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Tribologija r
re5enje problema trenja i habaqia

10-ti internacionalni kololwijum o tribologiji

10-ti Internacionalni kololodjum o
tribologiji pod naslovo m " Ttib ologij a
- reienje problema trenja i habanja"
odrZan je u Esslingen-u, Nemadka od
9 - 11 januara 1996.godine na Teh-
niEkoj akademij i  u organizaci j i
Prof. dr. ing. W. J. Bartz-a.

Na ovoj tradicionalnoj, i u wetu po-
znatoj naudnoj konferenciji, okupilo
se preko 800 naudnih i strudnih rad-
nika iz 40 zemalja. Saop5teno je 225
referata iz svih oblasti tribologije.
Uvodne referate na plenarnoj sednici
imali su H. P. Jost pod naslovom "Tri-
bologija - proilost, sada^injost i buda-
6nost", D. Gruden pod naslovo m "Atr-
tomobilizam izmedju ielja i ekolo1kih
zehteve", C. Kajda! pod naslovom "Fi-
zika i hcmija triboloikag habanja" iM.
Fuchs pod naslovom "Svetsko friite
maziva" . Ostali referati bili su raspo-
redjeni u 28 sekcija koje su se odr-
Zavale u 6 izvanredno opremljenih
sala. Broj referata po sekcijama je bio
razlidit. NajviSe referata saoplteno je
u sekcijama u kojima su se razmatrali
fundamentalni aspekti trenja i ha-
banja (17 referata) i tribolo5ke karak-
teristike aditiva (22 referata). Tiibo-
logi j i  povr5inskih slojeva (15
referata) i Tiibornetriji (16 referata)
bi la je takode posveiena vel ika
paZnja.TiiboloSki aspekt obrade me-

tala rezanjem i sredstva za hladenje i
podmazivanje ramatrani su u dve
sekcije u ukupno 26 referata. U po-
sebnim sekcijama razmatrani su Ma-
ziva za specijalne namene (9 refera-
ta),Bazna ulja (9 referata) i &rsta
mazaiva sa samopodmazujuiim ma-
terijalima (12 referata). Sekcije o
Kliznim leZajima (8 referata), Pod-
mazivanju kotrljajnih leZajeva (8 re-
ferata) i Mazivima za zupdaste pre-
nosnike (11 referata) bile su dobro
poseiene za sve vreme trajanja kon-
ferencije. Veliki broj udesnika bio je
zainteresovan za Ekololki aspekt
maziva (10 referata), problematiku
Melanog podmazivanja(12 referata),
Podmazivanje mastima (7 referata),
Motorna ulja (9 referata) i Ispitivanju
motornih ulja (6 referata). U sekcija-
ma u kojima su razmatrani Tiibo-
io5ko pona5anje materijala, Tiibolo-
5ko pona5anje plastidnih materijala i
Ti.iboloike karakteristike materijala
saop5tenoje ukupno 19 referata.

Posebnu paZnju privukli su referati
saop5teni u sekciji Tiibologija ve5ta-
dkih kukova, koja je praiena i izloi-
bom tribomaterijala koji se u ovoj
oblasti koriste, kao i brojnim tipovi-
ma konstrukcije veitadkih kukova.

Posebna sekcija bila je organizovana
za :zlaganje radova proizailih iz tri-

boloikih istraZivanja ostvarenih pos-
lednjih godina u NiZnjem Novgoro-
du, Rusija. Referati u ovoj sekciji su
bili teorijsko-eksperimentalnog ka-
raktera i odnosili su se, uglavnom, na
fundamentalni  aspekt problema
trenja i habanja.

Manji broj referata saop5tenih na
ovoj konferenciji odnosio se na TLi-
bologiju zaptivki, HidrauliEna ulja i
Maziva u obradi deformisanjem.

Iz Jugoslavije na konferenciji je saop-
Steno tri referata. Jedan se odnosio
na Tiibologiju rezanja (Ma5inski fa-
kultet u Kragujevcu), a druga dva na
tribolo5ke karakteristike povr5inskih
slojeva formiranih plazmom (Fakul-
tet tehnidkih nauka, Novi Sad).

Konferencija je ocenjena kao uuzet-
no uspe5na, kako po broju saop5tenih
radova i njihovom lcvalitetu, tako ipo
ukupnom broju udesnika. Veoma je
malo naudnih konferencija iz oblasti
tribologije u svetu koje okupljaju
ovako veliki broj udesnika, posebno
udesnika bez referata. Kotizacija od
850 DM za udesnike bez referata nije
bila prepreka da preko 600 naudnih i
strudnih radnika iz, uglavnom, nema-
dke industrije prisustvuje konferen-
ciji. Tapaieno je da su za we vreme
trajanja konferecije sale u kojima su
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izlagani referati bile pune. Ovako ve-
liki broj udesnika iz nemadke indu-
strije ukazuje na njihovo shvatanje o
potrebi neprekidnog inoviranja zna-
nja i prikupljanja novih informacija
tribololkog karaktera koje mogu da
doprinesu smanj enju tro5kova proiz-
vodnje i poveianju konkurentske
sposobnosti na trZiZtu.

Z.a vreme trajanja Konferencije bila
je organizovana i izloZba tribometara

viSe proizvodjada, uredjaja za regene-
racuju sredstava za hladjenje i pod-
mazivanj e, tribomaterij ala i vedtadkih
kukova razlidite konstrukcije.

Tiibometar firme WAZAU izgraden
na osnor,tr istraZivadkih iskustava u
BAM-u i sa njihovom dozvolom, pd-
kazan na izloLbi, omoguiava ostvari-
vanje sve tri wste kontakta (u tadki,
po liniji i po povrlini) i predstavlja
jedan od dlanova familije tribometa-

ra ove vrste. Posebnu paZnju izamao
je i Tiibometar za ispitivanje tribo-
lo3kih procesa u uslovima fretinga.

Pored izloZbe tribometara i druge in-
strumentacije, organizovane u pri-
zemlju zgrade Tehnidke akademije, u
prostorima ispred sala u kojima su se
izlagala saop5tenja bio je izloZen pro-
spektni materijal brojnih tribololkih
dasopisa koji su Stampani, uglavnom,
na engleskom jeziku.

Tribologr - Solving Friction and Wear Problems
L0th International Colloquium on Tribologr

Tlrc tenthlntemational Colloquiumon Tibolog entitledSolvingFriction and'\|/earProblemswas heldat Esslingen
, Germany, on 9 - ll lanuary 1996. at Tecluical Acadenry, in organbation of hof. dr. htg. W. l. Bara. The
Conference was attended by over 800 of panicipants from 40 cotuttries, and 225 papers were presented from almost
allficlds of tribologt.

Apan from the standard tribological problems, the ecological aspect of lubticants and application of synthetic
materials, were considered to rnuclt larger extent, than on earlier meethtgs. Tlrc laryest nuntber of presentations was
from the area of tibolog; of attting, additives, tribologt of surface layerc and tibometry.

Duringthe Conferencewere otganizedexhibitiorc of tribonrcten, devicesforregenerationof coolants and lubricants,
tribomateials, artiftcial hips, ond publbhing activities from the area of tribologt.

Tplr6onornr - perueHrre BonpocoB Tpeuprfl rr r{3narflur,amilfl
10-fi rvr exq5rHap ogurrli 3aqtiT ro rpr,r 6 ofi ornn

/Ipcailufi MetrcdyuapodHbui aaq€a o tupu6onoiuu uod HeslaHue,u "TpudonoZun - perueHue eoLpocoe
rupenus u LBHatauBaHua", coctuoattca c 9 uo 11 nueapn a Zopode Sc,tuuleu, ua Texuulecrcofi arcadeauu, e
op\auuaaquu dp. tuexu. uayrc, ttpoQteccopa B. Eapt[tt4t. Ha co1pauuu yvactueoeano 6onee 8M cue4uanu-
ctuoa us 40 cutpau.Ytacutnurcu uac[Aoaup\o tuptdonoZuvecrco|o co6pautn sbrcwyy1ao11 c 225 dorcnadauu
[toytuu uo eceu o5nacutau wpu6onoduu.
Hapady c cutaudaptuuatau eoltpocauu wpu5onoluu, paccanu-tpuzanucb, e 6onuueil ilepe qeildo cttx uop,
ercono|uqecrcue acuerctuut frpuaeueuua c.MadoK u uc{io,nusoeauua ttLtacutuaccoeb$ uafrepuanoe. Bona-
uuucfrao pa5oil Kacanocb eou.pocoe wpu6onozuu peJaHuti, uct1onuaoaautm upucadorc, wpu6onoluu
uorcpwutufi u utpu6ouewpttu
B weqeuue co5pauua 6wnu opZautaoaeHbt ebrcttlaercu uEu5oaetupoa, yctuauoaorc dna eocc[Eanoenenu.fl
COX, trtpu6onolu,recrcux uatuepu.anoe, ucrcyc6taeuuaa cyctuaooe u uS'6au4ttctuuuecxort dentuenuuoctau
e odnacutu wpu5onoiuu
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A.I. SWRIDENOK, A. F. KLIMOWCH,
V.I. KESTELMAN

Application of
Triboelectric
Phenomena in Industry

l.INTRODUCTION

At production, processing, and operation, polymers are
undergoing intensive mechanical, electromagnetic, and
other physical forces, which followed by deformation and
destruction of contacting bodies, At the same time a
structure and physical features ofinteracting surfaces are
changed essentially. The change of electro-physical fea-
tures is a striking display of those changes.

In spite of long investigation history of the material
electrification an effect of the contact electrification and
the electret state on friction and wear of polymers has
been scantily studied [1]. As a result, there is a lack of
practical knowledge of tribology and its application,

It is known that the electrification takes place at any
friction and for any contacting bodies including solid,
liquid, and gaseous state, therefore, the contemporary
physical model of the condensed media electrification is
based on conception of surface states [2]. This concep-
tion is very important for studying a mechanism of the
frictional electrification of polymers. Electrophysical,
physical-and-chemical processes and structure changes
in disperse polymers at tribo-mechanical undergoing are
the most typical examples. Under those conditions the
longJife electret state has been identified. The important
role of temperature in determining the interaction be-
tween structure changes of polymer particles, their mor-
phology transformation, and an intensity of the contact
electrification was shown.

Results of studying of the electrification effect on the
friction between sectional poly'rners taking into account

Anatoly I. SviidenolE Albina F. Kimoviclq
Academy of Sciences, Belanu
Wadimir I. Kestelman,
ITP, USA
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adhesional, kinetic, and electret aspects are of great
interest. The generation of the electret state is a result of
the electrification at frictional contacts not only between
polymers but also between polymer composites.

Natural and particularly artificial electret state effects
essentially the friction and wear parameters due to, first
of all, the transformation of a super-molecular structure
and the electret- and triboelectrifi cation superposition.

The acquired knowledge was used at a development of
new form of electrets, polyelectrets. For those polyelec-
trets the great enough charges, long-lived, were obtai-
ned. For example, fillers, entered into the polymer, effect
on electrophysical and tribologic features of composites
at friction. The electret filler can increase or decrease the
electromagnetic field generated at the friction contact,
i.e., one canrealae the conception of the electret- and
triboelectrification composition, The el ectret ph enome-
na are displayed distinctly at friction in vacuum and
liquids for dielectrics, as well as for electrolytes.

A current inversion, registered at friction of polar and
nonpolar polymers for disperse and sectional samples, is
a general dependence of the electrification at friction of
polymers and polymer composites.

A mechanism of the electrification and the generation of
the electret state at polymer friction has been proposed.
The mechanism was based on general conceptions of the
electric theory of disoriented systems and surface states.
It allowed to substantiate the conception of the unity and
the common character of the electrification and the
electretization at friction contact of polymers and poly-
mer-based composites, to summarize contemporary
knowledge in the field of electrophysics of the polymer
friction [1],
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Two directions should be considered that are application

of positive effects of those phenomena and prevention of
negative effects. Historically directions connected with

electrification were developed firstly, then in '80s those
were connected with the electret nhenomenon.

