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Tribological proces s es
ira The Cutting Zone

The paper presents the conternporary views ort tibological phettometta in the metal cutting processes. Besidesthat' the physical nature of thi pheriomt',ro iyro*, iitntijpii,ti,u'i, production is pointed out.
Kqwords: Tibologt,curfiilg tool cuttittg

1. GEI{ERAL

Tiibrjlogy has enormous importance in production pro-
cesses, especially in metal machining. In this p."r"nto_
tion we shali primarily deal with triilological processes
that are accompanying metal cutting.
'iiibolcgical 

processes in cutting conditions are charac_
terized by contact surfaces, streis and temperature field
distributions, as well as fast appearance of new surf.aces,
rvhat all makes these concJitions specific.
In rlepth knowledge of tribological processes in general,
and especiaily in the cutting p.o."rr, enables achieve-
nent of optimum solutions both in technical end econo_
mical sense. Here ii primarily reterred to introduction of
the r:ewpr'cesses, but also the special materials, b'th for
tools and machined pieces (e.g. hardly machined mate_
rials that are causing problems duringtheir machining).
By arraly5l5 of machining costs for one operation U6,we
can state that they consist of Iabor costs R, costs rerated
to tool amortizatioir A and machine costs M, i.e.,
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where:
k1; k2; kj are the gross salaries of the productive worker;

sharpener, expert worker (brigadier), respecti_
vely in din/min;

/k - comntanding time,
C,y - machine price;
p - amortization rate;
F - annual t ime fund;

ry - efficiency ratio;
A6 A5 A j - costs of replacement, sharpening and

amortization, respectively;
/, - main machine time;
/o - t ime for tool replacement per machined piece;
lr - auxiliary time;
to, = foJz - preparation/finishing time per machined

piece;
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i - number of passes;
i6 - number of sharpenrngs;
n - number of revolutions (rpm);
C7 - machine price;

Qspu - quantity of cutting fluids in l/h;
Csra - price of 1 i of cutting fluids.

Thus, under certain conditions, machining costs depend
on tool life. By influencing the tool life, i.e., by applying
the tribological knowledge, we can significantly influence
on costs. Ti'ibological knowledge is also necessary for the
sake of avoiding unnecessary costs in production, for
instance big, expensive machined pieceg where the cut
must not be interrupted during the pass (if it is interrup-
led the product is a waste, so it is necessary to ensure the
sufficient tool reliabilitv).

Global figures. that would point to possible influences of
tribology in machining, are very hard to obtain, but cer-
tain analyses point to significant spending, e.g., energy,
and to possible savings.

Research Committee of ASME (American Society of
Mechanical Engineers) have published data which states
that about 5.57o of total energy in USA is consumed in
primary metal machining and metal working industry,
and that with better awareness of already known tribolo-
gical knowledge savings of l.SVo can be realized. With
otherpossible savings this percentage ofsavings could be
increased to !.5Vo. what in 1980. was an amount of 21.5
billions of US$, i.e., 257o of US budget deficit.

Important investigations, related to savings of energy
through tribologry, were conducted by DOE (Depart-
ment of Energry) in USA. According to those investiga-
tions, enerry losses due to friction in machine tools
amount to 20'1d2 Btu per annum what is equal to 5.1012
of Kcal per annum, or 2l'1,!5 J per annum. Out of that
9o/o could be saved by application of the existing surface
modificators. Another data is that total potential savings
of energy through tribology in USA can reach 237o of
total enerry that is consumed for driving the machine
tools, what amounts ta 4.8 millions of barrels of oil
annually, or US$ 144 millions in 1980., or US,sB5 millions
annually, according to oil prices in i989.

British industry consumes about 27o/o of all national
energy resources, 'xhtle 45'Id kWh is the share of elec-
trical power for machine tools drives. It is estimated that
by application of known tribological knowledge savings
of up to 25o/o coulcl be achieved.

