roughness of rapidiqiyged parts. This category can
be divided into four categories: (1) optimal buddection, (2) slicing strategy (3)
fabrication parameters optimization, (4) post-tmeat. Optimal build direction and
slicing strategy address the reduction of roughndse to the staircase effect.
Fabrication parameter optimization and post-treatna@e more general approaches
that can also be applied to surfaces not affectedhk staircase effect, such as
horizontal surfaces. Advantage of post-treatmermir@gches is also that they are
independent on used FDM machine and can be usednat®mbination with existing
FDM printers.

POST-TREATMENT OF FDM PROTOTYPES

Blasting belongs to the often used post-treatrtechnologies, applicable also for
prototypes made by FDM technology. In the experimerre used two types of
blasting agents sodium bicarbonate and glass beads.

Samples as displayed in figure 1, were preparddinmension SST 768 FDM 3D
printer from ABS polymer with two types of layeidkness standard (0,254 mm) and
draw (0,33 mm). The height of the samples wasbfit in both thickness variations.
Samples thickness was set to obtain desired fithim@entation as presented in figure
1 and the sample has to consist of minimum foyera

=

Fig. 1. Sample dimension and measuring direction

As displayed in figure 1 , the orientation of th@mples were set according to
demands on measuring length (12,5 mm + inlet aritttoprobe path) and filament
orientation (motion of measuring probe perpendicuta the filament orientation).
Printed samples were left on modeling base to ensumiformly conditions when
blasting samples as shown in figure 2.

Fig. 2. Printed samples on modelling base
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On printed samples surface quality deterchibg roughness test and values R
and R [3] was measured. Measuring of &d R was carried out on printed samples
before blasting and after blasting with help ofdaheter 7060/4 SURFTEST SJ-301
roughness tester.

As mentioned earlier blasting was performed witlo types of blasting media:
sodium-bicarbonate and glass beads, with air bigstevice at the pressure 5000 kPa
and blasting angle 70 degrees. Sodium-bicarbosaaéready used solution, commer-
cially available as finishing station for FDM progpes. The samples were exposed to
12, 24 resp. 36 crossings of blasting beam wathiwsn bicarbonate. Form the nature
of the glass beads (higher hardness), is the mgyadfect stronger. That is why for
blasting with glass beads were selected 4 antbs&ings with blasting beam.

RESULTS AND DISSCUSION

Data obtained from surface tester were separatédlargroups according to layer
thickness. In the figure 3 are presentgdaRd R data for samples with layer thickness
0,254 mm.

R.[um] Ra (layer thickness 0,254mm) R, [um] Rz (layer thickness 0,254mm)
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[
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Fig. 3. Data values fand R[um] for specimens made with layer thickness 0,254 mm

Data presented in figure 3 confirm justness ohgidlasting process as surface
finishing process for FDM prototypes. Sodium-bicarate as blasting agent decrease
the value of Rin 9% after 12 blasting beam crossings. Increasimeg number of
crossings leads to slower decreasing gft&the value 10% lower than, Ralue of
specimen without treatment. Glass beads as marsive blasting agent, decrease R
value in about 13%, and no big difference was oteskbetween 4 and 8 blasting
beam crossings. On the other side intensive btastiads to increasing of,Ralue.
Nevertheless both blasting agents decrease the & between 32% and 36%,
compared to the samples without treatment.

In the figure 4 results for samples built with ®,83om layer thickness are
presented. These results corresponds, to obseesedt from specimens with 0,254
mm layer thickness. The value of &d R from 0,33 mm sample without treatment is
almost two times higher than values from 0,254 rmmpses.
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Fig. 4. Data values fand R[um] for specimens made with layer thickness 0,33 mm

CONCLUSION

Blasting as finishing surface technology for treait of prototypes made by FDM
technology has notable potential in this area. Seoramercial solutions based on
using sodium-bicarbonate as blasting agent aradravailable, but as it is obvious
from results, the glass beads are also applicdbstitg agent with better results than
sodium-bicarbonate. Further test of surface strectand blasting conditions are
necessary to gather complex information aboutghisess and processing conditions
to improve surface quality of FDM prototypes.
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THE NEW TRENDS IN DESIGN MOULDS FOR PLASTIC

The paper presents new trends and new materiald uséhe design of moulds for

plastics processing. Application of CAD / CAM / C&Estems reduces the time of the
design of forming tool. Tool materials producedr®w technologies are compared
with standard materials. Wear of tool materials e&xamined for plastics injection

molding. Simulation of technology of plastic injentmolding process was examined
as a tool to improve the quality of plastic parts.

INTRODUCTION

The range of products for the automotive and edsthnical industry consists
mainly of the formed metal and plastic productseiftproduction is secured by
shaping tools, moulds and by fixtures. For highdpiion of these components is
necessary in a short time to design and produagu® metal forming tools. Delivery
companies are trying to reduction of time of adwameorkings, which allows a
flexible response to the manufacturer for changiagket requirements [1].

We have a tradition in Slovakia in the design ofrfimg tools and then its produc-
tion. Engineers of forming tools must get undertoarwith more areas and to monitor
the development of new tool materials and unconeeal technologies. They must
still be competitive and in the market. The useneW technologies such as Rapid
Prototyping and Reverse Engineering succeed ia@ra matter of course. The latest
manufacturing technology, CAD, CAM and CAE systaeruire qualified personnel.

For a number of CAx systems in the design and nzatufe of these tools are
mainly use:

« CAD (Computer Aided Design ),

 CAM (Computer Aided Manufacturing)

« CAD/CAM (Computer Aided Design / Computer AidedhiMacturing,
» CAE (Computer Aided Engineeringd).

Fig. 1 shows examples of parts used in designrafifa tools. Besides CAD and
CAM systems wide application in the design of fargitools has CAE system.
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Fig. 1. Examples of parts used in design of fogriools [3]: a) model of plastic product in CAE
system, b) model of sheet part in CAE system

TOOL MATERIALS USED TO PRODUCE OF MOULDS

The economy of production of components by formiogls depends on the cost
of production tool i.e. injection mould, die, sheaol or other tool. In most cases, is
required in mass production high lifetime of forigitools. The lifetime of forming
tool is subject to particularly good choice of matls and chemical-heat treatment
(sometimes with surface finishing). Lifetime of mang tool affects its constructive
design, dimensioning, maintenance and storage. Naygaare used for production
injection moulds non-ferrous materials. Alloys afpper and aluminium have good
heat conductivity (fourteen until fifteen higheaththe steel used for the manufacture
of injection moulds). The advantages of copper yall@are also a low friction
coefficient, which is particularly useful for mogrparts of moulds and tools [4, 5].

ADHESIVE WEAR OF TOOL MATERIALS

By solution to the Grant Project VEGA 1/4166/07 esearch and development of
prototype moulds for moulding of small parts, expents were made for the purpose
of properties used of tool materials for variousypteric materials and composites. It
was followed weight decrease of tool material usedpplication of plastic friction
couples plastic — tool material [6] were analysé@&tie friction coefficients with
lubrication and without it. Experiments were useddifferent temperature regimes
(room temperature and increased temperature). fitkgoh coefficient diagram for
each friction pairs after 1800 seconds of frici®ishown in Fig. 2. The comparison of
friction coefficients found that the lowest valuee@sured friction coefficient was
reached in friction pair with material X37CrMoV5dhd scilicet in contact by both
polymer materials.
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Fig. 2. The values of friction coefficient of tedteaterials in combination with plastic material:
a) material PA, b) material Ultradur B430 G4

Weight decrease of tool steels after 1800 secohdear displays Fig. 3. Based on
the experimental results obtained in the simulatodnwear of steel materials in
combination with PA 6 one can see that the highvestr resistance after 1800seconds
contact with those materials showed a steel 90Md¥8pite the lowest of alloying
elements content. That fact can be justified bjyuerice of ferrite - pearlite material
structure. For wear mechanism size of weightirigesmain factor. In these conditions
could be affected by alloying elements in otheramats for their resistance to wear.

By evaluation of wear of selected materials intioic pair of semi-crystalline
polymer materials filled by glass fibres has beble targest material reduction
X210Cr12. Course wear shows that hardness matedattion is not always ultimate
factor in choosing the appropriate type of mateingction moulds. Main role has
wear mechanism of each material in relation tortls¢iuctural construction. Best
resistance against a given wear showed samplesatdrial made to 720 Bohler and
X37CrMoV5 -1. Fig. 3 shows weight decrease of tstaterials in combination with
different materials.
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Fig. 3. Weight decrease of tested materials in éoation with different materials: a) material PA, b
material Ultradur B430 G4

Another important factor affecting the size of Whear of tested materials is
evaluated macro undulation and micro undulatiooosftact surfaces of the pair given
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by production genesis. At the frictional contacthwdterials is elastic deformation and
subsequently plastic deformation by top undulatmninctional surfaces. During
plastic deformation the surface layers of the éwaah was be broken. At the same
time there is a transfer of particulate mater@khie contact surface in dependence on
the material characteristics of contact pairs. dégendences of friction time on
coefficient of friction of tested materials are geated in Fig. 4. and weight decrease
of alloys at the same time are shown in Fig. 5.
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Fig. 5. Weight decrease of alloys at the same tinmeaterials Alumec 89, Moldmax HH

The main role in this case has the interactionasious phases and adhesion to the
matrix interface - glass fibres. On the basis dfudating time of injection moulding,
the number of plastics products and wear tolerafigaoulds can be obtained to help
in specified the concrete form of life.
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SIMULATION MODULES FOR PROPOSAL OF MOULDS

By design of forming tools is necessary with regardiecide about gate location
system for plastic product, or by the choice oftahle material components or
designing dimensions of exposed parts to predietrésult. For this activity used
different modules for analysis and simulation afsts, or for filling in the form of
cavities. It is required 3D model parts examined defined technological conditions,
whether strain or pressing process. Verificatiothefstrain - tension analysis, location
of critical areas, second finish and control vedfythe result of changes. Fig. 6 shows
simulation results of the technological procesmjgiction moulding plastic product.

Fig. 6. Simulation results of the technologicalgass of injection moulding plasticoduct

The introducing of computers into the drawing daffiand the use CAD systems
with buildings in the design of forming tools hasulted in [7]:

* higher productivity of designers,

* rationalization of the draft design documentation,

» standardization of design documentation,

* reduction of time needed for draft design docuntenria

* reduction the setup time of production,

» possibility of integration with other applicationggrams and systems,

» greater flexibility changes of produced range -BCparameterization
and associativity of CAD design

» substantially reduce of development cycle (designduct, project),

* Qgreater opportunity to design optimization,

* improve of work quality.

THE INFLUENCE OF PRODUCTION FACTORS ON FINAL PROPERTIES
OF PLASTIC PRODUCTS

The main objective was to experimentally verify ahekcribe the influence of
changes in selected technological parameters tmgehdhe properties of plastic
mouldings products for various polymer materialsaatdfials were selected to use in
the automotive industry. The second aim was tofywéhie impact of the quantity of
granulate into the basic material on propertieplastic products. The amount to be
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added granulate was from 0% to 100% of regranuatperiments are beneficial by
reason of economic aspects of reuse granulatempanies that use plastic materials
for production of plastic parts.

CONCLUSIONS

Problems of design tools for shaping metal formargl plastics came to the
surface right nowadays. This is connected withtstdrthe automobile and the
development of electrical industry. The area ofah&irming and design tools had a
long tradition in Slovakia. We can say that theduaion of forged pieces and sheet
metal parts forming is in a high technical levetwéver, plastics processing sector in
Slovakia has been relatively neglected and thigrazved in the arrival of car. The
capture of new trends in plastics processing amiifg tools for the design industry's
needs to build laboratories and offices for tragn@ducation professionals, but also for
support research in the following areas:

« technology applications of reverse engineeringrapet prototyping,

« applications of polymeric materials with modifiedoperties (composites,
nano — composites),

» application of non-traditional processing methofipaymers,

» the introduction of recycling technologies and syst,

* reduction of cost of the manufacturing process dbase the automation of
production and logistics systems.
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DESIGNING OF TECHNOLOGICAL ASSEMBLY MODULES

The features of construction a modular assembhhnelogy, shaping of modules,
designing assembly of technological processes agscribed. The optimizations
approaches for reach of practical construction afdules are shown on a criterion of an
amount executed assembly movements.

INTRODUCTION

On designing of modular assembly technology havmflurence: special and own
structure of modular technology, technological gmkses of assembly equipments,
degree of concentration technology, levels of aattton and adaptability to manu-
facture of a construction object of assembly arteiofl]. The process of designing
such technology can be represented as selectiansabset of assembly movements
from sets of modular technology, possibilities lo¢ robot and requests of assembly.
For reaching an object in view it will be possilideuse operations of intersection of
these sets circumscribed by the equations whickwgct to optimization on selected
criterions.

As that known [2] modular assembly technologiesrapesented by some set of
the interconnected technological assembly modutegleping main varieties of as-
sembly works. Each module is good spent and opgichizechnological unit of
repeated use, which the constructional module arsswe which modular technology
is executed. Assembly module is understood asdh®leted population of main and
auxiliary assembly movements (operations) executel demanded sequence in one
working zone, in which the necessary gang of askemuols and adaptations, i.e.
technological tooling for a modification of the ferand properties is indicated the
object of assembly. Such assembly module is depgrmh a degree of concentration
of technology, is for assembly of some number sea®ly junctions. For reach of
such approach the technological modular designeng lmse shown to an automatic
selection necessary, docked among them, modulesiexkin a system of automatic
design of technological processes. The assemblylesdhould be docked as to other
modules of a technological line-up of assembly pss¢ and modules of the equip-
ment, tooling and management. Therefore generalpgdmeter joint of modules
should include not only technological, also condinnal and operational parameters
of technologies.

The features of designing environments of modules @omparison with simple
assembly are, that for want of it is necessarytih slevelopment to take into account
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technological possibilities of used robots, i.e.nmef assembly and auxiliary move-
ments, other degree of concentration of operatiensg)s of automation of process and
adaptability to manufacture of a construction abected item. It is necessary to take
into account also constructional and organizatideatures robot’s of assembly. A
main evaluation of efficiency modular environmeatgechnology in the issue is the
maintenance of high productivity and flexibility rf@each such restrictions as an
accuracy, reliability and technological productost.