2. METAL-AND-POLIMER FRICTION
[JNITS

The most widely, electric phenomena are used to control
friction parameters of polymer-metal contacts. It is car-
ried out with aim to suppress triboelectricity in different
ways: combining plastics of different polarity, passing a
cuffent, encasing the plastic electro-conductance or by
previous electrification. Tiiboelectric phenomena play
an important role in charge-alternating and choosing
transfer, friction saturation by hydrogen.

The method of suppressing static electricity by passing a
current to decrease a triboelectrical component is the
oldest one [3]. For example, a friction moment for a pair
steel - fabric-based-laminate is decreased at every swit-
ching of a discharger by 40% (a temperature of units
being under friction is decreased too).

One of the methods for suppressing the static electricify
is a combination of electropositive E+ and electronega-
tive E plastics at units production. The total electric
charge is decreased in this case. The minimum electrifi-
cation was obtained for a shaft made from 60 - 70Vo of
polymethyl-methyl-metacrylate (el ectronegative plastic)
and 40 - 30Vo of. fluoroplastic (electropositive plastic).

The friction moment is decreased, reaching the optimal
values when the content of electronegative and electro-
positive plastic are approximately the same. To suppress
momentary discharge pulses, the composites made from
plastics with addition of electro-conducting fillers, i,e.,
graphite, carbon-blaclg metal powders, are applied and
then a current is passed through the contact. On suppres-
sing the triboelectricity, the decreasing of friction mo-
ments of pairs by 9 - 10 times, as well as improving of
antifriction features of conjugates, were marked out.
There is "a spreading" metal with antifrictional plastics at
their positive charging (electropositive plastics) and me-
talizing plastics at their negative charging (electronega-
tive those). An abatement of electrification, as well as
decreasing of the friction mornent and the temperature
of units, conjugated associate the combination of elec-
tropositive and electronegative plastics. On increasing
the electric conductance of polymers, e.g., at making
graphite, carbon-black, disperse metals, etc. a part of
polymer, the total potential is decreased too. For exam-
ple, on adding 50 weight units of graphite to epory resin
the potential falls from 2000 V to 400-500 V, and on
adding 100 weight units of graphite it goes to 50-100 V.

6

In thework, the connection ofsurface conductance chan-
ges with a wear of polymers was marked too. The author
of the work [3] associates the decreasing of a polymer
ability to generate and to accumulate the static electricity
at increasing their conductance with the decreasing of
number and the surfaces of contact spots between poly-
mer and metal (due to creation, inside polymer, of space
structures in the form of chains made from the electric
conducting filler). The three-component system metal-
filler-polyner is formed that is notable for increasing
discreteness of polymer-metal contact. The total poten-
tial decreases also as a result of leakage due to the high
conductance. On increasing conductance, the potential
decreases, but the cllrrent, drawn from one body being
under friction to another, increases. A lubricant decrea-
ses abruptly the electrification of bodies rubbed, too, and
the higher electric conductance the sooner is the effect.

In that way, the friction of metal-polymer pairs is accom-
panied by the essential electrification, an intensity of
which is determined by the chemical and physical nature
of bodies, The suppressing of charges generated is ac-
companied by decreasing the friction moment by 80-90%,
as well as by decreasing the temperature of units rubbed.
The wear of those units depends on a direction of the
electron movement in the contact zone. In this case. the
unit losing electrons is rvorn out firstly.

A negative display of the static electrification at function
of the metal-polymer friction unit is connected, by aut-
hors of the work [4], with the hydrogen wear. It is known
that hydrogen releasing at the plastic friction leads to the
hydrogen saturation and to an embrittlement of the steel
surface [5]. At the same time, just the triboelectrification
promotes the penetration of proton, which has a small
dimension of about 1'10-13 cm, into metal lattice, which
has an opposite charge. In this case there is an intercon-
nection between the charge sign of the polymer friction
surface and the saturation by hydrogen. The polar char-
ging corresponds to increasing by 2-3 times of the per-
centage of hydrogen,

In addition to the list of the negative displays of the
accumulation of the static electricity in tribo-conjugates,
one can note that electrically charged plastic surfaces can
attract from the environment dust, moisture, wear parti-
cles of the counterbody; at drawing together with metal
bodies grounded there could be discharges, electric
ageing of plastics and the metal electric erosion. To
prevent the accumulation of electric charges,_it is neces-
sary to decrease the plastic resistMty to 100 Qcm and
less. It is achieved by application of electric conducting
polymer composites and lubrications.

The application of electret phenomena for the control of
friction features of polymer in units of sliding friction
with negligible heat emission was started. The control is
carried out as a result of the electrostatic interaction

Tibologija u infuntiji, Vol. 18, No. 1, 1996



between the space charge, generated at the pllymer
electrification, and the space tribo-charge friction gene-
rated. In this case, depending on the sign of the el:ctret
charge and the tribo-charge, there is possible increasing
as well as decreasing of the coefficient of friction and of the
wear intensity of polymer comparingwith the initial state,

In Table 1 the dependence of the friction force F and the
mass wear intensity"In on the magnitude and the sign of
the effective surface"charge density of covers thermo-
electrified (ESCD) are shown.

Depending on the magnitude and the sign of the charge
previously formed, the electrification of covers leads to
decreasing the friction force by 10-30% and the wear
intensity by 1.5-3 times. This feature is important at
starting and run-in,

Table 1. Changes of the fiction force F and the wear
int ensity J, of thermo -e I ectified cov ers

In thisway, the initial electrification could be an effective
method to control friction features of polymers.

3. DIAMONDS PROCESSING

The new field of the electret application is a use of
polymer electrets in processing of diamonds [6]. It is
known that diamond is a dielectric with an electric resi-
stivity of 1012-1014 Qm and a dielectric constant t =5.7.

As a result, diamonds accumulate great electric charges
during friction. Having unique features, diamond is one
of the most difficult materials to process.

Diamond crystals are sawed by the special machine-tool
with thin disks made from tin-phosphorus bronze and
charged by the diamond powder. A destruction of dia-
monds at sawing is a result of the dynamic contact be-
tween the diamond crystal and the edge of the sawing
disk, At the angular velocity of the spindle about 10 000-
14 000 rpm and the disk diameter of 65-76 mm the linear
velocity on the disk edge is 35-55 m/s. The dynamic

Tibologija u indwtriji" Vol. 18, No. 1., 1996

contacting of metal-dielectric systems is accompanied by
the intensive electrification that is pl'oved at diamond
sawing (Table 2).

Table 2. Electification cunent at tliannttd sau'ilry by
disl<,s with dffirent covet's

At sawing by disks uncharged and disks rvith a bind nade
from the castor oil the electrification cnrrent is 10-30 nr\.
The current increases at sawing by disks rvith electropla-
ting: by 2-3 times in the case of nickel eiectroplating. and
by 5-6 times in the case of copper-zinc one. Using poiy-
mers as a binder leads to abrupt increasing of tire current
of electrification and the polytetrafluorethylene-bjnder
changes the polarity from positive to negative. As it could
be seen from data presented, the value of the current of
electrification at application of polyarnide resin, polysty-
rene, and phenolformaldehyde resin is about 200-500 nA
and more. The potential of arbour in this case mounts to
200 v.

In Fig, L are shown kinetic curyes of the current of
electrifcation at sawing diamond crystals by uncharged

Fig.l. Dependence of saw productivity vercus tlrc avcrage- 
cuient of elcZtrtpcatnn in thb case of the sawiitg
dbl<s chtiged by different diantond coitcrlt compo-
sitiorc: I, castor oil; 2, polytetrafluoretlrylene; 3,
polyami.d.e resin modifi,ed blgrapliite and MoS2; 4,
polyamtde resin; 5, phenolformaldelryde resirt; 6,'po[yamide- 

and pheiolfonialdctude icsin: 7. oolv'--s 
ty iene ; 8, p o Iy alnide - and p oly s t1t:e n e r e s i n ; i,'p o[y -

crybnitriJe.

Bind of the disk's
diamond layer

ElectrifiCation current
nA

Polaritv Abs. value
Disk charged T 10-30
Petroleum oil + t u - zv

Copper-zinc alloy electroplating 40-rc
Nickel electroplating + 1 00-1 20
Polytetrafluorethylene 30-40

Polycrylonitrile + 1 C0-1 30
Polystyrene + 200-300

Polyamide resin + 200-300
Phenolformaldehyde resin + 300-500
Polyamide resin modil ied
by g,raphite and molybdenum
otsutontoe

'f 200-350
Covers

Polyethylene Polvcaoioamide

ESCD
m*elmz

F;N J o '

*sfr'*
Fq/ -n

mkO/m2
F.N Ie d

mgltvtzm

0 r e q 2 .9 3.87

+ 1 0 3 .3 0.78 + 1 . 6 2 .7 2.32

+20 3 .0 0.68 +6.0 2.1 2.70

+40 0.55 - t -  t J 2 . 1 3.47

+60 1 .08 +20 e n

-10 3.6 1 , 0 1 I 2.9 1 . 8 8

-zv 3.5 0,87 o 2.8 1 , 8 6

40 3.6 0.49 -n 2.2

€0 2 a 1 . 0 1 -20 2.8

40

s30

dzo
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disks, serial disks with binder from the castor oil, and
disks with the polyamide resin binder. For all binders the
kinetic curves of the current of electrification have extre-
mum due to specific character of diamond sawing that is
gradual cutting-in crystal, the contact surface increasing
and following decreasing of it.

With aim to elucidate an interconnection between the
current of electrification generated, the speed of saw and
the disk firmness comparing tests were carried out on
seriai disks at connection and disconnection of disk and
crystal to ground. The tests displayed that the complete
insulation leads to abrupt fall down of the current of
electrification and decreasing the speed of saw by
I8-207o, The firmness of disks increases in this case by
2 times. On analyzing the test results one can summarize
that the high productivity tool should have the wear-stea-
dy high-electrifying binder and the attachment of crystal
and tools should be grounded.

In Table 3 data, showing an effect of polymer binder in
diamond-content layer on the main parameters of the
saw of diamonds, are presented.

Table 3. Sawing of diamond crystals

Binder of dfarnond-
content leyer :

Curent

ilectrifical
ion

:, , ,1 1n4

Saw
intensity

|.l

lmm2hl

Losses

tyol

lrgcess

lng
quality

Castor oil +30 1 8 . 1 4 o Good
Polyamide resin +280 20 .18 7 Hiqh
Polyamide resin
modified bv
graphite arid
molvbdenum
disulphide

+320 2 1 . 0 5 A
Very
high

Investigation data show that the electrification intensity,
which is determined by the current of electrification, is
connected with the speed of saw, the disk fumness, and
the quality of semifinished items [7].

There is a negative aspect of the effect of the electric
current on the saw of diamonds besides positive one,
That is the decreasing of the tool firmness. For example,
at the current of electrification of 0.5 (for tools electri-
cally insulated), 25 and 80 nA the average firmness of
disks charged by the castor oil is 305, 190 and 153 mm2
correspondingly. As a result, at high magnitudes of the
current there could be seen the productivity decreasing
due to worsenilg of saw-features of the disk.

A dependence of the saw productivity on the current of
electrification for the tool charged by serial (castor oil)
and by composition way (polyamide resin with addition
of phenolformaldehyde, graphite and MoS2) is presen-
ted in Fig. 2.T\e dependencies were registered at pro-
cessing of identical crystals of diamond at the same
conditions: the workins load of 1.2 N and the rotation

8

speed of the disk of 13 000 rpm. The duration of saw
t [min], the surface of sawing S [-*2] and the saw quality
judged by eye were registered in those experiments.

Table 4. Dependence of saw intercity on method with
and without electret washen

Disks ,saw
method

Crysta!
mass,
tcaratsl

Saw
intensity
o tm2/l'rl

Processing
quality

With Ca-
stor oil

wth
electret
washers

0.464,53 19.646
High

0.25-0.30 19.068

Without
0.46-0.53 1 8 . 1 9 1

Good
0.25-0.30 17.344

With po-
lyamide
covers

with
electret
wasners

0.46-0.53 21.242 Very
high0.254.30 22j82

Without
0.46-0.53 19 .144

High
0.25-030 19,0659

As it could be seen in Fig, 2,Table 4 and 5 the working
range of the current of electrification for disks charged
by composition pastes is 45-165 nA and for disks charged
by the castor oil it is of 30 - 105 nA.