2. TRIBOLOGICAL CONDITIONS IM
METAL CUTTING

The cutting process is today considered as the tribome-
cha,nical system, that is characterized by input and output
variables. where the input variables are: macltined piece
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material, energy spent on the process, while the informa-
tion are used for the process control. The first element
of the tribomechanical system is the rnachined piece, the
second - the cutting wedge, and the tirird - the cutting
fluid - SPH (Figure 1).

The cutting process, or more accurately, the process of

chip fonnation, is very complex. It is characterized by

very difficult conditions - high pressures and variables

temperatures in the cuttin gzone,that can reachvery high

values. Besides that, the whole transformation is perfor-

med in the very limited area (the cutting zone). From the
aforementioned reasons, the cutting process modeling is
very difficult and insufficiently precise, so it can be gene-
rally concluded that it is approximate. Thus one usually
speaks about average values, e.g., average values ofloads
on the rakc and clearing faces, average cutting tempera-
tures. etc.

Tiibological conditions in metal cutting are charac-
terized by:

. Stress states in tire defornration zones (Fig.2 and 3)

. Area and condition of the contact surface on the rake
face

. Chips sliding over the rake face

. Temperature fields of the cutting rvedge, chips and
cutting zone on the machined piece (Figure 4 a-c)

. Chemical influences between the tool and the machi-
ned piece, nanelv between the cutting fluid SPH and
the machined piece.

,--/ 1

----->

Figurc 2. Cotten4xtrary ntodel of tle metal cuttitry process
1 - clip; 2 - tool; j - uack in fiont of tlrc kn{e;

4 - prinary deprnntion zone: 5 - secondary
dafonnatiott zottc.

Material
_>

Energy
---}

Information

Mach in ino
Surface 

-

____>

1 - tool
2 - workpiece
3 - C.F. (Cutt ing Fluid)

Figure 1. Tiibonrcclnnical systent in tnetal cutting
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Figure 3. C.otrtuct surfaces belv'een ilte chip and tlre tool
On- ,"tot'irtcl. slrcsses di-stibutir;ti; T s - sircar shyssu
distibution; R = Fy * Fo - resul;ant force actittg
on tlrc tool (l"r - force on rake ft:ce, and Fo - force
on cleaitrg face), and - tatigenifu! atid nornmlfon:es
tirr tlt rcke faee; Fl - nnin resislattce; F2 - penetaiion
rcsistancr llni ilcts ot't !lrc tool; p - f ictiott angle.

l l :e f i rst notions aboil t  the chip forrnation rnechanism
.: issrirne,j  that the crack appears in front of the cutt ing

wed;e blade , and then the chip is started to separate frcr in

the miichined piece (Figure 5), Contemporary theories
ha,"'c repudiated this si.atement, and now it is generally
accepted that in the cutting process three zones can be
r:'bserved (Figure 2).

Priman deformation zcr\e4 is in the chip root,where the
Lrontiruous shearing process is unfolding. This zone can
be cunsidercct as the z()ne of the rnaximum internal
friciion.

Tire secondary deforination zone 5, is the zone that is
rnpeadng betr';*en tire lool rake face and the chip.
'fhe 

tertiary zone lppcars betv/een tire tool clearing face
and 1he machir:ed piece.

r\. rt rvas aiready mentioned earlier, in considering the
pir':r: i;mena drrrir:g the metal cutti irg, one usually opera-
tes rvit ir ;rverage v;l lua:>. 'f!rus, 

for instance, the average
-.':,1:.re of the friction ccefficientp is determined based on
ti ie Flercharr"r's static rrodel of the force diagram, during
the orti:rrgcnii l cutting (Figure 8).

F'.
l ! = t g p =  F :

wi:ere the apr)e rir;!rrct 
"f 

fr iaiiuntu,r the clearing f:.rce is
rteii iccied.