STATEMENT OF CONTENTS

For reach of development such technology basiswbith the designing is
executed are the features of designing of automassémbly technology with pro-
gram control. On these basis the designing rolwdttechnological and constructional
modules of the assembly component an essence ofilancassembly technology is
executed. Such develop are well known [3] genenaltych brief essence consists in
the following. For a realization local (route ofsambly) and global (maintenance of
parameters of quality for want of issue of itemsjpgmses the techniques of ascending
and descending designing are used. The ascendsngndey has an empirical charac-
ter and uses the approach to solution of problemeguivocal engineering solution
without a comparison of possible versions absericeanoeconomic optimality of a
solution. The descending designing is based towaethods of the theory of produc-
tion management and mathematical programming.dh&acterized by orientation to
parameters of productivity and cost, comparisonvafiants and maintenance of
profitability of an optimum solution. Main princigg of designing robots of assembly
processes are: the overlapping of high efficienoy aniversality; the hierarchy; the
primary program resetting-up; the maintenance efgiteatest object closure.

It is supposed that before designing robots ofrabgetechnology the objects of
assembly are selected correctly which, in gendralilsl meet the requirements which
were program of assembly, i.e. technological pags#s of the used equipment,
tooling and program control. It in main restriction a mass of collected units, their
overall dimensions, number of component detailsr{rowe than 20-30 pieces), absen-
ce of flexible details or made from soft materiagnificance of some parameters of
quality (exactitude, productivity, cost price), cheter of assembly movements.

As milestones of development robot's of technolafjiassembly process it is
possible to consider: a selection of assembly uthisir grouping, classification of
surfaces and conjugations, analysis of adaptaldityanufacture of a construction of
units, unification of constructional elements, gse and development of specifica-
tions, technological analysis of a constructionpich of methods of assembly of
conjugations, maintenance of a required the exafjtdevelopment of a route of
assembly process for the dimensional analysis, ldpwent of technological opera-
tions, actigrams of assembly and control programsdbots, feasibility report.

For want of development of technology robots ofeadsly the highest degree of
concentration of operations is used, for which neiance the necessary grabs,
technological equipment and execution time arecsade For reach of number of items
should be minimum. However upper bound of a degfemncentration of operations
Is the parameters of reliability and cost of theeasbly robot with technological
tooling [4]. Further such elements of assembly apen as submission of details, their
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automatic orientation, interface, fixing, monitagiand pick up of the assembled unit
in details are considered. For this purpose thessary standard and original systems
are selected. For reach that even at these sthgefmirther improvement of a con-
struction of collected details both units on adbility to manufacture and correcting
of groups of objects, collected on robots is coneldicAs most effective are consider
varied program resetting-up assembly systems ab@durar construction. Final stage is
the feasibility report of the designed assemblhnetogy will be evaluation of compe-
titiveness.

To indications of competitiveness of assembly psses can be referred: high
technical characteristics and parameters of qualitpssembly and low production
costs. For reach of such evaluation we can usethoohef a ratio of parameters of
process to base variant or to conduct an evaluatioan integrated rate of competi-
tiveness [5]. In most cases is inherent in the fngethod some indeterminacy. The

integrated parameter of a technological level settip ag, =) a f,, wherea; -
1

weight factori parameter have been assigned to the expertnumber of such para-
meters; f; - parametrical index. Such parameter on econonmanpeters is similarly
determinedAc. Then the integrated rate of competitiveness asigerabots of process
is determined from expression

A =AT/AE:iafi/ia*ff. (1)

For reach ofA§ > 1 the assembly process exceeds analog on compeéts and

on the contrary. For reach of negative outcomesa#isembly process is subject rede-
signing.

SHAPING OF ASSEMBLY MODULES

It is possible to approach construction such madale were specified point of
view from the point of view of maximum use of tecokwgical possibilities of
assembly robots, i.e. assembly movements execwytedeln. In a general view such
robot can beg of coordinate systems (Fig. 1) each of which carexecuted till three
linear and attitudes. The total is noted of exetu®vements by a rectangular matrix

Xt Y1z Oy By &

X Z,
D= .2 y_2 .2 ?<2 [3?/2 2.22’ 2

Xp Yp Zp Oxp Byp Cgp

therex , y, Zz — linear transitions of elements of the robot @ntg coordinate;
a,, B, ,¢,- that, angular;p — number of coordinate systems of the robot. Alytued

such movements in robots the small amount is egdcsb for shown in Fig. 1 of the
robot the matrix of executed movements has a sikipte
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Dy = zZ, ) (3)

Ye

As the assembly movements are executed motor-@gkhatnd of the robot it is
better to emanate from a transformation maifief a link circumscribing it a position
in an initial frame of the robot

(BC), B, C, P,

<.|(BO, B, C, P @
(BC), B, C, P,
0 O 0 1

in which second columA describes a vector of orientatiaii~ vector of the approach
andP — vector position of a poinP; motor-operated hand.

Thus in one coordinate system of the assembly rifisovarious movements can
be executed which set can be expressed by a fadgsociation

Xz ; Z;

Dr

Fig. 1. Shaping of a set assembly movements afoibet and assembly unit.
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d=xUy,UzUa,UB, U&U | U19=LaJ d;. (5)

therel, - additional special transitions and rotations geample vibrating, discontinuous,

trajectory auto search etc., indicated for a cotepless of a spanning — their amount. Then
it is possible to present the previous formulas3j2s

p
Dr=d,Ud,U....Ud, = Jd,, (6)
1

i.e. each robot can be described as a system, ichwihere is a possibility to execute
the certain linear, angular and special movem@&uskection will require if some group
of movements for example for analysis it also ratheply to execute in an outcome
of additional operations above appropriate sets.ifffage of some set can be obtained
with the help of circles of thEuler [2] (Fig. 1).

The similar approach is applied and for reach @flysis of assembly movements
of object robot’s of assembly, i.e. assembly umhiat is a basis for correct installation
of group of collected units on the robot and selédbr this purpose. In general view
the typical representative group of units also lsave p* coordinate systems (fig.1),
in each of which is necessary to execute a numiblérear, angular and special move-
ments, that can be noted by similar matrices (2) &nd equations (5, 6). Finally, the
necessary assembly movements for a unit are neted a

;
D, =d; Ud,U...Ud; = Jd, (7)

Graphical it is represented by the circles of Euer.
Thus, technological robot’s the module of assenyolycess is represented as
intersection of final sets of the robot and assgmbit

k
RMS=D,ND,;=(d_,Ud_,U... Udpk)=Udi , (8)

there d,; — assembly movements, which can be executed by thet @il are neces-
sary for assembly of a unit. The executed assemiolyement robot’s by the module
answer the shaded area of intersection of the deresi sets. Technological robot’s
the module with the indicated assembly movemersts aill have maximum concen-
tration of such movements may be will be optimumaoeriterion, for example, cost
costs.

The approaches to solution and this problem cathbefurther analysis of the
indicated equations of sets. There are startingsayme robots with the executed
assembly movements (Fig. 2) which together withhmetogical equipment are
characterized by the various costs. On the othed,hthere is also number of collected
units requiring for assembly those or other assgmigvements.
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As it is visible from a Fig. 2, the areas nf
intersection of the indicated sets can be rat
various. The broad possibilities are opened S
search of optimum solutions on various crit '
rions. So view from the point of view of derivin
the greatest area of intersection for example
unit Ki, the robotR; is most approaching fo! '
fulfillment robot’s of assembly. If cost of thi \_Z// e
robot R, will be smaller, it can be selected for g 2 The product of sets assembly
realization of assembly process, but for reach movements of various robots and as-
structure robot’s of the module will be alreac sembly units
other. To improve the position it will be possib..
expense of correcting group of units for assemiphgdification of the typical
representative of group etc. For this purpose tdmposition of objects, putting in the
correspondence to pair of objects of operands {rabd assembly unit) third object -
composition, i.e. robots the module of assemblylzansed

D,0OD, =RMS, @)

There are corresponds matrix and columns of groapeldit allows rather simply
to reconsider more number of objects of assembitg wsing known rules of the sum
and product, formula of inclusion and eliminatioe¢urrent ratio and generating fun-
ction that especially it is important for a simplisual solution of this practical pro-
blem: shaping robot’s of the assembly module.

SUMMARY

Technological assembly robot's modules representingbasis of modular
technologies on assembly robots can be rather giatpghe first stage generated on a
criterion of a maximum of assembly movements. k@ purpose the sets of possible
assembly movements on the robot and necessary théotypical representative of
group collected units are composed with use ofttie®ry sets. The intersection of
these sets also determines a structure robot’'seofriodule. For reach that the broad
practical possibilities for the reasonable selectd group collected units and choice
of the assembly robot most answering definite downs are opened.
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PLANNING AND CALCULATION OF TRAJECTORY
OF HUMANOID ROBOT MOTION

This paper describes the basic principles of kingrsructure design for biped walking
robots and also provides a description of plannihg movement trajectory for a parti-
cular construction of two-legged walking robot. Tdien of this work is the creation and
description of the principle of mathematical modélbiped robot's movement and its
correct mathematical interpretation for other usiimgelectronics.

1. INTRODUCTION

In recent years the designers have began to foaudymon the walking systems in
design of the service robots. Major advantagesiol systems lay in the fact that they
are not limited by the height of the wheel diamete@hile overcoming the obstacles
and they possess improved terrain adaptabilityttier highly demanding conditions.
Versatility and terrain adaptability is limited @ certain level due to the complexity
of the walking principle and the control of robobwement alone. The paper deals
with a concrete solution to the issue of principled a mathematical model for
calculating the movements of the proposed two-ldggaiking robot.

2. KINEMATIC AND CONSTRUCTION DESIGN OF LEGS
OF ROBOT MC - 01

When designing the kinematic structure of legshipedal walking robot construc-
ted according to human as model, it is necessaigkim into the account the fact up to
which level we wish to imitate the human walk aadsimplify accordingly the actual
kinematics of the biological model [1].

We reduced the proposed kinematical structuré@iodel of lower extremities
of robot shown in Fig. 1a into the mechanism withdegrees of freedom of move-
ment.

The hip joint possesses 3° of movement freedonil iplanes of robot body with
the axis of rotation intersecting in one commonnpor his joint operates as the ball
hip (spherical) joint. Knee joint is realised with of movement freedom. The ankle

103



joint has got 2° of movement freedom and may rotgite the foot so in sagital as
frontal plane of the system, while axis of rotatintersect in common point.

LettersJi (Joint) designate the individual joints in thedwmatic structure, where:

J1, J3, J5 form the spherical hip joint of the right leg
J2, J4, J6form the spherical hip joint of the left leg

J7 is the knee joint of the right leg

J8 is the knee joint of the left leg

J9, J11 form two-axis joint of the ankle of the right leg
J10, J12form two-axis joint of the ankle of the left leg

110 mm

a=

110 mm

c=

Fig. 1.: a) Kinematics of robot legs, dimensiongumctional model of the robot leg

The proposed kinematical system is connected impthiet of the hipbone by the
flexible rubber elements, see Fig. 1b. These vattiplly absorb the inertial energy of
the moving mass between robot legs and attenuateriwanted oscillation transferred
from one leg to other during the transferring pkasdegs. This attenuating element is
made of four rubber rotating bodies, which are sgdsamong five duraluminium
plates. System of the flexible clutch of hip joipermits small attenuating movements
only and changes the distance and mutual positioth® right and left hip joint
negligibly only.
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Functional model of the lower extremities of twgrl@alking robot is given in Fig.
1b. It was constructed at the Department of Marufaty Technology and Robotics
TU in KoSice [3]. Functional robot is furnished titcontrolling and powering
electronics to control the movement of twelve semotors.

3. PLANNING OF TRAJECTORY ON ROBOT MOVEMENT

The structure of walk of two-leg walking robot dege up to high degree on the
complexity of applied kinematic chain of the giverechanism, i.e. mainly on the
number of the degrees of freedom of robot movement.

Walking of biped humanoid robot consists of humé@s-movements. If we want
to direct the whole movement of robot so as to taainstability in walking properly
we need to know to plan each movement trajectoy @&so to correctly interpret
mathematically for control purposes. In this pajeis shown a description of the
partial movement of two-legged walking robot. Sfieally in Fig. 2 shows the
movement of carrying the robot center of gravitydwer the left foot.

END POSITION

60 mm end point trajectory

STARTING POSITION

U™
Rt = 220 mm
0O
Left leg
£
120 mm 120 mm

Fig. 2. Description of the planned trajectory oéttobot movement

The movement of the robot outlined in Fig. 2 is m&g joint in the sagittal plane
of robot body. This is the reverse position of bbtp joints of the foot supporting
surface of the left leg in the vertical sight ofggl plane. At this movement is
changing its rotation five joints, namelg, J9, J4, J§ andJ10 described in Fig. 1 and
also the belonging angles are change their size.

4. MATHEMATICAL CALCULATION OF THE ROBOT'S LEG MOVE MENT
TRAJECTORY

To calculate the individual robot movements witkive space applied have been
the calculations using the vector method of thesiison kinematics. Known are the
parameters of the end element trajectories of thenkatic chain and applying the
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goniometrical functions and cosine theorem caledlatcan be the angular
displacementp; of the individual robot joints. Application of theector method

calculation of the angular co-ordinates signifitastmplified the overall calculations
of the robot movements and the drives control dk[@j

The length of the thighbone is a = 110 mm, lendtbatf bone is ¢ = 110 mm and
distance of the hip joint is p = 115 mm. The deatgm of the calculation angles
needed for the drives movement and basic dimensibtise kinematic structure are
given in Fig. 1a.

Calculation sample of trajectory movement usingtmemethod is shown at hips
movement in a circle with a diameter of Rt = 220 mvhich we described in Fig. 2.
The hip joints are moving in a circle with a radfal in Rt see Fig. 3, left leg bends in
a knee and right leg at the knee remains stretc@edtrol variables for the total
calculation of joint steering anglg is the length of p = (0-60) mm crossed by hip
joints in the axis Xx.

p=(0-60)mm

%

end point trajectory

Pr3 /
/\

Ppr

Fig. 3. Graphic representation of the joint on ctelé movement trajectory

Based on Fig. 3 for the co-ordinates of the aniiet jposition hold equations
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X,=60+p; X=60-p; Y=q(a+tc)-XS> (3.1)
For the created triangle with sides X, Y, b acaogdio Fig. 3 holds equation

b=+Y?+X? (3.2)

For the triangle with the sides a, c, b holds adicgy to Fig. 3 cosine theorem and
following out relations for the individual anglesp, y

b? +c? -a’ a’+c?-b? a’+b?-c?
a = arccop———— | B=arcco———— | y =arccog——F—— (3.3)
2bOc 20alc 20alb

For the auxiliary angles, a,, a, hold:

Y . X, . Y
a, =arccos—; a, =arccos—— ; a, =arccos—— (3.4)
b at+c atc

For the angles of the drives rotation of right &gording to Fig. 1 and Fig. 3 hold
equation

P, =180-a, ; P, =90+a, (3.5)

For the angles of the drives rotation of left leg@ding to Fig. 1 and Fig. 3 hold
equation

¢Ll =90+0’—a’1 ; ¢L2 =:8_90 ; ¢L3 =90—)(—0'1 (3-6)

Main objective of the calculations is to determite angles of the individual
joints rotation designated in Fig. 1 and Fig. 3pafkelations for the individual angles
calculations are based on the positioning of tiealloo-ordinate systems in Fig. 1. The
size and alternation of angles depend on the selécjectory, along which the indivi-
dual parts of robot move. These generalised arayiedollowing their value calcu-
lation directly implemented into the controllingeetronics of robot, which rotates the
individual drives into the correct positions acangly.