Table 5. Dependence of the parameters of saw on
electrophysical features of the process

Application of electret washers allows to increase the
speed of saw by 9Vo,to abate noise by 5 dB, to decrease
losses by 1.%. The higher quality of saw lets decrease
losses during the following operations, in particular du-
ring grinding, and short the duration of grinding. At the
same time there is no necessity in special energJ supply
and the vibration resistance is better.

4. TECHNOLOGY OF POLYMER CO\IERS

On the base of established laws of the electrification of
dispene polymers under dynamic forces a number of
methods and constructions of the device of stationary
type and in the form of sprayng gun were developed to
rcalue the special tehnology of polymer covers.

In Fig. 3 there is a layout of the electrostatic set-up
marked out by its autonomy due to no need in compres-
sed gas and in special supply of high voltage. The set-up

AveJage Value
: ot,ESGD on
relec'tret plates

, ,[C/cm2l

Intensity of

,electric field
bet-Ween ,.

platesrfkVicml

Saw
intens!ty

Q
fmm2/hl

Processing
q,ualiry,

4.104 400 22.330 Verv hioh
1 .10-4 100 22.218
6.10-5 60 21 .984

1  .10 -5 1 0 2 1  . 0 1 3
3'10-6 c 1 9 . 2 1 5 Hiqh

No plates 0 1  9 .1  53

Tibologija u indwtiji, Vol. 1E, No. 1, 1996



J )

-30

12s

z0

0 40 80 120 160 I, nA

Fip. 2. Dependence ofsaw productivity venus the average- 
cunent of elcitnficittion in the case of the sawing
disks chrirped bv-different diamond content pastes:
1, seial p"aste;'2, i'omposition paste. Shaded area
conesponds to ralional prod.uctivity.

includes the autonomic electrostatic generator using the
closed circulation of air-powder mixture and the working
resenoir 7 for cover spraying. The generator consists of
the engine 10, scroll 1 with impeller 2, circulation tubes
3 and the collector 4. The high voltage from the collector
carries through the conductor 5 to the charger 6. The unit
8 is grounded. A transmission of the rotation from the
engine to the charger is carried out by a flexible shaft 9'

The oirculation of particles having the high velocity pro_
vides the high-voltage generation (up to 100 kV and
more).

In clevices for polymer covering like the spraying gun
described in the work [1], the electrification of the poly-
mer powder is a result of impact and dynamic contact of
the powder particles with a surface of the charger unit.
The main part of such devices is that charger unit (its
special features of construction).

The most typical device of this rype is shown in Fig, 4.
The device consists of a body L, having an intake conduit
for an air-dispenion of polymer sprayed, with handle 2;
coaxially arranged rotor electrodes 3, 4 with blades 5;
guiding nozzle 6 enveloping the blades; mixer 7 with
outlet 8 connected by hoses 9 with an air intake L0 and
with a fluodizing chamber 11. There is a valve 12 on a
hose connecting the rnixer with the air intake, Also the
spraying gun has a valve 13. The outer rotor electrode 3
is fixed in a support 14 and the inner one is fitted with
clearance on an axis 15.

The device works in the following way. The disperse
polymer is put into the fluodizing chamber 11. A com-
pressed air or gas, initiated the fluodization [1] of the
powder, is fed under porous partition of that chamber.
The gas provides also feeding of the powder by hose 9 to
the mixer 7 and then through the outlet into the working
zone. Using the mixer one can extra feed an air from the
air intake 10 by the valve 12.

The polymer gas-dispersion under the high pressure with
high speed puts on the rotor electrodes. Here, after
multiple and graduate connections and disconnections
of the particles with the metal surface of electrodes,
charges are generated on particles. In this case to obtain

Fig. 3. The layout of the electostatic setup for polymer
covertng

Tibologija u industiji, Vol. 18, No. 1, 1996
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great charges on the polymer particles the velocity of
gas-dispersion at the exit to the inter-electrode space
must be not less than 10 m/s.

By this device it is possible to coverwith high productivity as
cold surfaces with following fusion as previously heated.
Also it is possible to cover items with a complex shape
and as assembly units. The process is easy automated.

5. CONCLUSION

During last decades tribologists are studying and trying
to explain numerous emission displays of the response of
material surface layers to tribo-deformation effects,
Among them the most informative are electron emission,
electromagnetic radiation in the range from radio-fre-
quencies to X-rays, different acoustic and low-frequency
vibrations, but registration and explanation of them meet
essential difficulties, which are a result of the following:
those effects take place only during the frictional inter-
action; their results are hard to separate integral, mor-
pholory, and structure surface changes. Maybe the only
universal and easy to identify "witness of macro- and
micro dramas" taking place on friction surfaces is the
electrifi cation of surface.

The understanding of the triboelectrifi cation mechanism
had begun only after creation of quantum mechanical
models in physics and chemistry of surface, ideas about
electron energy levels, theory of molecular forces, based
on conceptions of fluctuating electromagnetic fields of
condensed media, Polymers are sensitive indicators of
triboelectric phenomena. Investigations of polymers
have allowed to essentially broaden knowledge on the

structure mechanism of tribo-deformation and tribo-de-
struction of solids. The discovery of the triboelectret
phenomenon as a result of the frictional electrification
of polymers is very important. Establishment of the fact
of the interconnection between tribo-electretization and
triboelectrification has let develop the theory on friction
and wear but also apply them in industries dealt with
intensive frictional interactions and developing new tri-
bo-technical materials.
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Primena triboelektridnih pojava u industriji
Za pralaiinu pimenu glat ne tiboelektiine pojave su elelorifikncija kantalaa usled generisanja eleldiinih napona
i nastanak eleldrbanog stanja u polimeru (elektret). houiavajuti laetanje vkokih tentperatura rasutih polimera na
tribo- kontalaima, ustanovljen je domet eleldrifikacije rasutih iestica (do 250 kI4, kao i generisanje elektret stanja
na njihovim povriinama. Upravljajuti, na primer triboelelariinim parametima, i iineti elektret punioce delom
kompozita, moie se povefuvati ili smanjivati elektromagnetsko polje generisano na tamom kontahu, to jest, moie
se realizovati elektret - tiboelelaificirani sastav.

II cn orrc o B aurr e rpu 6 o - o r e KTpuq e cKrrx fi BJr enr.rfi
B rrp oMbrrrrJreHHo cTrr

Cpedu ecex wpu1oLto|uqecrcL\ aeneuuil dna ucuottuaoeaHufl ua uparctaurce nau6onee ydo1uur "snerctupu-
Qurca4un." rcouwarcuta, flsllJrtou.pfl.cfl e pesynawawe \euepupoeauua enercwpuuecrcux uaupnsrceuuri, u eoauu-
KHoeeHue aapatrcenuoio cocEtoauua a uo,,tu-uepe. Hccnedoeauuea paeauutua. sbtcoKux weauepatuyp
paccettHHba uonuuepoe e tupyuluxcax xouutarcutax ycutauoaLtett ypogeHb 3apflxeHun pacceflHHbLx uacututl
(do 250 rcB), rcarc u paaeuutue dapatceuuo\o cocwoauun ua wc uoeepxuoctu+tx. I.Icc,tedoaauufl frorcasanu.
uuto yupaeneuue,u utpu6o-s,tercutpuuecrcuuu uapaaeutpauu u ucuo,ttb3osaHue.u enercwpuuecrcux uat\onuu-
taeneil e rcaqecfuee coc6rnennrct4ux rcoauosuuta, uottcuo yeeautueautb uJru yileHbuututa anerctupoua7nutlt-
noe ltone, Qopuupyrot4eecne rcouEtarcEte, Et.e. .+ro)tcrto cocdaaauta wpu6oertercwpuQu4upoaanuwilcoctuaa.
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q is equal multipli specific friction forces zo by moulding

material sliding velocity U in extrusion channel

q  =  " c o ' V .

For generally used sliding velocities Z= 1+2 mlmin and

specific friction forces 7o = 0'2+0'4 MPa energy dissipa-

tion will be value of order q=3.3+Li.5 kWlm", that is

comparable with power thermal flow from other thermal

heaters. The experiments showed that additional mate-

rial heating from friction force action may exceed 30+

5f C.For composites with low thermal stability this as-

sumes to apply special means (introduction to composite
technological lubrications, thermo-stabilizers, forced

heat diversion from frictional surfaces),

3. TRANSITION FROM
YISCOUS-PI.ASTIC FLOW TO
PLUG.SLIDING

From points of view of physics and mechanics the process

of extrusion plug sliding regime may occur when next two

conditions are fulfilled:

a) flow nucleus is spreading to the full cross-section of
extrusion channel;

b) composition adhesion to the channel walls is replaced
with its sliding on this walls.

It follows from the first condition that specific friction

forces of composition on the channel rvalls and tangen-

tial stress in its bulk must be lower than composition
shear strength, i.e. unreversible material deformation irt

plug sliding zone is absent, and deformation has elastic

or viscous-elastic nature.

Accounting short time of material being in plug sliding

zone. and also that viscous-elastic behavior may be des-
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High-filled Composites
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on The Extrusion of

I,.INTRODUCTION

Methods of screw and plunger extrusion are very exten'

ded at manufacture of profile articles rnade from diffe'

rent materials, but processing of high-filled composites

by these methods is kept back due to insufficiently known

factors like the effect of fnction of the filler with itself as

well as with working units of equipment on forming

processes.

The following factors could be explained by tribolory

phenomena in rheology of high-filled composites: in-

creasing viscosity in comparison with an initial polymer

by some orders of magnitude; a display of features of

solids for melts; considerable enerry dissipation on sur'

faces of the contact between processing material and

performing organs; a transition from laminar flow to

rheologically more complex flows including plug sliding'

The aim of this investigation is to study the influence of

friction forces on additional material heating in extrusion

process, and on conditions of transition fromviscous-pla-

ttir flo* to the plug sliding flow in main profile channel

types (circular, ring, rectangrtlar, and rhombus).

2. FRICTIONAL MATERIAL HEATING

During friction forces action on the sliding surfaces of

moulding material on the extrusion channel walls heat is

being discharging. Specific power of this thermal enerry

Wadimir G, Barsukov, Anatoly L Sviidenok
Research Center on Resource Saving of Belarus Academy
of Sciences, Grodno, Belarus
Wctor Ya. Pnuhak Wadimir Ya' Shcherba,
Soligorsk Institute on Problems of Resource Saving,
Soligorslg Belarus
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cribed, with precision sufficient for practice, by elasticity
equations, in which elastic constants are replaced with
viscous-elastics operators [1]; the consideration of stress-
deformed condition of material in plug sliding zone is
restricted to the elastic approach.

The condition of transformation from plug sliding to
viscous-elastic flow is considered in the form of energetic
yield criterion.

Thking under the consideration boundary condition on
the surfaces of composition contact with extrusion chan-
nel walls we originate from Amontons-Coulomb friction
law that is correct only for low pressure field, when actual
contact area of bodies is smaller than nominal area. At
high pressures the saturation of contact surfaces occurs
and friction force became undependent of pressurel2,3).
In a connection with it, for description of frictional phe-
nomena in plug sliding zone, the friction law in Zibel-
Prandtl form is used [2].

In calculations the compositions have shear strength zr,
elasticity modulus E and Poison's coefficient /, at pres-
sures lower than flow beginning. Specific friction forces
on the channel walls are equal to ro.

Base on the developed approach a number of theoretical
tasks, which have important practical meaning for calcu-
lation of extrusion devices and technological equipment,
have been solved.

