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Tribokemijske spremembe med jeklom in

keramiko v fretinskih razmerah

Tribochemical Changes in Steel and Ceramics under Fretting
Conditions

Mitjan Kalin - Joze Vizintin

Tribokemijske reakcije med keramiko in kovinami so se mnogokrat izkazale kot kljucni dejavnik pri
dolocanju obrabnih in tornih znacilnosti v razlicnih drsnih in fretinskih razmerah. Tudi v nasi raziskavi
fretinske obrabe med jeklom in keramiko iz silicijevega nitrida, se je potrdilo, da so bile tribokemijske
reakcije odlocujoce za odziv sistema tako v suhih kakor z oljem mazanih razmerah. Posledica tega so povsem
spremenjene triboloske lastnosti povrsin, ki pa hkrati dolocajo obrabne in torne lastnosti. V tem prispevku
obravnavamo razlicne vplive na novo nastale triboloske povrsine na temelju eksperimentalnih rezultatov o
mikrostrukturnih spremembah, faznih premenah, razlicnih termodinamicnih izracunih in izracunih trenutnih
temperatur ter preskusih staticnih spojev materialov, v katerih smo izolirali kemijsko obrabo pri nadzorovanih
mehanskih in termicnih parametrih. Izkazalo se je, da so lahko ekstremno visoke temperature odlocilne za
tribokemijske reakcije tudi v primerih zelo majhnih relativnih hitrosti, za katere obicajno menimo, da dosegajo
le nizke temperature. V prispevku tudi pojasnjujemo, zakaj prihaja do razlik med opazanji pojavov na povrsinah
z makro in mikro vidika.
© 2001 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: freting, jekla, keramika, temperature, tribokemija)

have been reported many times to be critical in determining wear and friction behaviour. In our comprehen-
sive study of fretting wear between steel and silicon-nitride ceramics tribochemical reactions were also
determined to play the critical role under both dry and oil-lubricated conditions. As a consequence, the new
properties of the changed tribological interfaces were very different than the original and govern the wear
and friction behaviour. In this paper various possible effects on the resulting tribological interfaces are
discussed based on the experimental evidence of microstructural changes, phase transformations, various
thermodynamic and flash-temperature calculations and interaction couple experiments in which the chemi-
cal wear was isolated by controlled mechanical and thermal parameters. It is shown that extremely high
temperatures must be considered as a key governing factor in tribochemical reactions, even under condi-
tions that are usually considered as a low-speed low-temperature conditions. Furthermore, discrepancies in
the macro-scale evidence including the most advanced contact-temperature measurement techniques and
the micro-scale changes of the tribological interfaces are explained.

© 2001 Journal of Mechanical Engineering. All rights reserved.

(Keywords: fretting, steels, ceramics, temperatures, tribochemistry)
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Znano je, da tribokemijske reakcije
dolocajo obrabo v razli¢nih drsnih in fretinskih
razmerah keramike iz silicijevega nitrida ([1] do
[10]) ter da se pri tem obicajno tvori plast SiO,,.
Kljub temu podrobnosti o mehanizmih in kemijskih
reakcijah niso poznane. Obstajajo namrec¢ velike
razlike v predpostavljenih kontaktnih temperaturah
ter pri razlagi vpliva mehanskih in termi¢nih
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O0INTRODUCTION

It has already been recognised that
tribochemical reactions determine the sliding and fretting
wear behaviour of silicon-nitride ceramics under various
conditions ([ 1] to [10]), usually resulting in the formation
of a SiO, layer. Nevertheless, the details of the mecha-
nisms and the chemical reactions are still not well under-
stood. There exists a large discrepancy between the re-
ported contact temperatures and in the interpretation of
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dejavnikov na nastale fazne premene. Odgovor
na ta vpraSanja lahko dajo le zanesljive meritve
kontaktnih temperatur. Na zalost danasnje metode
([11] do [13]) ne omogocajo dovolj zanesljivega
zaznavanja temperatur na dotikih vrsickov, torej
prav tam, kjer naj bi bile temperature dovolj
visoke, da lahko pride do lokalnih faznih premen
([5],[10], [14] in [15]). Zato se vedno uporabljajo
le posredni dokazi, ki nakazujejo na mozne tem-
perature, kar pa hkrati pomeni dodatne
negotovosti pri sklepih.

Temeljna nasprotja o moznostih visokih
temperatur pri fretingu slonijo na majhnih relativnih
hitrostih, ki obi¢ajno pomenijo nizke temperature.
Pri poskusih drsne obrabe se celo velikokrat izberejo
majhne relativne hitrosti z namenom, da se izlo¢ijo
mozne termi¢ne vplive. Podobno temu véasih
poskuse izvajamo pri doloceni okoliski temperaturi,
pri ¢emer predpostavimo, da je tudi kontaktna
temperatura tej enaka. Vendar pa v obeh teh primerih
predpostavke drzijo zgolj za masno temperaturo
materiala, medtem ko natan¢ne razmere na kontaktnih
povrsinah (temperature na vrsickih, vpliv obrabnih
delcev — vpliv tretjih teles, lokalni tlaki na vrSickih
itn.) niso enake in tudi ne poznane. Lahko re¢emo,
da je na podlagi takih predpostavk tezko dolociti
najvisje mogoce temperature pri fretingu, kar pa je
trenutno ena od pomembnejsih neznank v teoriji o
fretinski obrabi.

Po drugi strani pa so tribokemijske
spremembe obicajno podobne ali enake kemijskim
reakcijam, ki so veliko bolj verjetne pri visokih
temperaturah ([10], [14] do [17]) ali pa jih je vsaj
vedno mogoce dokazati, ko so visoke tempera-
ture nedvoumne, Cetudi so hitrosti majhne ([2],
[3], [18] in [19]). To nakazuje, da so temperature
pomemben dejavnik, ki pospesSuje nastanek
tribokemijskih plasti in jih je treba analizirati bol]
natan¢no.

Ker vsi posredni dokazi vsebujejo
dolo¢eno mero negotovosti, je zelo tezko ali celo
nemogoce podati dokoncen in nedvoumen
odgovor o tem, kateri so klju¢ni dejavniki za
nastanek tribokemijskih reakcij in kolikSne so
najvi§je mogoce kontaktne temperature, ki lahko
do teh reakcij privedejo, ¢e v kontaktih so¢asno
delujejo mehanski in termi¢ni vplivi. Zatorej je
treba posamicne vplive lo€iti in sistemati¢no
raziskati ter tako priti do temeljnih zakonitosti. V
tem prispevku podajamo nekatere jasne dokaze
0 obstoju visokih temperatur v rezimu popolnega
zdrsa pri fretingu, podprte z literaturnim
pregledom, izracuni trenutnih temperatur in
razliénimi termodinami¢nimi izracuni ter s poskusi
staticnih spojev materialov z nadzorovanimi
mehanskimi in termi¢nimi vplivi. Dva zelo razli¢na
materiala v kontaktu (jeklo in keramika) ter zelo
razlicne kontaktne razmere (suho in mazano z

the influence of mechanical and thermal effects on the
observed phase transformations. Surface temperature
measurements could provide the definitive answer on
this subject, unfortunately however, today’s wide vari-
ety of measurement techniques ([11] to [13]) still does
not allow to make accurate and reliable measurements of
the temperature of the asperity contacts, which have many
times been suggested to be responsible for phase trans-
formations ([5],[10],[14]and [15]). As aresult, it is neces-
sary for us to use indirect evidence for obtaining asperity
contact temperatures, however, this always adds an ad-
ditional uncertainty to the issue.

The main contradictions that surround the
possibility of high temperatures under fretting
conditions are based on the typical low relative velocity,
which usually implies low temperatures. Furthermore, it
is quite common that in sliding experiments the speed is
preset to a “low” value in order to exclude any thermal
effects. Similarly, sometimes experiments are performed
at various ambient temperatures and thus it is concluded
that the contact temperature was the same as the pre-
selected temperature. However, in both cases the
assumptions only hold for the overall (bulk) contact
conditions, while the exact contact conditions (spot-to-
spot temperatures, influence of entrapped wear particles
- third body effects, local pressures at the asperities,
etc.) in such situations are actually not known. Based
on such assumptions it is very difficult to predict the
maximum spot-to-spot temperatures in fretting, which
seem to be one of the critical unknowns in fretting wear.

On the other hand, the observed
tribochemical changes at the interface are often the
same as in the chemical reactions that tend to occur
at high temperatures ([10], [14] to [17]). At least, such
transformations are commonly observed when high
temperatures are indisputably present ([2], [3], [18]
and [19]), although the relative velocity is low. This
suggests that the temperature is an important factor,
which enhances the creation of tribolayers and should
therefore be examined more carefully.

All indirect evidence is, however, subjected to a
certain degree of uncertainty. It is therefore clear that it is
extremely difficult—or impossible—to be completely sure
about the key governing factors in tribochemical reactions
or about the possible maximum contact temperatures, which
can result in the tribochemical changes at the interface if
both mechanical and thermal effects can influence the result.
Therefore, single effects should be isolated and studied
systematically in order to develop some basic laws, and in
this way try to unravel the puzzle piece by piece. In this
paper some convincing evidence for high temperatures in
the gross-slip fretting regime is presented, it is supported
by a multidisciplinary literature survey, flash-temperature
and various thermodynamic calculations and by the
interaction of a couple of experiments in which chemical
wear was isolated by controlled mechanical and thermal
parameters. Two very different countermaterials (ceramic
and steel) and contact conditions (air-dry, oil-lubricated)
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oljem) so omogocili pogled na problematiko z
razliénih zornih kotov, saj so nastali reakcijski
produkti tudi zelo razliéni.

1 EKSPERIMENTALNE RAZMERE

Za namen tega prispevka so podane le
osnovne informacije glede materialov, preskusnih
postopkov in analiznih tehnik, saj so Stevilne
podrobnosti obsezno predstavljene za fretinske
poskuse ([7] do [10]) ter za stati¢ne spoje ([10], [24] in
[25]) v literaturi.

1.1 Fretinski poskusi

Vsi fretinski poskusi so bili izvedeni na trzno
dostopni testni napravi, ki omogoca poskuse pri visokih
frekvencah s kontaktno geometrijsko obliko kroglice
na ravni plos€ici. Spodnji ravni preskusanci so bili
izdelani iz lezajnega kromovega jekla (DIN 100Cr6) in so
bili nepomicno vpeti, zgornji preskusanci pa so bile
standardne lezajne kroglice iz keramike iz silicijevega
nitrida (NBD-200), vpete v nihajoce vpenjalo.

Preskusi so bili izvedeni v nemazanih razmerah
(sobna temperatura, relativna vlaznost priblizno 50 %)
in z oljem mazanih razmerah. Mazanje je bilo izvedeno
samo s kapljico mineralnega olja (ISO VG 220), ki smo jo
nanesli na plos¢ico pred vsakim poskusom. Med samim
preskusanjem nismo dovajali dodatnega svezega olja.
Frekvenca nihanja zgornjega vpenjala je bila
nespremenljiva, 210 Hz, sila v normalni smeri, ki smo jo
dovedli prek obremenitvene enote pa 88 N. Amplitude
pomika smo spreminjali v petih stopnjah med 5 in 50 pm.
Zaradi nespremenljive frekvence nihanja se je pri tem
relativna hitrost v dotiku povecevala od 0,0042 do 0,042
my/s. Pred vsakim poskusim in po njem smo vzorce o€istili
z alkoholom v ultrazvocni napravi.

Obrabne povrsine so bile analizirane z
optiénim, elektronskim in transmisijskim
mikroskopom, mehanskim merilnikom hrapavosti,
metodo elektronske razprsilne spektroskopije ter
spektroskopijo Augerjevih elektronov.

1.2 Poskusi s stati¢nimi spoji

Materiali, ki smo jih uporabili pri stati¢nih
spojih, so bili enaki kakor pri fretinskih poskusih,
izdelani s postopki elektroerozije in izrezov z
diamantno Zago iz izvirnih vzorcev za fretinske
teste.

Poskusi stati¢nih spojev so bili izvedeni s
stati¢nim pritiskom dveh jeklenih plos¢ic, pri cemer je
bila med njima ploscica iz keramike. Pred vsakim
poskusom so bili vsi vzorci o¢iseni v ultrazvocni
napravi ter pripravljeni v obliki “sendvica”, kar
prikazuje slika 1.

Za primerjavo fretinskih testov v
celotnem obmoc¢ju moznih kontaktnih razmer z
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give quite a variety of different features according to which
the key governing factors for the tribochemical reactions
can be investigated.

1 EXPERIMENTAL CONDITIONS

For the purposes of this paper only basic
information on the materials, experimental procedures,
and analysing techniques are given, the details are
comprehensively presented in [7] to [10] and [10],
[24] and [25] for the fretting experiments and the
interaction-couple experiments, respectively.

1.1 Fretting-wear experiments

All fretting-wear experiments were
performed using a commercially available high-
frequency fretting machine with a ball-on-flat testing
contact geometry. The lower, flat specimens were
made from bearing steel (DIN100Cr6) and fixed in the
base, while the upper specimens, i.e., silicon-nitride
balls (NBD-100), were fixed in the oscillating holder.

Experiments were performed under
unlubricated (ambient, RH about 50%) and lubricated
conditions. A small amount of mineral oil (ISO VG 220)
was spread on the surface of the flat specimen for the
lubricated conditions. During the test no additional oil
was supplied to the contact. A normal force of 88 N
was applied through the loading cell at each contact.
The frequency of oscillation was constant for all
experiments at 210 Hz. The displacement amplitude
was increased in five levels from 5 to 50 um. Due to the
constant frequency of the oscillation, the mean sliding
velocity increased with increasing amplitude from
0.0042 to 0.042 m/sec. Before and after the test the
specimens were ultrasonically cleaned.

The worn surfaces of the flat and the ball
were examined by means of light microscopy, stylus-
tip profilometry, scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), Auger-
electron spectroscopy (AES) and transmission
electron microscopy (TEM).

1.2 Interaction-couple experiments

The materials for the static interaction
couples were the same as those used in the fretting
wear experiments, they were prepared by electrical
discharge machining (EDM) and cut from the original
specimens used in the fretting experiments.

The interaction-couple experiments were
performed by pressing together polished slices of steel
and ceramic. Before putting the specimens into the
pressing apparatus, they were ultrasonically cleaned and
prepared as a sandwich-type specimen with the ceramic
between two pieces of steel, as shown in Figure 1.

In order to compare the fretting-wear results
over the whole range of possible testing conditions with
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Preglednica 1. Nacrt preskusov staticnih spojev z izbranimi pogoji
Table 1. Plan of the experiments with selected test conditions for static interaction couples

Temperatura / Temperature °C

20 300 500 700 1000 1100 1150 1200
Tlak / Pressure Elasti¢no 2400 1414 613 97 3,6 3,5 4 4
/ Elastic
MPa Plasti¢no 4000 3000 750 120 360 130 145 123
/ Plastic

PreskuSevalisce /

Testing machine

nizke temperature - veliki tlaki

low-temperature high-pressure

visoke temperature - majhni tlaki

high-temperature low-pressure

/

[~

Sl. 1. Sestav preskusancev v obliki »sendvica«
Fig. 1. Sandwich-type interaction-couple set up

tlak
pressure
MPa

2400 4 O

L

® o o o

@ © o o
!

—O— meja elasticnosti jekla / elastic limit of the steel

O  podrocje elasticnosti / elastic region

@  podrogie plastiénosti / plastic region

»

temperatura
temperature

: 1 —
0 1100 1150  1200°C

Sl. 2. Shematicna predstavitev preskusnih razmer staticnih spojev
Fig. 2. Schematic representation of the experimental test conditions for the static steel-Si N,

rezultati staticnih spojev, smo za preskusanje
stati¢nih spojev izbrali Siroko obmocje tlakov in
temperatur. Ker je plasti¢na deformacija tudi eden
izmed pomembnih dejavnikov, ki lahko vplivajo
na tribokemijske reakcije, smo stati¢éne poskuse
izvedli v elasti¢nem in plastiénem obmocju jekla.
Podrobne preskusne razmere in shema preskusov
so prikazani v preglednici 1 in na sliki 2.
Izbrane razmere preskusanja smo dosegli
z uporabo dveh testnih naprav. Z eno smo lahko
izvajali teste v obmocju velikih tlakov, a
razmeroma nizkih temperatur, z drugo pa je
mogoce doseci zelo visoke temperature, a pri

the results of the interaction couples, a broad range of
pressures and temperatures had to be selected for the
static interaction-couple experiments. Plastic
deformation is another factor influencing the tribo
chemical reactions. Tests were performed in both the
elastic and plastic regions of the steel. The experimental
data and a schematic of the conditions are presented
in Table 1 and Figure 2, respectively.