Figure {a. Tbtnperature dbtribution in tlrc cutling zone

for orlhogonal cuttirtg

tlrc chip atrd tlrc ntachined piece
O n n

tl = 
fr 

-- fifl): Iil = p Cp.V' 
f,Q't 

- atnoutil of
V r

lrcat tlwt arises itr tlrc pritnaty defonnation zone;
Qo - anrcun! of lteat tlnt b trunsferrcd to tlrc nnchined
piece; Rt - tlre lwat charactcristics (p - speciJic mass,

Co - specific lieat, v - feed rate, d - cutting dept,
k - specifu conductivity, g - slrcaring angle)

1 6 0

on

c,2 0,4 0,6

Figurc 4. c) hfluence of tlre secondary defomntion zone

witltlt ort thc cl 
' AT"

iptentperalure6=^f

LTilt - conespotrding lertperature increase in tlrc
secondary defotnntiotr zorie due to clip fi'ictiott
aver lhe rake face; L7'f - avetage letnperulure
incrcase tt tlrc clip; ].' - rutio of the secondary
tlefornntiort zone v,idlh to tltc chip tltickness;
aI - cottfriciettt tlrct deternines tlrc width

of contact between the tool and tlrc chip
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Figure 4b. Heat dklributiort in the slrcarhtg zone between

'{ibolog' 
i:t itulLisirt,'/o!ume 20. No. 4, 1998. t29



o  Y  =  1 0 "
o  Y =  10"
o Y = 1
t  Y  =  10"
. / q ' - 1 6 av  

I  
-  t w

b  Y =  1 0 -
A Y =  10"

o
{o

100 200 JUU 400 oc MN/m'

+Y = 2A"
^T = 30"

oY =  50"

Figure 5. Ideal nrodel of the eitting process

Since the cuttingprocess is the typical dy.namical process,
Kronenberg had, applying the D'AJembert's principle,
set the dynamic equil ibrium conditions between the iner-
tial force and the friction force on the rake face, and by
solving the system of differential equations, he obtained
the equation for determination the average value of the
friction coefficient (Figure 6):

As the experimental investigation show, the average va-
lue of the friction coefficientpr is basically a function of
the average normal pressure on the rake face. The aver-
age value of the friction coefficient is also affected by the
cutting speed v and the rake angle y (Figure 7).

In Merchant's model, and models similar to it, the phe-
nomena occurring at the contact point between the clea-
ring face and the machined surface are neglected.Zorev
had introduced correction in calculations of the forces,
i.e., cutting resistance, so he represented the individual
components by the sum:

Fr= R,+ F' ,

where the additional parts took into account phenomena
of wear on the clearing face. Thus, the correction for the
main cutting force (cutting resistance) is:
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Figure 7. InJluence of llrc nonrnl prcssure on lhe vaiatiott
of the friction coefficient p on the rake face

F'' = q"''11''f'

whe.re 4'r, is the normal pressure, p' is the friction coeffi-
cient and/ is the contact area between the clearing face

and the nrachined surface. (in determination of F2 and

F3 the. corresponding projections of the contact area are

taken into account).

Tire ratio of the friction energybetween the rake face and
the ship can be determined according to the energy
necessary for chip formatiol (Figure 8) can be determin-

ed according to exprcssion:

/ ,
: ' .!. . l !: . lu Ll - f(Lyl
A '  )  cos ( i t - 11

where, according to Kronenberg;

/ \
I n i

F = t r t ) .  l , )  -  r i
\ -  j

Figure 6. IYith the K'onenberg dynantical nodcl

I-igure 8. Merclunt's force diagratn in orllogonal cutting

fribologt in ituliutrl', Volume 20, No. 4, 1998.
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or vaiues rcd t if the diagramg ir: Figilres 5 and 7,
' l lhe 

r;r:;.; r i i  energies sperll on fricricn between 'rhe clea-
rirg, i-rc; anrl ihe machined piece, aud the energy of
irr,rrirrn beiv,':gn ihe rake face anci ihc chip, can be
ir ir:imined accore',ing to expression (Figure 8):

'1": - | i |!.i';Lsq,'.(n!.p:i).:4 .o-.f?l.s9!.r -,, -'^-'. =' '"-"'r-- 
;;';,8;i 

'':- '=-'" =l(trapt,a,tr)

or by' using ciiagrams in Figures 12 ta i5.