Circular channel. Composition plug sliding in a circular
channel of radius R is characterized by next parameters:

a) distribution of axialp and lateral q pressures on the
length of plug sliding zone

b) length of plug sliding zone

Composition plug sliding in the rectangular cross-section
channel with height Il and width B is characterized with
next parameters:

a) distribution of axialp and lateral q pressures on
the length of plug sliding zone

e=|r,offf ,,
^  v  B+H

A  =  L a ^ - - r .'  " l - v  BH

b) length of plug sliding zone

,_  l -V  BH
l -2v  B+H

c) limit value of specific friction forces

r;
l ro] =.,/*t.r.

Y J

Channel of rhombus cross-section. The solution of this
problemwas directed to investigation of product forming
peculiarities with acute vertex, The regime of composi-
tion plug sliding in the rhombus cross-section channel
with side length C and acute angle a at vertex has next
parameters:

a -
.l- L^

D = - X .' R

Ztn v
q =  

R  t - u x ;

c) limit value of specific friction forces [zo], which ex-

r= .R 
1-v
l -Zv

ceeding led to propagation of viscous-elastic flow re-
gime to the whole length of extrusion channel

Channel of rectangular cross-section. Such channels are

)
l to]  = *t .s

1 / J

used for extrusion of stripes, sheets, beams and other
similar profiles.

.  I  l - v  ^  c ,
L = - -  L  C O S -

2 l -2v  2

l to]  = t"

From the obtained formula one can see that decrease of
angle at vertex led to worsen of processing conditions,
since axial and shear pressure rapid increases simultane-
ously with limit values of specific friction force.

Ring channel. This channel ise used in pipe and hose
production. Plug sliding regime in such channel with
outer radius Rp and inner R; will be characterized with
next parameters:

2rn
P =:----=-x,

Ro- R,

4rn
P=- - : - x ,

L StnC[

v 4a^
o = -  v  x'  l - vCs ina

Ztn v
q =-=---- t r  ''  

k -& l -v
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Tlhe presented data together rvith earlier publislted re-
sults on cracks forming [4] or distortion of non-axis-syrn-
metrical profile [5] at friction force action allow to ac-
count frictional aspects of extrusiou processes of
high-filled conposites in the group and to control goal-
directed them.
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Uticaj trenja na istiskivanje visoko - punjenih kompozita
Analiziran je uticaj sila trcnja na zagrevanje visoko - punjenilt kompozita u procuima istiskivanja. Razmatrane su
reoloike spccitiinosti teienja i klizanja mateijala koji se oblikuje u alatima za formiranje kanala opreme za
Lstiskivanje.

Brnsuue [poqecca rpenfifr, Ha BbIAaBJrIrBarIue
BbICOKO3 ATIOJIHEHHbIX KOMNO3IITOB

R pa6owe attantnupyewcn aosdertctlsue utJ't tupeuun ua tn7peoauue ebrcoKo3auonHeHHba rcouuoautaoe e
fipotgcccax autdaanuaattun. Pacuoutpeuat tiarcste u peonoiuuecrcue oco6exocutu uteyenllfl u cKonb)rceHut
aawepuana ilo rcauaercau upecc-(topn
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Thermal fatigue phenomenon generally appears in me- MECI{ANICAL CHARACTERISTICS OF

tallic structures submitted to variable thermal stresses. THE STUDIED STEELS
Following these stresses, thermal stress appean, which
have high values that can sometimes go beyond the The studied steels were the following:

metaillic materials yield limits. 1) low alloy steel put into pieces T35Mnl4 (steel 1);
A specific field to show this phenomenon is the dry 2) middle alloy steel put into pieces T32MoCrNiOS
friction couplers from the mechanical brake assembly. (steel 2);
Indifferently of the construction solution adopted for 3) iow alloy steel 35Mn14 (steel 3);
making such a mechanical brake system' tn":o"r,ur]lt 4) alloy steel40BCr10 (steel 4).
principle is based on the friction existence between two
elements, from which at least one is generally metallic. Chemical composition and mechanical characteristics of
In these conditions, the metallic materials support al- these steels are presented in Thble 1 and Thble 2,
most entirely the thermal stress, generally generated in
the stratum adjacent to the friction surface,

The paperwants to present the results of the experimen-
tal studies concerning the complex phenomenon of the
thermal fatigue wearing of some low and middle alloy
steels used in drums from mechanical band brakes con-
struction of the drawworks.

The ma:rimum temperature on the friction surface of the
brake drum can reach values in the range of 500 ... 800"C
[1]. In these conditions, the drums decay occurs by cra-
cking and has a character similar to that characteristic to
Iow rycle fatigue.

[-] t---l 
UDK 621.8e2.621.e.027
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Wear by Thermal
Fatigue and Steels
f)urability from
Mechanical Brakes
Dry Friction Couplers

l.INTRODUCTION 2. CHEMICAI, COMPOSITION AND

Table l. Chemical composition of the steels.

Chemical
allolng
el€ments

Steel

1 I ? 4

Compgsition [7ol
a\ 0.35 0.32 n e ( 0.40

Mn 1 , 4 Q 0 .81 1 . 4 0 0.65

0.30 o.74 1 . 0 0

Ni n a n 0,60

0.30 0.26

UI o.24 0.23 o.27

Mo 0.1  B

B 0.002

These steels were selected to be studied because they
were generally used for the construction of the friction
metallic elements of the dry friction couplers from the
mechanical brakes.

N. N, Antonescu, A. C. Drumeanu, I. Nae
" Oil- G as" U niv ers i N P lo ies ti
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Table 2. Mechanical characteristics of the steels.

,Mechanical
chaiacteristic

Steel

1 z q 4

Tensile
strength [MPa] 540 740 720 930

Yield l imit IMPa] 295 540 E?N 735

Elongation [%] l z 1 6 t z

Reduction of
area lo/ol z3 25 JU 5U

Hardness HB 1 @ zzv 200 2 1 7

3. THEORETICAL CONSIDERATIONS
ABOUT THE DURABILITY TO
THERMAL FATIGUE OF THE
METALLIC MATERIALS

The degradation of the metallic materials used for me-
chanical brakes construction generally consists of cracks
appearance after a low number of braking cycles.

In these conditions, the gradual process of degradations
accumulation occurs in the presence of plastic prepon-
derent strains, materials crash taking place due to the
cyclic strains, the compression strain which appears at
the thermal rycle, having the major role.

The basic principle in the elaboration of the model of the
thermo-mechanical behaviour analysis of the materials
to thermal fatigue, implies the sample fastening during
its heating @y clamping it at both ends) and it was
elaborated by Coffin. The characteristic parameters of
this theoretical model can be put into a relation like:

A O
At= q , ( tmax- tmin) -  A te  +  Aep= 

E 
+  Atp  (1 )

where: Ae - the total strain range;
At" - elastic strain range;
Ato - plastic strain range;
G -linear thermal extension of the material;
E - modulus of elasticity longitudinal at the

average temperature of the stress-strain
hysteresis loop (Fig.1);

Ao - range of stress.

In real situations of temperature variation, generally, it
is determined the strain range in a cycle, which doesn't
depend essentiaily of the mechanical properties variations
of the material. The strain is determined with the help of
the linear thermal coefficient of expansion of the mate-
rial and with the difference of temperature (t'oo-t.in).
The maximum value of the plastic strain range on the
cycle, unlike the total strain range, depends on the me-
chanical characteristics of the material, influenced by the
cyclic stress and by the structure presewation between
the cyclic heatings, that means ail the factors that influ-
ence the stress-strain hysteresis loop (Fig,1),

Tibologija u indwtriji. Vol. 18, No. 1, 1996

Fig.l. The stress-strain hysteruis bop

The thermal fatigue endurance limit is given by many
complex characteristics of the material (mechanical, phy-
sico-chemical, structure), and by the character of the
external loading.

In most of the situations, thermal fatigue endurance limit
is evaluated using a durability criterion, wtrich consists of
the number of cycles, N, determined till the first crack
appearance or until deformation capacity decrease to the
same maxjmum temperature under a certain limit.

The results obtained, generally respect the experimental
curves of thermal fatigue y:1Le) or N=f(L€p), and
they are in accordance with the calculated values of the
constants adopted for the durability equations Manson-
Coffin like, [2,3]:

L

A €r.N^I = C1 Q)

At .N"=  C (3 )

where: Nis the number of rycles until the first crack
appearance;

Ato - plastic strain range [%];
Ae-- total strain range [7o];
k.1, k - exponents of durability;
Ct, C - durability constants characteristic to

each material.

About equations (2) and (3) utilization the following
remarks can be made:

> at total strain range values lower than these corre-
sponding to the same stress that exceeds the yield
Iimit, the number of the cycles until degradation,
calculated with the relation (2), should be theoreti-
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cally unlimited, as far as the piastic strain tends to
zero, which is not in accordance lvith the experimcn-
tal data;

> the detcrnination of the highest value of the plas'.ic
strain with the relation (3) would be ir:.accurate, as a
result of the difficulFy in material hardeniag cvalua-
tion (Bauschinger effect) and of stress relaxation
phenomenon;

> Manson - Coffin equation does not take into consi-
deration the maximum ternperature of the rycle
maintenance.

4. THE EXPERIMENTAL TESTING
METIIODOLOGY

The experimental determinations were done on rylindri-
cal filled samples with the following characteristics:
. total length - 70 mm;
. calibrated zone length - 30 mm;
. calibrated zone diameter - 4 mm;

" threaded gripping heads - IV{10;
. thread length -15 mrn.

The samples were electric heated, current thermal effect
being concentrated in tlie minimurn section zone., where
maximum temperature was reachcd,

For determinations it was used a thermal fatigue tcsting
stand, which assured enclosure fastening at both ends of
the sample in a rigid frame. The fastening system rigidity
can be modified depending on the maximum level of the
total elastoplastic strain to which the sample is cyclically
strained (tested to compression stress at the maximum
temperature of the rycle, and to tensile stress at the
minimum temperature of the rycle).

Started from the real data from the brake drums running

[1], the testing experimental conditions of the sampleswerc:

. maximum temperature of the cycle, tmar: B1FC;

. minimum temperature of the cycle, tmin = 10trC;
' heating time, T6 : B ... 12 secondr;
' cooling time,7" = 90 ... 120 seconds;
. time of the exposure to maximum tenperature of the

qc\e,T" = 0 seconds (periods of time are similar to that
registred in reality),

The experiments were done usilg Lhree steps of rigidity
of the sample enclosure frame: t2,28,55 MN/m, which
gave the possibility to obtain the same total elastoplastics
strains in the range of 0.3 ... 1.27o, corresponding to some
levels of the stress, Ao, in the range of. 150 ... 900 MPa,
similar to those experimentally and theoretically deter-
mined [ ]. The tests were done at a constant strain range
and the stopping criterion was the first crack appearance.
The total strain range of the frame and hence also of the
sample, was measured with the heip of two dial extenso-
meters, with 0.01 mm accuracy. The stresses from the

t6

sanple rvere calculatcd knowing the force with which,
aftcr dilatation, it strains the calibrated elastic element
which is the upper part of the frame that regulates its
rigidity.

5. EXPERIMENTAL DETERMINATIONS
OF THERMAL FATIGUE DURABILITY

Thc experimental determinations were done according
to the mcthodologlr described il section 4, using the
experimental parameters presented in Table 3.

During the rvhole period of the experiment, there were
registered:

> the value of the total strain range of the sample;
> the number of the cycles until the fint crack appea-

rance;
> stress range per strain cycle.

In accordance with the experimental data, the durability
curve was plotted, in Le(Vo) - N(cycles) coordinates,
represented in double logarithmic scale in Fig,2.

Slarting from the equation (3) a relation can be written
N - As which takes care of the total duration of the
thermorycles, Iike:

1 <

G ' r r t
c \  ^ , . ,

;

d  { t \

F

U

i.)..