5. CONCLUSION

The aim of this contribution was a description e tocomotor system proposal to
the biological basis of human beings. We are tloblpms the application of different
movements on a kinematic structure presenting Wigh degrees of freedom of
movement, which are designed to optimize the mowesnaf the robot walking. After
the planned path of movement that we want the rdboachieve the necessary
mathematical describing those movements. The mattieah description is important
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for the further use of these data on steering angpeachieve the best possible
management of the overall movement of the walkotmpt.
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A FLYWHEEL OF VARIABLE MOMENT OF INERTIA

A new construction of a flywheel of variable mon@nnertia of the internal combustion
engine is offered.

INTRODUCTION

A flywheel is usually called a massive rotary diskjich is used as a kinetic
energy accumulator. That's why they are widely usechrs, having irregular entering
or usage of energy.

Descriptions of flywheels are known from medievérhature; the variety of a
flywheel can be considered a well — known fromia@mictimes pottery wheel.

With the beginning of industrial revolution flywhHsewere used in different
mechanisms: stationary and movable.

ANALYSIS OF PUBLICATIONS

It is known that at car’s operation regime somegularity of its movement is
observed [1]. These fluctuations and the reasoas daAuse them are determined as
internal vibration activity of a car. To estimatelacity fluctuations at movement
regime relative value, called a coefficient of age speed change [1] or a coefficient
of non-uniformity of movement, is used2, 3].

To reduce rotational irregularity a flywheel must mstalled. The bigger the
flywheel the less is the coefficient of non-unifatyrof movement. But the application
of such simple method leads to extra increaselpivhieel mass, reduction of speed
characteristics of an engine, impairment of igststonditions, etc.

STATEMENT OF RESEARCH TASK

The task of the given research is the developmeatamnstruction of the internal
combustion engine flywheel which ensures a givarctilation level of rotation
frequency with regard for change of a moment oftiaeof crank-connecting rod
mechanism (CCRM).
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A FLYWHEEL OF VARIABLE MOMENT OF INERTIA

Let’'s consider well-known constructions of flywheslvariable moment of inertia
and their usage in internal combustion engines XICE

There is a flywheel of variable moment of inertidM]l) [4] with a hollow
chamber like a truncated cone, filled with magnetarking substance. A stationary
magnet is attached on a lesser base of chamber toriene of rotation of the
flywheel a working substance under the action eftefugal forces which exceed
magnetic forces, directs to the bigger chamber,haseeasing moment of inertia of
the device. So, construction ensures good condit@fninternal combustion engine
start, because in the time of rotation of a craakdby a starter, crankshaft’s resistance
to rotation is minimum.

If ICE is started, its rotational frequency increasjuickly and a moment of inertia
of a flywheel also increases. The short-coming wafhsconstruction is control of a
flywheel of variable moment of inertia only by clgenof its rotation frequency, that
reduces the opportunities of change of moment eftie and limits the speed of its
change, because it is impossible to regulate #iteaforce of a stationary magnet, and
this attractive force considerably attenuates with increase of a distance. High
accuracy of a change of a moment of inertia isatgx provided, because the moment
of inertia control takes place only due to slowamwn or acceleration of the flywheel.

There is also a flywheel of variable moment of ti@ef5] which has a hollow
chamber like a system of uniaxial truncated coAesn previous case, the chamber is
filled with magnetic working substance. On the Isaskthe hollow chamber there are
the first and the second electrical magnets ofraténg current, which are controlled
by electronic unit. There is a sensor of workingstance position in the construction.
The sensor provides the electronic unit with infation about the current value of a
moment of inertia of a flywheel. Such constructallows to change the moment of
inertia not depending on rotation frequency of é@mgine shaft, but it can’t ensure
quick change of a moment of inertia of a flywheel.

Bulkiness of the construction at increase of thegeaof change of moment of
inertia and impossibility of change of the momehinertia during revolution limit the
usage of such construction in the internal combuostingine. Original construction of
a variable flywheel mechanism for internal comhbwstiengine is offered in [6].
Moment of inertia depends on position of weightsolhhare fastened on arms, rigidly
attached to planetary gears. Planetary gears mikhhe sun gear, which is linked
with the crankshaft of the internal combustion eegiSuch construction allows at idle
movement to increase to maximum a movement of imednd in this case the
unevenness of rotation frequency considerably resluarhich is maximum at such
régime. At increase of rotation frequency of thietinal combustion engine weights
move closer to rotational centre of the crankslaaft| a moment of inertia reduces. As
weights can move very close to the rotational eesltrflywheel moment of inertia
strives to minimum value. This allows the intercaimbustion engine to accelerate
quickly. At reduction of rotation frequency the pess repeats in reverse order.

However, such constructions doesn’'t take accounhemfessity of change of a
flywheel moment of inertia during revolution [7] danmpedes the starting of the
engine, because at low revolution frequency of ghaft by the starter a flywheel
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moment of inertia is maximum. Inertia forces ofisemnce to shaft acceleration are
increased.

A construction of the flywheel which correspondstite demands of the internal
combustion engine operation is offered by the asthd variable flywheel mechanism
contains a mechanism 20 of change of moment ofizneswitching clutch mechanism
40 and mechanism of periodic change of momentestian (Figure 1).

28
Fig. 1. General form of a flywheel of variable maonef inertia.

The variable flywheel mechanism 20 has a sun g2atahnected to an output
shaft 21 of an engine, one or two multiple plane@ears 23 that mesh with the sun
gear 22, one or multiple carrier shafts 24 for tadtle supporting the planetary
gears23. The variable flywheel mechanism also hasoo multiple arms 27, which are
swingably mounted on the carrier shafts 24, andcclwvlare swung by the planetary
gears 23. There are one or multiple elements 3@erconstruction. Their shape is like
weights 28, which are placed near rotational ceotrihe output shaft of the internal
combustion engine. Elements 36 include weights BRvare mounted on arms 27 at
a minimum moment of inertia of a flywheel. The shihg clutch mechanism 40 is
composed of a stationary clutch plate 41 fixedh® shaft and support plate 21 with
bolts 38, a movable clutch plate 42 disposes te the stationary clutch plate 41. The
flywheel apparatus10 contains a stationary holldansber in the form of a straight
cylinder, which has an ellipsis in its base. THhgss centre may not be on the
rotational centre of the output shaft 21 of thelinal combustion engine. In this case
its position will be characterized by a value of@&dricitye and angle.

In fixed hollow chamber 12 there are one or mudtilnhks 13, which are connected
with the output shaft 21 of the engine in perpeuidic plane. On link 13 there is a
bearing 11. The number of links is 13, their reocgal arrangement, the weight of
bearings 11, parameters of ellipsis, which is m stationary chamber 12, the quantity
of eccentricitye and angle 4 are selected individually for reprauncof the given law
of change of the moment of inertia. To reduce ifsictforce the bearing 11 may
contain pivotable bearings.

111



During engine 52 operation at idle stroke weigltsaPe removed from rotational
centre, switching clutch mechanism 40 is turned am so sun gear 22, planetary
gears 23, arms 27 and weights 28 are blocked fisplatements. In this case moment
of inertia of a flywheel is maximum.

When the engine 52 is accelerating (slowing) tharob device 51 switches off the
current at electromagnet coil 44, switching clutabchanism 40 is turned off and a
sun gear 22 stars to revolve, revolving planetayrg 23. At acceleration (slowing) of
the engine 52 the revolution frequency of plane@egrs 23 that leads to approach
(removal) of weights 22 to rotational centre of théput shaft 21 of the engine. At
switching off of the engine 52 the control devick thirns off the switching clutch
mechanism 40.0wing to the revolution of a sun ggarand planetary gears 23
weights 28 through arms 27 displace to the nedoesite rotational centre position.
Then a switching clutch mechanism 40 is switcheamh only after that the engine 52
switched off. This provides minimum resistanceld flywheel at engine starting. At
all operation regimes of the engine 52 at revotutd the output shaft 21 the link 13
with a bearing 11 also revolves. Owing to centrédufprces the bearing 11 moves
along link 13 till it starts touching the walls afstationary cylinder 12. When the link
13 is revolving the bearing 11 is moving alongciinstantly touching the surface of
the stationary cylinder 12. A moment of inertia thfe device changes during
revolution at all operation regimes of the engine.

CONCLUSION

The construction of the flywheel of the internahdmustion engine, which provi-
des easy start, low level of fluctuation of revauatfrequency, good parameters of
acceleration capability in comparison with the #dsconstructions of the flywheels
of variable moments of inertia, is offered.
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RESEARCH OF THE STRUCTURE AND ADHESIVE
PROPERTIES OF CERAMIC COATINGS

The paper presents the research results of adhesbperties of plasma sprayed ceramic
coatings on AD; and ZrSiQ base in tribological couples with 19 436 and 105
materials and polyamide. Ceramic layers are forntdthree types of particles that
differ, from each other in form and compactnessi-Bompactness in the structure of the
layer degrades its properties and it is possibledigde it into voids, pores, branched
cracks and large particles. Among the investigatedamic AJO; and ZrSiQ based
coatings the AD; coating showed the best properties under adheseer conditions;
this material, mainly in combination with 19436 evddl, is suitable for friction nodes.
The wear value is in accordance with the coursethef friction coefficient of the
investigated tribological couples. The wear valseonnected with the surface hardness
of materials in the friction couple. The ceramicdyamide couple appears to be high-
prospective, since it shows a low friction coeffiti and minimum wear and seizure
tendency.

INTRODUCTION

Specific physical and chemical properties of cecamaterials predetermine them
for application under extreme loading conditionser&@nic materials show, in
comparison with classical engineering materialstelbgoroperties mainly under ther-
mal loading conditions, as well as better corros@sistance, wear resistance, etc. One
of possible technical applications of ceramic matsris the formation of ceramic
coatings on metal structural (engineering) partasia spraying of powder ceramic
materials is the basic production technology ofhslayers. Considering the heat
capacity and the temperature, plasma sprayinyesyasuitable technology [1, 2, 3].

The major advantages of the plasma spraying prpedssh enable its relatively
universal utilization, include:

- A significantly wider range of sprayed materialsoth high-melting metals,
oxides, alloy combinations up to plastics),

- A negligible heat effect on the basic material (ZDQ which guarantees the
dimensional and structural stability of the sulistrand makes it possible to use its
diversity, i.e. metals, alloys, ceramics, concreteod, graphite, etc.,

- A possibility to form coatings at micron to millime thicknesses on small, as
well as large areas,

- A high spraying output, especially when water-siaéi plasma units are used,

- Simple operation of plasma equipment [4].
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For spraying powder materials and welding with pewfiller materials, a wide
range of various types of equipment is used allr e world. Plasma spraying
equipment consists of a set of individual appaediend devices. A plasma torch is a
powerful spraying unit. In dependence on the metsfqugasma formation in the torch,
plasma torches can be divided into non-transfearedorches, transferred-arc plasma
torches and combined torches.

According to the sprayed material type, torches banconstructed for wire
spraying or powder spraying. The advantage of spraying is a higher purity of wire
and, as a result, a higher purity and quality & $prayed layer. The advantages of
powder spraying consist in a wider selection of gexy even among materials that
cannot be produced in the form of wire, such ashhnglting materials, oxides,
carbides, etc.

According to the stabilization medium, there aretewxstabilized and gas-
stabilized plasma torches. In the gas-stabilizechi&s, the influence of parameters is
much more complex. Besides the current, the voltagethe rate of the plasma jet,
also the quantity of the fed plasma, focusing ardegtive gas, the shape and design
of the orifice, the nozzles and the diameter oftthmgsten electrode play an important
role. By increasing the current, the plasma tentpezaand electric conductivity
increase. Gases have a great influence on the shegrations of plasma [5].

Basic experimental research of the water-stabiliaed was conducted at the
beginning of 1960s. A commercially manufactured esstabilized plasma torch
consists of a specially shaped arc chamber, ayratawled anode and a consumable
graphite cathode. A schematic picture of the arandber is shown in Fig. 1. The
chamber is divided into several sections by thdlémfwith central holes. Water is
injected tangentially into the sections where tbheex is created. The anode made of a
copper disc with internal cooling is located ougsitie arc chamber. The anode disc
rotates to reduce strong electrode erosion intimesphere containing oxygen.

water vortex

cathode cooling tangential water inlets
1 | | | I\vater out
X S
\

amode cooling \\\\\k\\\

/”"// /'//4

anode

Fig. 1. Schematic picture of the arc chamber
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Evaporation from the inner cylinder wall of wateortex surrounding the arc
column is a principal mechanism that produces am @lasma medium. The
evaporation is induced by the absorption of a ioacof the total ohmic power of the
arc. The ionized vapour inflows and its heatingatgean overpressure inside the arc
chamber, which accelerates the plasma towardsxiheréice of the chamber. Thus,
the arc properties are controlled by processesiantling the evaporation from the
wall and by the radial transport of energy from éineh centre towards the walls (inner
surface of the water vortex). The resulting prapserbf the generated plasma jet are
strongly dependent on the used amount of arc dufggnThe plasma arc temperature
achieves 25-30 000 K or more. The mechanism of &on and properties of hot
sprayed coatings are also substantially influermetechnological parameters such as
heat input, spraying distance, granularity of adahederial, etc.

The literature [7] presents the comparison of systevith water (LP) and gas (GP)
stabilization of plasma.

GP: For high quality small area coatings usingneatspecial and/or expensive
spray materials;

LP: For large area coatings, production of freexditag shapes and for powder
production (spheroidization).

The majority of applied ceramic based added madser@nsist of ceramic
materials with a dominant portion of &), followed by the other oxides (£,
ZrSiQy, Zro,, MgO, CaO, HfQ, Mo0O,), applied either in the pure condition or with
various doping agents, and other chemical compo(mti&les, borides, etc.) [8].