As the total energy- A can be represented approximately
as the sum of energies of the internal and external fric-

tions:

rvhere:

where:

.  )  -  s i r t ] ,
Q = r r , c ( : r t l '  

" " '
cosy

A  =  A f i+  As t

A r r = A ' t i A " t

4" ,  f i r
- '  :  ' ' b i \ / ' ) ) ' 6 , ( ' t )

n

0 ,5

* = t , t , '  t =

ZU

!:igure 9- Diagr:ttlr lor detentinaiiott o! ilrc ralio betv'een
:!i enrry)' ccnsuttrcd on fricliort bi:Iv,cctl
the chip and tle rake lace and tlrc total
enetyl co,tsutned in ti:'e cuttitit pocess

* { . 1 = t , i ) y = c o n s t .

j^ ].
OU

t hus  t he  ra t i o  i s :  a  A ,  (  A , ,  \t ' s !  n t  
l ,  

t ' t l
- : : -  -

, r ,  A,  
.1,  _ A" I\ )

EXAMPLE: For the cLrtting,Jepth of n:0. 5 mm andthe
tool with the rake angle y=5", the clearing atgle a:6o,
and the rounding radius of the bladep 1=0.020 mm, and
for the chip slenderness ratio A=2.5,we have:

^
.a-L 1
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: 'qt,ta i ii. ):a.grr;stt for dtler:tiinatiott of tlrc rctio L>ef,vcur
!!.i: ei!e t-q.,' i't'tnsi;t;ic:i otr fiictiott ltaI*'ectt
t|rc chip and rhr nke face linl the tolal

.Jtet4' coir::!l,rttd ii't tltc culling prccess

;.'-r'lri,i ,3r, li; i;ttitistry- !'oiusre 2*, No. ,1, 1998.

0

Figure 12. Aaxiliary Juitction gt for deternination of tlte
ratio befpeen errctgies cortsunteri ott fiictktrt
betvteett tlrc clearirg face and ilrc trwclrined
picce, and bctti'{:ett tlu: chip attd tlre rake face

Figure 11. Contact of tlrc hlaCe and tlrc active pan
o.f thc kto! cbaring fuce

v- -' l , /

t /

)" = 0",'

r  =  l f l o

131



Figurc 13. Awiliary f,;ttction gt for deternination of tlrc
ratio beh+'een energia consunted on frictiort
betwcen the cleaing fuce and tlrc nnchined
piece, and betw,een the chip and the rake face

Figure 14. ALatilian, functiort g t for detenninatiorr of tlrc
ratio bet l,een encryics consutncd ott fticliott
betv'een tlte cleating face and tlrc nnchined
piece, and bctw,et:n tlre clip and the rake face

Figure 15. Atuilicry functiort gt for detenrination of the
ralio hetv,een energies cotrswtted on fricliort
betv,eetr the clzaring face and tl;e nucltined
piece, and bef,ueen tlrc clip attd the rak face

qilr,7) = {).76327

9z@) :1 ' 933 '

IJy substituting thc ubove uumerical values into the equa-
tion, we obt;l in:

A"t 0.0:0 ,, -
) )" ='' 

i..j ' 
. 0.76-127. 1.933 = 0.05901 6

and the expression further gives:

/ '
';; = 0.23529 .(1 + 0.05901A = 0.249176^ .

n

so we conclude that in the above example the energy of
friction over the clearing face is 5.97o of the energy of
friction over the rake face, and that the enerry offriction
on the contact surfaces on l ire rake and the clearing faces
rs 24.9Vo, and the energy for overcoming the internal
friction is 75.1Vo of the energy needed for chip formation.

Relatively high normal stress on the contact surface be-
tween the chip and the rake face, has as a consequence
lowering of the friction coefficient, and thus the real
contact surface is increased, over which the micro wel-
ding will occur betlr,een the asperities on the chip surface
that is sliding over the tool rake face.