>\.
\ " \

, I

, \ . \
1 -  T35Mn14 \
2-T32MoCrNiOB \

3 -  35Mn14 
4- '

4 - 40BCrl0 |
I

1.-3

s0 100 200 300
N [cycles]

Fig. 2. The total straitt range versus the number of qclcs un-
til d e grad ati on ap p e arance

Table 3. Experisnental parameters used for thermal

fati gue durabiliry" det ermin-ations.

fuperimental
parameters

Steel

1 z 4

Maimum
temperature of the

cycle [oC]

800 800 800 800

Minimum
temperature of the

cycle [oC]
1 0 0 1 0 0 1 0 0 1 0 0

Heating time [s] 1 2 1 0 1 0 o
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Cooling timeIoC] 1 1 5 1 0 6 120 108

Tlme of exposure [s] n U 0 0

, , erlpN= --f - l:f e)
(4'.a,Do \au)

where: N is the number of the cycles until the first crack
appearance;

Torcte - thermal stress rycle duration;
A't - total strain range per cycle;
C, h b - experimentaly determined material

constants, that can be found in Table 4,

Table 4. Materinl constants values from Eqs. (3),(4), (5)
for the srudi.ed steels

The influence of the total duration of the cycle on the
durability can be made evident independently of the
Mason - Coffin equation coefficients, using the relations:

(Trya")P .N = Cz

(trya")P'1 .N = Cz

(s)
(6)

where: 2.r.1" is the mean duration of a thermal stress
qcle;

N - the number of the cycles taken into
consideration;

p, Cz - material constants calculated for
tmax= B0FC in Table 4'

R - durability resource (until degradation
appearance).

R = 7rycle 'N [min] (7)

Equation (5) plotting in double logarithmic coordinates,
(Fig. 3) is linear and in good agreement with the experi-
mental results [2,3] for values of the thermal stress cycle
duration, Tcycle : 1.3 ... 120 min.

The durability resource is also influenced by the total
strain range value, At. This phenomenon was made
obvious in Fig. 4.

The fact must be mentioned that Eqs. (5) and (6) can not
be used for the durability calculations for different me-
tallic materials, but they can be used in comparative
estimations.

An estimation, as objective as possible, of the materials
behaviour tested to thermal fatigue, only on the basis of
the curves like that presented Fig.2, would be incorrect
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if it were made only by analogy with the tests to low cycle
isothermal fatigue, to which the total strain range is
imposed. Specific for the thermal fatigue tests is their

Fig. 3. The number of qcles until degradation appearance
versw the meitn'duration of d thermal sirbss atclz

Constants
Steel

1 z n 4

K I  e t r 7 1 F R 1 . 8 6 1 trntr

662.9 1218.7 1 850 1215

o 1.s2-1 .61.34-1 .45 1 . 2 . . . 1 . 7 51 . 4 5 . . . 1 . 5 9

Y 2.6 2.93 3.71 1 .42

v2 1082.2 994.8 2462.7 327.8
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development at constant maximum temperature of the
cycle. In this case the interpretations regarding the har-
dening phenomena have specific aspects.

So, for the studied steels there were obsewed the follo-
wing things:

. under the conditions in which the thermal total strain
range (Ae) is done only by the temperature variation
between two constant limits, hysteresis loop stabiliza-
tion occurs, usually, till values of N < (60...70) cycles,
when stress range (Ao) becomes approximately con-
stant;

. taking into account the fact that the tests are done with
an imposed total strain range, the hardening of the
tested steels progresses until it reaches the saturated
hardening state, as is was specified before;

. the stress range (Ao) reduction is in accordance with
the number of cycles characteristic for degradation
(appearance of the crack) and is explained by deforma-
tion capacityreduction of the material, due to the crack
appearance and propagation;

. the influence of the system rigldif in which the sample
was done and though of the stress range, at a certain
number of rycles, on the total strain range is well
evidenced in Fig. 5, where it can be obserued that the
alloy steel 40BCr10 has the best behaviour for N=100
strain cycles and average values of the total strain range

1Lt =0.6Vo), while the middle ailoy steel T32MoCrNiOB,
at the same value of the range of stress has the highest
possible of deformation (Lt =1.0%).

6. CONCLUSIONS

Analyzing the results of the experimental determinations
concerning the behaviour of the metallic materials used
for the dry friction couplen construction from the me-
chanical brakes to thermocyclic strains we can draw the
following conclusions:

> the main cause of the degradation by cracking, of the
metallic elements of the mechanical brakes are the
thermal stresses generated by the nonuniform heatings
which appear during the brake processes;

> the durability curves to thermal fatigue, experimentally
determined, show the behaviour for different stress
conditions; so, the alloy steel 40BCr10 has a better
durability at high values of the strain than the other
steels;

> in the presented testing conditions, the relativelly fast
reaching of the saturated hardening state diminishes
very much the structures durability and favoun cracks
initiation and propagation;

> the durability curves from Fig. 2 canbe used in design
calculations as far as there can be determined the
maximum elastoplastic strains of the thermocyclic
stressed metallic structures;

> the duration of the thermal rycle influences the dura-
bility in the way of its lowering simultaneously with the
increase of the heating-cooling time;

> alloying elements influence, especially for high values
of the total strain, is favourable il the case of the steels
alloyed with Mo, Cr, Ni;

> the results obtained after the simulation of the heating-
cooling cycles from the brake couplers on samples are
in good agreement (from the order of magnitude point
of view) with the real durability, practically observed,
of the metallic structures from these couDlers,
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T Experimental Study

A Theoretical and

on Friction Losses
in a Tapered Roller
Bearing

I.INTRODUCTION

The friction torque is the most common parameter used
to appreciate frictional losses in a rolling bearing. Based
on experimental investigations various equations have
been reported in literature to evaluate the friction toroue
of tapered roller bearings that work at low loads and
rathermoderate speeds, [1, 2].In the high speeds domain
these simpler equations are not longer valid, all sources
offriction losses have to be carefully evaluated,

To estimate the friction torque for the particular case of
tapered roller bearings running at high speeds, under
combined loads some dynamic models have been presen_
ted in literature, but which separately consider the me_
chanical losses and tribological losses. To evaluate the
friction coefficients, Gupta [4] considers the lubricant as
a Newtonian fluid, while Zhou [3] uses the Maxwell_Ree_
Eyring model with visco-elastic nature, On the other
hand, Raczynski [5] and Wang [6] use the values of the
friction coefficients as a function of the contact pressure
and the sliding speed. Only, Gupta, [4] and Hams [7] take
into account the frictions between the rollers and the
cage with the air-lubricant mixture.

Recently, a complex model has been elaborated by
authors, [8, 9], which incorporates all friction sources
that were differenly used by previously dynamic studies
[3,71. The experimental studies regarding the evolution
of the friction torque at low speeds, imposed to supple-
ment the model developed in [8], to consider the micro_
asperity traction that is achieved in line contacts between
tapered rollen and racewav.

Bercea Ioary Mitu Nicolae, Damian loary Bercea Mihai,
Cretu Spiridort Ph.D.
Technical University "Gheorghe Asachi,, Iasi. ROMANIA

20

TTN UDK 621.833.044.6
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2. TORQUE PREDTCTION MODEL

The main friction sources in a tapered roller bearing
are:

(i) the viscous friction in lubricant film;
(ii) the rolling resistance of tapered rollers;
(iii) the microasperity tractions;
(iv) the hydrodynamic resistance;
(") the spin friction;

(ui) the roller and cage resistance in the airJubricant
mixture.

The friction forces and the friction torques that act on
tapered rollers, raceways, as well as, on the inner rine
shoulder are evaluated using the methodologyprwiousi|
developed and presented in [8]. For each particular con-
tact tribosystem the friction forces and torques are poin_
ted out in Fizure 1.

t--O-e- -
hrib N,on. Hlrp

Fig.1. Forces and torques acting in a tapered, roller bearing.
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The friction forces (FP,) determiae the roller tendenry
to e translation motion and ere evaluated as in [101. The
equation proposed in [3], with a thermal correction, are
used to calculate of rolling resistance forces (FR). The
sliding traction forces (FS) from line contacts and those
from the elliptic point contacts, (Fty) ere determined by
en integration operation applied to tangential stresses
(t) which are computed with the Maxwell-Ree-Eyring
model, [ 11], The traction forces developed on the micro-
asperity contacts, (M) are determined by using the re-
sults presented in [3].

Thewell known Dowson & Hamrock [12]film thickness
formulae are used for both point and line contacts.

For each contact tribosystem an individual estimation of
the friction torque were carried out:

(a) The bearing torque derived from Inner Raceway
Contacts:

z z z
t - r

Mrur=Mi= ZFSri 'RSi i+ ZFR;.RR,, + )FA,, .RA,,
j= t  j=I  

a ' t  
j=t  

' r  ' r

(b) The bearing torque derived from Outer Raceway
Contacts:

z z z

M,onr= M o=I FSo, ns r+Z nn, nno,+Z reoj. M ojj = t  j = ]  j = t

(c) The bearing torque derived from the Rib- Roller
End Contact:

z

M .b = ,r= 
I( 

FT,,+ FAf) j. Rf

Excepting for the particular case of the pure thrust
loading, the radiaRS, RR, RA andRFof tangential forces
have individual values for each tapered roller.

Though the bearing friction torque is easier to be
experimentally verified; the power friction loss repre-
sents the most adequate parameter to be optimized.

3. POWER LOSS PREDICTION MODEL

(a) Power Loss from Raceways Contacts

The power loss on both inner and outer raceways were
determined as:

,u= [l lrn.dydz+ FA,a. (0) r
Ao

where: APli is the friction power developed on an ele-
mentaryfriction area, Ly Lz;

N'kj= Gr. ty tz.ur) 
4 k=\ o
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U, represents the sliding velocity in the middle of the
elementary area and D" is the sliding velocity in the area
where the normal contact load Qp & = q o) is applied.
It is estimated that in the same point the resultant trac-
tion force (E4) is also acting. The power loss on the entire
raceway is:

z

Pronpuo= Pk=Z 'o  f t= t "  o )
j=1

(b) Power L,oss from Rib - Roller End Contact

Prt=ll lr.6'dtl dzr+

where.APS represents the power loss on an elementary
area LylNyof the contact ellipse.

The power loss at the guiding shoulder contact is:
z

Pnt= Pt= 
)pfi
l = t

(c) Power Loss from Roller - Cage Contact

P"i= Vcj. FCi U,,

where: ltcl is the friction coefficient at roller- cage con-
tact; FC is the normal contact load; Ur. is the sliding
velocity at this contact,

For all cage's holes, the power loss is

(d) Power l,oss for Roller and Cage Churning
. roller churning:

\- sl
P,a= L FD 'U*+ L MD ' ( \ ,

j=1. " i=, 
w

. cage churning:

Pro= MC'{2,

and the sum:

Poilcluming= Pro+ P"o

where:PD represents the friction force realized by the
roller advance in the air-lubricant mixture; MD ii the
resistance torque to roller rotation in air-lu6ricant mix_
ture;MC_is the cage friction torque in the air _ lubricant
mixture; U1" is the roller transport velocity in the air_lu-
bricant mixture. The values ior pD, MD and MC are
evaluated with the equations proposed in [g].

A .
I

.lllGr',- ',r ,) drr a,, (a*) o*ra, (4ro,or) 0.1
lnr I

,
si

P - D - > D' c a p e -  ' c -  L z t  , '-  
i -1

J - t

Mfi= ,yflu,or,ef,

ts-.

2l



(e) Total Power Loss

Pr=  P i+  Po+ Pr+  Pr+  Pr .+Pra

4. RESULTS AND DISCUSSION

Using the methodology developed in [8], the dynamic
equilibrium was firstly performed. The values of the
rotation speeds Q*j (j=1, z) and f). resulted from the
dynamic equilibrium have been further used to evaluate
the sliding velocities in each contact.

The analytical, as well as, experimental studies, were
applied on a 30206 tapered roller bearing. A mineral oil
was used as lubricant with the kinematics viscosity
u = 42 cStlsPC and v = 7 cStllqrC and the density

P = B9s kglm3 at2FC.

The experimental rig is presented in Figures 2 and3.

Fig. 2. General view of the measuring rig

The first testing bearing, a, is receiving the rotation
motion from the main shaft through the cone 10.The
second testing bearing, b, is moved by the bearing a
through the bushes 3 and 4 and the intermediate shaft 6,
The rotation of the case 6 is stopped by the pin 11 and
the elastic be am 12 that has two electric resistance trans-
ducers, 13, mounted on each face. During the running
process the pin 11 acts on the elastic beam 12 with a load

proportional to the value of the friction torque achieved
on the outer rings of the tapered roller bearings a andb.