The paper presents the research results of adhpsiperties of plasma sprayed
ceramic coatings on AD; and ZrSiQ base in tribological couples with 19 436 and
12 050 steels and polyamide.

TEST METHOD

Ceramic coatings were prepared using a plasma tar¢the AC - 160 type with
water stabilization of plasma and with the eledmmut of 160 kVA. Prior to spraying,
the surface of samples was pre-treated by blastittgcorundum grains with the grain
size gk - 0.9 mm. The spraying distance was 350 mm. The sk of sprayed
coatings ranged from 180 to 2@af.

For evaluation of the tribological properties oflested material couples, the
surface roughness, the wear value, the seizure damdethe friction coefficient were
measured. The ceramic coating was applied to tbe ¢ samples witl® = 20 mm
and the thickness of 12 mm, made of steel 11523:0sterparts, ring samples were
used with the outside diamet@®r= 40 mm, the inside diametdr = 40 mm and the
thickness of 10 mm, made of steel 12050, 19436 @oigcrystalline thermoplastic
polyamide PA6. Steel 12050 is structural carboalsteth 0.5% C and the hardness of
189 HV. Material 19436 is chromium tool steel — HW23, (Table 1).

Table 1. Used steels and their designation

STN Standard DESIGNATION EN STANDARD DESIGNATION
STN 41 1523 11523 EN 10025A1 S355J0
STN 41 2050 12 050 EN 10083-2 C45

STN 41 9436 19 436 - X20Crl12




For spraying, ceramic AD; and ZrSiQ powders were used. A; coatings show
high hardness, low thermal conductivity, excellegat resistance, corrosion resistance
in molten materials and wear resistance at eleviaegberatures. The mean powder
particle size determined using screen analysisdugs=s 0.079 mm. ZrSiQ coatings
are corrosion resistant in molten metals, resistay@inst acid slag of non-ferrous
metals, etc. The mean powder particle size was=d0.029 mm. After spraying, the
samples were ground with diamond grinding wheeld warious grain sizes. After
grinding, multi-stage polishing with diamond pastiedlowed. The roughness of
polished coatings was measured using SurftesB81- Tester [10, 11].

The determination of friction properties and weaas conducted using
AMSLER tester. The coated sample and the counte(pag) are screwed on two
parallel shafts. The ring rotates and is mechalyigakssed onto the sample with a
force that can be controlled in the range of 20004N. The wear tests were conducted
under dry friction conditions, with the pressingde of 250 N and the ring rotation
speed of 200 rev.min.The friction coefficient was determined by caldida from the
friction moment recorded by the apparatus. Whensomag the wear value, the test
was interrupted in regular intervals and the wesluer was calculated based on the
wear marks using mathematical formulas [12].

RESULTS AND THEIR DISCUSSION

The structure of the AD; coating is shown in Fig. 2, 3. The surface of the
coating is markedly heterogeneous and consistadifidual disc-shaped splats. The
particles (splats) are well-spread and form a shmaairface. Overheated melted
particles form local lobes from which small ovalspherical particles were separated.
On the surface of splats, various defects, suchoats and cracks, can be observed,
which were formed due to dilatation stresses in ¢batings during coolingThe
ZrSiQ,4 coating structure is similar to that of,8k coatings, Fig. 4.

A real structure of ceramic coating is shown in.EgThis is a typical structure of
the sandwich type with a relatively small numbewoids, pores and other structural
defects.

Fig. 3. Surface of the AD; coating

116
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Fig. 5. Fracture surface of the ceramic
coating AbOs

Fig. 4. Surface of the ZrSi@oating

Despite the fact that the added material is swffity plastic upon impact, structu-
defects may be found in coatings and thesectiefeay be classified as follows:

- Discontinuities of the void type;

- Discontinuities of the pore type;

- Large ball particles, insufficiently melted;

- Cracked particles;

- Small ball particles on the coating surface.

A smoother surface was achieved fop@y coating, which was also confirmed by
the measured roughness values shown in Table 2.

ra

Table 2. Roughness of coatings and its counterpart

Coating Ra [um] R [Mm] Material Ra [um] R [1m]
Al,O3 0.37-0.60 3.52-7.31 19436 0.45-0.60 2.10-2.90
ZrSiO, 0.80-1.01 6.66-8.19 12050 0.43-0.65 3.70-5.95

The results of coating wear measuring are showfiga. 6 and 7. The wear of the
ZrSi0,-19436 couple shows higher values than that oAIh©,-19436 couple. Fig. 8
shows the structure of the worn out Zrgidating coupled with steel 19436. The
surface is very articulated due to intensive fragtagon and taking-up of the grains
from the coating. A slight grooving effect of thgsarticles takes place, which results
in the formation of a combined adhesive-abrasiyee tgf wear, which increases the
wear intensity.

In the ceramics-12050 steel couples, very intensi@ar of coatings was recorded
— down the basic material, which was higher thaénZrSiQ coating. This increased
intensity can be explained by a strong roughenihghe relatively soft surface of
12050 steel (180 HV), the formation of micro-joirdad the subsequent intensive
taking-up of particles from the ceramic surfacespie checking the surface cleanness
during the test. A grooving effect of these paetictakes place, which leads to the
formation of an adhesive-abrasive type of loadifige worn-out AJO; coating is
shown in Fig. 9. The failure of coating takes plagefragmentation and taking-up of
particles.
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The graphs of friction coefficient-time relationghifor the tested tribological
couples are shown in Figs. 10 and 11. They areactexized by various increments of
the friction coefficient and various times to saepéizure (the last point in the graph).
There is an evident difference between the ceraf®d86 steel friction couple and
the ceramics-12050 steel friction couple. The déife course of these curves for these
friction couples corresponds to their wear valukisTcan be observed mainly in the
ceramics-12050 couple, where a sudden increaskeofriction coefficient within a
short time interval takes place, which also reslilteincreased wear intensity.
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Fig. 10.Time response of friction coefficient
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In the tribological couple ceramics-polyamide, narks of wear were observed
even after 3 hours of machine running at the sanhoplé of 800 N, therefore only the
friction coefficient in dependence on load was dateed for this couple. The results
of these tests for the investigated tribologicalmes are shown in Figs. 12-14. The
tests were conducted in the load range of 200-80 khe friction couples ceramics-
12050 steel, the friction coefficients were onlytetmined up to the load value of
400N. When the load was further increased, the kEmrgeized within a few seconds
and the record was confused due to great ampliddidbe dynamometer. It results
from the graphs that the best course of the fmctoefficient was showed by the
friction couple ceramics- polyamide, which had linegest and the smoothest running
with a low increase of the friction coefficient. ifhcouple shows a low bounding
energy and high plasticity of polymer, which redube adhesive wear coefficient,
prevent the development of plastic deformation decrease the seizure tendency. The
most adverse results were obtained for the cerah@@50 steel couple.
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Fig. 14. Course of friction coefficient dependingload of ceramics-polyamide couple
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CONCLUSIONS

1. Ceramic, sufficiently heated material producestietty homogeneous coatings
with few defects. Melted ceramic particles adapll teethe profile of the basic
material or to that of the preceding layer. Disauuities in the structure of the
coatings may be divided into: voids, pores, craskgll ball particles.

2. Among the investigated ceramic ,®; and ZrSiQ based coatings, in
tribological couples with 19436 and 12050 mateyitdse ALO; coating showed
the best properties under adhesive wear condititims; material, mainly in
combination with 19436 material, is suitable faction nodes. The wear value
Is in accordance with the course of the frictiorfficient of the investigated
tribological couples.

3. The wear value is connected with the surface hagireé materials in the
friction couple. In soft materials — 12050 steehtensive wear of the ceramic
coating surfaces takes place, which is connectédam increase of the friction
coefficient and the subsequent taking-up of pasidtom the coating surface.
These particles, with their grooving effect, charige adhesive wear process
into a combined, adhesive-abrasive wear process.

4. The achieved results have shown that under thesagh®ear conditions the
ceramics-polyamide couple appears to be high-potisiee since it shows a low
friction coefficient and minimum wear and seizugadency.
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JOINING OF STEEL SHEETS FOR AUTOMOTIVE
INDUSTRY USING PRESS JOINING METHOD

The paper deals with joining of steel sheets fdpm@utive industry using press joining
method. This method is a relatively new technigueao body sheets joining which is
beginning to find its place in the automotive indyss an alternative to resistance spot
welding, especially in joining materials of diffategualities. Combination of two hot-dip
galvanized steel sheets: microalloyed steel sh&0HD of the thickness 0,8 mm and
TRIP steel 40/70+Z100MBO of the thickness 0,77 ware used for the experiments.
The tensile test and metalographical analysis wesed for evaluation of the press joints
properties. The influence of the sheet’s positiorpiiess joining of used materials on
carrying capacity considering the active partstaf tool - punch and die was observed.

INTRODUCTION

The car body consists of combination of severalemas. That is because of
trends of material saving and energy saving thapied in car body production. The
car production with lower weight and consequentithwower fuel consumption is
following ecological demands of emission reductionthe environment. There is a
need to join various materials — various thicknesslity, surface treatment [1]. The
application in car body production opens the newspmlities for the designers in
optimal using of properties of various materialsickhcan be combined to the one
construction. For example the cheapest materiadeasituated in the common parts
of pressing in car body, quality sheets can beattli in the critical places of
deformation and high-strength sheets can be usethanexposed places due to
demands of construction — deformation zones [2].

These demands lead to research in the area of iaigtening with the accent
mainly on carrying capacity of joints, quality @fifts and corrosion resistance.

It is not always possible to achieve the requiredlity of joints in automotive
industry when classical methods of joining like isence spot welding and laser
brazing are used. There is a need to researclthatarea of alternative methods of
material joining. One of the alternative joining thneds used in automotive industry is
press joining [3]. This method should be used asaléernative to resistance spot
welding, especially in joining of galvanized sheétsother press joining method used
in the automotive field is self-piercing rivetingtivthe semi-tubular rivets [4].
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The contribution deals with evaluation of jointsdeaby press joining of material
combination: microalloyed steel HSLA H220PD and FPRI0/70+Z100MBO.

MATERIAL AND EXPERIMENT

For press joining methods, these steel sheets ugad: microalloyed steel HSLA
H220PD of thickness 0.8 mm and TRIP 40/70+Z100MB@hkness 0.77mm. Their
basic mechanical properties and chemical compaositie shown in Table 1 and 2.

Table 1. Basic mechanical properties of used steels

Material Rp..[MPa] Rm [MPa] Ao [%0] Ngo
H220PD 238 382 36 0.228
TRIP 40/70 450 766 26 0.278

Table 2. Chemical composition of used steel sheets

Material Chemical composition in [%] wit.

C Mn Si P S Al Cu Ni Cr Ti

H220PD 0.004 | 0.415 0.100 0.042 0.004 0.085 0.011 0.p17100{30.037

TRIP 40/70 | 0.204 | 1.683| 0.198 0.018 0.003 1.731 0.028 0.p18 550/00.009

V Nb Mo Zr

H220PD 0.002| 0.026] 0.005 0.00

=

TRIP 40/70 | 0.004| 0.004| 0.008 0.00

BN

According to orientation of punch and die to pasitiof upper and lower joined
material, following combinations of steel sheetsdiess joining were used:

H220PD (3-0.80 mm) and TRIP ¢a0.77 mm)* - samples A
TRIP (8 -0.77 mm) and H220PD{a0.80 mm)* - samples B
(*sheet on the die side of press joining tool)

The samples of 40 x 90 mm dimensions with the lengjt lapping 30 mm
according to STN 05 1122 standard were used foetiperiments. Six samples were
prepared for every combination of sheets — samplB. A he surfaces of samples were
not cleaned before clinching.

Clinching was performed on the tension machine ZOD ¢f Werkotoffruf-
maschinen Leipzig Company with the loading rangd®kN. The force needed for
joining was 30 kN. The force for blankholder wa&M. Two types of samples were
made by press joining: samples A with TRIP 40/#ekbn the side of die of press
joining tool and samples B with microalloyed stel@20PD on the side of die of press
joining tool.

The carrying capacities of joints made with pressing were evaluated according
to standard STN 05 1122 — Tensile test of spot @kjdints. This test was used for
measuring the maximal carrying capacities Fmax m@sged joints. The test was
carried out on the testing machine for determimatd strength of metals TIRAtest
2300 made by VEB TIW Rauenstein with the loadingespof 8 mm/min.

The metallographical analysis was used for evaloaii quality of pressed joints.
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ANALYSIS OF RESULTS

The measured values of carrying capacities of pj@sss after tensile test are
shown in Table 3. The values of carrying capacitiesesistance spot welds of the
same material combination (H220PD of 0.8 mm thisksnand TRIP 40/70 steel of
0.77 mm thickness) are shown in Table 3 for conspariof carrying capacities with
press joints. The joint made with resistance speiding achieved average carrying
capacity of 7467 N and the joint of samples A madth press joining achieved
average carrying capacity of 1007 N. The carryiagacity of the press joint of
sample A is about 13 % in comparison with the tasse spot weld in researched
material combination. The cracks in the lower @lTRIP steel on the die side were
observed (Fig. 1 and Fig. 2c). Figure 2 shows examwipfailure in sample A.