The selected temperature-pressure test condi-
tions were achieved by using two different testing ma-
chines, one with the ability to apply very high loads at
relatively low temperatures and another with which high
temperatures could be obtained at low loads. Further-
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SI. 3. Obrabna prostornina v odvisnosti od amplitude pomika v (a) mazanih, (b) nemazanih razmerah
Fig. 3. Wear volume as a function of amplitude under (a) lubricated, (b) unlubricated conditions

|

l

: majhnih tlakih. Ker smo Zzeleli raziskovati tudi more, in order to gain the effect of oxygen on the chemical
: vpliv kisika na kemijsko aktivnost izbranih reactivity of the selected materials and to compare it with
, materialov, smo izvedli staticne poskuse tudi ob the fretting results, the interaction-couple experiments
I navzoc¢nosti kisika v kontaktu. Kisik smo dovedli were performed with oxygen introduced into the interac-
: v kontakt med jeklom in keramiko s predoksidacijo tion zone. Both the furnaces used for the static experi-
I jekla, saj obe napravi delujeta le v za§Citni ments only operate under vacuum or inert-gas condi-
: atmosferi. Jeklo smo predoksidirali pri isti tions and so the oxygen was introduced by pre-oxidation
I temperaturi, kakor so bili kasneje izvedeni of the steel. The steel was oxidised in air at the same
: staticni testi. temperature as used in the interaction-couple experiment.
|

| 2 REZULTATI 2RESULTS

|

: 2.1 Fretinski testi 2.1 Fretting-wear experiments

|

: Primerjava diagramov obrabe v A comparison of the diagrams for wear loss as
i odvisnosti od amplitude zdrsa pri mazanih in a function of amplitude for lubricated and unlubricated
: nemazanih razmerah kaze na precej$njo razliko v conditions indicates significantly different wear behaviour,
i obrabni odpornosti (sl. 3). Medtem ko se obraba Figure 3. While the wear volume increased almost linearly
: povecuje skoraj linearno z amplitudo v nemazanih with increasing amplitude for the unlubricated conditions,
i razmerah, dobimo v mazanih razmerah izrazito an obvious peak value at an amplitude of 25 um was
: najvec¢jo vrednost pri amplitudi 25 pm. Razvidno detected for lubricated fretting. Lower and higher
i je tudi, da je obraba v mazanih razmerah za dva amplitudes resulted in a lower wear volume. Also, it must
: velikostna razreda manj$a kakor v nemazanih ([7] be pointed out that the wear volume in the unlubricated
i in[10]). conditions is about two orders of magnitude higher than
: V mazanih razmerah je bil koeficient in the lubricated conditions ([7] and [10]).

i trenja visok le v zacetni fazi (0,6 do 0,85), a se je, In lubricated conditions the coefficient of
: razen pri amplitudi 5 um (sl. 4a), kasneje zmarlj sal friction was high (0.6 to 0.85) in the first stage of fretting
, na precej nizjo vrednost, priblizno 0,2. Cas, but remained high only for an amplitude of 5 um (Figure
: potreben za omenjeni padec, je bil pri vi§jih 4a). At higher amplitudes it decreased sharply to a value
, amplitudah kraj$i. V nemazanih razmerah je bil of approximately 0.2. The time needed to reach this low
I koeficient trenja pri amplitudah 25 in 50 pm visji value decreased with increasing amplitude. In the
: ves Cas preskusa, tudi ze v zaCetnem obdobju, in unlubricated conditions at 25 and 50-pm displacement
I sicer med 1,0 in 1,3 (sl. 4b). Nekoliko nizji (0,7), a amplitudes the coefficient of friction was higher, even at
: nespremenljiv koeficient trenja je bil izmerjen samo the beginning of the test, i.e. 1.0 to 1.3, and remained
I priamplitudi 5 pm. high throughout the test, Figure 4b. A somewhat lower,
: Iz diagrama na sliki 3 je razvidno, da je but still constant, value throughout the test (0.7) was
I prislo v mazanih razmerah pri amplitudi 25 pm do obtained only at an amplitude of 5 um.

: spremembe obrabnega mehanizma. To spremembo From the wear diagrams in Figure 3 we can
I je mogoce razloziti tudi s slikami z elektronskega see that for lubricated fretting a transition occurred at
: mikroskopa, na katerih je jasno vidno, da je pri the 25 um displacement amplitude. This could be ex-
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Sl. 4. Koeficient trenja v odvisnosti od casa v (a) mazanih, (b) nemazanih razmerah
Fig. 4. Coefficient of friction as a function of time under (a) lubricated, and (b) unlubricated conditions

nizjih amplitudah prevladovala mehanska obraba z
lomi na kontaktni ploskvi (sl. 5a), medtem ko je prislo
pri visjih amplitudah do nastajanja tribokemijske
plasti ter predvsem njene plasti¢ne deformacije,
kakr$na je znacilna tudi za konc¢no obdobje
preskusanja pri amplitudi 25 um (sl. 5b). Analiza z
Augerjevimi elektroni in transmisijskim
mikroskopom je potrdila nastanek tribokemijske
plasti [9]. Najpomembnejsi dokaz je bil pridobljen z
elementno analizo prereza vzorca pod obrabno
povrsino, kjer je bila ugotovljena izjemno visoka
koncentracija ogljika, ki izvira iz olja (sl. 6). Ti
rezultati kazejo 200 do 300 nm tanko plast v blizini
povrSine (zanemarjajo¢ prvih 150 nm zaradi

CeM v N

¢is¢enja” povrsine), v kateri je koncentracija
ogljika vecja od 10 uteznih %. Rezultati s
transmisijskega mikroskopa pa dokazujejo
nastanek karbidov Fe,C. Prostega ogljika ali razpok
nismo nasli, kar potrjuje tribokemijski in ne
mehanski proces pri nastanku plasti.

Tudi v nemazanih razmerah je prislo do
tribokemijske reakcije in nastanka tribokemijske plasti,
ki pa je bila, v nasprotju z opazanji pri nemazanih

plained by SEM analysis, where a mechanically domi-
nated wear by fracture of the interface layer was ob-
served in the beginning of the test at a 25 um displace-
ment amplitude (Figure 5a), while at the end of the test
at 25 um and throughout the test ata 50 um amplitude,
a more viscous type of layer with plastic deformation
and smearing can be seen, Figure 5b. AES and TEM
analysis confirmed that a tribochemical reaction took
place under these conditions [9]. The most important
feature observed in the AES spectra of a depth profile
across the layer created on the steel specimen is a
very high concentration of carbon which originates
from the oil, Figure 6.The results show that there is a
200 to 300 nm thick layer close to the surface (neglect-
ing the first 150 nm due to “cleaning” of the surface) in
which the concentration of carbon is about 10 wt. %.
TEM analysis revealed that the broadly prevailing
phase in the carbon diffusion layer is Fe,C. No free
carbon and no microcracks were found in the layer,
which excluded the possibility that the layer is a
tribomechanical mixture.

In contrast to the lubricated fretting, under
unlubricated conditions the wear occurred primarily

()

(b)

Sl. 5. Tribokemijske plasti, nastale v mazanih razmerah pri amplitudi 25 pm po (a) 10min, (b) 360min
Fig. 5. Tribolayers created during lubricated fretting at 25-um amplitude after (a) 10 min, (b) 360 min
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Sl. 6. Koncentracija C v Fe v odvisnosti od globine plasti na jeklenem vzorcu, testiranem pri amplitudi
50 pm in 360 min
Fig. 6. C concentration in Fe, obtained from the AES spectra across the tribolayer created on a steel plate
during lubricated fretting for 360 min at 50 um

S1. 7. Posnetek krhke oksidne plasti SiO, z elektronskim mikroskopom na Si;N, vzorcu
Fig. 7. SEM micrograph of the brittle oxide layer of SiO, on Si,N, ball

razmerah, oksidna in krhka in se je kasneje intenzivno by the creation and spalling of a brittle tribochemical
luscila (sl. 7) ter tako povzrocila znatno vecjo obrabo, layer, Figure 7. AES and TEM analyses revealed se-
kar je razvidno na sliki 3. Analize z Augerjevimi vere silicon-nitride oxidation, resulting in a 2 um thick
elektroni in transmisijskim mikroskopom so potrdile amorphous SiO, rich phase with small precipitates of
oksidacijo silicijevega nitrida, kar je povzrocilo iron oxides, which were between 5 and 20 nm in diam-
nastanek 2 um debele plasti silicijevega oksida (SiO,), eter and had an almost circular shape [7]. This im-
v katerem so bili precipitati razli¢nih Zelezovih oksidov plies that these are indeed precipitates and not wear
okrogle oblike in velikosti 5 do 20 nm [7]. Poleg tega debris. Furthermore, neither nitrogen nor Si,N, were
v plasti nismo nasli duSika ali delcev Si,N,. Te found in the layer. This again confirms that the layer
ugotovitve Se dodatno dokazujejo tribokemijsko is a tribochemical reaction product and not a
naravo nastanka plasti. tribomechanical mixture.
2.2 Poskusi s stati¢nimi spoji 2.2 Interaction-couple experiments
Vpliv tlaka in temperature The effect of temperature and pressure

Slika 8 prikazuje morfologijo prereza spoja Figure 8 shows the morphology of a cross-
med jeklom in silicijevim nitridom po preskusu pri section of the steel and silicon-nitride couple tested
temperaturi 1200 °C v elasti¢nih razmerah (preglednica at the highest investigated temperature, i.e. 1200°C,
1). Nasliki 8a lahko jasno razlo¢imo tri podrocja: A, B under elastic conditions (Table 1). Three regions can be
in'Y. Vendar se je izkazalo, da je podrocje Y sestavljeno clearly distinguished from Figure 8, i.e. A, B and Y, how-
iz dveh razli¢nih podrodij, ki sta oznaceni s C in D. ever, it was found that the Y region is actually composed
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Sl. 8. Prerez staticnega spoja po 5 urah testiranja pri 1200 °C in tlaku 4Mpa, (a) slika sekundarnih
elektronov, (b) slika odbitih elektronov (isti del prereza kakor na sliki (a)), (c) shematicna predstavitev
podrocij s slik a) in b), (d) shematicna predstavitev morfologije prereza spoja
Fig. 8. Interaction-couple cross-section after 5 hours at 1200 °C and 4 MPa, (a) secondary electron SEM
image, (b) back-scattered electron SEM image (same cross-section as in (a)), (c) schematic drawing of
regions in the cross-section from Fig. a and Fig. b, (d) schematic of the morphology of the interaction
couple

Podro¢je A pomeni izvirno Si,N, keramiko. Podrocje
B je reakcijska plast spoja na strani keramike, ki
vkljucuje Se nekatere reakcijske produkte ([10] in [25]),
medtem ko se podroc¢je Y nanaSa na stran jekla v
spoju. Dotikalna ravnina med podro¢jem B in Y je
zaCetna dotikalna ravnina pred preskusom, ki je bila
dolocena z uporabo inertnega materiala, kakor je
podrobno opisano v literaturi ([25] in [26]).

Elementna analiza z ektronskim mikroskopom
je pokazala, da je v podroc¢ju Y blizu podrocja B
(zacetni kontakt) poleg pricakovano velike koli¢ine
Fe in Cr, tudi veliko Si. Ta ugotovitev je zahtevala
nadaljnje preiskave po prerezu v podrocju Y. V ta
namen smo naredili ¢rtne profile koncentracije Si skozi
podrocje Y. Podrocje, kjer je bila koncentracija Si visja
od izvirne, smo oznaéili kot podro&je C. Sirino
reakcijske plasti na strani keramike (B) in difuzijske
plasti Si na strani jekla (C) smo nato sistematicno
merili pri vseh temperaturah in tlakih, pa tudi v obeh
deformacijskih (el in pl.) obmo¢jih jekla. Rezultati so
prikazani na sliki 9.

Za elasti¢no in plastiéno obmocje je bilo
ugotovljeno, da pride do moéne vezi med jeklom in
keramiko samo pri temperaturah 1100°C in vec. Pri
nizjih temperaturah je spoj vedno razpadel na
posamezne sestavne dele, to je osnovne vzorce jekla

of two regions, denoted as C and D. Region A represents
the original Si,N, ceramic. Region B is the reaction layer
on the ceramic side of the interaction couple incorporat-
ing a few reaction products ([10] and [25]), whereas re-
gion Y refers to the steel side of the interaction couple.
The contact plane between region B and Y is the initial
ceramic-steel interface, which was determined by the in-
ert ZrO, marker, as reported elsewhere ([25] and [26]).
EDS inspection of the steel material in region
Y, close to the region B (initial ceramic/steel interface)
revealed besides the expected presence of Fe and Cr,
a high Si content. This finding suggested a more
detailed analysis of the Y region and Si concentration
line-profiles were determined across the Y region.
The layer that incorporates Si on the steel side was
therefore determined as the C region. The width of
the reaction layer (region B) on the ceramic side and
the Si-diffusion layer on the steel side (region C) were
systematically measured for all temperatures and
pressures used under both elastic and plastic
conditions. The results are presented in Figure 9.
For both the elastic and plastic regions it
was found that the strong bond between the steel
and the ceramics was formed only at 1100°C or higher.
At lower temperatures the interaction couple always
fell apart. Additionally, the thickness of the reaction
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S1. 9. Debeline (a) reakcijske plasti in (b) plasti Si-difuzije v elasticnem in plasticnem podrocju jekla
Fig. 9. Overall results for the elastic and plastic contacts of the (a) reaction-layer thickness, (b) Si-
diffusion-layer thickness

in keramike. Poleg tega pa se debelina reakcijske plasti
in s tem kemijska reaktivnost manjsata z nizanjem tem-
perature, kar kaze na izrazito prevladujo¢ vpliv tem-
perature (sl. 9a).

Podobno smo ugotovili tudi pri analizi
debeline difuzijske plasti Si v jeklu. Debelina se
manjsa z nizanjem temperature in kar je zelo
pomembno, pod 700 °C znakov kemijske povezave
nismo ve¢ nasli (sl. 9b). Analiza debelin plasti pri
velikih in majhnih tlakih, oziroma v plasti¢cnem in
elasticnem obmocju je pokazala, da razlik med njimi
prakti¢no ni [10].

Ti eksperimentalni rezultati se odli¢no
ujemajo tudi s termodinamic¢nimi izracuni ([10] in [26]),
saj je bilo izracunano, da reakcijska plast pri¢ne
nastajati pri 1033°C (eksperiment: 1100°C), difuzija Si
v jeklo pa nastopi pri 636°C (preskus 700°C). Pri nizjih
temperaturah te plasti ne nastajajo.

Vpliv kisika

Slika 10 prikazuje detajl prereza stati¢nega
spoja, preskusanega pri 1200°C ob navzocnosti
kisika. Elementna analiza z elektronsko disperzno
spektroskopijo je razkrila Stevilne razlicne faze v
reakcijski plasti, ki so podrobneje predstavljene
drugje ([10] in [24]). Med temi je tudi 5 do 10 um
debela plast silicijevega oksida (sl. 10). Manjse
koliC¢ine zeleza, ki smo jih tudi nasli v tej oksidni
plasti, bi lahko izvirale iz okolne jeklene matrice ali
pa zelezovih oksidov, podobno kakor so bili najdeni
pri fretinskih poskusih. To bi lahko pomenilo $e
bolj neposredno povezavo z rezultati fretinskih
testov, a podrobnejsa razsikava v tej smeri ni bila
izvedena.

Z nizanjem temperature se je manjsala tudi
kemijska reaktivnost in, podobno kakor pri
preskusih brez kisika, pri 500°C ni bilo nobene sledi
reakcije ve. Se veg, pri temperaturi 1000°C ali nizje
silicijev oksid ni ve¢ nastajal, medtem ko je bila
njegova navzocnost pri visjih temperaturah izrazita
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layer, and thus the chemical reactivity, decrease with
decreasing temperature, revealing the dominating
effect of the temperature, Figure 9a.

A similar situation was found when measur-
ing the depth of Si diffusion into the steel. The depth is
smaller with lower temperatures and, it is very important
to note, that at temperatures below 700°C, there was no
Si diffusion observed, Figure 9b. A quantitative evalu-
ation of the thicknesses obtained at high and low pres-
sures, i.e. under elastic and plastic conditions, showed
that they are practically the same since there is no rel-
evant difference between the two conditions [10].

These experimental results are also in excellent
agreement with thermodynamic predictions ([10] and [26]).
That is to say, the reaction layer was calculated to form at
1033°C (experiment: 1100°C) and the Si diffusion layer at
636°C (experiment: 700°C). At temperatures lower than
those calculated, the layers were not formed.

The effect of oxygen

Figure 10 shows a detail of a cross-section of
the interaction couple tested at 1200°C with the presence
of oxygen in the contact. The EDS analysis revealed a
number of different phases in the reaction layer, details
are reported elsewhere ([10] and [24]). Among others, a 5
to 10 um thick SiO, rich layer was found at the reaction
front, as shown in Figure 10. A limited amount of iron was
also found in some regions of the SiO, rich layer, which
could originate either from the matrix surrounding the
layer or from iron oxides, similar to those that were deter-
mined using TEM analysis on the fretting specimens.
This would suggest an even more direct correlation be-
tween both types of experiments, but this was not inves-
tigated further and is therefore not confirmed.

With a decrease in the temperature the chemi-
cal reactivity also decreased and, exactly as with the
absence of oxygen, at S00°C there are no traces of any
chemical interaction between the contacting materials.
Furthermore, at 1000°C or below, there is no SiO, layer
formed in the contact, while at higher temperatures, clear
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S1. 10. Prerez staticnega spoja pri 1200 °C ob
navzocnosti kisika, ki prikazuje SiO, plast
Fig. 10. Interaction-couple cross-section at 1200
°C in the presence of oxygen, showing the SiO,
layer

[24]. To ponovno potrjuje odlo¢ilno vlogo
temperatur pri nastanku silicijevega oksida.

30OBRAVNAVA
3.1 Fretinski testi
Mazane razmere

Glede na dobljene rezultate menimo, da
je prislo do prehoda v mehanizmu obrabe zaradi
povecanja drsnih hitrosti in s tem kontaktnih
temperatur. To je povzrocilo fazne premene in
nastanek tribokemijske plasti na povrsini, ki je
vplivala na zmanjSanje koeficienta trenja in
obrabe.