The dependence of the friction torque, measured on the
outer ring of the 30206 tapered roller bearing, with both
rotation speed and axial load is given in Figure 4. For the
same conditions in Figure 5 are presented the evolutions
of the electrical resistance, the film thickness and of the
lubrication parameter./,.

When the rotation speed is sufficiently low (<900 rym)
the dependence between the friction torque and the
rotation speed is very similar to the well known Stribeck's
curve from journal bearings,

The Figure 5 points out that for rotation speeds lower
than 500 rpm a mixt lubrication regime is achieved, (1:5),
so that the microasperity traction becomes more and
more important, leading to increased values for the bea-
ring friction torque. A quite good correlation is achieved
between the experimental and theoretical values of the
bearing friction torque, that proves the validity of the
proposed analytical model.

z

1 : F o  . 1 1 t 0 N

2 : F o : 8 0 0 N
3rFo = {0QN
( :Fo r  l50N
J:Fo r  80N
6t fd  r  zON

:  A  i t

E

1000 1500 20@
Shof t  :peed N i  I  rpn  I

Fig 4. Friction torque - measurements Predicted values:' 
. FQ =1140 N; . FQ = 20N; 0= 3FC
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Fig. 5. Measure^*, 
"{ 
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Fig. 3. Axinl section through measuring device
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Some considerations regarding the influence of both the
rotational speed and axial load arc presented in Figure 6
and 7 respectively.

rsa (up r ib l3l t j t t ,3i(=:a-=
a l2x  L l t% 2 l . t ry .  r . r .% [J rx

a l , tB  l . t l% 1 \ .2a% a .La . / .  l l . l t%

1\.,fr t17% 12-,a% 220% a.57./.

t t . ! a  l . l r %  [  l l %  r . t r %  t . 0 { %

l r  r  l 0 O {
f r ' l o 0 N

Fig. 6. Frbtion power bss versus rotation speed

Fig. 7. Fiction power loss versus axial load llo = 0.08 Pa's

The power loss on the inner raceway is higher than that
on the outer raceway. It can be noticed that the rollers
and cage friction with air - lubricant mixture may repre-
sent as much as 20Vo from the total friction power of the
bearing.

5, CONCLUSIONS AND REMARKS

1., To evaluate the friction torques and power loss in a
tapered roller bearing, a new analytical model has
been developed. The model incorporates the frictio-
nal losses in both macro and microcontacts that are
realized in a tapcred roller bearing.

Tibologija u industiji" Vol. lE, No. 1, 1996

2. Experimental measurements of the friction torque
achieved on the outer ring of tapered roller bearing
validated the analytical model. If the tapered roller
bearing was working in the low speed domain, the
total friction torque versus rotation speed depen-
dence is quite similar with Stribeck's curve from
journal bearings applications. It has to be noted that
this variation was also mentioned by Zhon [3] and
Dalmaz [13], but only for the point contacts between
the spherical end roller and inner ring shoulder.

3. A more complete analytical model to evaluate the
power losses in a tapered roller bearing was finally
developed. With this model, the quantitative contri-
bution of each frictional component in the total po-
wer loss can to be evaluated.

6. NOTATIONS

A - contact ur"u,*2

FA - frictional force due to the asperity contacts, N

FP - pressure or hydrodynamic force, N
FR - rolling resistance force, N

.FS - frictional force due to sliding at line contacts, N

F" - frictional force due to sliding at the rib - roller- 
end contact,N

h- - minimum film thickness at the rib-roller end
conlact,mm

M - friction torque, Nrn

P - power loss

R - electrical resistance, f)

Z - number of tapered rollers

t - shear stress. Pa

Subscriots

j - refers to inner line contact

o - refers to outer line contact

/ - refers to rib - roller end contact
c - refers to cage

r - refers to roller

Tbrminology

cone - inner ring
cup - outer rng
rib - guiding ring of the inner ring
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Teorijska i eksperimentalna studija gukitaka usled trenja
u kotrljajnim leiajevima sa konidnim valjcima

U radu je pikazan analitiiki model za izratunavanje frikcionog momenta i gubitkn snage usled trenja u kotrljajnim
leiajevima sa koniinim valjcima. Mada se Stibeck-ova kriva obiino koristi za pimene kod Hiznih leiajeva, u radu
se pokazuje njena valjanost i za kotrljajne leiajeve sa koniinim valjcima koji rade pi malim ili srednjint brzinama
obnanja.

Ranije publikovan model [8] je dopunjen novim podacima kaji objainjavaju Stribeck-ovu evoluciju za frikcioni
moment. Clanak ocenjuje izvore trenja, procenjujuti u[ei6e svakog izvora u ulatpnim gubicima snage.

Te op eurqecKufi rr 9Kc[epl{MeHTaJrbHbrr;r aHaJrrr3br [orepb
B pe3yirbTaTe Tperrrrfl B KoHr{rrecKo -p o Jrr{KoBbrx

[omIIu[HIrKax KaqeHr,rt
B pa6ofie uorcasaua auanutTtuqecrcan uodena pacvewa aoueuwa wpenua u uotaepu cunaL eutedcweue
utpeuua B KoHulrectto-po/tuKolba uoduuuuurcax KaveHus- Xofra rcpuaaa Ctupu6erca o1unuo uciottusyeta-
ca upu pacudutax EoduuuHuKol KaqeHuJ4 aetaopauu pa6owat uorcasauo,.ttTlo eE JvoJtcllo ucAotu,aoaawu u
dna pacu€tuoe uoduuunuKoa KaqeHufl, pa6ofrarcryux upu uanau u cpednux o6opotuax.
Vtrce ouy1nuKoeaeaen aHanutuu\ecrcaa twdenu [8J doilonneHa Holbttiu dauuatuu, o6acuarcu4uuu e6ort-
rc4urc Cutpu6erca a ceaau c uoueutaou trtpeuun B pa6ofue paccuatVparcaptacn ucfuouuurcu utpentut u
o4euueaeutca yuacwue rcatrcdozo e uowepax aou4toctuu
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cilindridnih zupias tih
parova

1. I'IVOD

Sprezanje zupdastih parova karakterisano je kotrljanjem
i klizanjem, odnosno trenjem koje se javlja izmedu aktiv-
nih delova bokova spregnutih zrbaca. Kako se trenje ne
moZepotpuno eliminisati, to zaposledicu ima da se jedan
deo energije, koja se prenosi sa pogonskog na gonjeni
zupdanik troii na njegovo savladivanje. Gubici energije
koji nastaju u toku sprezanja zupdanika iskazuju se pos-
redstvom bezdimenzionog fakota - stepena iskori56enja.
S obzirom na we stroZij e zahteve u pogledu uStede ener-
gije, stepen iskori5ienja predstavlja veoma znadajnu ka-
rakteristiku pri izboru kinematskih i geometrijskih para-
metara zupdastog para. U dosada5njim istraZivanjima
[1,] [4], [5], [6], [7J razmatran je uticaj viskoziteta ulja,
bzine klizanja, brzire kotrljanja i hrapavosti na stepen
iskori5ienja zupdastog para, uticaj karaktera raspodele
optere6enj a nije an aliziran.

U ovom radu analiziranje uticaj raspodele optereienja
kod istovremeno spregnutih parova zubaca na energet-
ske gubitke zupiastog para.

UDK 621.833.044.6 [][]r

2. RASPODEI"A OPTEREEENJA KOD
ISTOVREMENO SPREGNUTIH
PAROVA ZUBACA

Da bi se obezbedio kontinualan prenos obrtnog kretanja
sa pogonskog na gonjeni zupdanik. neophodno je da pre
nego Sto jedan par spregnutih zubaca zavr5i svoje dodi-
rivanje, slededi par veC zapodne svoj dodir. Kinematski
pokazatelj postojanja kontinualnosti prenosa obrtnog
momenta je stepen sprezanja bokova, koji mora biti ve6i
od jedinice. AngaZovanjem ve6eg broja parova zubaca u
prenoSenju optereienja zupdastog para, stvorena je
moguinost za odgovarajuiu raspodelu opteredenja kod
istowemeno spregnutih parova zubaca. U op5tem sludaju,
ta raspodela optereienjaje neravnomerna, 5to znadi da
su pojedini istowemeno spregrruti parovi zubaca razlidito
angaZovani u preno3enju ukupnog optereienja zupia-
stog para.

Ako se ukupno optereCenje zupdastog para, Fr, prenosi
prenosi preko n istovremeno spregnutih parova zttbaca,
tada su faktori raspodele opterecenja kod pojedinih isto-
vremeno spregnutih parova zubaca odredeni izrazom:

rc,=fir r

-2

z

'fri
E
Fa

Tn

(1)

gde su: / - jedinidna matrica
F = [Ft Fz . Fi . FJ - matrica optereCenja koje
prenose pojedini istovremeno spregnuti parovi
zubaca
Ko = [Kot Kor.K.,, .KouJ - matrica faktora ra-
spodele optereienj a istovremeno spregnutih pa-
rova zuDaca,

Sa aspekta raspodele optereienja kod istovremeno spre-
gnutih parova zubaca, mogu se pojaviti dva karakteristid-

--. ,
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na - granidna sludaja. Jedan odgovara idealno ravnomer-
noj raspod el i optereCenj a, a dru gS izr azito neravnomernoj
raspodeli opteredenja. Stvarna - realna raspodela opte-
rei.enja nalazi se izmedu ovih ekstremnih raspodela. Kod
idealno ravnomerne raspodele opteredenja sri istovre-
meno spregnuti parovi zubaca podjednako udestvuju u
preno5enju ukupnog optere6enja zupdastog para, Da bi
ovaj uslov bio ispunjen, potrebno je da srednja linijska
optere6enja, duZ trenutne linije dodira, istovremeno
spregnutih parova zubaca, budu medusobno jednaka:

h : d z : .  . .  =  d i  = .  . ,  =  d n  Q )

Na osnow ove jednakosti, moZe se pokazati, da se faktor
raspodele optere6enja kod istovremeno spregnutih pa-
rova zubaca moZe odrediti samo na osnovu duZine tre-
nutnih linija dodira:

gde su:.B, - I,n,- ukupna duZina trenutnih linija dodira
istowemeno spregrutih parova zubaca

B = IBt Bz..  .  8i . . .  Bn] -matr icatrenutnihl in i ja
dodira istovremeno spregnutih
parova zubaca.

Tok promene faktora raspodele opteredenja u toku do-
dirnog perioda, kada se u toku dodirnog perioda sme-
njuju dvostruka i  jednostruka sprega, pr ikazan je
dijagramom na sl. 1-a.

Ka

1 .0

0.5

SL l-a. Faktor Ko.kod ravnomeme raspodele opteretenja

Kod izrazito neravnomerne raspodele optere6enja,
ukupno optere6enje zupdastog para prenosi se samo
preko jednog para zubaca. Ako se pretpostavi dai-ti par
zubaca prenosi ukupno optereienje zupdastog para, tada
je faktor raspodele optereienja za ostale istovremno
spregnute parove zubaca jednak nuli. Jedan primer pro-
mene faktora raspodele optereienja, u toku dodirnog
perioda, za sludaj izrazito neravnomeme raspodele pri-
kazan je dijagramom na sl. 1-b.