The friction conditions cu tire ruke face, as it is shown,
are complicated due to appearance of friction on the
clearing face. Earlier, simplif ied force schematics, enab-
les determination of the averzrge value of the friction
coefficient on the rake face. It is based on the assumption
about equality and coll ineariry of the resultant force and
forces in the shearingplane and the rake face (Figure 16).
The friction coef-ficient determined in this way has not
many comrnon points with real condition. The more
realistic scheme is that presented in Figure 3.

Considering the complexity of the tribological conditions
in metal cutting, to<lay are applied, for the purpose of
identif icaiion of t ire real conditions, transparent tools
made of sapphire, that enable photoelastic studies of the
boundary conditions, and the stress distribution over the
tool, between the tool f irces and the chip and the machi-
ned piece, in real conditions.

When rve speak about the wear mechanism, the whole
series of possible types of wear is suggested, l ike:

Figurc 16. Tlrc frst nwdel of tlrc nrctal cut!.irtg trtrocess

T'iboiogt ltt itulurtry, Volume 20, No. 4,7998.
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Lroilt i i . ' l-,.,1 f i:r- ' i l lr i i i  n:r:t it l , nui this ec;ri ing has no impor-
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l ir oti ic: 'st:;;- l iss is concluded that at cerfain machining
reginle. tho riorni: ianf infl.rrence has at least one of the
wear nrcchiiuisms. By clianging the regirne, the dominant
infiucr'; ' : i : l  we;il is also changed, Frgure 18.
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I
L,

!iatirt; l!1.'!i:!ai trnquiittric itf v'ci;r as Ll furrcti,)t:
rif ientpcrcture il:ttl rcte, srcjt, ...:t.

I - atllrcsi.,,c ttt:ct', 2 - o.tidctit'a u,etir:
,:i - al;ni:;i.ic ir'(:iij: 1 - tltj[usiv't: rvl:ar

Pie- ; iously prescir ie. l  cc i i is i , jerr i l ions wrr i i r  not  able t r i

clesc:' ibe the conrnlete tno.i i i l  of i i ;e wi:ar rnechanisni, but
ihet srl; ' i . !1.L1 esial;trirhi19 ol' relatlve reiations itelrveei:
ind ivid Li; '  l  i ;rt ' i ,- ie 1 i.;t i  l  r,tr:t i l t icrS. f lt e rl,,:re {:arr'plete,
physicali_v tburii icc! model, wil l be rriached in ih-- futute,
based on lrtng iernt cii,rrrpiicaicd anlj expensive experi-
i i lcntir. l ir. ivesti gat ionl:.

3. TOOI, COA'I'INGS

Hard c,taf ings i ' t iarl i: t;f alurninui-n oxide z\1103, t itanium
ciirbidc'i iC. and ri ialt ir.rrn nitricic f iN, or their conibina-
tions. trr: tot-.J^s lrraile cl harci ntetals (tung:,ren carbicie
WC) were developr:d in the sixties"'Ihey- are deposited
by iher:i ici i l  procer.lure {CVD - chemicaj vapcr cieposi-
t ion)  ln i i  thr : ' , ,  c ;1r t*6 the increase <l f  product iv i tv
l i irough increascri tooi l i ft,, i .e., the feed rare and chip
cro.ss secti(,11. {i l i i t i lg:; usually have rrir i j ; iJ-l ie f irnction.s,
to reCucc cli l fusiorr, t<:t rczrl i,ze chenriclrl and iteaf burrier,
io i l ' :reasr ;rltr i isive' l-esist.ance. 1r) iLr-ritte [rurrier to phi]se
l roundl i l ies i ; ' i  r tL . icL t ( )  p l 'evrrn l  cr ( is ion of  h l i r t l  lneta l ,  or
b:rn.iei kr acil iesir:r; irciween ihe icol inaterial and rna-
chinei l  u iccc r ; ;a tc i ' i ; r i .