Kljucne informacije o najvecjih mogocih
kontaktnih temperaturah so bile pridobljene z
analizami s transmisijskim mikroskopom in
spektroskopijo z Augerjevimi elektroni, pri katerih
se je izkazalo, da je nastala plast tribokemijska. Poleg
tega priblizno 10,5 uteznih % ogljika v 200 do 300
nm tanki plasti pod povrSino presega vsako
ravnotezno sestavo v faznem diagramu Fe-C, razen
taline, kar nakazuje moznost za temperature nad
1145°C [10]. Taka razlaga je v skladu z veljavnimi
termodinamiénimi zakoni in se ujema z nizkim
koeficientom trenja, izmerjenim v teh razmerah.

Poleg tega je zgornjim navedbam
pomembna podpora tudi dejstvo, da je olje med
preskusom toplotno razpadlo, saj je ogljik iz olja
rabil za ogljicenje jekla. Potrebna temperatura za
razcep ogljikovih vezi v olju je priblizno 400°C
[27]. Le-ta torej definira spodnjo mejo temperatur,
ki je morala biti dosezena, da je do ogljicenja
sploh prislo. Jasno je, da je oglji¢enje potekalo
pri Se vi§ji temperaturi. Toplotni razpad olja smo
zaznali ze opti¢no ob koncu preskusov, saj je

%

olje zunaj
kontakta /
oil that was
around the

| contact area

olje, kijebilov
kontaktu /

oil from the
contact

Sl. 11. Slika z opticnega mikroskopa, ki nakazuje
toplotni razpad olja v kontaktu
Fig. 11. Optical micrograph revealing the thermal
break-down of the oil after the test

and well-defined layers were always observed [24]. This
again confirms the critical influence of temperature on
the formation of the SiO, layer on silicon nitride.

3 DISCUSSION
3.1 Fretting wear
Lubricated conditions

According to the results, we suggest that
the wear transition occurs due to the higher sliding
speed and the consequent higher contact
temperature, resulting in a tribochemical
transformation of the interface that has much more
beneficial properties in terms of wear and friction
behaviour than the original materials.

Critical information about the possible maximum
contact temperature is obtained by the TEM and AES
results which confirmed that the layer observed is not a
tribomechanical, but a tribochemical, layer. Furthermore,
appr. 10.5 wt. % of carbon found in 200 to 300 nm thick layer
close to the surface is above any equilibrium content of all
components in the binary Fe-C phase diagram except the
melt, which requires a temperature of about 1145°C [10].
This was not confirmed yet but it is the subject of further
investigation. However, this tentative explanation is in
agreement with the thermodynamic model and the low
coefficient of friction under these conditions.

Furthermore, strong support for the sug-
gested high temperature comes from the fact that the
oil broke down during the experiment and acted as a
source for the carbonisation of the steel. The tem-
perature required for thermal cracking of oil we used
is about 400°C [27], and so this must represent the
minimum temperature at the contact. It is clear that
carbonisation must occur at much higher tempera-
tures and thermal degradation of oil was also antici-
pated by visual inspection of the wear scars. When
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bilo olje pri vi§jih amplitudah vedno ¢rno, kar je
nakazovalo na omenjeno toplotno razpadanje, (sl.
11).

Izvedeni so bili tudi izracuni trenutnih
kontaktnih temperatur, in sicer z osmimi razlicnimi
teoreti¢nimi modeli, ki smo jih nasli v literaturi. V
primerih, ko so bili vhodni parametri ovrednoteni
dovolj natan¢no so tudi temperature pri visjih
amplitudah presegale 1500 °C, kar je v skladu z drugimi
rezultati in njihovo razlago ([ 10] in [28]).

Vendar pa so ti dokazi o temperaturi vsaj
400°C v precejSnjem razkoraku z izracuni najvisjih
kontaktnih temperatur, ki se v literaturi obicajno navajajo
za freting, to je okoli 100°C ali man;j ([10] in [28]). To
kontaktnih temperatur niso pomembni za dejanske tem-
perature pri fretingu. Glavni razlog je verjetno v
napaénih ocenah dejanske kontaktne povrSine in
drugih potrebnih predpostavkah v modelih za izracun
teh temperatur.

Nemazane razmere

Na podlagi visokega koeficienta trenja in
precejSnjih koli€in silicijevega oksida (velika
obraba), ki je nastajal med fretingom v nemazanih
razmerah lahko predpostavljamo, da so bile tem-
perature Se visje kakor v mazanih razmerah. Namrec¢,
¢etudi je bilo veckrat porocano, da silicijev oksid
nastaja tudi pri sobni temperaturi, je treba pri teh
ugotovitvah upostevati koli¢ino in debelino teh
oksidnih plasti.

V veliko raziskavah o oksidaciji silicijevega
nitrida je bilo ugotovljeno, da je oksidacija pasivna.
To pomeni, da nastane na povrSini najprej tanek
oksidni sloj, potem pa ta sloj §¢iti povrsSino pred
nadaljnjo oksidacijo. Prav tako je bilo v teh
raziskavah ugotovljeno, da poteka taka oksidacija v
suhi in vlazni atmosferi v skladu z difuzijskimi zakoni
([30] do [34]).

To pomeni, da pri sobni temperaturi sicer
nastaja silicijev oksid, je pa verjetno sloj zelo tanek
zaradi omejenega Casa testiranja, prav tako pa je zato
tudi koli¢ina razmeroma majhna. Iz literaturnih
podatkov je tudi mogoce razbrati, da je oksidacijske
poskuse upravic¢eno izvajati le ve¢ ko 100 ur pri
temperaturah nad 1000°C, saj je sicer reakcijskih
ostankov tako malo, da jih ni mogoc¢e kvantitativno
ovrednotiti. Tirezultati so zato skladni tudi z rezultati
zelo tankih in celo prozornih obrabnih delcev,
dobljenih v nekaterih triboloskih testih [35]. Torej
lahko vecje koli¢ine in razmeroma debele plasti
silicijevega oksida pric¢akujemo samo pri visokih
temperaturah zaradi difuzijske narave oksidacije
silicijevega nitrida, ki je temperaturno in ¢asovno
pogojen.
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the ball and flat were separated after the test, the
black (burned) oil/carbon was spread across the clean
oil, which surrounded the contact set-up (Figure 11).

Furthermore, flash-temperature calculations
based on eight different ready-to-use models showed
that temperatures above 1500°C are easily obtained if
better approximations to the interface conditions are
used ([10] and [28]).

However, these indisputable proofs of tem-
peratures of at least 400°C show a large discrepancy
with surface temperature measurements in similar fret-
ting conditions where the measured temperatures are
usually much lower, i.e. below 100°C. Furthermore, cal-
culations of the flash temperatures using impropriate
input data with a poor adjustment of the interface con-
ditions to the real conditions also give results around
or below 100°C ([10] and [28]). This, therefore, clearly
shows that both measurements and the conventional
use of flash-temperature equations significantly un-
derestimate the maximum flash temperatures. The rea-
son is primarily because of the too-large real contact
area and poor interface-property corrections used.

Unlubricated conditions

Based on the high coefficient of friction and
the large amounts of silica (high wear loss) produced in
our experiments under unlubricated conditions, even
higher temperatures are expected compared to lubricated
fretting. Although silica was reported to form on silicon
nitride in tribological applications even at room
temperature, the amount of wear loss and the layer
thickness must be considered in any interpretation of
the results. According to the following explanation these
two parameters seem to be the critical points of the
contradictions in reported key governing factors for
the tribochemical reactions with silicon nitride.

According to many isolated oxidation studies
of silicon nitride it was realised that for engineering
applications the silicon-nitride oxidation type is the “pas-
sive” one, which occurs at high oxygen potentials. Here,
a thin protective film of SiO, is formed on the surface of
the ceramics, which limits the rate of any further oxida-
tion. Furthermore, it was found that in both dry and wet
atmospheres, the oxidation process proceeds in a
strongly diffusion-controlled manner ([30] to [34]).

This implies that in wear experiments at room
temperature a silica layer can form, but its thickness is,
because of the limited testing time, probably very thin
and also its quantity is very low. Furthermore, a literature
survey revealed that in order to obtain a quantitatively
relevant amount of oxidation products, isolated oxida-
tion experiments are typically performed at temperatures
above 1000°C and for a test duration of more than 100
hours. As such, the very thin and transparent wear de-
bris of the silica layer produced in rolling applications
with almost no wear at room temperature [35] seem to be
very consistent with the above results and explanations.
Accordingly, the large amounts and the relatively thick
layer of silica produced in our fretting experiments suggest
that the temperature should be much higher because of
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Poleg tega so bile za dane razmere
izraCunane temperature prek 1500°C, kar potrjuje
zgornjo razlago ([10] in [28]). Tudi zaradi vi§jega
koeficienta trenja v nemazanih in v mazanih
razmerah, kar je sorazmerno z nastankom
toplote, ter z dokazanimi temperaturami vsaj 400
°C v mazanih razmerah, lahko v nemazanih
razmerah upraviéeno pricakujemo temperature
nad 1000°C.

3.2 Poskusi s stati¢nimi spoji

Ta metoda omogoca izoliranje kemijske
obrabe pri hkratnem natanénem nadzoru
toplotnih in mehanskih vplivov ter je tako
posreden dokaz, kateri so klju¢ni dejavniki pri
tribokemijskih procesih med keramiko iz
silicijevega nitrida in jeklom. Podobni poskusi
so se pokazali kot zelo uspesni in uporabni tudi
pri raziskavah obrabe rezilnih orodij ([36] in
[37]), Cetudi so tam razlike med stati¢nimi in
dinami¢nimi razmerami Se vecje kakor pri
fretingu.

Iz nasih rezultatov lahko sklepamo, da
so kemijske povezave med izbranimi materiali
odlo¢ilno odvisne od temperature. Pod 700°C
nismo zaznali nobenih znakov reakcij, medtem
ko je nad 1100°C nastala mo¢na vez med
materialoma in je bila reaktivnost znatno
povecana. Po drugi strani pa povecevanje tlakov
in celo prehod v plasti¢no podroc¢je prakticno
niso vplivali na reaktivnost v kontaktu ([10], [24]
in [25]).

Ena izmed pomembnih ugotovitev, ki kaze
odlocilen vpliv temperature, je tudi dejstvo, da je
silicijev oksid v navzocnosti kisika nastal samo
pri temperaturah nad 1100°C. Ceprav je bilo
trajanje stati¢nih poskusov precej daljse od
trenutnih dotikov v fretinSkem testu, pa pri nizjih
temperaturah ti oksidi niso nastajali. To se
ponovno odli¢no ujema z rezultati oksidacijskih
poskusov silicijevega nitrida ([30] do [34]) in
termodinamic¢nih izracunov na temelju proste
energije (Gibbsov kriterij), potrebne za nastanck
reakeij ([10] in [24]).

3.3 Splosne ugotovitve

Zelo razli¢ni materiali (jeklo in keramika) in
dotikalne razmere (mazane / nemazane) so Vv tej
raziskavi tribokemijskih reakcij omogocili upostevanje
razli¢nih dokazov z razli¢nih zornih kotov. Poleg tega
smo v ta namen uporabili Se izracune trenutnih
kontaktnih temperatur ter razlicne termodinamicne
izraCune.

the diffusion-controlled nature of silicon-nitride oxidation,
which is a temperature—time-dependent process.
Furthermore, flash temperatures above 1500°C
were calculated for the selected fretting conditions ([10] and
[28]), which support the above explanations. Additionally,
because of the higher coefficient of friction in unlubricated
than in lubricated fretting, which is directly proportional to
the frictional heat, and confirmed temperatures of order of at
least 400°C under these conditions, temperatures well above
1000°C are very reasonable for unlubricated conditions.

3.2 Interaction-couple experiments

The following method gives an opportunity to
isolate the chemical wear by simultaneous control of thermal
and mechanical effects, thus providing indirect evidence
of the governing factor in tribochemical interactions
between the steel and the ceramic. Such experiments were
successfully applied in cutting-tool applications. Based
on the experimental results of turning, which were in good
agreement with results of static interaction-couple
experiments, it was confirmed that they are relevant for the
simulation and correlation of the tribochemical wear of
cutting tools ([36] and [37]). Because of the even larger
discrepancy between static experiments and dynamic
conditions in turning, compared to fretting, it is reasonable
to assume that they can also be applied for studying
chemical behaviour in fretting wear.

From our results it is clear that the chemical inter-
action of silicon nitride with steel and oxidised steel is
strongly influenced by the temperature. Below 700°C, no
evidence of any interaction was found, while at tempera-
tures above 1100°C, the reactivity was strongly enhanced.
On the other hand, increased high contact pressures, re-
sulting in extensive plastic deformation of the steel, did not
enhance the chemical reactivity between the selected ma-
terials at any temperature ([ 10], [24] and [25]).

One of the most important facts in this paper,
which strongly favours the critical influence of tempera-
ture in silicon-nitride oxidation, is, however, the observa-
tion that in the contact between steel and silicon nitride in
the presence of oxygen, silica was formed only at tempera-
tures of 1100°C and above. Although the contact times in
the static interaction-couple experiments were much longer
than in the contacts in the fretting experiments, no silica
was formed at lower temperatures. This is again in excellent
agreement with results of isolated Si,N, oxidation experi-
ments ([30] to [34]) and thermodynamic calculations based
on the Gibb’s free energy criteria ([10] and [24]).

3.3 General considerations

Very different materials (steel and ceramic) and
contact conditions (air-dry / oil-lubricated) in this paper
allowed us to use different indirect evidence from
different points of view in order to investigate the
observed tribochemical reactions. Additionally, flash-
temperature calculations and various thermodynamic
calculations were employed for this purpose.
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Vsi rezultati, predstavljeni v tem prispevku
in Stevilni drugi iz loCenih analiz oksidacije
silicijevega nitrida ter razli¢ni termodinamicni
izracuni, kazejo, da je temperatura kljucni
dejavnik pri oksidaciji silicijevega nitrida, vsaj
ko govorimo o plasteh z debelino nekaj
mikrometrov. V vseh teh §tudijah se je izkazalo,
da taka oksidacija opazno poteka pri
temperaturah nad 1000°C. Torej se zastavlja
vprasanje, kateri mehanski vpliv lahko tako
spremeni oksidacijski mehanizem in poveca
kemijsko reaktivnost do mere, ki bi bila ustrezna
temperaturi skoraj 1000°C? V prispevku smo
prikazali, da v naSih preskusih tlak in plasti¢na
deformacija nista vplivala na omenjene reakcije.
Poleg tega je treba poudariti, da je keramika
razmeroma nedeformabilen material, Se posebe;j
za obremenitve, ki so znacilne za veéino testov
obrabe. Tudi vplivi striga so pri fretingu manj
pomembni kakor pri drsenju, saj so hitrosti
znatno manjse.

Poleg teh dejstev pa smo v mazanih testih, pri
katerih je bila temperatura verjetno nizja kakor pri
nemazanih testih, zaradi nizjega koeficienta trenja, nasli
jasne dokaze o obstoju temperatur vsaj 400°C. Po eni
razlagi, ki je tudi v skladu s sedanjimi termodinami¢nimi
zakoni, bi lahko pri¢akovali celo temperature nad
1145¢°C. Vsi ti rezultati, vkljucno z izracuni najvisjih
trenutnih temperatur ter termodinami¢nimi izracuni,
podpirajo moznost za izjemno visoke temperature na
dotikih vrsickov (dejanski kontaktni povrsini) tudi
pri zelo majhnih relativnih hitrostih. Model, ki te
postopke podrobno razlaga, pa je predstavljen drugje
([10]in[38]).

Kljub temu pa je zelo tezko ali celo nemogoce
predstaviti nedvoumen dokaz o tem, kateri dejavniki
najbolj vplivajo na te tribokemijske procese, saj v
dinamicnih pogojih delujejo socasno tako mehanski
kakor termi¢ni vplivi in se je mogoce opirati zgolj na
razlicne posredne dokaze.

Najbolj zanesljiv nain za ugotovitev
kotaktnih temperatur bi bile seveda meritve le-teh.
Na zalost pa trenutno znane metode zaznavajo
temperature v kontaktu med triboloskim postopkom
le na obmo¢ju, ki obsega med 300 in 900 (pm)?
([11]do [13]), kar je znatno prevelika povrSina v
primerjavi s povrsino kontaktov vrsickov, ki je za
en velikostni razred manjsa. To je lahko tudi
razlaga, zakaj so obicajno izmerjene temperature
tako nizke, in hkrati pomeni, da potrebujemo bolj
natan¢ne metode, ki bi lahko dale bolj zanesljiv

triboloskih kontaktih.
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However, all the results presented in our paper
and in many other previous isolated studies on silicon-
nitride oxidation, together with the thermodynamic calcu-
lations, strongly favour temperature as the key governing
factor for tribo-oxidation of silicon nitride, at least for the
layers which have thicknesses in the range of micrometers.
Inall these studies it was shown that the silica layer is likely
to form only above 1000°C. So this begs a question, which
mechanical factor could contribute in such a manner to
completely change the oxidation mechanism and drasti-
cally increase the chemical reactivity that would be the
equivalent of about 1000°C? It was shown here that pres-
sure (compressive stress) and plastic deformation cannot
affect these reactions. Besides, it must be pointed out that
silicon nitride is a relatively non-deformable material, espe-
cially for the loads and stresses which are considered in
most wear experiments. Furthermore, shear effects in fret-
ting can also be considered as low, compared to the sliding
conditions. Finally, there exist no indications that silica can
form by any other process other than those described
above, which means that its amount and thickness gener-
ated under the selected fretting action are related mainly to
the contact temperature and time.