Kod stvarne - realne raspodele optereienja, faktorKima
kontinualnu promenu u periodu dvostruke sprege, koja
se, obidno, aproksimira linearnom promenom, dijagram
na sl ,1-c.
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Ks

1 . 0

SI. 1-b. Falaor Kskod izrazito neravnontenTe raspodele
optereCenja

Ka

1 . 0

Sl. 1-c. Faldor K.kod neravnomenle raspodelc
>pteretenja

3. MATEMATIEKI MODEL ZA ODREDI.
VANJE STEPENA TSKORTSCENJA

Pri preno5enju snage (kretanja i obrtnog momenta) sa
pogonskog na gonjeni zupianik, jedan deo snage se gubi
na savladivanje otpora trenja klizanja i kotrljanja, Inten-
zitet sile trenja zubaca odreduje se na osnovu poznatog
vrazai

F(r) = p(x) .F(.r)

Promena koeficijenta trenja, u toku dodimog perioda,
po Benedikt Keliju data je nrazom:

(3)

_ (2e 66p(x) =0.0127 
Lbr('i

\  - "p" K*)- tn.vu,.vb) g)

gde su: Fn - normalna sila koju prenose istovremeno
spregrruti parovi zubaca

K* - faktor raspodele opteredenja za posmatrani
par zubaca u nekoj tadki dodira

Vpr - brzina klizanja profila posmatranog para
zubaca u nekoj tadki dodira

Zs, - srednja wednost brzine kotrljanja profila
posmatranog para zubaca u toku dodirnog
perioda

B - duiina trenutne linije dodira
q - dinamidka viskoznost ulja,
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lntenzitet sile trenja kotrljanja koja se javlja na mestu
dodira spregnutih parova zubaca:

Fy(x) = C'h(x) 'B (s)
Promena debljine uljnog sloja, u toku dodirnog perioda,
po Higinsu, data je tzrazom:

h(x) = 1.6.o1'u.(rrv*)0'7 . E0'003 . Rq'ot .(F*.K*)u't?o)

gde su: cr, - piezo koeficijent viskoznosti
E - redukovani modul elastidnosti
R, - srednji poluprednik krivine profila posma-

trangg para zubaca u nekoj tadki dodira
C=9'10'Nlm"

Na sl. 2 prikazana su optereienja koja deluju na istovre-
meno spregnute parove zubaca u periodu dvostruke
sprege (F- Fu F") pri prenoienju obrtnog momenta i

Tibologija u indwtiji, Vol. 18, No. 1, 1996

kretanja sa pogonskog zupdanika (Tt ai na gonjeni
zupdanik (Tz a). Uvodenjem pretpostavke o stacionar-
nosti obrtnog momenta na pogonskom zupdaniku i rad-
nog prenosnog odnosa. sledi da je

T1 =cot l .st ;  i=const (7)

Posmatraju6i ravnoteZu pogonskog zupdanika, za ou,r O 1
pod dejstvom opteredenja koja su prikazana na sl. 2 re-
spektuju6i pri tome jednadine (3), (4), (5) i (6) i uslov (7)
dolazi se do ukupne normalne sile koja deluje na istov-
remeo spregnute parove zubaca. Iztazi za odredivanje
ove sile. u odgovarajuiim oblastima dodirnog perioda,
dati su u tabeli L

Za odredivanje stepena iskori56enja zupdastog para u
svakoj tadki dodira profila istovremeno spregnutih paro-

-  \ c O r

SL 2. Sema opteretenja kod istovremeno spregnutih parova zubaca

Tabela 1.

X FN

0. . .  (e.-1)
Tt -  (FHq.pt +x.Fp1n + F6.x)

rw + &q' th. Q + pD - K*. p,.x
q=x 'Pb

(e"-1) ..  .  EJz
Tt - FUt.x

rbl - Px 'x

eJZ . . . l
Tl - Fut'x

rbl + px 'x

I tc[
Tt - Fu4@ -pd - Furx

h t  +&q . l t  . x -  Koq ' l h  '@-p t ) q=x - Pb

E--
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va zubaca, tzv. trenutna wednost stepena iskori56enja,

potrebno je poznavati i trenutne vrednosti obrtuog mo-

menta na gonjenom zupdaniku (T2*). Posmatranjem rav-

noteZe gonjenog zupdanika, za osu 02, pod dejswom

optereienja koja su prikazaxia na sl, 2, respektuju6i pri

tome jednadine (3), (4), (5) i (6) i uslov (7) i maze za

ukupnu normalnu silu iz T1, dolazi se do trenutne vred-

nosti obrtnog momenta na gonjenom zupdaniku (T2*)'

Pregled tzraza za odredivanje ovog obrtnog momenta, u

odgovaraju6im oblastima dodirnog perioda, prikazan je

u tabeli 2.

Formirani model omogu6uje odredivanje stepena isko-

ri56enja zupdastog para u svakoj tadki dodira spregnutih

profila ztbaca, odnosno "trenutne" vrednosti stepena

iskori5ienja, kada se kinematski pol nalazi na sredini

dodirnog perioda.

Stepen iskori5ienja zup'dastog para u toku dodimog peri-

oda, tzv, efektivni stepen iskori56enja, odreden ie izta'

zom:

,7"f=
t d ' m  . E . c o s d ,

gde su: rz - modul zuPdastog Para
o - ugao nagiba profila alata osnovne zupdaste

letve
tcr - stePen sPrezanja Profila'

Tok promen e "trenutnill" vrednosti stepena iskori5denja,

cilindridnog zupdastog para, u toku dodirnog perioda

prikazan je na sl. 3a, 3b, 3c, za karakteristidne sludajeve

raspodele optereCenja kod istovremeno spregnutih pa-

rova zubaca. Kod ravnomerne raspodele optereienja

trenutne vrednosti stepena iskori5ienja u oblasti dvo-

struke sprege imaju pribliZno istu vrednost u svakoj tadki

dodira sl.3a. Tienutne vrednosti stepena iskoriS6enja,

kod neravnomerne raspodele optereienja' u oblasti dvo-

struke sprege menjaju se po parabolidnom zakonu, sl 3b,

a kod izrazito neravnomerne raspodele optereienja

menjaju se po linearnom zakonu, sl. 3c' U oblasti jedno-

struke sprege trenutne vrednosti stepena iskori5denja

Tabela 2.

r l x

1 .00

0.99

0.98

0.97

0.96

0.95

0.94

SL 3b Tienutne vrednosti stepena bkoriJdenja kod
izrazito neravnomemZ raspodele opteretenj a

menjaju se po linearnom zakonu' Pri tome, na granicama

prelaska dvostruke sprege u jednostruku i jednostruke

sprege u dvostruku, trenutne wednosti stepena isko'

riSienja imaju skokovitu promenu, sl 3a, 3b i 3c. Stepen

iskori5ienja maksimalnu vrednost dostiZe u kinemat-

skom polu, 5to ukazuje na iinjenicu da su otpori kotrl'
janja znatno manji od otpora klizanja.

SL 3a Tienutrte vrednosti stepena iskoriStenia kad ravno'
mem e ras po de[e o Pt ere tenj aT ^ 1

z x t
'.x 'f ;

A

'  /  ry*'d*
E

r l x

1.000

0.995

0.990

0.985

0.980

0.975

0.970

rlet=0.9773

X FN

0.  .  .  (e . -1) Fw raz+ 6l;- 4r)la' sinct,- tt+pa)] - @ia- F12)'(sina,u-x)

(e,-1).  . .  eJz F w. ( rn- pr' (a' sina*- x)) - Ftx' ( a' sina*- x))

eJZ . . . r Fy. (162+ pr.(a'sirza*- x)) - Ftx' (a'sinan- x))

1, . . r . , FN' rn + (Fr,2 - Fp)' (a' sirrtr-x) - (Fyz+ Fn)'(sincttu--r+p61
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l'l x

1.00

0.99

0.98

0.97

0.96

0.95

0.94

n o ?

Sl. 3c Tienutne vrednosti stepena iskoriStenja kod
nerLvnomerne raspodele optereceni a

4. ZAKIJUdAK

Na osnovu sprovedene analize sledi da tok promene
trenutnih vrednosti stepena iskori5ienja zavisi od karak-
tera raspodele optereienja kod istovremeno spregnutih
parova zubaca. Sa aspekta stepena iskori5ienja zupda-
stog para treba teZiti 5to ravnomernijoj raspodeli opte-
redenja. Sa porastom neravnomernosti raspodele opte-
reienja, stepen iskori5ienja se smanjuje. Pri tome,
minimalni gubici energije javljaju se u kinematskom
polu, ito pokazuje da su gubici energije usled otpora
kotrljanj a zanemarivo mali.

Formirani model i kompjuterski program omoguCuju da
se variranjem: parametara ozubljenja, intenziteta opte-
reienja, preciznosti izrade, zatim nadina i sredstva za
podmazivanje, dode do najpovoljnije konstrukcije pre-
nosnika koja treba da ispuni veoma stroge zahteve u
energetskom pogledu.
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Influence of The Loading Distribution on The Efficiency Ratio
of The Cylindrical Tooth Couples

In the paper b analyzed the inl'luence of the loading distribution for simulnneously coupled tooth pairc on the
fficienq ratio of the qlindical anlvent tooth couples. The mathematical model was formed and the computer
program was developed for determination of the instantaneow and effective value of the fficiency ratio when, in
the coupling period are altemating the unilateral and bilateral coupling. Ruults are presented in the form of diagrams
for instantaneotu values of the efficiency ratio duing the coupling period and the values of the effective efficiency
ratio are calculated.

Bmrmne pac[peAeJlenlrt Harpy3xrr Ha crerrenb rrcrroJrb3oBaHrrt
rlrrJrrrHApr{qecKHx 3y6rraTbrx IIap

B padowe auanuaupyewcn enllnHue pacupedenenua uaipyarcu oduoepeueuuo coLpasrcEunau uap ay6uea ua
cfretieua ucfionuaoeauuua 4unuudpuqecKux elonueeuutuua ay6qaDuu uap. Aetuopauu iloctupoena "44ame-
uattu,aecrcan aodenu u paaeuuto ewqucnuEteaauaa Epolpau-ua, oupedenntoulaa ,uiuoeeHHue u eQQerc-
wueuarc aHaleHutt ctueueuu ucuonadoeauun e weueuue rcoutuarcfra, upu rcowopou uepedyntuca deofiuoe
u oduosaxoduoe sa4etureuue. Peeynafrawu uorcaeauu e Qopue surcput dnn uZuoeeuuar auaqeuuil cileue-
uu ucilonaaoaaHllfl a Ete'reuue rcouwarcwa u uodc,auwaua eQQercwueuaa cweheua ucAonuaoeauua-
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Ispitivanje
tribosistema za
pumpe visokog
pritiska

1. UVOD

Procenjuje se, da se u industrijski razvijenim zemljama
za pogon raznih pumpi troii otprilike l07o ukupno proiz-
vedene energije, a u olcviru energetske potrinje procesne
industrije ovaj procent se kreie ido20Vo. [1]. Znadajno
poveianje efikasnosti rada i smanjenje energetske po-
tro5nje pumpi moZe se postiii povr5inskom obradom
pokretnih vitalnih delova pumpe. Danas postoji ditav niz
tehnololkih postupaka za obradu powiine materijala,
koji obezbeduju efikasniji i pouzdaniji rad funkcionalnih
sklopova, smanjuju energetsku potroinju usled trenja i
tro5kove zbog zastoja uredaja usled otkaza [2].

U istraZivanju je postavljen problem izbora najpogodni-
jeg materijala, nama dostupnog na trZi3tu, za vitalne
elemente hidropumpi visokog pritiska. Tolerancija di-
menzija cilindra i klipa, koji dine jedan tribolo5ki par,
kritidna je za rad pumpe te je neophodno za njen visoki
udinak da habanje bude minimalno. U suprotnom, ako
se zazor izmedu kuii5ta (cilindra) i klipa pove6a, dra-
stidno se pove6avaju gubici i opada stepen korisnosti.

M. Zla t a n ovi6, E I e ktrot e hnii ki fa kult et, B e o gra d
A. Rac, Maiinski fakultet, Beograd
D. Gerzi| Elehrotehniiki fakultet, Beograd
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2. EKSPERIMENTALNI POSTUPCI

2.llzbor materijala za prevlake i metode
nanoSenja

Zaizrad:u ispitnih uzoraka - parova trenja koristili smo:

. NIJO nodularni liv i e.4531 za nitriranje, za ispitne
diskove *100mm;

. f.4t46delik za lei.ajeveie.n21, konstrukcioni delik za
ispitne pinove sa kalotom *8mm.