Fur the purposc <,f inclcasirig {.he productivitv in iuachi-
ning with tools m;rdr of high speed cutting steels, in the
seventies '*,,e re deveicpi:t j the thin coatirigs ntade of t ita-
nium nitride TiN, that are reducing the depositions on
these tools. Consiclering that ihe CVD plocedurc requi-
res heat ing t l f  the substr l ie  to . l  temperuture over
I 00iP C, \vitat surp:r.lses il'ie transfonn;rtion temperature
of  th is  tuol  i i r : i ic r i ; r l ,  ! rc i ;  i . ;  apr : l icd the PVD (Pi rys ica l

l \ .

a,

Feed raie r', $tep s; etc. -_>
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Vapor Depositron) proce tl ure, t hai req u i res signi tican tiy

lower temperature of the substrate (400'C),

Frcrm the abo.;e rnenlioned, it foiiows th.al if we vianl to
use all the potentials, that are c,ffered by coatings, it is
necessary to, through further investigations, better study
tribological characteristics of coatings, and adhesion be-
tween the coating anri the substrale.

Several  s tudies point  to  ihe d i f ferenl  meci ra i l isms
through which an explauatiorr is given how the wear is
slowed down by presence of coatings. However, unti l
today the model is not yet devek:ped, that would, in
satisfactory way, show whirt type of coating should be
applied for certain type of material, or for the particular
type of machining regime.

4. TOUGH CUT:|ING CERAMICS

Knowing the characteristics of the elemcnts of the tribo-
mechanical system in the cutting process is of the primary
importance. For the rough machining of super-alioys
based on nickel-iron (Ni-Fe) the composite rnaterial was
developed that consists of ah.rminum oxide reilforced l;y

sil ic<;n-carbide. During the rnacirining of steel the cherni-
cal i l teraction occurs i;etween sil icou carbiCe and irort.
In that case it is easy to rcplace SiC with sunte otlter f i l ler,
l ike TiC. That is very u'eil i l lustrated by the e:rmple of
choosing the qualiry of ceranric platelet in final machi-
ning of quenched steel, As it ca be seen from Figure 19,
for instance for criterion of l i fe on the cle:iring surface of
VB=0.25 rwn,by proper application of the rnixed cei'a-
mics, with respect to the oxide one, the iucLeirse of l i le is
obtained of 2.86 tirnes. This deserves the special coru-
ment about the irnportance of nccessity to know the
triboiogical characteristics of the tribornechanical s;r-
stems elernent.s in the cutting processes.

Figure 19. ExantpLe o! oxide atrd ni-ted ceratrics rt'ear
itt Jinc tunting of tlrc quettclrcd stet:l

These substitutions can be useful in interrupting cutting.
Generally speaking, these substitutions rvili play an im-
portant role in application of ceramics in the future.

5, UI,TN:{PIT.ECISE NIACHINING AND
FINISTTI}JG

The conccpt of surface, based on discoutinuity between
the two continua with t.,rcl-dimensional demarcation be-

trveerr thc regions, is ro ltuger considered as adequate.

The surfacc is today considered as the ttrree-dimensional

region, as a frinction of size, expressed by atoms, mole-

cules and micro-str,rctural components. In order to ob-

tain ultra-smooth surfaces, their reliable production is

necessary and measurement of their roughness. Prepara-

tion of these surfaces for iinishing (lapping) with abrasi-
ves, ancl in machiningv,' ith the single-crystal! ine diamond
toois, required significant application of tribological
knowledge. The new processes like the EEM (Elastic
Ernission Machining), and the new measuring technique,
like the atom and electron rnicroscope, enable creation
and meatsuring of these surfaces.