In addition to the above explanations, in lubri-
cated fretting where the frictional heating was lower
due to a much lower coefficient of friction, there exists
clear evidence that the contact temperature was at least
400°C. Furthermore, a tentative explanation, which is in
agreement with the thermodynamic model suggests tem-
peratures even higher than 1145°C. These and other
findings described in details in this paper, including
flash-temperature calculations and all the performed ther-
modynamic calculations, strongly support the above
suggestions that extremely high temperatures on the
spot-to-spot contacts must be considered even under
low-speed conditions. A model explaining these pro-
cesses in detail is presented elsewhere ([10] and [38]).

Nevertheless, it is very difficult to give in-
disputable proof of the key governing factors for the
tribochemical reactions, since in dynamic situations
we have both mechanical and thermal effects acting
simultaneously.

The surest way to prove the maximum con-
tact temperature would, of course, be a contact-tem-
perature measurement. However, today’s best mea-
suring techniques can detect temperatures that are
an average over an area of about 300 to 900 (um)?
([11] to [13]). This is definitely too large an area com-
pared to the small spot-to-spot contact areas of only
few, to a few tens (um)?. This could explain why the
experimentally obtained temperatures are usually so
low and would further imply that more accurate tech-
niques with measurements over a much smaller con-
tact area are necessary to give the final answer on
the possible maximum contact-temperature rise.
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1. Rezultati v tem prispevku kazejo, da je najbolj 1. The results reported in this paper strongly favour tem- :
vplivni dejavnik za nastanek tribokemijskih perature as the key governing factor for the :
reakcij v danih fretinskih razmerah tribochemical reactions under selected fretting condi-
temperatura. Predstavljeni rezultati se tudi tions. All the presented experimental evidence is in :
odli¢no ujemajo z razli¢nimi teoreti¢nimi excellent agreement with the various theoretical pre- |
izraduni. Izjemno visoke temperature so torej dictions performed for the purpose of this work. Ex- :
mogoce tudi v razmerah, ki jih splosno tremely high temperatures must be therefore be con-
pojmujemo kot nizko temperaturne zaradi sidered as the key governing factor in tribochemical !
majhnih relativnih hitrosti. reactions, even under conditions that are usually con- :

2. Samostojne in izolirane Studije posameznih sidered as a low-speed low-temperature conditions. !
vplivnih dejavnikov lahko pripomorejo pri 2. Isolated studies of the different influencing factors :
razumevanju osnovnih mehanizmov in should be performed to reveal the fundamental !
postopkov. Tako smo v nasi raziskavi stati¢nih mechanisms acting in dynamic situations. In our :
spojev, pri katerih smo izolirali kemijsko obrabo interaction-couple experiments under controlled
materialov, odkrili, da je temperatura odlo¢ilna temperatures and pressures we found that pressure :
pri kemijskih reakcijah, medtem ko tlak in and/or plastic deformation did not enhance the !
deformacja nista povecala kemijske chemical reactivity between steel and Si,N,, while :
reaktivnosti. the temperature was critical to all the interactions.

3. Zaradi difuzijske narave oksidacije silicijevega 3. Because of the strongly diffusion-controlled oxi- :
nitrida, ki je odvisna od temperature in ¢asa, lahko dation of silicon nitride (temperature-time depen- !
pricakujemo vecje kolic¢ine in debele plasti dence), large amounts and thick layers of silica :
oksidacijskih ostankov zgolj pri vi§jih produced in tribochemical reactions suggest tem- !
temperaturah v kontaktu, npr. nad 1000°C. peratures well above 1000°C. :

4. Meritve dotikalnih temperatur (zaradi 4. Surface temperature measurements (due to aver- |
povprecenja na preveliki povr$ini) pa tudi aging of the temperature over too-large an area) :
uporaba teoreticnih modelov (zaradi slabih and the conventional use of flash-temperature |
predpostavk o dejanski povrSini in drugih equations (due to poor approximation of the in- :
parametrih) dajejo znatno nizje vrednosti od terface properties and real contact area) signifi- !
dejanskih na dotikalnih vrsickih. Razlike pri tem cantly and critically underestimate the maximum :

so lahko skoraj 1000°C. temperatures at the spot-to-spot contacts. The !
differences can be as high as 1000°C. :
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Izracun kontaktnih temperatur v fretinskih

Calculating the Contact Temperature for Lubricated and Dry Fret-

|
|
l
|
razmerah |
|
|
ting Conditions :

|

|

Obrabne in torne lastnosti povrsin v kontaktu so znatno odvisne od kontaktnih temperatur, zato je
njihova dolocitev velikega pomena v vsaki triboloski uporabi. Stevilni modeli, ki so na voljo v literaturi,
uporabljajo precej razlicne fizikalne, dinamicne in geometrijske predpostavke. Posledica tega so velika
razhajanja rezultatov za isti racunski primer.

Ceprav so ta dejstva splosno znana, so velikokrat pri izracunih spregledana. V predstavljenem
prispevku smo analizirali vpliv lastnosti kontaktnih povrsin med jeklom in silicijevim nitridom v razmerah
mejnega mazanja z oljem in nemazanih kontaktov. Predstavijeni so vplivi spremembe termicnih lastnosti,
koeficienta trenja in realne kontaktne povrsine na izracun kontaktnih temperatur. Za analizo smo uporabili
deset razlicnih teoreticnih modelov. Rezultati kazejo velike razlike med posameznimi modeli in se posebej
izjemen vpliv lastnosti kontaktnih povrsin na izracunane temperature.
© 2001 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: temperature, modeli, izracuni, freting)

The wear and friction properties of tribological interfaces are closely linked to the contact tempera-
ture and so a knowledge of this temperature is of great interest for tribological applications. The many
different temperature-calculation methods that are available in the literature are based on quite different
physical, dynamic and geometric assumptions. As a consequence, large discrepancies in the results can be
obtained for the same contact conditions.

Although this is a well-known fact, it is sometimes overlooked. In this paper the effects at a tribologi-
cal interface between silicon nitride and steel under unlubricated and boundary-lubricated fretting condi-
tions were studied. The effects of a change in the contact’s thermal properties, as well as its coefficient of
friction and the real contact area on the calculated flash temperature are presented. Ten different ready-to-
use theoretical models were selected for the purposes of this investigation. The results show a significant
difference between the various models, and in particular, the critical importance of the tribological interface
properties on the calculated temperatures.
© 2001 Journal of Mechanical Engineering. All rights reserved.

(Keywords: temperatures, models, calculations, fretting)

0UVOD

Zaradi premene dela trenja v toploto se pri
drsenju na kontaktnih povrsinah teles temperatura
poveca, Se posebej pa na dejanski povrSini, tj. na
kontaktih med vrsicki [1]. Te temperature lahko
odloéilno vplivajo na obrabne in torne lastnosti
triboloskega sistema zaradi sprememb mehanskih,
kemijskih in termicnih lastnosti povrsin.

Za inzenirsko prakso je bistvenega
pomena ¢im preprostejsa racunska metoda, zato
so bili razviti Stevilni uporabnisko usmerjeni modeli
za izrac¢un kontaktnih temperatur. Vendar pa vecina

O0INTRODUCTION

The transformation of frictional energy into
heat is the cause for the increase in the temperature
of sliding bodies in contact, especially at the spot-
to-spot contacts, i.e. the real contact area [1]. These
temperatures can have a critical influence on the
friction and wear characteristics of the contacting
surfaces because of the changes in mechanical,
chemical and thermal properties of the surfaces.

For engineering/tribological practice an as-
simple-as-possible calculating procedure is desired,
which has resulted in the development of several ready-
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teh modelov uporablja precej razlicne fizikalne,
dinamic¢ne in geometrijske predpostavke o izbranem
sistemu. Poleg tega tudi Stevilne povrsinske
lastnosti, ki so v sploSnem neznane, bistveno
vplivajo na nastalo toploto v triboloskem kontaktu.
Na primer, mehanske in toplotne lastnosti
materialov se v kontaktih neprestano spreminjajo,
Se posebej ¢e pride do tribokemijsko povzrocenih
faznih premen. To nadalje vpliva tudi na
porazdelitev torne toplote zaradi razlicnih lastnosti
osnovnega materiala in povrsine. Stevilne teZave
se pojavljajo pri izrac¢unu velikosti in oblike
dejanske kontaktne povrsSine ter geometrijskih in
termi¢nih lastnosti obrabnih ali drugih delcev v
kontaktu. Spremembe koeficienta trenja, ki
neposredno vplivajo na izraCun temperatur, ter
porazdelitev koeficienta trenja na kontaktni povrsini
sta tudi izjemno pomembna dejavnika pri kon¢nem
rezultatu. Vse te neznanke vplivajo na temperature
in nasprotno, poleg tega pa vplivajo tudi ena na
drugo v stevilnih povratnih zvezah.

Posledica tega je, da lahko pride do znatnih
razlik rezultatov za isti kontaktni problem. V nekaterih
pregledanih literaturnih virih ([2] do [5]) je ze bilo
ugotovljeno, da so izrauni kontaktnih temperatur
zaradi torne toplote precej pomanjkljivi in znacilno
nedodelani, saj se kontaktne razmere spreminjajo s
¢asom in polozajem v kontaktu. Ceprav so te
ugotovitve znana in sprejeta dejstva, so velikokrat
pri obravnavi in komentarju rezultatov spregledane.

Uporabnisko usmerjeni modeli so zelo
koristno orodje in omogocajo vsaj priblizno oceno
kontaktnih temperatur. Ko pa te modele uporabljamo
za ugotavljanje kontaktnih razmer in razli¢nih
pojavov, npr. faznih premen, se je treba zavedati
Stevilnih omejitev in jih upostevati pri razlagi
rezultatov. Nasi rezultati, predstavljeni v tem
prispevku in drugje ([6] do [11]), ki se ujamajo tudi z
rezultati veliko bolj natan¢nih modelov [12] ter bolj
zapletenih interdisciplinarnih $tudij [13], kaZejo, da
so temperature, dobljene z uporabnisko usmerjenimi
modeli obic¢ajno prenizke ter da lahko kontakti na
vrsickih, najverjetneje zaradi slabo definiranih
razmer na kontaktih med vrsicki, dosegajo znatno
visje temperature.

1 MODELIIN PARAMETRI

Deset modelov, ki smo jih izbrali za izracun
dviga kontaktnih temperatur zaradi nastajanja torne
toplote, so Archardov model povprecne trenutne tem-
perature z upostevanjem deformacijskega kriterija in
brez njega [14], Archardov model najvecje trenutne
temperature [ 13], Holmov model povprecne in najvecje
trenutne temperature [5], Tian-Kennedyjev model
povprecne in najvecje trenutne temperature [15],
Greenwood-Greinerjev model povpreéne trenutne
temperature [16] in Ashby-Abulawi-Kongov model
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to-use models. However, most of these methods use quite
different physical, dynamic and geometric assumptions.
Furthermore, a number of interface properties affect the
generation of frictional heat in tribocontacts and these
are usually unknown—at least in all their details—due to
the difficulties in determining them exactly. For example,
the mechanical and thermal properties of materials are
gradually changing, especially when the interface is
tribochemically transformed. This also affects the
distribution of frictional heat because of the mismatch in
the properties of the surface and the bulk material.
Furthermore, extreme difficulties arise in determining the
size and shape of the real contact area (spot-to-spot
contacts) and the geometric and thermal properties of the
wear particles or any other third body within the contact.
A change in the coefficient of friction, which enters the
temperature calculation to the first power, and its
distribution over the contact area is another very important
parameter for the final result. All these unknowns affect
the temperature and vice-versa, and also influence each
other via a number of feedback loops.

As a consequence, a large discrepancy in
the results can be obtained for the same contact
situation. It has already been shown in many reviews
([2] to [S]) that the frictional heat calculations are
quite imperfect because they are typically not well
defined and the contact conditions vary greatly in
time and place. Although these are broadly accepted
and known facts, they are very often overlooked.

Ready-to-use models are a very useful
engineering tool and give at least an idea of the
possible contact temperatures. However, when these
models are used to define certain contact conditions
or various phenomena, for example phase
transformations, severe limitations must be
considered and care in the interpretation of the results
must be taken. Our results presented here and
elsewhere ([6] to [ 11]), which are consistent with the
more-sophisticated computational models [12] and
extensive interdisciplinary studies [13], show that
the temperatures obtained by these models are
usually underestimated and that some asperity
contacts can sustain much higher temperatures than
predicted, most probably because of the poorly
defined spot-to-spot conditions.

1 MODELS AND PARAMETERS

Ten theoretical models were selected for
the calculation of the temperature rise due to fric-
tional heat in the fretting contacts. These are
Archard’s average-flash-temperature model with and
without encountering the deformation critera [14],
Archard’s maximum-flash-temperature model [13],
Holm’s average- and maximum-flash-temperature
models [5], Tian-Kennedy’s average- and maximum-
flash-temperature models [15], Greenwood-Greiner’s
average-flash-temperature model [16] and Ashby-



Preglednica 1. Prednastavljeni in izmerjeni parametri iz fretinskih preskusov
Table 1. Preset and measured parameters from fretting wear experiments

Pogoji preskusa
Test condition

D5 D25 D50 L5 125 L50
okolje nemazano nemazano nemazano mazano mazano mazano
environment unlubricated unlubricated unlubricated  lubricated lubricated lubricated
amplituda pomika
displacement amplitude 5 25 50 5 25 50
um
frekvenca nihanja
frequency of oscillation 210 210 210 210 210 210
Hz
najvecja hitrost
maximum stroke velocity 0,0067 0,0336 0,0672 0,0067 0,0336 0,0672
m/s
pravokotna sila
normal force 88 88 88 88 88 88
N
koeficient trenja 0,68 1,18 1,2 0,58 0,85 0,7
coefficient of friction
polmer kontaktne povrSine
radius of contact area 0,175 0,375 0,475 0,140 0,225 0,165

mm

telesne in trenutne temperature [ 17]. Ve€ina podatkov
v tem prispevku je predstavljena kot srednja vrednost
izbranih modelov. SkrajSan povzetek osnovnih
znacilnosti modelov je predsatvljen v literaturi [6].

Vsi parametri, ki smo jih dobili na temelju
fretinskih testov ([6] in [10]) in smo jih lahko uporabili
pri izracunih, so predstavljeni v preglednici 1. Nekatere
od teh vrednosti so prednastavljene na samem
preskusevaliscu, nekatere pa so dolocene s preskusi.
Ker nas je zanimal predvsem najvecji mogoci dvig tem-
perature, smo v izracunih uporabili podatke, izmerjene
v trenutku najvecje vrednosti koeficienta trenja v danih
razmerah. Navidezno, nominalno kontaktno povrsino
v dolo¢enem trenutku smo dolocili tako, da smo preskus
v danem trenutku zaustavili ter izmerili premer obrabne
kotanje in iz nje dolocili kontaktno povr§ino. Vsak nov
preskus je bil izveden na »svezi« in neposkodovani
kontaktni povrsini.

Nekatere od parametrov, npr. dejanske
kontaktne povrSine, vrednosti materialnih konstant,
ki se spreminjajo s temperaturo, koeficient trenja v
vsaki tocki kontaktne povrSine ipd., potrebne za
izracun temperatur, je zelo tezko natan¢no dolociti,
tako da njihovih vrednosti ne moremo natancno
poznati in jih moramo predpostaviti. Zaradi tega smo
v izracunih uporabili splosnej$i nacin, s tem da smo
parametre spreminjali v dolo¢enem predpostavljenem
podrocju vrednosti. V tem prispevku smo izbrali dva
parametra in ju spreminjali, kakor prikazuje preglednica
2. Lastnosti materialov, ki smo jih vzeli iz literaturnih
virov [6] in [10] in smo jih uporabili pri izracunu, so
podani v preglednici 3.

Abulawi-Kong’s bulk- and flash-temperature mod-
els [17]. However, for the purposes of this study
almost all the data in this paper are presented as the
average value of the selected models. A short sum-
mary for the models used is presented in literature
[6].

All the parameters which could be taken
from the fretting experiments ([6] and [10]) and were
used in the calculations are presented in Table 1.
Some of these are preset as machine-controlled pa-
rameters, but some are experimentally obtained val-
ues. Since the maximum possible temperature rise
was of special interest, the highest coefficient of
friction measured in the experiments under certain
fretting conditions was selected for the calculations.
Nominal contact area at that specific time was de-
termined by stoping the experiment and measuring
the wear scar’s diameter. Each new experiment was
performed with new undamaged contacting sur-
faces.