Za formiranje prevlaka i slojeva na ispitnim uzorcima
primenjeni su materijali i odgovarajudi postupci povr-
Sinske obrade (tabela 1):

. praSkaste tvrde legure NiCr - rasprlivanje u acetilen-
skom plamenu (Lurgi uredaj);

. tvrdi hrom - metoda elektrohemijske depozicije iz ras-
tvora;

. nitrid gvoZda fea$ - plazma nitriranje [3,4,5], (ure-
daj JONEL-MONO5).

2.2 Ispitivanje parova trenja

Celokupna ispitivanja izabranih uzoraka parova materi-
jala vriena su u uslovima Eistog klizanja pri podmaziva-
nju, u pribliinim uslovima realne primene:

> brzina klizanja 2 m/s;
> optereienje - sila: 60, 80, 100, 120 i 140 N;
> pribliina wednost pritiska: 1820, 2000, 2Iffi,2420

MN/cmz;
> vrsta maziva: hidraulidno ulje "Hidraol50";
> temperatu r a maziv a 400C;
> sobna temperatura, atmosferski uslovi.

Tribologija u industiji" Vol. 18, No. l, 196



Tabela 1: Mateijali za prevlake

Naziv Hemijski:sastav Debljina predake Twdoda

Prevlaka na bazi hroma. Cr Cr -  100 80 Frn 980 HVe,625

Prevlaka na bazi legure nikla, (NiCr) Ni -74, B -3,0, Fe -4,75

Cr -13,5, Si -4,25 0,2 -  0,3 mm 620 - @0 HVo.os

Prevlaka na bazi legure gvoZda,
(nikid gvoida - FerN) FeaN - 100 5 p m 1000 HV6,s62

2.3Ispitivani uzorci parova materijala na
uredaju Tribometar 62 "pin-disk"

Materijali, kao i geometrijski oblik spregnutih delova ,
izabrani su tako da sirnuliraju uslove dodira koji se ost-
varuju u predvidenoj realnoj konstrukciji hidropumpe.
Kalota epruvete (pina), koja je u stalnom dodiru sa
diskom, ulolena je habanju. Kombinacije parova mate-
rijala i prevlake koje su kori5dene pri ispitivanju prikaza-
ne su u tabeli 2.

Iz tabele 2 sledi da su za izradu diska koriffena dva
materijala: sivo liveno gvoZde sa nodularnim grafitom
(NuO) i delik e.4531 dija je povr5ina obradena postup-
kom plazma nitriranja ie .+S:f + Fe4N),

Tabela 2: Ispitivani uzorci

Uzorak Kalota Disk

e.ataa NLsO

tl C.+tqo+cr NLSO

ill d.t zzt +Nicr NLSO

IV e.a;'a6 d.+sst +Fe4 N

Kalote epruveta kod uzoraka I i IV izradenih od delika
t.+t+O su bez prevlake, dok je kod uzorka II na kalotu
naneta prevlaka na bazi hroma (e.4146 + Cr). Kod
uzorka Itr kalota je izradena od delika e.nZt sa prevla-
kom na bazi legure nikl-hrom 1e.nZt + NiCr).

Tabela 3: Hrapavost povr5ina

U tabeli 3 prikazane su vrednosti srednjeg aritmetidkog
odstupanja profila Ro za pojedine materijale i prevlake.
Merenje strukturnih parametara powiina trenja i dija-
grama hrapavosti traga habanja vriena su na uredaju
TALYSURE 6.

3. REZULTATI ISPITWANJA

Karakteristike trenja i habanja ispitivanih uzoraka mate-
rijala prikazane su preko dijagrama na slikama od 1 do 6.

Na slici 1 data je zavisnost koeficijenata trenja od opte-
reienja za sve ispitivane uzorke materijala. Pri tome su,
kao karakteristidne velidine, uzete srednje vrednosti koe-
ficijenata trenja nakon perioda uhodavanja.

SL l. Zavisnost koefcijenta trenja od opteretenja

Slika 2 predstavlja ilustraciju zavisnosti velidine habanja
za uzorak IV, iskazane kao srednji prednik habanja kalote
u funkciji predenog puta i to za sva koriScena opte-
reienja.

Zavisnost srednjeg prednika habanja kalote, za ispitivane
parove materijala, od velidine optereienja prikazana je
na slici 3.
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SL 3. Zavisnost srednjegpre|nikn habanja od opteretenja

Kolidina materijala uklonjenog habanjem sa kalote i
diska za posmatrani par materijala ocenjivana je i upo-
redivana na osnovu merenja dubine traga habanja. Du-
bina traga habanja odredena je dijagramom hrapavosti
tragova habanja. Kao mera habanja koriS6ena je velidina
I7 - intenzitet habanja, koja predstavlja odnos maksimal-
ne dubine pohabane povr5ine izraiene u mikrometrima

i predenog puta iskazanog u metrima. Ovako odreden
intenzitet habanja prikazan je, za svaki uzorak posebno,
na slici 4 (a, b, c i d). Na slici 5 (a, b i c) uporedo su
prikazani intenziteti habanja pri optereCenjima od 80,
100 i 120 N, za materijale koji su bili predmet razmatra-
nja. Thkode su, za napred navedena opteredenja, na
slici 6 (a, b i c) date promene koeficijenta trenja tokom
ispitivanja, odnosno u funkciji predenog puta.

4. DISKUSUA REZULTATA

Na osnovu dobijenih rezultata ispitivanja mogu se izneti
slede6a zapalanja:

Velidina koeficijenta trenja kod uzoraka I i II, kada se
posmatra u funkciji optereienja (slika 1), leZi u granica-
ma od 0,065 do 0,09. Kod ovih uzoraka zapai.a se
odredeno rasipanj e rezul tata. ZnaE ajno pravil nij i rezul -

tati su dobijeni za uzorak III, kod koga sa porastom
optereienja koeficijent trenja opada (od 0.068 do 0.048).
Kod uzorka fV koeficijent trenja raste sa porastom op-
teredenja. U ispitivanoj oblasti optereienja koeficijent
trenja je u granicama od 0.055 do 0.063. Zavisnost koe-
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SL 6. Zavisnost koeficijenta trenja od predenog puta

SL 5. Uporedenje intenzileta habanja za sve triboparove

ficijenta trenja od predenog puta (slika 6) pokazuje da,
kod svih uzoraka, posle odredenog puta dolazi do stabi-
lizacije, Sto je povezano sa periodom prilagodavanja
povrsina.
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Velidina habanja kalote kod uzoraka I, II i trI, tzraiena
preko prednika habanja, ne pokazuje zadovoljavaju6u
pravilnost (slika 3). Odstupanja i rasipanje rezultata kod
posmatranih uzoraka su, kao i kod koeficijenta trenja, po
miSljenju istraZivada, posledica netadnosti pri izradi ka-
Iote i neadekvatnog nano5enja prevlaka.

Rezultati habanja, dobijeni merenjem dubine traga ha-
banja a :zraLeni kao intenzitet habanja f, (slika 4),
takode pokazuju odredeno rasipanje razultata. Od ovog
odstupaju samo rezultati dobijeni kod uzorka IV, koji
imaju jasnu teorijsku opravdanost. Kod ovog uzorka,
odnosno kori5ienih materijala, uodava se period uhoda-
vanja (slika 2) koji traje 2000 do 4000 metara. Istovreme-
no, rezultati pokazuju da izabrani par materijala u uzor-
ku IV ima najmanje habanje i  da, sa porastom

J J



optere6enja, habanje kalote blago raste (slika 3), pri
demu je habanje diska neznatno i skoro nezavisno od
optere6enja, u opsegu u kome je vrSeno ispitivanje. Ova
dinjenica ukazuje na to da prevlaka dobijena postupkom
plaana nitriranja (nitrid ryoida) u dodiru i klizanju sa deli
kom d.+t+6 daje pogodnu kombinaciju za parove trenja.

5. ZAKIJUCIX

Istraiivanje je imalo za cilj da nade put za re5enje tribo-
para - elemenata pumpi visokog pritiska, sa gledi5ta iz-
bora pogodnih materijala koji zadovoljavaju tehnidke
zahteve funkcionalnih sklopova.

U tom cilju izvrSena su brojna laboratorijska ispitivanja
prevlaka od:
. legure na bazi nikla i hroma;
. distog metala hroma;
. slojeva nitridnih jedinjenja gtoLda;

u kontraparu sa materijalima: nodularnim sivim livom
NIJO i delikom za kotrljaju6e leZajeve C.41,46.

Geometrijski oblik ispitnih parova trenja izabran je tako
da simulira uslove dodira u realnoj konstrukciji.

Spoljni mehanidki parametri, koji determini5u uslove
procesa klizanja i habanja u sistemu, identidni su za we
ispitne materijale i pribliini su realnim uslovima rada u
konstrukciji.

Metode koje smo koristili za formiranje kliznih povr5ina
tribopara spadaju u savremene tehnolo5ke postupke za
obradu povriina sa specijalnim svojstvima:

t termorasprSivanje;
. elektrohemijsko nano5enje;
. plazmanitriranje.

Analiza trenja i habanja wSena je pomodu testa "pin na
disku", u laboratoriji MaSinskog fakulteta u Beogradu.
Relativna brzina kretanja pina i diska i opteredenje birani
su u opsegu koji odgovara eksploatacionim uslovima
rada delova pumpi. Na slici 1 prikazani su rezultati me-
renja promene koeficijenta trenja u funkciji sile normal-
ne na kontaktnu povr5inu, za sla Eetiri tribopara,
Najmanja varijacija koeficijenta trenja prime6ena je kod
tribopara I{ iz dega proizilazi da je ovaj sistem najpo-
godniji za praktidnu primenu iako, pri najve6em opte-
redenju, drugi triboparovi pokazuju ne5to niZi koeficijent
trenja.

Intenzitet habanja varira u zavisnosti od povr5inske obra-
de materiiala i najmanji je za sludaj tribopara IV: kalota
od delika CAAoiplazma nitrirani hist od delika e.4531.
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Testing of The Tribosystems for High Pressure Pumps
Abstract. In the paper are presented resulx of tuting tlrc characteristics of the tibological systeryt - fubtign pain for
the highpressure pumps. Formakingthefrictionpain arewedtlrcfollowingmateiak: NL50, C.4146 C. ll21 and
C. 453I in combination with tlrc surface modified contra bodies. Applied are the plasnn nitiding procedurq flame
dispercion process and electronic deposition.

Four tibological pairs were teste4 and it tumed out that the best characteristics for application in high pressure
pumps, wilh respect to the friction coefficient and the wear emount, has tlrc tribological pair whose one element b
made of C. 4146 towards the plasma nitriding contra body made of C. 4531.

Hcc.negoBanr{e rprr 6 o cucreM grrff rraco coB BbrcoKoro AaBJreH[fl
B pa6otue uanovceHbt peaynutuawu uccnedoeanufi. xaparcwepuctrturc utpudonoluvecrcux cucEtea -
tupyu4uxca frap dnn Hacocol ewcorco\o daelleuun- ,nwt tnlotrtosneHuJr npyu,ltt-xcn uap ucuonuaoeartu
uafrepanut HJI50, q.4146,tL1121 u V.4531 a coqettrauuu c uoaepxuocwuo o6pa5ofrauuwuu rcouurptuenaau
Ifpu ewou ucfiottusoeanrt tuaJueuuoe uuwpupoeauue, ftnaueuuoe pacuuueHue u enerctrtpoxuuutrecKoe
uarcoil"nenue.

B ureveuue uccnedoaautm ucuatwarcanu uewutpe wpudonoZuuecrcue ilapac llonyveuuae peaynautatuat
frorcaawearcE4 vtuo c [iroqrcu 3peruffi rcoeQfu4ueufroe wpeuua u uaHatuuaauua, uail6onee ydo6uoil
orcaaarcaeutcn fupu5onoluuecrcanuapa oduu eneueuwrcowoportcdeilrHuB Y.4146,a rcouwpweno rc Y.4531,
o6pa6otrtauu oe tun sueu u aw nuwpupoBaHue*L
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