Table 3. Measured values of carrying capacitiesaaiples A, B and resistance spot welding

Carrying capacity Fmax [N]
Number of — — _
sample Press joining —| Press joining —| Resistance spaot
samples A samples B welding
1 939 7310
2 985 7641
3 1016 7680
4 1080 7172
5 1083 7417
6 937 7581

Fig. 1. Macrostructure of sample A with cracksawér TRIP sheet on the die side

The carrying capacities values of samples B arenesttioned in Table 3, because
the press joints were not created. Only the patppier TRIP steel sheet was cut off
and pressed to the lower sheet (Fig. 3a). No craeks observed on the lower part of
sheet on the die side unlike the sample A (Fig. 3c)
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Fig. 2. Sample A after tensile test: a) joint aftlure, b) upper sheet of joint, c) lower shefgbmt -
on the die side

Fig. 3. Sample B after tensile test: a) joint afgglure, b) upper sheet of joint, c) lower shelgbmnt -
on the die side

Figure 4 shows characteristic grain deformatiorthaf upper sheet in so called
critical area of the press joint. The failures dgrtensile test of samples A and failures
during the process of press joining of samples Bevadserved in the critical area.
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Fig. 4. The critical area in the press joint: aPARD steel on the upper side, b) TRIP 40/70 steel o
the upper side

The details of the cracks in TRIP steel of the damyare shown in Fig. 5.

e [

Fig. 5. Microstructure of sample A - details ofacka in TRIP steel

CONCLUSIONS

The contribution dealt with evaluation of pressnjei of material combination:
microalloyed steel HSLA H220PD and TRIP 40/70+Z1@BXM The tensile test and
metallographical analysis were used for evaluatibmpress joint properties. On the
basis of the conducted experiment, the followingatasions can be formed:

- press joints of samples where TRIP steel wasigtlion the die side were created,
their average carrying capacity was 1007 N, butkgan TRIP steel were observed,
which cannot be accepted as a quality joint,

- press joints of samples where H220PD steel waatsid on the die side were not be
created; only the part of upper TRIP steel shestaud off,

- metallographical analysis of the samples with HRteel on the die side confirmed
appearance of cracks in the part of TRIP steel,

- metallographical analysis of both types of theagles confirmed failures in the press
joints in the critical area — during tensile testsamples A and during the process of
press joining in samples B.
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On the base of results of quality evaluation ofspr@ints it can be stated, that
press joining method is not suitable method fonijoy of material combination of
TRIP 40/70 steel and microalloyed HSLA steel H220PD
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INFLUENCE OF WELDING PARAMETERS OF RESISTANCE
SPOT WELDING ON THE QUALITY OF WELDED JOINTS

The paper deals with the influence of welding patars of resistance spot welding on
the quality of welded joints. Joints were made wiimbination of galvanized steel sheets
DX51D + Z (EN 10142/2000) and TRIP 40/70+Z100MBOislan advanced material
combination frequently used in designing car bodstp For evaluation of joints quality
the shear tension test on spot joints accordindpIN 50 124 standard was used. The
basic mechanical properties of welded joints wekalgated. Some samples were
prepared for metallographic analysis where theuafice of the welding parameters on
the structure of welded joint was observed. We alsserved the influence of welding
parameters on the dimensions of the weld nuggelyedisas the occurrence of pores in
the weld metal caused by evaporation of zinc frieendpating. Hardness was evaluated
on metallographic scratch patterns according to W 1043-2 standard.

INTRODUCTION

Car producers make an effort to achieve the lowessible fuel consumption,
high active and passive safety of passengers \whidesasing the amount of emission.

One of the possibilities of decreasing the car Wwesmnd consequently lowering the
fuel consumption is using various combinations @ftenials, such as combination of
conventional deep-drawn steel sheet and high-dtiesigel sheet. In the areas, where
high passive safety is needed, high-strength sgesls as TRIP and DP steels can be
used. The usage of such steels can significantlyce the car weight. Their strength
properties allow reducing the thicknesses of paldicsegments of a car body.

The car body consists of several materials whiadrie be joined together to form
one unit, usually by welding. Due to combining wals types of materials having
different mechanical properties and chemical comtjoos it is necessary to consider
various methods of welding and joining. Specifiond@ds on the weldability of
particular types of materials must be taken intastteration to optimize welding
parameters with the aim of eliminating defects e&lded jointg1, 2].

Weldability issues of deep-drawn steels in car bpahduction are generally well
mastered. Weldability of TRIP steels is commonlgssified as good. However, a
combination of these types of materials in resistaspot welding requires thorough
optimization of the welding parameters.
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MATERIALS USED FOR EXPERIMENTS

Double-sided hot-dip galvanized steel sheets TRIFG*+Z100MBO of 0.77 mm
thickness made by Voestalpine Austria, and DX51 ¢EN 10142/2000) of 1 mm
thickness made by U.S.Steel KoSice, Ltd. were usedhe experiments. Average
thicknesses of zinc coatings measured by contacknéss gauge Quanix were as
follows:

TRIP 40/70+Z100MBO - 18,g@m
DX51D + Z (EN 10142/2000)- 168m.

The chemical composition of the observed mateaald their basic mechanical
properties declared by the producers are showmlohe§ 1 to 4.

Table 1. Chemical composition of TRIP 40/70+Z100MBO

C Mn Si P S Al Cu Ni

0.204 1.683 0.198 0.018 0.003 1.731 0.028 0.018
Cr As Ti \% Nb Mo Zr

0.055 0.008 0.009 0.004 0.004 0.008 0.007

Table 2. Mechanical properties of TRIP 40/70+Z 1M

Rpo2 [MPa] Rm [MPa] Ao [%0] Ngo

450 766 26 0.278

Table 3. Chemical composition of DX51D + Z (EN 1212D00)

C P S

max. 0.15 max. 0.040 max. 0.040

Table 4. Basic mechanical properties of DX51D £R (10142/2000)

Rm [MPa] Anin [%0], Lo = 80 mm]

max. 450 23

The formation of the weld nugget is indeed strorgdgpendent on the phenomena
at the interfaces. The contact areas influencectiirehe macro-constriction of the
welding current in the assembly: they vary throughoomplex way, along the
different phases of the process, are affected bytmfiguration of the assembly and
by the profile of electrodes contact surface. Thefage defects lead to micro-
constriction effects taken into account by the teleal and the thermal contact
resistances definition [3-5].

Resistance spot welding was carried out in laboyatonditions on a pneumatic
spot welding-machine BPK 20 made by VTS ELEKTRO tBtava. CuCr welding
electrodes were used according to ON 42 3039.7#datd. The diameter of working
area of the electrode was d = 5 mm. The weldingarpaters of resistance spot
welding with marked tested samples are shown ineT&b The welding parameters
were determined according to the recommended wglgiarameters by IIW -
International Institute of Welding, adapted to owrelding machine and its
possibilities.
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Table 5. Parameters of resistance spot welding

_ Samples
Welding parameters
A B C D
Fz — pressing force [KN] 6 6 6 6
T - welding time [per.] 12 12 12 12
| — welding current [KA] 6 6.6 7 5.4

Static tensile test

Tensile test according to DIN 50 124 standard wsesiuor evaluation of carrying
capacities of welded joints, with samples of dimens as shown in Fig. 1. The
samples were prepared by cutting against the dreatf rolling. The length of
lapping was 32 mm. The surfaces of the samples wWegeeased in concentrated
CH;COCH;.

The tensile test was carried out on tensile machiRA test 2300 manufactured
by VEB TIW Rauenstein with the load speed of 8 mm/m
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Fig. 1. Dimensions of samples for the tensile test

Metallographical analysis

The quality of welded joints was evaluated by ligimicroscopy on
metallographical scratch patterns prepared acoprinSO 6507-1 and 1SO 6507-2
standards on Olympus TH 4-200 microscope. The sssnpére etched in 3% solution
of HNO:..

ANALYSIS OF RESULTS
Analysis of the tensile test

Measured values of carrying capacities of jointsan@tding current are shown in
Fig. 2. Only one type of the joint occurs in allbbsken parameters of welding — fusion
welded joint. The values of carrying capacity ofldesl joints were in the range from
6166 N to 7680 N.
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Fig. 2. Dependency of carrying capacities of speldae Fmax [N] on welding current | [KA]

Figure 3 and 4 show indentations formed by the imglelectrodes. The most
obvious indentations were on the surfaces of sanplkepared with parameters B (14 =
6.6 kA) and C (14 = 7.0 kA). The least obvious int&ions were on the surfaces of
both welded steels prepared with welding param@dis4 kA).

Fig. 4. Welding electrodes indentations on DX511 (EN 10142/2000) steels

As the measurement results show, the highest ogrgapacity was measured on
samples prepared with welding parameters A — weldimg current 6 kKA.

Metallographical analysis

The base material of DX51D + Z (EN 10142/2000) bhaBne-grained ferrite-
perlite structure. It is a fine-grained multi-phasgucture with dominant ferrite
component, bainite and retained austenite segmrgatéoundaries of ferrite grains.

The metallographical analysis confirmed formatidnfusion welded joints with
characteristic areas of weld metal, heat affectadezand base material. Figure 5
shows the macrostructure of a spot weld of the samplded with parameters A.
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Fig. 5. Welded joint of an A sample

Figure 6 shows welded joint of a sample welded wahameters D with the lowest
value of welding current — 5.4 kA. Therefore, theeldv nugget is smaller in
comparison with the weld nugget of sample in Fig. 5

The macrostructures of a weld joint show the stddiion process of weld metal
with a characteristic dendrite structure typicalr@sistance spot welds.

The microscopic observation of macrostructureshefwelds shows no pores and
cavities occurring in the weld metal.

Figure 7 shows microstructure of weld metal of asaiple in the middle of weld
nugget. The microstructure of weld metal consistsnostly fine-grained martensite
arranged in typical lamellar formations. Such ldardiormations prevent the austenite
from transformation; therefore the retained austeniccurs in the microstructure.
Besides martensite, also ferrite and both formisariite occur in the microstructure of

weld metal. Presence of formed carbide inclusiors also observed in the weld
metal.
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Fig. 7. Structure of weld metal in TRIP steel offasample

The microstructure of DX51D + Z can be characterias a fine-grained ferrite-
perlite structure. Because of heating in resistasp welding, continual growth of
grains towards the weld metal can be observedgAifsiant growth of perlite grains
occurs in the heat affected zone. On the boundhtiieoheat affected zone and the
weld metal, there is bainite transformation of pedrains (Fig. 8).

Fig. 8. Base material (BM) and heat affected zonEig. 9. Boundary of weld nugget (WN) and heat
(HAZ) of DX51D + Z steel affected zone (HAZ) of DX51D + Z, sample A

In the part of the weld metal of DX51D + Z (Fig., 9 bainite-ferrite micro-
structure can be observed. There are disperseiiefgmains on the boundaries of
bainite grains. In the part of the weld joint of B2D + Z, the structure of well visible
dendrites is the same as in the part of the wetgyeuof TRIP steel, characteristic for
solidification processes of the weld metal in rasise spot welding.

In the middle part of the weld metal, there is aoa layer of weld metal mixing
of both sheets, caused by the loading force oftreldes (Fig. 10). The core of the
nugget (on the upper side of the figure) consisthartensite structure from the side
of TRIP steel. Besides of martensite lamellas,iteeigrains and remains of retained
austenite can be observed in the structure of BRIEl.

132



On the side of deep-drawn steel, there are bagriéns with polyedric ferrite
grains which were transformed into acicular ferrite

Fig. 10. Area of weld metal of both types of stedFig. 11. Crack in the HAZ of TRIP steel above the
weld nugget with parameters C

When using welding current 7 kA, there occurs ciraghn heat affected zone of
TRIP steel, as shown in Fig. 11.

Expressive indentations of electrode tips were fesk on the sample surfaces
made under welding parameters C. Current intehsitiya significant influence on the
height of the weld nugget. The character of craskstercrystalline. The amount of
the heat and martensitic structure or transformgti@cess of particular compounds of
the structure during welding was the cause of toesation. However, a dynamic
process of welding with a hard regime was used;ksrareations occur when using
welding current over 6.6 kA.

Such cracks occur only in heat affected zone ofPTRieel. Evaporation of Zn
coating from sheet surfaces in the area of weldiipg contact was observed in all
samples.

CONCLUSIONS

On the basis of the conducted experiment, the iatig conclusions can be
formed:

» Fusion weld joints occur with all chosen parameténesistance spot welding.

« The highest tensile strength was observed in sampt@de with welding
parameters A (Table 6). The average carrying capacisamples was 7520 N.
The lowest values of carrying capacity were obskrire samples made with
welding parameters D, where the average value royiog capacity decreased by
8.65 % in comparison to samples with parameters A.

* Increasing the parameters of the welding curreavalthe value of 6.0 kA proved
ineffective. The carrying capacities of samples enadth parameters of B and C
were not increased. In fact, the carrying capaitlecreased, and we observed
overheating of the weld metal and expansion of bat affected zone, which
proved to be a critical area in welding.

 The metallographical analysis confirms that the seimo combination of deep-
drawn sheet and high-strength sheet is suitablesBistance spot welding. On the
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basis of the results it can be stated, that weldingent has a determining
influence on the weld joint. When using the weldougrent of 5.4 kA, weld joint
was of high quality, fusible and without defectst the weld nugget had smaller
dimensions in comparison with weld nuggets madesupdrameters of A and B.
Weld joints of high quality were made with weldiogrrents of 6.0 kA and 6.6
kA. Welding current of 7.0 kA is not suitable ftre examined thickness and
sheet combination, because cracking was observéleirheat affected zone of
multi-phase material of TRIP.

* In the evaluated microstructures there was jugtla &mount of formed carbides
in the weld metal (mainly in TRIP steel), which wenitiated in isothermal stand
in the bainitic zone. Fully killed steel by Al wdstermining and the content of Al
in our case was 1.731%.

Both types of evaluated materials are suitablenfelding of car body parts. The
development of TRIP steels for automotive indusétads to development of bainite-
ferritic structure with retained austenite.
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THE CAUSES OF FAILURES IN RESISTANCE SPOT
WELDING OF CAR BODY SHEETS

The paper deals with analyzing of defects of resit# spot welds, which mostly occur in
welding of materials used in car body productiofeTdefects were evaluated with
destructive and non-destructive tests. A non-deste method was a visual control of
weld surfaces of lapped joints. Metallographicalabsis of weld joints on scratch

patterns was used as a destructive method. Theelmie of welding parameters on
dimensions of weld nuggets was observed with ligbtoscopy. The defects in weld and
heat affected zone were documented too. The icfuehsurface treatment of car body
sheets on occurring of defects was evaluated wigmical EDX analysis. EDX analysis
was also used for evaluation of weld joints surfaaeed for evaluation of influence of
weld tips marks on surface quality.

INTRODUCTION

Resistance spot welding is one of the most usdthtdogies of sheets joining in
automotive industry. Welding, laser brazing, MIGladweg and brazing, clinching,
adhesive joining are the methods used in car bodgyction. But the most used
method of joining of black sheets, galvanized sheahd aluminium alloys is
resistance spot welding. A middle class car cost&iom 2.500 to 5.000 spot welds.
The quality of spot welds depends on optimizatidnwelding parameters for the
specific type of welding machine, used materials i@lding. Surface treatment of
joined materials has also significant influence tre quality of spot welds.
Optimization of welding parameters is tested onwetded samples. The quality of
welds is mainly evaluated with destructive testeistle test, cross-tension test, chisel
test, pull test, fatigue test, dynamical impactt,tesvaluation of weld hardness,
metallographical analysis. Non-destructive testgehanly informative character and
do not allow detecting for example cold joints, @hiare one of the most reason of
spot welds failure [1, 2].

Incorrect choice of welding parameters in resistasot welding cause following
defects [1, 3]:

- cold joints,
- lower weld nuggets,
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- higher weld nuggets,

- deep marks of electrodes,
- surface melting,

- asymmetric weld shape,

- insufficient weld diameter,
- cavities, pores,

- cracks.