Some of the parameters, for instance the
real contact area, the material constants as a
function of temperature, the coefficient of
friction distribution over the contact, etc.,
needed for the calculations are very difficult to
be determined exactly and thus it is difficult to
be certain of their true values. Accordingly, Table
2 presents two parameters that were selected for
variation in this study. The material properties
of the silicon-nitride ceramics and the steel were
taken from Refs. [6] and [10], and are presented
in Table 3.
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Preglednica 2. Spreminjanje vplivnih parametrov
Table 2. Variation of the influencing parameters

Koeficient trenja
Coefficient of friction

05 —» 1,6

20 °C 200 °C 400 °C 600 °C 800 °C
toplotna prevodnost
thermal conductivity SizNy 30,7 27 23 20 18
W/mK
100Cr6 58 52 42 36 33
Preglednica 3. Podatki o materialih, uporabljenih v izracunih
Table 3. Material data used for calculations
Gostota Specifi¢na Toplotna Trdota Modul elasti¢nosti
Densit?f toplota difuzivnost Hardness Young's modulus
kg/m Specific heat ~ Thermal diffusivity HV GPa
J/keK m’/s (x107)
Si3N4 3200 710 1,350 1700 3.1
DIN 100Cr6 7865 460 1,665 850 2.1
2REZULTATTIN OBRAVNAVA 2RESULTS AND DISCUSSION

2.1 Vpliv nominalne kontaktne povrsine in obrabne
odpornosti

Vecina triboloskih testov se izvaja z
uporabo kontaktne geometrije kroglice na ravni
ploskvi. Zaradi nastajajoce obrabe se, tako kakor
drugi parametri, tudi nominalna kontaktna povrsina
neprestano spreminja med preskusom. Pri tem se
pojavi vprasanje, katere pogoje, Se posebej pa
katero nominalno kontaktno povrsino, naj se pri
izraGunu uposteva. Ce vzamemo nominalno
povrsino na podlagi geometrijskih podatkov teles,
bo ta velikost veljala le kratek cas, dokler se ne
pojavi obraba. Kasneje postanejo vrednosti
povsem netoéne. Drug postopek pa je ta, da
uposStevamo vrednosti nominalne kontaktne
povrsine, koeficienta trenja, drsne hitrosti idr. v
nekem to¢no dolo¢enem casu, v katerem so bile te
vrednosti izmerjene. Ta nacin je bil uporabljen v
nasih izracunih.

Slika 1 prikazuje povprecno vrednost
trenutne temperature na podrocju celotne kontaktne
povrsine z uporabo osmih modelov in upostevanjem
parametrov iz preglednic 1 in 3. To pomeni, da
spreminjanje vplivnih parametrov ni bilo uporabljeno.
Archardov model z uporabo deformacijskega kriterija
[14], ter Ashbyjev model trenutne temperature [17],
nista bila upostevana v teh izracunih, ker uporabljata
druga¢no metodologijo za dolocitev kontaktne
povrsine in tako v tem primeru nista primerljiva s
preostalimi modeli. Trenutne temperature v nemazanih
razmerah (oznacene z D) so se gibale med 13°C in
66°C pri najmanjsi in najvecji amplitudi pomika. Vidi
se, da se temperature z ve¢anjem amplitude zvisujejo,
kar kaze na vpliv povecanja hitrosti. Ker so izraCunane
temperature razmeroma nizke, tudi ni pomembnejse
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2.1 Nominal contact area and wear-resistance
effect

Most tribological experiments are performed
using ball-on-flat testing geometry. It is clear that due
to wear, the nominal contact area is changing in such
experiments—as do the other conditions. This therefore
beggs the question, what are the conditions, especially
in the nominal contact area, that should be used in the
calculations? If we take the nominal area from the
geometric data of our contacting bodies, this will be
true only for an extremely limited time, where no wear
occurs in the contact. After that, the results of the
calculations will become unrealistic. Another possible
approach is to calculate the temperature by using the
measured nominal contact area, the normal force, the
coefficient of friction, the sliding speed, etc., for the
specific testing time at which these data were
determined. This was the method used for determining
the input parameters for our calculations.

Figure 1 shows the average value of the
flash temperature over the measured contact arca
according to eight selected models, using parameters
from Table 1 and 3, which means that no variation of
influencing factors was employed. Archard’s model
using deformation criteria [14] and Ashby’s flash-
temperature model [17] are not included in these re-
sults because they use a different method to calcu-
late the contact area. The flash temperatures in
unlubricated conditions (denoted as D) ranged be-
tween 13°C and 66°C for the lowest and highest dis-
placement amplitude, respectively. It can be seen that
the temperature increases with increasing amplitude,
which indicates the influence of the increasing slid-
ing speed. Since the temperatures were relatively low,
no significant difference between average and maxi-
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Sl. 1. Povprecna trenutna temperatura preko celotne nominalne kontaktne povrsine v nemazanih in
mazanih torno obrabnih razmerah.
(Znaki raztrosa pomenijo zgornjo in spodnjo izracunano vrednost z razlicnimi modeli)
Fig. 1. Average flash temperatures over nominal contact area in unlubricated and lubricated fretting.
(Scatter bars represent the upper and lower calculated values from different models)

razlike med povpre¢no in najvecjo trenutno
temperaturo, ki je dosegala le malo do nekaj deset
stopinj.

Ceprav se v nekaterih modelih zahtevajo
nemazane razmere drsenja, smo za primerjavo
izracunali tudi temperature v mazanih fretingkih
testih (oznaceni z L na sliki 1). Mazanje je bilo
izvedeno na naéin, da smo pred preskusom kapnili
na (kasnej$e) mesto kontakta malo olja, po stiku
med kroglico in plos¢ico pa v ta kontakt nismo ve¢
dovajali svezega olja. Ker se pri fretinski obrabi
zaradi majhnih pomikov kontaktna povrSina ne
odkriva, ostane olje v kontaktu ves Cas preskusa.
Poudariti je treba, da se nasi pogoji mazanja z “oljno
kapljo pred testom” povsem razlikujejo od pogojev
mazanja z neprekinjenim filmom maziva, za katere
veljajo omejitve v enacbah za izracun temperatur.
Se veg, jasno doloéena tribokemijska plast in drugi
kontaktni parametri, ki so bili dobljeni s Stevilnimi
analizami povrsin, kazejo na kombinacijo mejnega
in meSanega mazanja s Stevilnimi “suhimi” kontakti
[6]. Torej ne obstajajo razlogi, zaradi katerih bi
utemeljeno razlikovali med nastalo tribokemijsko
plastjo v nasih testih in katerokoli drugo
tribokemijsko plastjo v nemazanih razmerah, saj v
obeh primerih lastnosti novonastale kontaktne
povrsine niso znane in so drugacne od idealno
predpostavljenih v modelu.

Ena izmed pomembnih ugotovitev na
temelju teh rezultatov je, da so trenutne
temperature, izraCunane za mazane razmere, visje
kakor pri nemazanih (sl. 1), ¢eprav so koeficienti
trenja pri danih razmerah celo znatno nizji,
preglednica 1. Razlog za take rezultate je v manjsi
nominalni kontaktni povr§ini, izmerjeni v nasih
preskusih pri mazanih pogojih. To pomeni, da se
pridobljena toplota odvaja v telo prek manjse
povrsine, kar posledi¢no pomeni visjo kontaktno

mum flash temperatures was obtained; they varied
by a few, or a few tens, of degrees Centigrade.

Although some models demand unlubricated
contact conditions, for comparison reasons calculations
were also performed using parameters from lubricated
contacts (denoted as L in Figure 1). Lubrication took
the form of a single drop of oil at the contact position
before the start of the experiment: no additional oil was
supplied to the contact. Since the contact in fretting
remains closed during the experiment, the oil also
remained within the contact throughout the test. It must
be pointed out here that our “pre-test oil-drop”
lubricating conditions were far away from providing a
continuously lubricating oil film. Instead, a well-defined
tribolayer was formed in the contact and a combination
of mixed and boundary lubrication was obtained with
many “dry” contacts [6]. Therefore, it is not reasonable
to differentiate between our tribochemical layer and any
other tribochemical layer obtained under unlubricated
conditions because in both cases the interface has
unknown and different properties than the ideal
conditions assumed in the models.

One of the very important findings from these
results is that the flash temperatures calculated for the
same displacement amplitude are higher in the lubricated
than in the unlubricated conditions (Figure 1), although
the coefficients of friction were significantly lower, see
Table 1. The reason for such results is in the smaller
measured contact area in the lubricated than in the
unlubricated conditions obtained in our fretting
experiments. This means that the smaller contact through
which the heat is conducted under these conditions
resulted in a higher contact temperature. This effect
was more pronounced than the effect of a higher
coefficient of friction during the unlubricated conditions,
in contrast to what we would normally expect. This
indicates that the wear resistance of the tribological
system, which is a consequence of various parameters—
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temperaturo. V nasem primeru je imel ta pojav vecji
vpliv na izradunano temperaturo, kakor npr. ze
omenjeni koeficient trenja, na podlagi katerega bi
pricakovali prav nasprotni u¢inek, pri sicer enakih
drugih sistemskih delovnih parametrih. To kaze, da
obrabna odpornost triboloskega sistema, ki doloc¢a
velikost nominalne kontaktne povrSine in je
posledica Stevilnih parametrov, od katerih nekateri
sploh ne vplivajo na temperaturo, odloc¢ilno vpliva
na izracunano temperaturo - preprosto glede na
velikost obrabne kotanje.

1z Sirine raztrosa rezultatov na sliki 1 lahko
ugotovimo, da se rezultati, dobljeni na podlagi
razli¢nih modelov, pomembno razlikujejo, priblizno za
trikrat.

2.2 Vpliv dejanske kontaktne povrsine

Ceprav je splogno znano, da se normalna
sila v kontaktu prenasa le prek manjSega dela
nominalne povrSine, se pravi prek kontaktov
nekaterih vrSickov, se nominalna povrsina pogosto
uporablja za dolocitev kontaktnih temperatur. Nekateri
modeli vkljuéujejo popravke z uporabo
deformacijskega kriterija, npr. Archardov model [14]
in Ashbyjev model trenutne temperature [17]. Vendar
pa obstaja kar nekaj nac¢inov/modelov za dolocitev
dejanske kontaktne povrsine in razlike med njimi so
precejSnje, predvsem zaradi Stevilnih novih
predpostavk, ki imajo neposreden in velik vpliv na
kon¢ni rezultat.

V nasem prispevku smo uporabili splosno
priznan kriterij trdote materiala za dolocitev dejanske
kontaktne povrsine, po katerem je le-ta enaka kvocientu
normalne sile s trdoto mehkejSega materiala. Razmerja
med tako izraCunanimi in izmerjenimi nominalnimi
povrSinami pri danih nemazanih razmerah so bila 1,5%,
2,4% in 10,9% pri amplitudah pomika 50 pm, 25 umin 5
pm. Te vrednosti za dejanske kontaktne povrSine smo
nato uporabili pri izraGunu kontaktnih temperatur v
modelih, ki omogocajo neposredni vnos velikosti
kontaktne povrsine v enacbe. Modeli najvecje trenutne
kontaktne temperature niso bili zajeti v tem izracunu,
ker niso neposredno primerljivi s pogosto
uporabljenima modeloma, ki dolo¢ata dejansko
kontaktno povrsino na drugacen, lasten nacin ([14] in
(17D

Slika 2 prikazuje rezultate, izracunane z
uporabo modelov srednje trenutne temperature.
Razvidno je, da se temperatura znatno spreminja glede
na uporabljeno amplitudo pomika in znasa 45 °C,
384 °C in 768 °C pri amplitudah pomika 5 pm, 25 pmin
50 um. Razlog za take rezultate je delno v povecani
relativni drsni hitrosti, delno pa zaradi manjSanja
dejanske kontaktne povrSine z veCanjem amplitude.
Najvecje absolutne razlike v izracunanih temperaturah
med posameznimi modeli, prikazane z znakom raztrosa
na sliki 2, so 577 °C, 294 °C in 37 °C pri amplitudah
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many of them which have no impact on the
temperature—significantly affects the calculated
temperature simply as a result of the extent of the wear
scar. Furthermore, since no “equation” can distinguish
between the different real contact conditions the
theoretical calculations with so few influencing interface
parameters (mostly mechanical, i.e. speed, coefficient of
friction, contact area) cannot give reliable results because
the various surface and chemical effects cannot be pre-
supposed. This is especially true when the maximum
contact-temperature rise is of interest and the contact
interface is tribochemically transformed.

From the scatter marks in Figure 1 we can
see that the results according to different models
vary significantly: by about a factor of three.

2.2 Effect of the real contact area

Although the nominal contact area is often
used for determining the contact-temperature rise due
to friction, it is well known that the applied load is
carried only over a small part of the contact, i.e. over
a few asperity contacts. Some of the models include
corrections to take into account the real contact area
by employing a level of deformation; for example the
frequently-used Archard’s model [14] or Ashby’s
flash-temperature model [ 17]. However, there are sev-
eral different ways to determine the real contact arca
and the values can vary quite significantly, mainly
due to a lot of necessary assumptions that have a
large and direct influence on the result.

In our paper we have used broadly accepted
criteria for the real-contact-area determination, i.e. by
dividing the normal force by the hardness of the softer
material. The ratia between the real and (measured)
nominal contact areas for unlubricated conditions
were calculated to be 1.5 %, 2.4 % and 10.9 % at 50-
pm, 25-pum and 5-um displacement amplitudes,
respectively. These values were then used to calculate
the average flash temperature according to models
that allow the direct input of the contact area into the
equations. The maximum-flash-temperature models
were not included in the final calculations because
they cannot be directly compared to models that
determine the real contact area with their own
technique, like Archard’s [14] or Ashby’s flash-
temperature models [17].

Figure 2 shows the results obtained from the
average-flash-temperature models. It can be seen that
the temperatures vary significantly for the different dis-
placement amplitudes used, i.e. 45 °C, 384 °C and 768 °C
at 5-pm, 25-pum and 50-um displacement amplitudes, re-
spectively. This is partially the effect of the increased
relative velocity, and partially due to decreasing of the
real contact area with increasing amplitude. The maxi-
mum absolute differences in temperature calculated by
various models were 577 °C, 294 °C and 37 °C at 50-pum,
25-pm and 5-pm displacement amplitudes, respectively.
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Sl. 2. Povprecna trenutna temperatura v nemazanih razmerah z uporabo modelov, ki na tri razlicne nacine
dolocajo velikost dejanske kontaktne povrsine.
(Znaki raztrosa pomenijo zgornjo in spodnjo izracunano vrednost z razlicnimi modeli)
Fig. 2. Average flash temperatures under unlubricated conditions using models with three different ways of
determining the real contact area. (Scatter bars represent the upper and lower calculated values with
different models)

pomika 50 pm, 25 pm in 5 um. To pomeni razlike med
posameznimi modeli za priblizno faktor 2,5. Primerjava
z Ashbyjevim in Archardovim modelom trenutnih
temperatur, ki dolocita vsak na svoj, drugacen nacin
kakor pri drugih modelih tudi dejansko kontaktno
povrsino, pokaze, da se zaradi znatno vecjih povrsin
temperatura zvisuje znatno manj (sl. 2). Vrednosti
dejanskih kontaktnih povrsin pri teh dveh modelih so
4 do 5-krat visje kakor pri preostalih in znasajo 6,2%,
9,8% in 27,5% pri Ashbyjevem modelu ter 8%, 12,2%
in 56,1% pri Archardovem modelu pri amplitudah
pomika 50 um, 25 pm in 5 pm. Prav to je morda tudi
razlog, zakaj so temperature pri fretinski obrabi, dobljene
s tema dvema modeloma, obicajno nizje kakor kazejo
velikokrat dobljene fazne premene materialov ([6], [10],
[11],113],[18] do[20]). Vendar pa, podobno kakor pri
raztrosu rezultatov med posameznimi modeli povprecne
trenutne temperature, se temperature, izraunane po
Ashbyjevem in Archardovem modelu tudi razhajajo
priblizno za 2,5 krat.

2.3 Vpliv lastnosti materialov

Znano je, da se vecina materialnih lastnosti,
npr. mehanske, kemijske, elektri¢ne, pa tudi toplotne,
spreminjajo v odvisnosti od temperature. Nekatere
med temi pomembno, npr. toplotna prevodnost, za
katero je temperaturna odvisnost materialov iz nase
raziskave do 800 °C predstavljena v preglednici 2.
Torej, z namenom pokazati, kako vplivne so te
spremembe, smo v izracunih temperatur izvedli
spreminjanje toplotne prevodnosti.

Po rezultatih iz prejSnjega poglavja smo
ponovno izracunali trenutne kontaktne temperature,
pri ¢emer smo uporabili vrednost spremenjene
toplotne prevodnosti, ustezne za temperaturo,
dobljeno v prejs$njem koraku, tj. pri 45 °C, 384 °C in
768 °C pri amplitudah pomika 5 pm, 25 pmand 50 pm.

This equals a variation of about a factor of 2.5. A com-
parison with Ashby’s (flash) and Archard’s (elastic con-
tact) flash-temperature models, which calculate the real
contact in a different (their own) manner than all the
other models in this work shows that due to the consid-
erably higher contact areas, the temperatures are much
lower, Figure 2. That is to say, the values of the real
contact areas in these two models are 4-to-5 times higher
than in others. They are 6.2 %, 9.8 % and 27.5 % in
Ashby’s model and 8 %, 12.2 % and 56.1 % in Archard’s
model at 50-pm, 25-pum and 5-pm displacement ampli-
tudes, respectively. This could explain why in fretting
the temperatures obtained with these two models are
commonly lower than the many-times-observed phase
transformations suggest ([6], [10], [11], [13], [18] to
[20]). However, in a similar way to the scatter in the
average value of the various models used in this study,
at higher amplitudes the difference in the flash tempera-
ture calculated according to Archard’s and Ashby’s
models is also of about a factor of 2.5.

2.3 Effect of material properties

It is well known that most of the material
properties, i.e. mechanical, chemical, electrical, etc.,
as well as the thermal properties change with the
temperature—some of them quite significantly, the
thermal conductivity, for example, for which the tem-
perature dependence of the materials used in this
research up to 800°C is presented in Table 2. There-
fore, for the purposes of showing how important these
influencing parameters can be, the variation of the
thermal conductivity in the temperature calculation
was performed.

Based on the results from the previous sec-
tion, new average flash temperatures were calculated,
using the values of thermal conductivity at the previ-
ously calculated temperatures, i.e. 45 °C, 384 °C and
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Sl. 3. Povprecne trenutne temperature v nemazanih razmerah, izracunane s toplotno prevodnostjo v
odvisnosti od temperature ter pri 20 °C.
(Znaki raztrosa pomenijo zgornjo in spodnjo izracunano vrednost z razlicnimi modeli)
Fig. 3. Average flash temperatures under unlubricated conditions calculated with thermal conductivity as
a function of temperature and at 20°C.
(Scatter bars represent the upper and lower calculated values with different models)

Slika 3 primerjalno prikazuje rezultate izracunov
temperatur, dobljenih z uporabo toplotne prevodnosti
materialov pri 20 °C ter z vrednostmi pri ze prej
izra¢unanih temperaturah. Vidimo, da z uporabo bol;
dejanskih vrednosti za toplotno prevodnost,
izraCunamo $e visje kontaktne temperature. Povprecna
vrednost iz modelov srednje trenutne kontaktne tem-
perature znasa 46 °C, 503 °C in 1185 °C pri amplitudah
pomika 5 pm, 25 um in 50 pm. Ustrezno (povprecno)
relativno povecanje temperatur je 2%, 32% in 55%.
Poudariti je treba, da je pri nekaterih modelih seveda
povecanje Se znatno vecje. V absolutnih vrednostih
temperatur to pomeni, da z uporabo modela iz te Studije,
ki daje najniZjo temperaturo in ne uposteva
temperaturne odvisnosti toplotne prevodnosti, ali z
uporabo modela, ki daje najvisjo temperaturo in
uposteva temperaturno odvisnost toplotne
prevodnosti, dobimo pri pogoju D50 razliko za 1300 °C,
Ceprav so vsi drugi pogoji enaki. To pa kaZe na izjemno
pomembnost, katere vrednosti materialnih lastnosti
upostevamo v predpostavkah in kako razli¢ni so lahko
dobljeni rezultati in sklepi o kontaktnih razmerah, samo
z uporabo drugacnega modela.

2.4 Vpliv koeficienta trenja

Ko se koeficient trenja uposSteva pri
izraCunih, se obicajno vzame povprecna vrednost,
ki velja za celoten kontakt. Vendar sta v razmerah
mesanega ali mejnega mazanja koeficient trenja in
s tem nastala toplota in temperatura na nekaterih
vrsic¢kih znatno visja od povpreéne vrednosti. V
skladu s to predpostavko smo trenutne tempera-
ture izracunali Se z upoStevanjem koeficienta
trenja, ki smo ga zgolj za ponazoritev u¢inka ocenili
30% visje kakor je bil povpre¢ni izmerjeni v
preskusih. Rezultati za ta primer so prikazani na
sliki 4.

768 °C at 5-um, 25-pum and 50-pm displacement ampli-
tudes, respectively. Figure 3 shows the results of
both sets of calculations, i.e. the temperatures ob-
tained by using the material’s thermal conductivity
at these previously calculated temperatures, and at
20°C. We can see that the temperatures are even
higher when a more realistic value for the thermal
conductivity is used. The mean values of the aver-
age flash temperatures according to the selected
models are 46 °C, 503 °C and 1185 °C for 5-pm, 25-pm
and 50-pm displacement amplitudes, respectively. The
corresponding relative increases in temperature,
which increase with temperature, are 2 %, 32 % and
55 % (average value). However, according to some
models the difference is even higher than this. In
absolute values this means that when using the mod-
els that give the highest and lowest temperatures the
difference in temperature at condition D50 is as high
as 1300°C for otherwise identical contact parameters.
This indicates how important the material properties
are and also how different the conclusions can be for
the same contact conditions, simply by selecting dif-
ferent models.

2.4 Effect of the coefficient of friction

When the coefficient of friction is used in
the calculations, it is the average value over the whole
contact that is usually used. However, in mixed or
boundary-lubricated conditions, the coefficient of
friction, the heat generated and the temperature in
some spot-to-spot contacts can be much higher than
the average value. Following this idea, average flash
temperatures were calculated based on a speculation
regarding the possible coefficients of friction in our
experiments. As an example, an up-to-30%-higher co-
efficient of friction compared to the measured value
over the whole contact area is plotted in Figure 4.
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Sl. 4. Povprecne trenutne temperature v odvisnosti od koeficienta trenja na dotikalnih vrsickih
Fig. 4. Average flash temperatures as a function of coefficient of the friction at asperity contacts

Krivulje prikazujejo temperature, dobljene
na podlagi srednjih vrednosti s slike 3 (z
upoStevanjem temperaturne odvisnosti toplotne
prevodnosti), ki so bile najprej normalizirane z
izmerjenimi vrednostmi koeficienta trenja
(preglednica 1), nato pa preracunane za doloceno
obmodje koeficienta trenja. Temperaturna razlika med
izmerjenimi povpre¢nimi vrednostmi koeficienta
trenja in preracunanega po tej metodi znasajo pri
pogoju D25 priblizno 180 °C, pri pogoju D50 pa
priblizno 400°C. Pri pogoju DS so razlike znatno
manjse zaradi nizjih temperatur, pa tudi zaradi nizjega
koeficienta trenja. Ponovno je treba poudariti, da so
razlike pri nekaterih modelih Se vecje. Nekateri izmed
prikazanih rezultatov so seveda nestvarni, saj bi se
pri tako visokih temperaturah jeklo lokalno Zze stalilo,
kar torej lahko pomeni tudi zgornjo mejo moznih
kontaktnih temperatur. V nasSih analizah s
spektroskopijo z Augerjevimi elektroni in
transmisijsko mikroskopijo smo dejansko dobili plast
debeline 200 do 300 nm, ki ustreza talini ([6] in [21]).
Poleg tega so tudi loCene Studije kemijske
reaktivnosti med jeklom in keramiko pokazale, da so
za nastale reakcije med triboloskim procesom
potrebne temperature prek 1000°C ([22] in [23]).

Iz nasih rezultatov izhaja, da bi z uporabo
modelov, ki dajejo najvisje ali najnizje temperature
in/ali z uporabo zelo razli¢nih predpostavk,
uporabljenih v teh modelih, dobili razlike v
temperaturah tudi prek 1800 stopinj. Se ve¢, z uporabo
izkljuéno modelov najvecje trenutne temperature bi
bile te razlike $e bolj izrazite. Vseeno pa je treba
taljenje jekla vzeti za zgornjo mozno mejo kontaktnih
temperatur.

3 SKLEP

Iz predstavljenih izracunov lahko
povzamemo, da parametri, ki smo jih spreminjali v tej
raziskavi, tj. toplotna prevodnost v odvisnosti od
temperature in koeficient trenja glede na polozaj v
kontaktu, znatno vplivata na izraCunane trenutne

The curves represent the temperatures ob-
tained according to the mean values from Figure 3 (with
the new thermal conductivity k(T)) that were first
normalised by the measured overall coefficient of fric-
tion (Table 1) and afterwards recalculated for the se-
lected range of the coefficient of friction. Between the
measured and the highest value of the coefficient of
friction presented here, the temperature difference is
about 180°C at condition D25 and about 400°C at condi-
tion D50. At condition DO5 the difference is less signifi-
cant because of the lower temperature and also because
of the lower coefficient of friction. It must be stressed
that with some models even higher values can be ob-
tained. Some of these results are, of course, unrealistic,
because the general contact conditions would change
at such temperatures and melting of the steel would
occur, which is therefore the upper limit of the possible
temperature. In fact, based on our AES and TEM re-
sults, a 200 to 300 nm thick interface layer was found,
which indeed corresponded to the melt ([6] and [21]). In
addition, separate studies on the chemical reactivity
between steel and ceramics also showed that tempera-
tures above 1000°C are necessary for the observed re-
actions during tribological processes ([22] and [23]).

Again, it must be pointed out that when the
models that give extreme temperatures and/or ex-
tremely different conditions are encountered, the cal-
culated average flash temperatures can differ by more
than 1800 degrees Centigrade. Furthermore, if the maxi-
mum-flash-temperature models were used, the differ-
ences would be even higher because these effects
are much more pronounced at higher temperatures.
However, the melting point of the steel can be used
as the upper limit for the validity of such an analysis.

3 CONCLUSION

Based on our results we can conclude that
the parameters varied in this research, i.e. the thermal
conductivity and the coefficient of friction, signifi-
cantly affect the calculated flash temperatures. The
same conclusion can be drawn for another unknown
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temperature. Enak sklep velja tudi za izjemno
pomemben vhodni parameter, ki je tudi neznan in ga je
treba pri izracunu predpostaviti, to je dejanska
kontaktna povrsina. Prav tako pomemben za izracun
trenutnih temperatur pa je tudi teoreti¢ni model. 1z
nasih rezultatov je razvidno, da so razhajanja med
posameznimi modeli pri enakih vhodnih podatkih za
vec sto stopinj. V konkretnem primeru smo dobili s
kombinacijo uporabljenega modela in vhodnih
parametrov razlike tudi do 1800 stopinj, ceprav je Slo
za dejansko enake kontaktne razmere. Tako velike
razlike med posami¢nimi modeli in dopustna ohlapnost
pri izbiri vhodnih parametrov torej kazejo, da je treba
upostevati Stevilne omejitve in biti dovolj kritiCen pri
uporabi in upostevanju dobljenih vrednosti trenutnih

but necessarily assumed input parameter for any
calculation, the real contact area. Another extremely
important factor for the obtained results is the se-
lection of the theoretical model. From our calcula-
tions it can be seen that the differences between
various models can be as high as several hundreds
of degrees for the same contact conditions and in-
put parameters. By employing different theoretical
models and input parameters, the calculated tem-
perature in our work could vary by as much as 1800
degrees Centigrade. Such large differences between
different models and such loosely defined input
parameters imply that severe limitations in accu-
racy must be considered and care in the interpreta-
tion of the results must be taken when ready-to-use

kontaktnih temperatur z izbranimi enacbami in modeli. models are used.
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Primerjava triboloskih lastnosti mineralnih

in repicnih mazalnih olj - Osnove, nacini
preskusanja ter izbira preskusnih olj (1. del)

Tribological Properties of Rapeseed Oils Compared to Mineral
Oils - Basics, Test Methods and Test Oil Selection (part 1)

Joze Vizintin - AlesS Arnsek

V raziskavi smo predstavili naprave in metode, ki smo jih uporabili za dolocitev mehanskih in
fizikalno-kemijskih lasnosti olj na osnovi oljne repice (oljne ogricice). Naprave in metode so bile primerjalno
uporabljene tudi za izbrano olje na mineralni osnovi. Mehanske lastnosti smo preskusali na visokofrekvencni
napravi za merjenje trenja in obrabe (SRV) in preskusevaliscu FZG. Opisali smo tudi postopek izbire in
lasnosti preskusnih mazalnih olj.

Rezultat so izbrana olja na osnovi oljne repice, ki imajo primerljive viskoznosti pri zacetni delovni
temperaturi preskusov z olji na mineralni osnovi. Izbrana repicna olja se sicer razlikujejo po gradaciji ISO s
primerjanim mineralnim oljem.
©2001 Strojniski vestnik. Vse pravice pridrzane.

(Kljuc¢ne besede: olja repi¢na, SRV, FZG)

In the study, the test equipment and the methods for determination of the mechanical, physical and
chemical properties of rapeseed-based oils are introduced. The same equipment and methods were already
used for testing the selected mineral-based oil. The mechanical properties were performed on a high-fre-
quency test device for friction and wear measurement (SRV) and FZG test rig. The oil selection procedure and

the properties of tested oils are also described.

The results are selected rapeseed oils with the same viscosity at a starting working temperature
as a corresponding mineral-based oil of a higher 1SO grade.
©2001 Journal of Mechanical Engineering. All rights reserved.
(Keywords: rapeseed oil, lubrication properties, SRV, FZG)

0UVOD

V zadnjih letih je uporaba biolosko
razgradljivih maziv v za$¢itenih podro¢jih dosegla
precejsen razmah. Onesnazevanje tal in vodnih virov
z mineralnimi mazivi, bodisi zaradi ¢loveske
malomarnosti, neustreznih konstrukcijskih resitev ali
nepric¢akovanih razlitij je postal pere¢ problem v
razvitih, e bolj pa nerazvitih podrocjih sveta.

Dandanes so vprasanja strupenosti in
bioloske razgradljivosti vse pomembnejsa tudi v
proizvodnji maziv. Mineralna maziva so tezko
razgradljiva in strupena , onesnazevanje tal in vodnih
virov z mazivi pa povzroc¢a resne ekoloske probleme.
Najbolj okolju neprijazna maziva so: maziva za
dvotaktne motorje, verige gozdarskih zag in vsa
druga maziva, ki se po uporabi nenadzorovano
odlozijo v naravno okolje. Ekolosko problemati¢na
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pa so tudi hidravli¢na in reduktorska olja za gradbeno,
kmetijsko, zivilsko, gozdarsko in rudarsko
mehanizacijo, ker ze najman;jsi izpust mineralnega olja
v okolje povzro¢i nepopravljivo skodo.

Od celotne koli¢ine prodanih maziv v Sloveniji
(ocena je do 20.000 ton), jih kot izrabljeno mazivo
zberemo le 10 odstotkov. Dejstvo je, da lahko en liter
razlitega motornega olja onesnazi milijon litrov pitne
vode. En liter motornega olja pa naredi madez velikosti
enega hektarja na mirujo¢i vodni povrsini [1].

Hitro razgradljive in nestrupene kapljevine
so rastlinska olja. Rastlinska olja so v primerjavi z
mineralnimi olji dobro biolosko razgradljiva,
nestrupena in pridobljena iz obnovljive surovine. Vsa
rastlinska olja niso primerna za uporabo kot
(industrijska) maziva. Imeti morajo dolocene triboloske
lasnosti, kakor so: dobra mazalnost, visoko vrelis¢e
in plamenisce, protikorozijska zascita, dobre triboloske



J. Vizintin - A. Arnsek: Primenrjava triboloskin lastnosti - Tribological Properties Compared

lastnosti pri nizkih temperaturah (pod 0°C) ter
zadovoljiva oksidacijska in hidroliti¢na stabilnost. Te
lastnosti ima olje iz oljne repice (oljne ogrscice ali
repicno olje). Poleg tega je proizvodnja repi¢nega olja
gospodarno sprejemljiva.

Iz literature ([1] do [23]) je razvidno, da je
najveé raziskav triboloskih lastnosti s podroé¢ja
biolosko razgradljivih repi¢nih olj v svetu usmerjenih
v iskanje nacina preprecevanja hitre oksidacije in
hidrolize. Ze samo dejstvo, da imajo ta olja dobre
mazalne lastnosti zaradi sestave osnovnega olja in s
tem povezane fizikalne oz. kemijske adsorpcije
mascobnih kislin na kovinsko povrsino, je bil razlog
za naso raziskavo.

V pricujo¢em prispevku bomo prikazali
mehansko-dinami¢ne lastnosti treh, na trgu
dosegljivih reduktorskih olj na osnovi oljne repice, s
poudarkom na zajedanju, jamicenju in normalni
abrazivni obrabi. Med preskusanjem smo spremljali
spremembe fizikano-kemijskih lastnosti olj in proces
oksidacije. Tako dobljene rezultate smo primerjali z
rezultati reduktorskega olja na mineralni osnovi.

1 SPLOSNO O PRESKUSANJU

Vse naprave, standardi in postopki, ki jih
imamo na voljo, so izdelani za preskusanje mazalnih
lastnosti olj na mineralni osnovi. Vendar jih raziskovalci
uporabljamo za preskusanje obeh vrst olj. Razlog je v
tem, da mora vsako mazalno olje ustrezati enakim
merilom ne glede na vir. V nadaljevanju bomo s
primerjanjem izmerjenih rezultatov poskusali prikazati,
v kolik$ni meri so izmerjeni rezultati zanesljivi, ¢e
uporabimo sedanje preskusne moznosti tudi za olja,
izdelana iz oljne repice.

Za ugotavljanje mehansko-dinami¢nih
mazalnih lastnosti olj merimo koeficient trenja pri
razli¢nih tlakih, preprecevanje obrabe pri majhnih
drsnih hitrostih in visokih tlakih ter delez
preprecevanja zajedanja in jamicenja. Med uporabo
se spreminjajo tudi fizikalno-kemijske lastnosti olj,
predvsem viskoznost in relativni delez kislih spojin -
numeric¢na vrednost nevtralizacijskega stevila. Poleg
teh dveh parametrov ugotavljamo z metodo infra
rdeCe spektroskopije $e izrabo aditivov, oksidacijo
maziva in spremembo sestave maziva ([24] do [26]).

Strizna napetost v kontaktu, ki je posledica
trenja, povzroc¢a z izmeni¢nim delovanjem utrujanje
povrsine in s tem mikro in makro jamicenje. Trenje v
triboloskem kontaktu se v celoti spreminja v torno
toploto. Olje nastalo toploto delno odvede v okolico,
ostanek toplote pa segreva olje in druge elemente v
kontaktu. PoviSana temperatura olja povzroci
spremembo mazalnih lastnosti in nosilnost
mazalnega olja. Obe spremembi se kazeta v
povecanem Stevilu prekinitve oljne plasti, ki se v
triboloskem kontaktu kaze v povecani obrabi in
zajedanju ([23], [25] in [27]).