USED MATERIALS

Influence of welding parameters on quality of weldeints was observed on
materials, shown in Table 1.

Table 1. Chemical composition of evaluated matexdaiclared by producer in % wt.

Sample A B C D A B C D
DX52D |H 420| TRIP | DP 600 DX51D |H 420 TRIP* DP 600
+Z LAD * i +Z LAD o
Element [%6] [%] [%6] [%] Element [%0] [%] [%0] [%0]
C 0,15 0,10 0,204 0,072 Nb - 0,09 0,004 0,0p2
Mn - 1,50 1,683 1,807 Mo - - 0,008 0,203
Si - 0,03 0,198 0,010 Zr - - 0,007 0,003
P 0,035 0,025| 0,018 0,017 Cu - - - 0,022
S 0,015 0,01 0,003 0,006 Ni - - - 0,011
Al 0,04 0,015 | 1,731 0,056 Sn - - - 0,002
Cr - - 0,055| 0,220 Sh - - - 0,002
As - - 0,008, 0,002 SAL - - - 0,056
Ti - 0,15 0,009/ 0,001 TAL - - - 0,057
V - 0,2 0,004| 0,003 N2 - - - 0,00%

* TRIP 40/70+Z100MBO - full material specification
*DP 600 HCT 600X+Z — full material spediition

Resistance spot welding was realized at the Labiyraif welding on pneumatic
welding machine BPK 20 of VTS Elektro Bratislavagucer with welding electrodes
CuCr prepared according to STN EN 25 821 standaitth, the diameter of working
area @5 mm.

Parameters of resistance spot welding are showahire 2 and process of welding
parameters is shown in Fig. 1.

Table 2. Chosen welding parameters

. Sample

Welding parameters AL A2 [BL1] B2] Ci1] C2| D1 D2
Sheet thickness h [mm 15 15 15 15 0,8 0,8 |1]55
Pressing force Fz [kN] 4 4 26 2)6 4 4 26 26
Time of welding electrodes pressing t1 [pef] 10 [1a0| 10| 9 9 10/ 10
T|m§ of application of required [ber] 10l 10l 10l 100 10 14 10 10
welding force t2
Welding time t3 [per] 12| 12 14 14 12 12 14 14
Forging time t4 [per] 12| 12 14 14 12 12 10 14
Build up current I3 [kA] 52/ 70 53 62 4 69 52,0
Welding current 14 [KA] 6,0 7,7 66 7.6 § g 60 8,0
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Fig. 1. Welding parameters process on welding nmecBPK 20

ANALYSIS OF RECEIVED RESULTS

The quality of welded joints is analyzed primasith non-destructive methods of
testing and then with destructive methods. The cbasethod of non-destructive
evaluation of all kind of welded joints is the \adicontrol. In the case of negative
result of the visual control, the weld is markediranvenient and the other control
methods are not necessary. The dimensions of wgtet and influence of used
pressing force on surfaces in the place of comgkstiirode — sheet are evaluated with
this method. The mark depth of electrode tips endahea of joint is observed according
to STN EN ISO 18595 standard, where maximum vatdesark depth in the area of
joint is 20 % of total thickness of joined matesial

Using high values of welding current or welding ¢irm welding of galvanized
sheets cause impurities on the joint — brass laykich is created by Zn layer bonded
from sheet surface of joined material to the etmtgrtip of Cu alloy. This layer
negatively affects the transfer resistances betwesding tip and welded material.
The brass layer is released during welding and ecammpurities on the joint as is
shown in Fig. 3. The protective coatings on thelstbeets lead to the rapid decreasing
of welding tips lifetime, which is notable probleamresistance spot welding, mainly
in car body production in automotive industry.

Figure 2 and 3 show influence of used welding patens on the weld surfaces of
samples C1 and C2. Figure 4 shows the brass laydrecedge of weld joint.

Fig. 2. Weld surface Fig. 3. Weldfane Fig. 4. Brass on joint soefa
on sample C1 on san@ on sample D2

The cold joints frequently occur in resistance spelding of galvanized steel
sheets, because of inconvenient welding paramekbes.main influence on the cold
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joint occurrence has low values of welding curremsufficient pressing force, short
welding time and impurities on the surfaces of gginmaterials in the place of welding
[3, 9].

The macrostructure of welded joint of DX52D+Z makiis shown in Fig. 5.
There is a typical cold joint without melting ofiped material surfaces. Therefore the
welding parameters used for sample Al are insefficifor creation of qualitative
fusion weld.

The macrostructure of sample A2 is shown in Figl'tee cavities in the middle of
weld nugget occur after welding. The base matdned ferritic-perlite structure.
Bainitic structure, primary and acicular ferritesna@bserved in the weld metal.

Fig. 5. Macrostructure of cold joint of Al sple Fig. 6. Macrostructure of fusion joint
of sample A2

The detail of cavity in sample A2 is shown in Fig EDX analysis was realized in
the cavity edge (Fig. 8) with the purpose to vethg influence of Zn on the cavity
creation. Occurrence of Zn was not observed ircthty, only occurrence of Al and
Fe was documented. The same was observed in thélemod weld nugget. Used
welding parameters caused the expulsion of Zn fiwrjoint between joined materials
during welding [4, 2].

Fe

Al

Coeris (addrry ut!

1 2 S 5 (3 T & - P R |
Ermergy (R

Fig. 7. The cavity in the weld after expulsion Fig. 8. Chemical composition in ¢gwf
welding metal. from EDX analysis.
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The influence of welding parameters on welding aéroralloyed steels (HSLA)
was observed too. The basic material of H 420 LAdhsists of ferritic-perlite
structure. Acicular ferrite structure in the wel@tal was observed. Figure 9 shows the
macrostructure of sample B1. The cavities in thédweetal are shown in Fig. 10.
They were caused by low values of welding curreat short welding time.

Fig. 9. Macrostructure of sample B1 Fig. 10. Detail of cavities in the midaf weld
nugget of sample B1

Figure 11 shows characteristic dendritic microstreee of sample B2. Increasing
values of welding current caused microcracks inwetd metal (Fig. 11 and 12).
Initiation of microcracks starts from the middle joint and their orientation is in
direction of solidification of weld metal.

Fig. 11. Hot cracks in microstructure of sample B2Fig. 12. Detail of cracks of sample B2

Resistance spot welding of high-strength multiphsteels is problematical. The
optimization of welding parameters is very impottand leads to use hard welding
regime with short welding time. The macrostructofsample C1 is shown in Fig. 13.
The base material TRIP 40/70+Z100MBO has fine gfaintic bainite structure and
residual austenite is located on the boundaryroitéegrains [6].
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Y &
Fig. 13. Macrostructure of sample C1

The microstructure of weld metal consists of softiged martensite with
characteristic needle shapes, residual austewitle forms of bainite and ferrite.

The high—strength steels inclined to cracking dymvelding, which is shown in
Fig. 14. The cracks occurred mainly in heat afféctene (HAZ) and weld metal,
where obvious grain growth caused by heating wasmved.

Fig. 14. Cracks in HAZ on sample C2

Figure 15 shows macrostructure of sample D1. Theofuwelded joint was
observed, but there were cavities in the middleveld metal caused by insufficient
pressing force of electrodes, short welding timéhwviine combination of insufficient
forging pressure. The dual phased structure with gained ferrite and martensite
was observed in the base metal. The heating dwiglding causes obvious grain
coarsening in the weld metal and transformatiorthi® pure martensitic structure,
which is shown in Fig. 16.

Fig. 15. Macrostructure of sample D1 Fig. Détails of cavities in the middle of weld
nugget of sample D1
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The strains with the combination of coarse-graistdcture of martensite are the
problems in welding of TRIP 40/70+Z100MBO steelsiddP 600 HCT 600X+Z
steels. The critical place for cracking of thesdanals is the boundary between heat
affected zone and weld metal, as is shown in Fgarid 16.

Microstructure of sample D2 is shown in Fig. 17eThsion welded joint with the
weld nugget of insufficient dimensions was obsernv@b8vious electrode marks on
contact areas were observed on the macrostrucitie. width of weld metal
corresponds with diameter of used electrodes, Hmitheight of weld nugget is almost
through the whole cross-section of joined materidlsceptable value of the weld
nugget height is about 70 — 80 % of the thicknégsined materials [1].

The crack in the lower part of heat affected zoas wbserved and microstructure
is shown in Fig. 18.

Fig. 17. Macrostructure of sample D2 Fig. 18. Intercrystalic crack in HAZ
on sample D2

CONCLUSIONS

Resistance spot welding is one of the most usethadstof welding in car body
production in automotive industry.

The paper describes the most occurring defectesitance spot welds. Other
occurring defects are asymmetric shapes of weldixdsj or weld nuggets caused by
incorrect positioning or wearing of contact areésvelding tips. Asymmetric shapes
of joints may be caused by relative position of wedded parts, which may led to the
irregular heating in the weld and cause cracksation in the heated area, mainly in
high-strength steels [5, 6, 7].

For welding the high-strength steels such as TR¢BIs and DP steels is recom-
mended to use hard welding regime with the aimdb rginimum amount of heat
required for welding nugget creation, but it is @&gary to limit martensitic transfor-
mation and mainly grain growth. Therefore consistgtimization of welding process
on the welding machine is important in welding tkisd of steel. Narrow interval of
welding parameters is suitable for welding. Theli@ppon of high-strength materials
is a perspective method of weight reduction of lmadies and reduction of fuelling.
They are also used as the parts of passive sdfegr® such as reinforcements, beams
and others.

The effort to eliminate the particular types of @t in resistance spot welding is
the aim of research and innovation in the car udyuction; for example the method

141



of resistance spot welding Delta Spot, which offakving of problems with pollution
of joint surface and the lifetime of welding tips resistance spot welding of
galvanized sheets.
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SYSTEM ANALYSIS OF SURFACING
AT INTENSIVE PROCESSING AND USING OF DETAILS

The research results of technological mediums wlifferent physical-chemical pro-
perties are discussed. Combined processing methisdyy different sources and uniting
different operations and stages, are shown. Basittrolling statements of surfacing and
using of details are defined.

At present level of development of science and rieldgy, requirements on
strength, hardness, viscosity, and wear resistahsarfaces are so high, that in some
cases conventional surfacing methods fail to pmvite necessary quality indexes of
surface layers. So, in modern production, combswfhcing methods, applying plas-
ma, electric arc, laser, electron beam, ion vacuamd other power sources are used
more and more often [3].

From the point of view of manufacturing and prooegsheredity conventional
surfacing methods can produce efficient design oflifred layers. However, in case
of successive or parallel formation of various soef layers, interconnection of the
applied energy fluxes makes it necessary to exathefficient design of modified
layers.

1. SYSTEM ANALYSIS OF COMBINED PROCESSING METHODS

Initial and Boundary Conditions. If manufacturing processes are classified as the
following: division of surfaced material into worigges with volume V1 and
manufacturing of workpieces with volume V@oating (V2> V1); heat processing
(V2 = V1); cutting (V2< V1), and deformation (V2 V1), it is possible to formulate
boundary conditions of an open manufacturing-preiogssystem. Additional degrees
of freedom of conventional boundaries, such aslaltgments and renewals, make it
possible to control non-equilibrium state of thestsyn. If tribological processes,
involved in surfacing, are classified as the folilogy running-in with wear intensity
Uo, developed friction and wear with intensity Wdl1 < UQ), and destruction with
intensity U2(U2 >> Ul), it is possible to determine the init@nditions of changing
of manufacturing system. Additional exposure torgpdluxes at the initial moment
provides conditions, leading to stabilization ofnrequilibrium manufacturing and
operation processes [1].

The efficiency of combined surfacing and operatmocedures, obtained by a
combination of methods that change boundary camditiby introducing additional
degrees of freedom, by displacement of a workingyb@ tool, production medium,
allowance to be removed, the surface to be shaped) methods that change initial
conditions by using additional sources with diffégréevels of energy concentration

143



(with volume zone |, many local zones I,
and single local Il zone of heat genera-

,02_ tion) is analysed in Fig. 1.
800 As it is seen from the Fig. 1 nowa-
600} days most of the up-to-date methods can
g be implemented in industrial production
200t and only few of them are not feasible, but
these combinations of the joint actions
| are exhibited as side effects in shaping
ot and operation of surfaces. Analysis has
gg: shown that the use of combined methods
based on joint thermal and mechanical
20f actions is efficient [2].
Distribution of combined surfacing
’g [ and operation methods in the accuracy of
6t surface shaping was studied on the basis
4t of suggested table of classification accor-
ding to the energy concentration level (I,
2r [I, 1) for various standard sources (Fig.
1). For deformation and cutting surfacing

accuracy was estimated from deviation of
sizes and shapes and by waviness and
roughness; for heat processing, it was
hgestimated from heterogeneity of depth of
cihermal strengthening or softening and
ofrom the thickness of defective surface
layer, and for coating and separation, all

2N A ;
cthe indices enumerated were taken into

Fig. 1. Distribution of surfacing operations a
operational stages, according to surfacing aq
racy (mm) and surface quality as a function
power density of q (W/cf) of standard
sources with various levels of energy concg
tration: DP - Destruction processes; IH - Indd

tion heating; GF - Gas flame; PA - Plasma g
FP - Friction processes; EH - Electric cont:
heating; WA - Welding arc; SD - Spark di
charge; RP - Running in processes; EB - El
tron (ion) beam; CD - CW laser; PL - Period

rc€onsideration.

act  Analysis of surface shaping accuracy
5-shows  (Fig. 1) that power density
EGncreases from the first to the third energy
‘Cconcentration levels (I > Il > II1), which,

pulsed laser

in turn, leads to decrease in dimensions of
heat generation zone. Decrease in dimensions ofgeseration zones (fromto V)
and in number of operation stages (from th |I') results in increase in concentration
of stresses, whose field determines the surfadeetshaped and its accuracy. It is
evident that at level | accuracy does not increesa result of an increase in size of
heat generation zone rather than in energy coratenir At level Il accuracy is
minimal, because of forming the surface over stoesgentrators scattered in a large
volume and formed by many local heat generatioregoAt level Il accuracy does
not decrease, but subsequently rises abruptly aéectising of local heat generation
zone, accompanied by enhanced growth of stresentmation.