Zajedanje in jamicenje sta tipi¢ni poskodbi
zobnih bokov in kotalnih povrsin v lezajih. Pri velikih
hitrostih ali visokih tlakih oziroma pri kombinaciji obeh
obi¢ajno pride do zajedanja. Prvenstvena naloga
maziva je, da prepreci zajedanje med drsnima
povrsinama z vzpostavitvijo dovolj debele mazalne
plasti ali pa z vzpostavitvijo nizko striznih plasti
reakcijskih ostankov aditivov AW (protiobrabni) in
EP (za visoke tlake) .

Jamicenje je posledica utrujanja materiala v
kotalno-drsnih kontaktih. Ponavljajoca se povrSinska
napetost povzro¢i razpoke na povrsini ali v materialu,
ki se nato $irijo po nacelu mehanike loma do nastanka
poskodbe - jamice. Lasnosti olja, ki vplivajo na proces
jamicenja, so: viskoznost, delovna temperatura in vrsta
osnovnega olja, medtem ko imata vrsta in koli¢ina
aditiva majhen vpliv na utrujanje ([27] in [28]).

Normalna drsna obraba se pojavi pri majhnih
hitrostih in visokih tlakih. Prvi pogoj za obicajno
obrabo je torej mejno podrocje mazanja [27]. V primeru
majhnih hitrostih je stopnja obrabe odvisna predvsem
od obremenitve. Pri prepreevanju obicajne drsne
obrabe ima mazivo odlocilno vlogo [29].

Mazalna olja na osnovi oljne repice imajo
dobre mazalne lastnosti in zato preprecujejo nastanek
zajedanja, jami¢enja in obrabe povrsin v triboloskem
kontaktu. Zal pa so zaradi svoje kemi¢ne sestave
(trigliceridi) zelo nagnjena k oksidaciji. Oksidacija in
samo-oksidacija povzrocata cepljenje dolge aciklicne
verige in razpad organskih kislin.

Posledica oksidacije je nastajanje agresivnih
kislih ostankov, ti vplivajo na poskodbe elastomerov,
in polimerizacijske reakcije, ki zvecujejo viskoznost
repi¢nega olja in pospesujejo korozijo strojnih delov
v dotiku.

Na postopek oksidacije imata najvecji vpliv
temperatura in navzocnost kovin - katalizatorjev (npr.
baker). Z visanjem temperature se oksidacijska
stabilnost olja zmanjsa, s tem pa tudi uporabnost olja
zaradi povecane viskoznosti in kislosti. Posledice so
zmanjSanje mazalnih lastnosti in povecana korozija
kovinskih delov. ‘Kisanje olja’ spremljamo z
nevtralizacijskim $tevilom, polimerizacijo pa z
merjenjem viskoznosti ([26] in [30]).

2 OPISNAPRAV IN POSTOPKOV ZA
PRESKUSANJE MEHANSKO-DINAMICNIH
LASTNOSTIOLJ

2.1 Visokofrekven¢na naprava za merjenje trenja
in obrabe (SRV)

Preskusevalis¢e SRV uporabljamo za
dolo¢evanje koeficienta trenja in obrabe pri
izmeni¢nem gibanju z visoko frekvenco in majhno
amplitudo, v razmerah mejnega mazanja [31].

Jeklena kroglica pod obremenitvijo
izmeni¢no drsi po jekleni plosc€ici (slika 1). Zgornji in
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Sl. 1. Modelni sistem kroglica - plosc¢ica

spodnji preskusanec sta izdelana iz jekla 100Cr6, s
srednjim odstopkom povrsinske hrapavosti Ra= 0,05
mm. Preskusanje je standardizirano po DIN 51 834.

Standard naértuje merjenje koeficienta trenja
pri frekvenci 50 Hz, drsni poti 1000 um (drsna hitrost
0,1 m/s) in telesni temperaturi 80°C in obi¢ajnem tlaku
v dotiku 3,17 GPa. Predpisan Cas trajanja preskusa je
120 min. Pred preskuSanjem in po njem smo
preskusance ocistili z zdravniskim bencinom v
ultrazvocni kopeli. Med preskusi se koeficient trenja
neposredno zapisuje, obrabo smo doloc¢ali posredno,
z merjenjem velikosti obrabnih kotanj na spodnjem
preskusancu. Vsak preskus smo trikrat ponovili.

V pricujoci raziskavi smo koeficiente trenja
dolocali pri tlakih, 1 GPa,2 GPa, 2,5 GPain 3,17 GPa.
Z izbranimi tlaki smo se priblizali dejanskim razmeram
pri zobnikih, pri katerih so tlaki v obmoc¢ju~1 GPa.

2.2 PreskusevaliSée FZG

Za preskusanje odpornosti olj na zajedanje,
jamicenje in normalno drsno obrabo uporabljamo
standardno preskusevalis¢e FZG. Slika 2 prikazuje
shematicni prikaz preskusevalis¢a FZG, ki je standardizirano
poDIN 51 354[32]inISO CD 14635-1[33].

Preskusevalisée FZG je sestavljeno iz dveh
predlezij, od katerih je eno preskusno, drugo pa
prenosno. Gredi s posebno napravo zasuc¢emo v
nasprotno smer in ustvarimo na zobnih bokih
potrebno obodno silo. Mo¢ krozi po gredeh med
obema predlezjima, preskusevaliséu pa dovajamo
toliko dela, da pokrijemo energijske izgube v
predlezjih. Koli¢ina preskusnega olja v sistemu je bila
priblizno 1,7 litra. Med preskusom smo obremenitev
povecevali stopenjsko. Predpisane obremenitve na
zobnih bokih in Hertzovi tlaki v kinematski tocki za
posamezno stopnjo so podani v literaturi [32].

stran 142

Pred preskusom in po njem smo preskusne
zobnike in celotno preskusno gonilo temeljito o€istili
z zdravniskim bencinom.

Za preskusanje uporabljamo zobniski dvojici
tipa ‘A’ in tipa ‘C’. Zobniska dvojica tipa 4, ki jo
uporabljamo za preskusanje deleza zajedanja, je
izdelana iz povrsinsko naogljiCenega jekla
DIN 20MnCr5. Globina oglji¢enja zobnih bokov je
0,6 do 0,8 mm, trdota 60 do 62 HRc, povprecna
izmerjena srednja vrednost hrapavosti (Ra) na bo¢nici
zob je za zobnik 0,16 um in za pastorek 0,24 pm.

Zobniska dvojica tipa C, ki jo uporabljamo
za preskusanje deleza jamicenja in normalne obrabe,
je izdelana iz povrSinsko naogljicenega jekla
DIN 16MnCr5. Globina oglji¢enja zobnih bokov je
0,8 do 1,0 mm, trdota pa 60 do 62 HRc. Povpre¢na
izmerjena srednja vrednost hrapavosti (Ra) na bo¢nici
je za zobnik 0,12 mm in za pastorek 0,16 mm. Glavne
geometrijske znacilnosti za oba tipa zobnikov so
zbrane v literaturi ([32] do [34]).

Razlika med zobnisko dvojico tipa A in
tipa C je v razli¢ni dejanski Sirini zob in priblizno za
35 odstotkov visji relativni drsni hitrosti, ki jo dosega
zobniSka dvojica tipa A.

2.2.1 Postopek dolocevanja stopnje zajedanja

Zmoznost mazalnih olj za preprecevanje
zajedanja smo dolocili po standardu DIN 51 354.
Zmoznost olja je podana s stopnjo obremenitve, pri
kateri se pojavi kriticna poskodba zobnih bokov [32].

2.2.2 Postopek dolo¢evanja odpornosti na jamicenje
Preskus ni standardiziran, vendar se

splosno uporablja za dolo¢evanje zmoznosti maziv
pri preprecevanju jamicenja. Podrobno je opisan



preskusni zobnik 1
preskusni zobnik 2
prenosno gonilo
obremenitvena sklopka
zati¢ za blokado sklopke
roCica za obremenjevanje

AN B W=

7 sklopka za merjenje vrtilnega momenta
8 temperaturno zaznavalo
9 preskusno gonilo

10 torzijska gred 1
11 torzijska gred 2
12 elektromotor

Sl. 2. Shematicni prikaz preskusevalisca FZG

v literaturi [35]. Za ta preskus uporabljamo
zobnisko dvojico tipa C. Mazanje zobniske
dvojice med preskusom je postopno. Med
preskusom s hlajenjem vzdrzujemo stalno
temperaturo olja 90°C.

2.2.3 Postopek preskuSanja zmozZnosti
preprecevanja obicajne drsne obrabe

V traktorskih pogonskih sistemih prihaja
zaradi velikih obremenitev pri majhnih drsnih hitrostih
do povecanih kontaktnih temperatur. Na nekaterih
geografskih podrocjih je v olju tudi veéja koli¢ina
vode. Zato se na stozcastih zobnikih v prenosniku
obicajno pojavi zajedanje, na zobnikih planetnega
gonila pa obicajna drsna obraba.

Za preskus obicajne obrabe uporabljamo
dve metodi. Standardizirano metodo po
ASTM D 4998 in metodo, ki sta jo predlagala
B.M. O’Connor in H. Winter [37]. Po metodi ASTM
(SO - stopnja obremenitve 10; v=0,57 m/s, 7,=121 °C,
=20 h) se uporablja zobniska dvojica tipa A, po
metodi, ki sta jo predlagala omenjena avtorja, pa
uporabljamo zobnisko dvojico tipa C[12]. Preskusni
pogoji za preskus FZG obic¢ajne drsne obrabe so
zbrani v preglednici 1 in so usklajeni z izdelovalci
traktorske opreme (OEM).

Posebej problematicna je voda v repi¢nih
oljih ([37], [38] in [14]). Zato je za preskus teh olj
uporabna metoda B (preglednica 1).

Po metodi A in B je preskus sestavljen iz
dveh stopenj. Po vsaki stopnji se preskusni zobniki
pregledajo in stehtajo. S tehtanjem dolo¢imo obrabo
zobnih bokov obeh preskusnih zobnikov v mg nato
pa na podlagi prenesenega dela izracunamo Se
specificno obrabo v mg/kWh.

2.3 Opis naprav in postopkov za merjenja fizikalno-
kemijskih lastnosti olj

Od velikega stevila fizikalno kemijskih
parametrov, ki popisujejo lastnosti olja, merimo:
viskoznost, delez prostih kislin (nevtralizacijsko
Stevilo) in delez produktov oksidacijc (infrardeci
spektri). Izmerjene vrednosti uporabljamo pri
doloc¢itvi obdobij menjave olja in doloditvi
obratovalne temperature, pri kateri oksidacija Se ni
problematicna.

Kinemati¢no viskoznost preskusnih olj smo
pred in med preskusi ter po preskusih merili s
viskozimetrom na kapilaro, tipa Cannon-Fenske po
standardu ISO 3104.

Delez prostih kislin podajamo z
nevtralizacijskim $tevilom, postopek merjenja smo
opravili po standardu ISO 6618. Numeri¢na vrednost
nevtralizacijskega Stevila je koli¢ina kisline, izrazena v
mg KOH na g vzorca, ki jo porabimo za nevtralizacijo
vzorca. Nevtralizacijsko Stevilo kaze stopnjo oksidacije
in ga obi¢ajno uporabljamo skupaj z metodo za merjenje
povrsinske napetosti pri nadzoru stanja maziva.

Posnete infra rdece spektre tipa FTIR smo
uporabili za dolocitev oksidacije, samo-oksidacije in
polimerizacije olj. Stopnjo oksidacije olj ugotavljamo
z diferencialnimi spektri, ki jih dobimo tako, da od
infrardecega spektra uporabljenega olja odstejemo
infrardeci spekter svezega olja.

2.4 Analize obrabnih povrsin

Po koncanem preskusu smo analizirali
poskodbe na preskusnih vzorcih in zobnih bokih z
optiénim mikroskopom (OM) in elektronskim
mikroskopom (SEM). Za razumevanje kemicnih reakcij
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Preglednica 1. Preskusni pogoji preskusa FZG normalne obrabe

Metoda A Metoda B
1 stopnja 2 stopnja 1 stopnja 2 stopnja
Stopnja obremenitve 10 10 10 10
obremenitev Nm 372.6 372.6 372.6 372.6
obodna hitrost m/s 0,35 0,20 0,35 0.20
§t. vrtljajev min:
pastorek 93 53 93 53
zobnik 62 35 62 35
delovna temperatura °C 120 120 80 80
Cash 20,0 30,0 20,0 30,0
preneseno delo kWh 72.4 62,2 72.4 62,2
Primes - - 1% v/vvode
Preglednica 2. Fizikalno-kemijske lasnosti preskusnih olj
Oznaka olja Gostota Viskoznost Nevtralizacijsko
Stevilo
p15° V40° V100° TAN
ko/m’ mm’/s mm’/s mgKOH/g
Repi¢na olja
BIO 1 920 37.69 8,63 0.42
BIO 2 890 48.38 10,38 0,55
BIO 3 921 43.68 10,56 0,36
Mineralno olje
MIN 1 [ 887 | 7089 855 | 0.52/0.24
MeSanica
BM | / | 3846 853 | 037

aditivov s kovinsko povrSino smo analizirali kontaktne
povrsine vzorcev preskusancev na mikroskopu SEM
z rentgenskim analizatorjem (EDXS).

3 VRSTE INLASTNOSTIOLJ ZA PRESKUSANJE

Za preskus smo izbrali tri na trgu dostopna
hidravli¢no/reduktorska biolosko razgradljiva olja na
osnovi oljne repice (okrajsava bio) razli¢nih
izdelovalcev in eno primerljivo mineralno reduktorsko
olje (min). Poleg teh Stirih vzorcev smo za preskus
normalne abrazivne obrabe pripravili tudi meSanico
90 % oljabio 11in 10 % oljamin 1 (okrajsava BM). Za
preskus mesanice smo se odlocili, da bi ugotovili
mazalne razmere v primeru ‘kontaminacije’ repicnega
olja z mineralnim [42]. Fizikalno-kemijske lastnosti
preskusnih olj so zbrane v preglednici 2.

Diagram na sliki 3 prikazuje spremembo
kinemati¢ne viskoznosti preskusnih olj v odvisnosti
od temperature. Vsa tri repi¢na olja in meSanico smo
izbrali z visokim indeksom viskoznosti, mineralno olje
pa z nizkim indeksom viskoznosti.
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Olja na osnovi oljne repice razvrstimo po
kemijski zgradbi med lipide, natancneje med
trigliceride. Trigliceridi so sestavljeni iz
glicerola-propan-tri-ol, ki je povezan s tremi
mascobnimi kislinami. V preglednici 3 so prikazane
vrste in delezi mascobnih kislin, ki jih vsebujejo za
preskus izbrana bioloska olja bio 1, bio 2 in bio 3.

Dolzine ogljikove verige in utezni delezi
mascobnih kislin v olju imajo velik vpliv na osnovne
mazalne lasnosti in oksidacijsko stabilnost olja [30].

4 SKLEP

V tem prispevku smo predstavili naprave in
metode, ki smo jih uporabili za dolo¢itev mehanskih
in fizikalno-kemijskih lastnosti repi¢nih olj v primerjavi
z mineralnim mazalnim oljem. Opisali smo postopek
izbire in lastnosti preskusnih mazalnih olj. Viskoznost
za repicna olja smo izbrali nizjo od viskoznosti
mineralnega olja. S tem smo dobili priblizno enako
viskoznost za vsa preskusna olja pri zacetni
temperaturi preskusanja.
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Preglednica 3. Vrste in delez mascobnih kislin v preskusanih repicnih oljih

Mascobne Kkisline Bio 1 Bio 2 Bio 3 Rafinat repi¢nega olja-
brez dodatkov
% % % %
palmitinska C16:0 4.6 4.9 4,2 2.5-6.0
stearinska Cl18:0 1.8 1.0 1.6 0.,8-2.5
oleinska Cl18:1 58.9 60.4 61.0 50-66
linoleinska Cl18:2 21.6 27.6 19.2 18-28
linoleninska C18:3 8.7 6.0 7.2 6.0-14
arhidinska C20:0 0.5 - - 0.1-1,2
gadoleinska C20:1 1.3 - 1,6 0.,1-4.3
beheninska C22:0 0.6 - - do 0.6
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Knjiga govori o novih orodjih za razvoj
izdelkov.

V prvem poglavju so opisani gospodarski
cilji podjetja (Cas, stroski, informacije). Sledi
poglavje o miselnih orodjih razvoja izdelka:
Ustvariti dobic¢ek ne izdelkov, dezela ¢akalnih vrst,
vse se vrti okoli informacij. Poseben poudarek je
dan opisu orodij ravnanja: Prava organizacija,
nacrt procesa razvoja, prava specifikacija izdelka,
uporaba pravih orodij, meritev pravih veliCin,
vpraSanje tveganja.

Zadnje poglavje govori o prvih korakih
uporabe novih orodij razvoja izdelka (ste
upostevali velikost serije, izkori§¢enost
zmogljivosti, razumete kupce izdelkov, ste
upostevali misljenje delavcev).

Knjiga je namenjena vsem Studentom
strojnih fakultet ter ljudem iz prakse, ki se ukvarjajo s
problematiko razvoja izdelkov.

M. Starbek

W. Tysiak: Einfiihrung in die
Fertigungswirtschaft

Zal.: Carl Hanser Verlag, Miinchen, Wien 2000.
Obseg: format 16 x 23 cm, 246 strani, 87 slik, 79
preglednic.

Cena je 49,80 DEM.