From the conducted analysis it is possible to amelhat initial conditions can be
provided efficiently by suitable selection of contrated energy sources with preset
boundary conditions for various surfacing operatiand operational stages. Standard
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sources of level | can be used in the most efftcregy for shaping large volumes in
case of deformation, substantial allowances inirggtand layers in application of
coats, bulk heat processing, separation, and a#istnuof large-sized workpieces.
Sources of level Il decrease surfacing accuradhénstrongest way, so they can be
used effectively in combination with cutting andaening tools and also in coating
and heat processing. Use of these sources doetan@ge surfaces greatly and has
strong effect on surface friction. In all technat@d surfacing operations, sources of
level 11l give the best results. In such operatidinsse sources are most efficient in
running-in processes. The data confirm this comofusand studies of surfacing
accuracy indicate that the classification of combirsurfacing methods, suggested
earlier, is effective [1].

Ways to Increase the Efficiency of SurfacingThe present survey is useful for
outlining the ways to increase the efficiency offacing and operation of surfaces
with preset accuracy and other quality indexes. pioeluction and operation system
of combined surfacing is open mainly for thermatl anechanical energy fluxes that
determine changing of initial and boundary condsidor surfacing and operation of
surfaces up to micrometer accuracy. An excessestipplied energy above a certain
limit, at which the system maintains dynamic edmilim, should be able to be
scattered and absorbed due to additional degreégedom of the system with the
boundary, formed in this or in previous surfacimggation or stage of operation on a
surface. In a thermo-mechanical system, additidegrees of freedom are expressed
in terms of displacements, rotations, or other amsi of a working body (tools,
production and operation media and materials) dé agein presence of additional
structures, phases, and in increase in numberrtdcas that separate them, absorbing
excess energy and simultaneously preserving sagfami operation process in one or
several certain states.

Consequently, efficiency of surfacing and operatadnsurface is increased by
using additional energy fluxes and degrees of fseedf system components. As the
energy concentration increases, as a result otison| a zone of interaction of energy
flux with the surface is transformed from a voludistributed system to many local
systems, which are focused subsequently to a sisgtd. Because of additional
degrees of freedom of system components, surfgtesses, and structures can be
renewed, thereby preserving processes of interatteiween energy fluxes and the
surface under certain conditions.

We will consider some methods, combining variousfaging operations and
stages of operation of surfaces, in each of whiod energy source from group 1, I,
and Il is applied. A three-dimensional source,lsas plasma arc, can be used for
application of a coating of powder or wire and poeheating in the process of cutting
and deformation by a freely rotating rotary toolamy local sources are used for
electromagnetic facing of powder, followed by pilassurface deformation and
smoothing of the heated surface. A single focusethse is used for electron beam
heating of surfaces with coatings, for modificatairsurfaces by ion implantation and
ion sputtering and also allows surfacing operatiimnise combined with running-in in
preceding a workpiece.

Since space and time scales of the considered ggeganvolved in the use of
combined methods differ substantially, differentipgnent and methods are used for
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their examination. Now we will describe resultsimteraction of various matter and
energy fluxes, involved in surfacing and surfacerapon by combined methods,
successively extending and specifying recommenastior development of the next
methods, considered. On the basis of the obtaesdlts, general conclusions will be
formulated for combined methods, irrespective eirtpecific features.

The present studies of dissipative structures anasgs, developing in open
manufacturing and operation systems with additiafedrees of freedom, show the
necessity to include the following into designirapdined methods [2]:

1. In technological systems heredity is composethafter and energy fluxes via
formation of phases in a surface layer.

2. Structural stability of combined surfacing detares the phases of the layer
formed and depends on the matter and energy sousees

3. Due to additional degrees of freedom of a tetdgical system, it is possible to
control structural stability of phase formationsarface layer with the aid of matter
and energy fluxes.

4. In operation stages the phases in the surfgee lapose restrictions on degrees
of freedom of the system and determine the orderadfons in technological
operations and opportunity to combine or sepalemt

2. THERMODYNAMIC ANALYSIS OF TECHNOLOGICAL
AND OPERATIONAL PROCESSES

From the point of view of production and operatiberedity conventional
surfacing methods can produce efficient designsodified layers. However, in the
case of successive or parallel formation of varisudace layers, interconnection of
applied energy fluxes makes it necessary to exathiaefficient design of modified
layers.

System Analysis of Combined Surfacing MethodsIin order to describe the
development of surface layers, subjected to conatmat energy fluxes, it is necessary
to study an open technological system with additiadegrees of freedom D and to
examine the formation of dissipative structures phdses that scatter excess energy
To produce of modified layers with certain struetuand phases, it is necessary to
examine relation of degrees of freedom of a syd®irimorming phases, to determine
the optimal number and structure of interconnectioetween degrees of freedom, and
as a result, to locate particular phases in sur@gers of a workpiece by optimising
degrees of freedom.

The number of phases (structures) P, corresponditige number of components
C in structure, and the number of variables of isgubfields (energy fluxes) F is
defined by Gibbs equation:

P=C+F-D.

The equation is obtained for a closed equilibriyystesm, proceeding from the fact
that

F=U -Te =constor Z=H - Te = const,
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where F - free energy of a system; Y internalenergy; T- absolute temperature:
entropy; Z — thermodynamic potential; H enthalpy. Moreover, these conditions can
be satisfied for an open system as well, when maait energy fluxes are scattered
completely by dissipative structures. According ttee second thermodynamic
principle @ = 0, o = 0), dissipation function and entropy productiprr To = Tdk/dk
increase with time in closed conditions, in the process of evolutaith ds = O, a
system tends to an equilibrium state, in whicghmax; in this case entropy production
does not increasesd 0. In an open system evolution condition is preserded O,
and equilibrium condition assumes min, & = 0 at the time derivativestick < 0.

According to Prigogine- Glensdorff basic theorem, in the case of evolutmm
stable state in, arbitrary systems with time-constant boundaryditions satisfy
evolution condition (6 < 0), stable-state conditiondd 0), and stability conditiond¢
> 0).

Consequently, initial conditions are satisfied lboth closed and open equilibrium
systems, and for the latter an additional constraintosfth < O appears, and
consequently, Gibbs equation allows examinatioopahn systems.

In concrete operations of manufacturing process amdoncrete stages of
operation on a workpiece, with a constant numbetoshponents C of structure and
supplied energy fluxes F, the degrees of freedoof B system allow the developing
phases P to be controlled in accordance with Galojosition.

Since a production-operation system is sensitivénittal conditions, it can be
expressed rationally as a strange attractor, faclwkhree degrees of freedom are
sufficient to arise in a chaotic regime. Consedyent order to avoid unpredictability
of determinate matter and energy fluxes, for tdessipation a system should have no
more than two degrees of freedom.

Projecting of Combined High-Performance Methods ofSurfacing. According
to energy concentration, that allows to describeraction of energy fluxes with
modified and operated surface, combined high-perémice methods were studied, in
each of which one type of source was used (Table 1)

Table 1. Number of Material Components C, Energx&$ F, Phases P, and Degrees of Freedom D
in Different Stages of Technological Process andr@jon of Workpiece

Stages Energy interaction zones
Technological process l. Bulk II. Multiply-localide . Single-focused
C+F =P+D C+F =P+D C+P =P+D
a) 1+3 =3+1 242 = 242 2+2 = 3+1
b) 1+3 =4+0 2+2 = 4+0 2+2 = 4+0
C) 1+3 =2+2 2+2 = 3+1 242 = 242
3+2 =342 3+2 =4+1 3+2 =5+0
Operation C+P =F+D C+P =F+D C+P =F+D
l1l.Failure li.Friction iRunning-in

l. A three-dimensional source was used for to appbting and rotary cutting with
plasma heating. Since homogeneous materials wetk thee number of components is
C = 1. Plasma preheating and normal and tangéa#ds, providing both translational
and rotational deformation modes, determine the bainmof imposed fields F = 3.
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Rotation of rotary tool over a wide range of veled provides degree of freedom D =
1 to a technological system and forms phases Pa=c8ating of large thickness (3 - 4
mm) and zones of thermal effect and deformatiodér@ng (Table 1, la).

In order to create an additional zone of thermodyinahardening (P = 4), it is
necessary to fix rotational velocity of the tooldatkeprive a technological system of
degree of freedom D = 0 (Table 1, Ib). By virtue s#if-organisation of thermal
deformation processes in cutting and friction agdiissipation of excess energy, the
system tends from this unstable state D = O tolestabe D = 2, in which thermo-
mechanical processes P = 2 occur over the entoth d€able, Ic).

[I. Multiple local sources were used for electromeiic surfacing by superficial
plastic deformation with the use of ferromagnetevgers, that were applied in a thin
layer (up to 1 mm) to a steel substrate, so D El@ctromagnetic fields determine F =
2. Thermo-mechanical processes are provided by Rlegrees of freedom and form P
= 2 phases, namely, a coating and a substrateqTabla). An attempt to render the
upper coating layer amorphous by intense heatiilgdfasince the coating becomes
(including partly) over its entire area of a smihlickness under high-intensity heat
removal to the substrate or it remains nonamorphéddstemperature gradients,
necessary for rendering the surface amorphous,flusais directed to the substrate,
which gives rise to a new zone of thermal effedtilevthe number of phases becomes
P = 4, and the system loses degrees of freedom @ (Fable, IIb). The surface
becomes amorphous only over the entire depth ofdaéing at P = 3, and the formed
coating acquires a mechanical degree of freedomodions D = 1 (Table 1, lic).

lll. A single focused high-energy source was useelectron beam heating of a
coated surface and in combined ion modificatiom surface. In these methods C = 2
components are used, namely, a substrate matedah anaterial of an implanted or
deposited coating (3-gum in thickness). The number of energy fluxes is R,=
namely, a flux of deposited ions and an electroiowbeam. A wide range of intensity
of electron or ion radiation provides a degreereéflom D = 1 to a system and forms
P = 3 phases, namely, a coating, a substrate, amdna of thermal effect or
implantation (Table 1, llla). Layer-by-layer format (as a result of thermo-capillary
convection with beam-induced fusion of a surfadefljexagonal and cylindrical cells
or formation of clusters of implanted ions giveserto a new phase (P = 4) in a surface
layer and deprives the system of degree of free(»m 0) (Table 1, llib). The system
tends from this unstable state D = O to state Witk 2 degrees of freedom. In the
process of structure forming, intense mixing of poments takes place in liquid
phase. At walls and in corners of the cells comptsdhat reduce surface tension of
the melt, are concentrated. In the case of intéoiseation of clusters, followed by
deposition of a coating, phase interfaces are sdedihe described process results in
formation of single phase of combined action, tt@gether with the substrate, forms P
= 2 phases and provides D = 2 degrees of freeddimetgsystem for the intensities of
both coating deposition and beam surfacing (Tabldd.

I'. Two counterbodies and the medium (C = 3) pasigipin the operation of
surfacing. The processes are thermo-mechanical Zy Buring running-in, oxygen-
doped amorphous-crystalline alloys are producethersurfaces of the counterbodies,
and the number of phases increases to P = 5, vdeipghives the system of degrees of
freedom (D = 0) and makes the state unstable (Tighl#.
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II". At the stage of developed wear, an oxygen-dojleg, zommon for counter-
bodies, is produced in friction process, the nundigrghases decreases to P =4 and a
degree of freedom (D = 1) appears, that providesstational mutual displacements of
coupled bodies (Table 1,)lI

lIl". When a surface is damaged, one more degreeeasfdne D = 2 appears due to
rotation of pricked-out particles, and the numbepltases P = 3 becomes equal to that
of the components (Table 1, )II

In technological systems heredity is composed oftanand energy fluxes via
formation of phases in a surface layer. Structgtalbility of combined surface
determines the phases of the formed layer and dspen the applied matter and
energy sources. Due to additional degrees of fr@edia technological system, it is
possible to control structural stability of phasenfiation of in a surface layer with the
aid of matter and energy fluxes. In operation stathee phases in a surface layer
impose restrictions on the degrees of freedom ©fséem and determine the order of
actions in technological operations and the opmitttio combine or separate them.

Output, energy concentration, the number of adudicdegrees of freedom of
sources, tools, technological medium and surfacatkmals, and their interactions are
increased by self-organisation, and this increasevolutionary. Combined surfacing
and processing of workpiece are determined by agatipe nonlinear phenomena and
effects involved in the interaction of various rneatand energy fluxes. Structures of
the produced workpiece, such as phases, layerssaridces, are dissipative, self-
organising and are inherited during formation armtessing.

Location of the structures is described by boundanyditions and is determined
by the position of technological and operationarieas, which can be defined as the
second derivative of pulsed matter and energy fieams time and space. The state of
the structures is described by initial conditionsl & determined by the magnitude of
the barriers, and transition from one state to laeroshould be accompanied by pulsed
matter and energy transfer, that reorganises theéelsm In the process of formation
and operation of a workpiece, an open productiastiesy can be controlled through
interrelated boundary and initial conditions by mijiag position and magnitude of
technological and operational barriers.

Dissipative self-organizing structures are inheéritand reorganised during
surfacing and processing of a workpiece. It is ssagy that structures are to be
inherited or reorganised into new state successivein operation to operation with
minimum pulses of matter and energy transfer. lemsonable that, while forming a
workpiece surface, technological barriers and surfpoperations are to be arranged
in the order, opposite to that of the technologicalriers and actions in operation
stages.

CONCLUSIONS

Nowadays improving quality of manufactured prodiistsafety and durability is a
vital issue of the mechanical engineering. It isgble to find a solution to this
problem through managing the technological prosedsking place during the
manufacturing of machine parts.

Performance of machine details is known to depestdonly on the physical and
chemical properties of the materials they are naddut also, on the state of their
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surface layers. It has been established that metwiiag of machine parts from one
and the same material but using different techriquemodes of surface treatment
results in dramatic changes in surface charaatesjghe durability of such parts being
radically different.

When applying the effects of energy or substancsvd] it is necessary to
thoroughly investigate the accuracy, physical aretimanical properties, taking into
account the effect of maintenance heredity. It reetirat all the operations, their
technological transitions and maintenance stagesldmot be studied separately, but
as interrelated ones, since the characteristiteeofreated surfaces are formed by the
entire complex of technological effects and undesiganges in the course of machine
parts maintenance.

In addition, it is necessary to consider synergefiects created by the complex of
technological effects whose total influence is tge#an the sum of separate effects.
Such an approach has become possible due to stinsrgethe field of knowledge
which deals with defining general laws in the pases of formation, stability and
disintegration of ordered time and space structimesomplicated non-equilibrium
systems of diversified nature.

During the process of physico-chemical treatmeatsiwnface layer of the machine
part absorbs a considerable amount of energy wahghort period of time, which
results in the formation of non-equilibrium struesi accumulating excess energy.
These non-equilibrium structures possessing greatgg tend arbitrarily to a state
with less free energy, which ensures the incredsest@ngth, wear and other
performance characteristics of the surface layer.