Proizvodno gospodarstvo se je v zadnjih
letih zelo hitro razvilo. V proizvodnjo so bili v veliki
meri uvedeni racunalnisko podprti sistemi (CAD,
CAP, CAM, PPS, CIM), zato se je pokazala potreba
po organizacijskem reagiranju pri zapletenih
proizvodnih procesih.

V knjigi so predstavljene temeljne naloge
proizvodnega gospodarstva.

V uvodu avtor opise proizvodne dejavnike
in nac¢in oblikovanja postopkov.

Drugo poglavje predstavi znacilnosti
proizvodnega gospodarstva s podrobnim opisom
nacina nacértovanja proizvodnega nacrta, racunanja
materialnih potreb, nacrtovanja zmogljivosti in
terminov ter krmiljenja proizvodnje. Tretje poglavje
daje proegled PPS-sistemov in konceptov CIM.
Knjiga je namenjena Studentom proizvodnega
strojni§tva, ekonomistom in ljudem iz prakse, ki se
vsak dan srecujejo s problemi gospodarnega
nacrtovanja in krmiljenja proizvodnje.

M. Starbek

M. L. J. Wolf, R. Mlekusch: Projektmanagement
live

Zal.: Expert Verlag GmbH, Renningen — Malmsheim,
1999.
Obseg: format 16 x 23 cm, 324 strani, 163 slik.
Cenaje 112 DEM.

Oblikovanje postopkov je dandanes
odloc¢ilen ukrep za zagotavljanje kakovosti ter
skrajSanje pretocnih ¢asov in zmanjSanje stroskov.
Projektni management v pomenu procesnega
upravljanja razpolaga z ustreznimi postopki, metodami
in orodji, ki ustrezajo zahtevam poslovnega
reinzeniringa.

V uvodu so opisane znacilnosti projektnega
upravljanja. Sledi poglavje o Startu projekta,
nacrtovanju in krmiljenju projekta ter koncanju projekta.

V nadaljevanju so opisana racunalnisko
podprta orodja projektnega upravljanja in podroc¢ja
uporabe projektnega upravljanja (panoge, velikosti
podjetij). Posebej zanimivo je poglavje o struktuiranju
projekta, nacrtovanju terminov, zmogljivosti, stroskov
in nacinu spremljanja izvedbe projekta.

Knjiga je namenjena ¢lanom projektnega
osebja, vodjem projektov in Studentom, ki se vsak
dan srecujejo z vprasanjem kako nacrtati in krmiliti
projekt.

M. Starbek
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Personal Events

Magisteriji, diplome

MAGISTERUI

Na Fakulteti za strojnistvo Univerze v
Ljubljani je dne 20. marca 2001 Jure VindiSar z
uspehom zagovarjal svoje magistrsko delo z
naslovom: “Razvoj ekspertnega sistema za izbiro
merilnika pretoka tekocin”.

Na Fakulteti za strojnistvo Univerze v
Mariboru je dne 23. marca 2001 Sanib Basi¢ z
uspehom zagovarjal svoje magistrsko delo z
naslovom: “Termohidravlicna analiza obratovanja
uparjalnika za ukapljeni naftni plin”.

S tem sta navedena kandidata dosegla
akademsko stopnjo magistra tehni¢nih znanosti.

DIPLOMIRALISO

Na Fakulteti za strojnistvo Univerze v
Ljubljani so pridobili naziv univerzitetni diplomirani
inzenir strojnistva:

dne 30. marca 2001: Joze GRMSEK, Boris
KAVCIC, Mojmir PREGELJ, Gregor PRODAN, Matjaz
SUBELL.

Na Fakulteti za strojnistvo Univerze v
Mariboru so pridobili naziv univerzitetni diplomirani
inzenir strojnistva:

dne 29. marca 2001: Franko LISJAK,
Matjaz MLAKAR, Andrej PETKOVIC, Janez
RAZBORSEK, Stefan ZUN;
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dne 30. marca 2001: Peter MIKLAVCIC.

*

Na Fakulteti za strojnistvo Univerze v
Ljubljani so pridobili naziv diplomirani inzenir
strojnistva:

dne 8. marca 2001: Rok EINHAUER, Anton
IVANCIC, Sinida MOZINA, Gregor VIRANT, Joze
WEINGARTNER;

dne 9. marca 2001: Dario OGRIN, Ales
Gregor RISTIC, Dusan SAKSIDA;

dne 13. marca 2001: Robert HRIBAR, Rok
LAMPIC, Gregor SKERLEP.

Na Fakulteti za strojnistvo Univerze v
Mariboru so pridobili naziv diplomirani inzenir
strojnistva:

dne 29. marca 2001: Rudi JANEZIC, Brigita
KIRAR, Franc KIRBIS, Matjaz KOREN, Rolando
KOREN, Matej KOVAC, David LEBEN, Marjan
PAVLIN, Dalibor SOSTARIC, Drago ZUPANC, Izidor
ZUPANC;

dne 30. marca 2001: Bojan BENEDICIC.

*

Na Fakulteti za strojnistvo Univerze v
Mariboru so pridobili naziv inZenir strojnistva:

dne 29. marca 2001: Dusan LACEN, Peter
MIKULJAN, Marko NAPRET;

dne 30. marca 2001: Bogdan SIRK.
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Instructions for Authors

Papers submitted for publication should comprise:
Title, Abstract, Main Body of Text and Figure Captions in

Clanki morajo vsebovati:
- naslov, povzetek, besedilo ¢lanka in podnaslove slik v -

slovenskem in angleskem jeziku, Slovene and English, )
- dvojezi¢ne preglednice in slike (diagrami, risbe ali - Bilingual Tables and Figures (graphs, drawings or photo-
fotografije), graphs),

List of references and
Information about the authors.

Since 1992, the Journal of Mechanical Engineering
has been published bilingually, in Slovenian and English. The two
texts must be compatible both in terms of technical content and
language. Papers should be as short as possible and should on
average comprise 8 typed pages. In exceptional cases, at the
request of the authors, speciality papers may be written only in

- seznam literature in -
- podatke o avtorjih. -

Strojniski vestnik izhaja od leta 1992 v dveh jezikih,
tj. v slovenscini in anglescini, zato je obvezen prevod v
angles¢ino. Obe besedili morata biti strokovno in jezikovno
med seboj usklajeni. Clanki naj bodo kratki in naj obsegajo
priblizno 8 tipkanih strani. Izjemoma so strokovni ¢lanki, na

zeljo avtorja, lahko tudi samo v slovenscini, vsebovati pa
morajo angleski povzetek.

Vsebina ¢lanka

Clanek naj bo napisan v naslednji obliki:

- Naslov, ki prlmemo opisuje vsebino ¢lanka.

- Povzetek, ki naj bo skrajsana oblika ¢lanka in naj ne
presega 250 besed. Povzetek mora vsebovati osnove, jedro
in cilje raziskave, uporabljeno metodologijo dela,povzetek
rezulatov in osnovne sklepe.

- Uvod, v katerem naj bo pregled novejsega stanja in zadostne
informacije za razumevanje ter pregled rezultatov dela,
predstavljenih v ¢lanku.

- Teorija.

- Eksperimentalni del, ki naj vsebuje podatke o postavitvi
preskusa in metode, uporabljene pri pridobitvi rezultatov.

- Rezultati, ki naj bodo jasno prikazani, po potrebi v obliki
slik in preglednic.

- Razprava, v kateri naj bodo prikazane povezave in
posplositve, uporabljene za pridobitev rezultatov.
Prikazana naj bo tudi pomembnost rezultatov in
primerjava s poprej objavljenimi deli. (Zaradi narave
posameznih raziskav so lahko rezultati in razprava, za
jasnost in preprostejse bralcevo razumevanje, zdruzeni v
eno poglavje.)

- Sklepi, v katerih naj bo prikazan en ali ve¢ sklepov, ki
izhajajo iz rezultatov in razprave.

- Literatura, ki mora biti v besedilu ostevil¢ena zaporedno
in oznacena z oglatimi oklepaji [1] ter na koncu ¢lanka
zbrana v seznamu literature. Vse opombe naj bodo
oznadene z uporabo dvignjene Stevilke'.

Oblika ¢lanka
Besedilo naj bo pisano na listih formata A4, z

dvojnim presledkom med vrstami in s 3 cm Sirokim robom,
da je dovolj prostora za popravke lektorjev. Najbolje je, da

Slovene, but must include an English abstract.

The format of the paper

The paper should be written in the following format:

A Title, which adequately describes the content of the paper.

An Abstract, which should be viewed as a miniversion of the
paper and should not exceed 250 words. The Abstract should
state the principal objectives and the scope of the investiga-
tion, the methodology employed, summarize the results
and state the principal conclusions.

An Introduction, which should provide a review of recent
literature and sufficient background information to allow
the results of the paper to be understood and evaluated.

A Theory

An Experimental section, which should provide details of
the experimental set-up and the methods used for obtain-
ing the results.

A Results section, which should clearly and concisely present
the data using figures and tables where appropriate.

A Discussion section, which should describe the relation-

the significance of the results making comparisons with
previously published work. (Because of the nature of some
studies it may be appropriate to combine the Results and
Discussion sections into a single section to improve the
clarity and make it easier for the reader.)

Conclusions, which should present one or more conclu-
sions that have been drawn from the results and subsequent
discussion.

References, which must be numbered consecutively in the
text using square brackets [1] and collected together in a
reference list at the end of the paper. Any footnotes should
be indicated by the use of a superscript'.

The layout of the text

Texts should be written in A4 format, with double

spacing and margins of 3 cm to provide editors with space to
write in their corrections. Microsoft Word for Windows is
the preferred format for submission. If you use another word
processor, please convert to normal ASCII (text) format.
One hard copy, including all figures, tables and illustrations
and an identical electronic version of the manuscript must be
submitted simultaneously.

Please do not use a LaTeX text editor, since this is
not compatible with the publishing procedure of the Journal of
Mechanical Engineering. Graphs, tables and equations in LaTeX
may be supplied in good quality hard-copy format, so that they
can be copied for inclusion in the Journal.

Equations should be on a separate line in the main
body of the text and marked on the right-hand side of the
page with numbers in round brackets.

pripravite besedilo v urejevalnilku Microsoft Word. Ce
uporabljate kaksen drug urejevalnik besedil, prosimo, da
besedilo konvertirate v navadno ASCII (tekstovno) obliko.
Hkrati dostavite odtis ¢lanka na papitju, vkljuéno z vsemi
slikami in preglednicami ter identicno kopijo v elektronski
obliki.

Prosimo, da ne uporabljate urejevalnika LaTeX, saj
program, s katerim pripravljamo Strojniski vestnik, ne uporablja
njegovega formata. V urejevalniku LaTeX oblikujte grafe,
preglednice in enacbe in jih stiskajte na kakovostnem laserskem
tiskalniku, da jih bomo lahko presneli.

Enacbe naj bodo v besedilu postavljene v lo¢ene
vrstice in na desnem robu oznacene s tekoco Stevilko v
okroglih oklepajih

Enote in okrajSave Units and abbreviations

V besedilu, preglednicah in slikah uporabljajte le
standardne oznacbe in okrajsave SI. Simbole fizikalnih veli¢in
v besedilu pisite posevno (kurzivno), (npr. v, 7, n itn.). Simbole
enot, ki sestojijo iz ¢rk, pa pokonéno (npr. ms™, K, min, mm
itn.).

Only standard SI symbols and abbreviations should
be used in the text, tables and figures. Symbols for physical
quantities in the text should be written in Italics (e.g. v, T, n,
etc.). Symbols for units that consist of letters should be in
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Vse okrajsave naj bodo, ko se prvi¢ pojavijo,
napisane v celoti v slovenskem jeziku, npr. ¢asovno
spremenljiva geometrija (CSG).

Slike

Slike morajo biti zaporedno ostevil¢ene in
oznacene, v besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete
naj bodo v kateremkoli od razsirjenih formatov, npr. BMP,
JPG, GIF. Za pripravo diagramov in risb priporocamo CDR
format (CorelDraw), saj so slike v njem vektorske in jih
lahko pri kon¢ni obdelavi preprosto povecujemo ali
pomanjsujemo.

Pri oznacevanju osi v diagramih, kadar je le mogoce,
uporabite oznacbe velicin (npr. # v, m itn.), da ni potrebno
dvojezi¢no oznacevanje. V diagramih z ve¢ krivuljami, mora
biti vsaka krivulja oznadena. Pomen oznake mora biti
pojasnjen v podnapisu slike.

Vse oznacbe na slikah morajo biti dvojezi¢ne.

Za vse slike po fotografskih posnetkih je treba
priloziti izvirne fotografije ali kakovostno narejen posnetek.
V izjemnih primerih so lahko slike tudi barvne.

Preglednice

Preglednice morajo biti zaporedno ostevilCene in
oznacene, v besedilu in podnaslovu, kot preglednica 1,
preglednica 2 itn. V preglednicah ne uporabljajte izpisanih
imen veli¢in, ampak samo ustrezne simbole, da se izognemo
dvojezi¢ni podvojitvi imen. K fizikalnim veli¢inam, npr. ¢
(pisano posevno), pripisite enote (pisano pokon¢no) v novo
vrsto brez oklepajev.

Vsi podnaslovi preglednic morajo biti dvojeziéni.

Seznam literature

Vsa literatura mora biti navedena v seznamu na
koncu ¢lanka v prikazani obliki po vrsti za revije, zbornike in
knjige:

[1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controler
for constant turning force. Int J Adv Manuf Technol
9(1994) London, pp. 211-216.

[2] Cus, F., J. Bali¢ (1996) Rationale Gestaltung der

organisatorischen Ablaufe im Werkzeugwesen. Proceed-

ings of International Conference on Computer Integra-

tion Manufacturing, Zakopane, 14.-17. maj 1996.

Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.

Carl Hanser Verlag, Miinchen.

[3

—

Podatki o avtorjih

Clanku prilozite tudi podatke o avtorjih: imena,
nazive, popolne postne naslove, Stevilke telefona in faksa
ter naslove elektronske poste.

Sprejem ¢lankov in avtorske pravice

Urednistvo Strojniskega vestnika si pridrzuje
pravico do odloc¢anja o sprejemu ¢lanka za objavo,
strokovno oceno recenzentov in morebitnem predlogu za
krajsanje ali izpopolnitev ter terminoloske in jezikovne
korekture.

Avtor mora predloziti pisno izjavo, da je besedilo
njegovo izvirno delo in ni bilo v dani obliki Se nikjer
objavljeno. Z objavo preidejo avtorske pravice na Strojniski
vestnik. Pri morebitnih kasnejSih objavah mora biti SV
naveden kot vir.

Rokopisi ¢lankov ostanejo v arhivu SV.

Vsa nadaljnja pojasnila daje:
UredniStvo
STROJNISKEGA VESTNIKA
p.p- 197/1V
1001 Ljubljana
Telefon: (01) 4771-757
Telefaks: (01) 2518-567
E-mail: strojniski.vestnik@fs.uni-lj.si
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All abbreviations should be spelt out in full on first
appearance, e.g., variable time geometry (VTG).

Figures

Figures must be cited in consecutive numerical order
in the text and referred to in both the text and the caption as
Fig. 1, Fig. 2, etc. Figures may be saved in any common
format, e.g. BMP, GIF, JPG. However, the use of CDR format
(CorelDraw) is recommended for graphs and line drawings,
since vector images can be easily reduced or enlarged during
final processing of the paper.

When labelling axes, physical quantities, e.g. £, v, m,
etc. should be used whenever possible to minimise the need to
label the axes in two languages. Multi-curve graphs should have
individual curves marked with a symbol, the meaning of the
symbol should be explained in the figure caption.

All figure captions must be bilingual.

Good quality black-and-white photographs or
scanned images should be supplied for illustrations. In certain
circumstances, colour figures may be considered.

Tables

Tables must be cited in consecutive numerical order in
the text and referred to in both the text and the caption as Table 1,
Table 2, etc. The use of names for quantities in tables should be
avoided if possible: corresponding symbols are preferred to minimise
the need to use both Slovenian and English names. In addition to
the physical quantity, e.g. # (in Italics), units (normal text), should
be added in new line without brackets.

All table captions must be bilingual.

The list of references

References should be collected at the end of the
paper in the following styles for journals, proceedings and
books, respectively:

[1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controler
for constant turning force. Int J Adv Manuf Technol
9(1994) London, pp. 211-216.

[2] Cug, F., J. Bali¢ (1996) Rationale Gestaltung der
organisatorischen Ablaufe im Werkzeugwesen. Proceed-
ings of International Conference on Computer Integra-
tion Manufacturing, Zakopane, 14.-17. maj 1996.

[3] Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.
Carl Hanser Verlag, Miinchen.

Author information

The following information about the authors
should be enclosed with the paper: names, complete postal
addresses, telephone and fax numbers and E-mail addresses.

Acceptance of papers and copyright

The Editorial Committee of the Journal of
Mechanical Engineering reserves the right to decide whether
a paper is acceptable for publication, obtain professional
reviews for submitted papers, and if necessary, require changes
to the content, length or language.

Authors must also enclose a written statement that
the paper is original unpublished work, and not under consideration
for publication elsewhere. On publication, copyright for the paper
shall pass to the Journal of Mechanical Engineering. The JME
must be stated as a source in all later publications.

Papers will be kept in the archives of the IME.

You can obtain further information from:

Editorial Board of the
JOURNAL OF MECHANICAL ENGINEERING
P.O.Box 197/1V
1001 Ljubljana, Slovenia
Telephone: +386 (0)1 4771-757
Fax: +386 (0)1 2518-567
E-mail: strojniski.vestnik@fs.uni-lj.si
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