After a certain period of time the structures pedse a more stable state of a
thermodynamic equilibrium when free energy of theface layer is minimal. The
amount of internal energy accumulated by the girest reduces, and the bound
energy of the system described as a product of deatyre multiplied by enthropy
increases. As a result, part of absorbed enerdlyeobrdered effect is transferred into
the energy of the disordered process and, finity, heat.

Thus, irreversible processes of heredity and sgl&aization take place in the
surface layer, resulting in the formation of a céewpof structures, since these
processes are superimposed and act jointly subjeotélows of energy and matter
introduced and transformed. Control over the enengy matter absorption processes
with layer after layer being subjected to physibetmical effects makes it possible to
synthesize and create structures meeting the reegassintenance demands and, also,
“design” surface layers of a workpiece.
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ANALYSIS OF ENERGETIC PARAMETERS OF JOHN
DEERE 6620 AGRICULTURAL TRACTORS

Measurement of energetic parameters is one of thet nmportant factors enabling
efficient exploitation of agricultural tractors. Kmledge of these parameters is necessary
for assessment of vehicle work economics but alables determination of its present
technical condition. Goal of this work was deteration of energetic parameters of John
Deere 6620 agricultural tractors. Courses of exwaricharacteristics of torque M
power N, hourly G and unitary fuel consumption.gwere determined. Research
concerned tractors equipped with straight 6 cylindegine powered by dispenser supply
system or by distributor injection pump with turbecger and intercooler. Tractor
engine energetic parameters obtained as a resugduch investigations enable evaluation
of energetic "saturation" of a tractor. Mainly ienergy consumption and ability to work
in changing work conditions including changes efd@nd rotation speed.

INTRODUCTION

Measurement of energetic parameters is one of tst important factors enabling
efficient exploitation of agricultural tractors. Kwledge of these parameters is
necessary for assessment of vehicle work econdmuicalso enables determination of
its present technical condition [1, 4, 8, 9].

There are approximately 12,2 million hectare ofb&aland, and level of
mechanization of agriculture expressed in numbeéraaftors per 100 ha of AL (arable
land) increased from 7,4 in 1995 to 9,0 in 2005th&t same time number of exploited
agricultural tractors showed growing tendency amd@05 reached 1437 thousand
units. Average nominal power of used tractors iaseel from 31,2 in 1995 to 39,5 kW
in 2005 [2, 3, 7, 10].

The most commonly found in polish agriculture irD20vere tractors with power
ranging from 25-49 kW, which made up 32,3% of edctors. At the same tame the
least populated group were tractor of power abd@ KW, which made up 2,15% of
all tractors. In years 1996-2005 number of tragtorsall ranges of power, increased.
However, the greatest increase concerned vehidieashvpower ranged from 60 t0100
kW (37,6%) and above 100kW (23,6%). The least meeewas observed in case of
tractors of power between 25 and 40 kW (1,3%).htiusd be noted that the most
significant increase was observed for 60-100 kWttns. According to various
sources, such tractors will, in future, be a basimany polish farms [5, 6, 11].

Above presented data reflects situation on Polrsictar market. Increase of
number of 60-100 kW and above 100 kW tractors seoled as well as, expressed in
percent, participation of these in the total numtfeall used tractors. Therefore, John
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Deere 6620 agricultural tractors were chosen fr ibsearch as they represent power
range form 60 to 100 kW. Goal of this paper wadwatson of energetic parameters
such as torque, power, hourly and specific fuelsoomption of John Deere 6620
tractors, and their comparison with other typesaftors used on Polish market.

METHODS

Research comprised John Deere 6620 tractors esfliph 6-cylinder, 6788
cm?, in-line engine, marked 6068HL47 or 6068HL272. Beghominal power Ny =
92 kW at nominal rotational speedgy = 2300 rpm, maximal power dNax =97kW at
Ny = 1900 rpm, power on power take-off shafg, M, = 81kW at nominal rotational
speed WOM = 1000 rpm, maximal torque 508Nm at 100, minimal specific fuel
consumption gmin = 206 g-kWH, and transmission ratio between rotational spded o
engine and power take-off shaff,4 = 2,208. Engines were equipped with Denso
dispenser supply system Common Rail HPCR or didtitinjection pump DE10 with
turbocharger and intercooler. They were cooled bams of coolant fluid with viscous
fan and temperature adjustment. Construction oficlehwas based on a frame,
enabling utilization of modular design concept, evhiacilitates configuration, use and
servicing of a tractor.

Before conducting research, equipment and techmoatlition of investigated
tractor had been checked by means of visual ingpeand interview with tractor user.

Next action was readout information contained inrboard diagnostic system by
liquid crystal display. After connection with on drd diagnostic system was
established, verification of previously gatheretbimations was conducted. During
conducted research, in real time, following diagicoparameters were monitored in
on-board diagnostic system: air temperatlig atmospheric pressurg, fuel
temperaturd,, coolant temperaturg;, and temperature of hydraulic dil.

In order to evaluate energetic parameters suctlor@md and power output of
agricultural tractor, PT 301 MES device was usé@nbbled measurements of these
parameters on power take-off shaft (PTO). This ckevs a mobile dynamometric
stand enabling measurements in vehicle workplabe. dnly limitation for its use is
possibility of connecting it to a source of, depegdon its load level, 400 or 240V
current supply. Measuring range for maximal torgne maximal power, that can be
absorbed by the brake, reaches 5800Nm and 340kyeatgely, and depends on time
of operation and conditions at the site.

In order to take measurements, the tractor wasglan even surface and in line
with the brake axis and power take-off shaft of thector was connected with a
terminal of the brake by properly chosen transmissshaft. Following task was
determining rotation speed ratio of the engine dne dynamometric stand by
establishing ratio of rotational speed betweentthetor engine crankshaft and power
take-off shaftj.m = 2,208. Measurements of torqug &hd power Nwere carried out
under full load and variable rotational speed. Rglyon above mentioned data,
reduced torquél,,, and reduced powe., were calculated. Obtained maximal values
of measured parameters were compared with prodpmgifications. Measurements
of energetic parameters: power and torque wereedaaut in conformity with DIN
70020 standard, while calculating them to reducedditions according ISO 3046
standard.
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Investigated vehicles were equipped with fully @lewcically controlled dispenser
supply system Common Rail or distributor injectipnmp, hence, measurement of
hourly fuel consumptior, [I-h™] was carried out by means of FM3-100 measuring
set. It required interference into fuel supply systoy connecting to suction and return
pipe (differential fuel flow measurement). In orderminimize influence of the device
on functioning of fuel supply system, pipes of fat were installed on injection pump
suction. The device is equipped with its own fuehtainer, filters, radiator, fuel
heater, feed pump, control console and RS 232faderconnector. It must be noted
that pressure, in the fuel supply system of thaa#gg\can be adjusted to requirements
of investigated vehicle.

Measurements of hourly fuel consumpti@nwere conducted simultaneously with
measurement of torqud, and powelN.. At the same time readings of air temperature
Tor, atmospheric pressupg were registered. Based on these measurementy loeik|
consumptiorG, expressed in [kg - fiwas calculated according to formula:

G. =G, [p, [kg - h'; (1)
Than specific fuel consumption was determined atingrto formula:

_10000G, _ 10005,
%N, M, 2an

[g - KWHT; (2)

where: G — hourly fuel consumption [kg “h N. — power output [kW], M — torque
[Nm], n — engine rotational speed [rpm].

Moreover, flexibility coefficiente (3), enabling evaluation of suitability of vehicle
for traction tasks, was determined. This coeffitiem product of torque flexibility
coefficiente,, (3) and rotational speed flexibility coefficiest(3).

o = Mus (P 3)
M

where: Mmax — maximal torque [Nm]My — torque at maximal power [Nmiy —
maximal power rotational speed [obr - fHin ny — maximal torque rotational speed
[obr - min.

METHODS OF INVESTIGATED ENERGETIC PARAMETERS
EVALUATION

Relying on measured and calculated energetic paeaspefor the investigated
tractors, curves of external characteristics oticed torqueM,, reduced powelNe,
hourly G; and specific fuel consumptian, were drawn. Than characteristic energetic
parameters were determined:

« for engine nominal rotational speed: nominal poNgy,, torque for nominal

powerMy, specific fuel consumptiog.,

* maximal powem,y rotational speed for maximal powey, torqueMy. and

specific fuel consumptioge,
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« for power take-off shaft nominal rotational spepowerN,,m torqueM,,,,» and
specific fuel consumptiog.,

* maximal: torqueM,,,, rotational speedymnaxand specific fuel consumptiay,,

* minimal specific fuel consumptiag,, and rotational speed for this point.

RESULTS AND DISCUSSION

Obtained research results were presented in diag(&ig. 1-3), and comparison
of, recorded during the course of research, chematit diagnostic parameters and
producer specifications were laid out in tablend 2.

Investigated John Deere 6620 tractors yielded malxpowerNmyax ranging from
86,4 kW to 88,6 kW, what made up from 89,1 to 91,8fwvalue specified by a
producer. Brake specific fuel consumptig@.ax for maximal power was below mean
for tractors used in Poland and ranged form 228,943,9 ¢kWh™, while vehicles
used in Poland stay within 225,0 to 273 g-kivange [5]. Obtained maximal torque
Mmax Was from 452,3 to 473,3 Nm, that is 83,3 to 87,B8pectively of value
specified by a producer. For investigated Johnr®&&20 tractors nominal power
Nnhom ranging from 82,0 kW to 82,9 kW was recorded, wimatde up from 89,1 to
90,1% of value specified by a producer. Valuesligbr@sented parameters were lower
than values specified by a producer. It can becadtthat 8,7% to 10,9% of energy is
consumed during transmission of power to the pdale-off shaft.

Other symptom of energy consumption is value of imah specific fuel
consumptiorg,,, which ranged form 229,8 to 238,8<Wh'1, and was from 11,6% to
15,9% higher than specified by a producer. It ninesihoted that difference between
data obtained and specifications results from retge®f powering subassemblies
such as hydraulic system, electro-hydraulic geadwmrol system and the like.

500 100
450 - 90
400 - 180
350 - 170
300 - 60
250 - 50
Fig. 1. Progress of changes in — 200 - + 40
torque M, power N, hourly 150 - 130
G. and brake specific fuel con- _s 100 - 20
sumption g, for John Deere 50 —=* 3 10
6620 tractor external speed cha- 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ -0
racteristics on the basis of data 900 1100 1300 1500 1700 1900 2100 2300 2500
from PT 301 MES and FM3-100 n [rpm]

devices (measurement 3) ‘—Q—Moz —%—gez —— Nez —— Gc ‘

[Nm], g, [9-kWh 9]

N,, [kW], G . [kg-h 7]

M

Power value at power take-off shaff,, was from 84,1 to 85,8 kW and was 3,8%
to 5,9% higher than value specified by a produedrich proves that investigated
vehicles were in a very good technical conditionmuust be noted that, this is a
parameter which describes condition of the vehimdst, and should be, for users,
indicator to be taken into consideration when impats for a tractor are chosen.
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Table 1. Results of energetic parameters measutergiohn Deere 6620 agricultural tractors

Model Maximum power Maximum torque Nominal power
(meaS. Nmax nNmax gNmax IVINe I\/Imax anax gezm Nnom nnom I\/lN gez
nr) (kw) (rpm) | (g-kWh?Y) | (Nm) | (Nm) | (obr-min®) | (g-kwh? | (kW) | (obr-minY) | (Nm) | (g-kwh?)

6620 (4) 87,6 | 1899 241,3| 440/6 45P,31700 2439 | 82,0 2300 | 338,7 262,5
6620 (3) 88,6 | 1997 239,1| 424|8 45B8,11700 232,3| 82,9 2300 | 344,3 260,2
6620 (8) 86,4| 2101 237,2| 392|7 473,31400 229,9 | 82,9 2300 | 344,4 250,9
Specific

Model PTO power . Flexibility Increse of
(meas. — - v consumpnrc])n torque -p
)| o | ooty | v, | @ | @iy |obrminy | G | € | @ [%]
6620 (4) | 84,1] 2208 364]2256,7| 2388 1800] 103 1,12 115 34
6620 (3) | 857 2208 371]8252,9| 2319 | 1797| 109 1,17 126 33
6620 (8) | 858| 2208 368/5241,3| 2298 | 1502| 1,21 1,50 1,81 37

Table 2. Comparison of research results and teahdate for John Deere 6620 agricultural tractors

Model Nma)[NFmax Mma)[M Fmax Nnon{NFnom Nwor’r(NFwom gmin/gFmin
(measnr) (%) (%) (%) (%) (%)
6620 (4) 90,3 83,3 89,1 103,8 115,9
6620 (3) 91,3 84,4 90,1 105,8 112,6
6620 (8) 89,1 87,2 90,1 105,9 111,6

Results of investigation of 6620 model show thatue flexibility e,, was from
1,03 to 1,21 and rotational speed flexibilgywas from 1,12 to 1,50, while flexibility
of the engine as a whokeranged from 1,15 to 1,81. Obtained results aresfavan
values presented in literature concerning vehiggesl in Poland [5].

During analysis of torque curve course, it was dotxcept for measurement 8,
that tractors had relatively flat course of torqueve. It results mainly from a method
of controlling the vehicle engine work (fully eleahic control). Based on course of
torque and power curves, statement that, for thesiiigated vehicles, optimum engine
rotational speed ranges form 1700 to 2300 rpm eam&de. It is proven by course of
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power curve, which value, within above presentddtianal speed range, remained at
similar level.

CONCLUSIONS

Measurements of energetic parameters: effectiveepbly torqueM,, hourly G,
and specific fuel consumptiap, by means of utilization PT 301 MES dynamometric
stand and FM3-100 measuring set, in range of ndmotational speed of power take-
off shaft, enable precise evaluation of technicadition of investigated tractors. For
all investigated John Deere 6620 tractors valuelmhined powemN,,, exceeded
values specified by a producer, which proves thatwehicles were in a very good
technical condition.

Determining characteristics of torque, power arec# fuel consumption course,
enabled determination of engine work optimum rotadl speed range, which, in case
of John Deere 6620, was from 1700 to 2300 rpm.

Measurement, carried out by means of mobile dynaetaenstand utilization,
enables evaluation of energetic parameters aiviege vehicle is used. It eliminates
necessity of transporting vehicles to special entrHowever, the method of
measuring fuel consumption requires interferencéuel supply system. Therefore,
knowledge of technical documentation of this systera must. Other solution could
be utilization of on-board diagnostic system anglemented in it algorithms of fuel
consumption measurement, what would eliminate éelisassembly of some of fuel
supply system elements.
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