6. CUT'IING FLUIDS

For irnprovement of dry friction conditions, into the

cuttirrg zone is brought either l iquid or gaseous agents
tirat pri:vi. le fc. 'r lubrication or cooling, or both of these
frrnctions. in order to increase the cooling effect, water

is added trr rnincral cii ls, so ihc emulsions arre created.
When the lLrbricating furrction is nrore important, then
t i i ls  are appl ied.

tr3y cooling the increase of working life is achieved, due
to iower temperatui'c, easier handling of the machined
pieces, reducing o the thormal strains, that arise during
the niachining proeei;s. The lasi two faciors primarily

influcnce tire grinrl ing procr:ss.

Knovring tire thirt l t l ibokigical characteristics, coolants
and lubricants (cutti lg f luids - SPH) is also of a great

imporiance. This is *'ell i l lustrated by the diagram of
Figule 20, that is related to fivo cutting fluids A ancl B.
Thrrs for the life criterion W=0.33 mrn, ratio of SPH A
to SPH B is 1.77, anc] for'y'R=0.6 rnm it is 1.69, what
proves that SPH B has better tribological characteristics.

Figure 20. Erpetintenlal weer curl)es obtained for
cuttingJluidsA and B

Tibolo5y irt ittdtuttl', Volume 20, No. 4, 1998.
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Ac! ion of cuti:ng fl,: iCs in :rretai cutti!"lg unlolds in con-
ditir. 'r i is <'f l i ,:- l i tecj iuirl ication, Cue to ve4i high pressures
on ihc ccnti ici surfaces . sc the hycirod;;nan:ic Iubricl:t ion
is rot compleler. tlri woulcl p:crvide fcr the filn r;f CItr
betw;:en the c<;ntaci suilaces. The !*rbricant. in fact has
priinarilr. '  the chemical, and uot ihe physica! nature.
Thus, i;r i lstance. rarbon tclra chloride CCi4 that is not
;iprfierj i ; i  prae ticc. can pcsitively affect the cutting pi-c-
i'lis...ss i.:,-v reducing the consurned specific power up t(,
l.Co,/o,

In order to provide for efficient iubrication pure chemi-
cai -qubst r. i lccs r:ir; '*, ld ha-"'e:

. srni, i i  molec'cie size, tbr easier unfolding of diffus:ul
and bringing i{-} the contact surfaces

' corresponding cher:ricaily active adhesive force that
enairles tir:: i,-cunciary lubrication regime

. capabii i ' , ., ' l f  ci issolution at tempcratures irnd pressures
on ccntac i  sur f rces.

Aii characteristics mentioned above possesses carbon
tetra cirl ir i ide . Fii:ure 21.

-t
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i'-igure 21. [tijluence oJ.fted mte on lubicatirry ectiort
,--:'tlrc CC!4 (: crbctr tene clloride); p : f 0,

i,t - titr: iict!t;: tutgb; I - *,iii'tctt! CCI+ 2 - t+,itlr CCiq

A.' !t e:rit i ,.c seen fiom Figurc 2l the influence of lubri-
taiion ls smaller at higirer feed rates,u'haf is true for all
CFs" 

' i ' ]rcse 
eifects ale erpiir ined bv partial loss of l luid's

ri i-., l i ty ;r-r reerch t 'nc i:r)rrlact point, i ind partially by simul-
tt l i ' lo'. is i lcrease of tenil-;srature, that causes reducing of
the ,:fr,. 'ct:: of thc firru boundery lubrication. The inpor-

tant f i ict,-lr i:, of course, the surf'ace roughne:;s, ihai does
nct ir:f luelce rnly the CF action.

D;prsit th.at is periodicaliy separated is transferred tc;
chip :-rnd l l i ; irrachined suif;rce, *. 'hat has multiple ccnse-
q! tenc- 's  i r ib i ; : l i lns,  i i i lcven -  j " t lq . ' tc to l  mot i r . r l ; ,  t : tc . j .

7" C{jt{llLLi;}(}N

,\ll presen leci tlb,Jvij, point t,: tiic importance of tribology

in :nii i i ' i : : i : l :,, anC io its application on reatl, existing and

tutur:, rlew, i-1i{l{jesses. The new technical rnateriaispoint

to the necessity of beiter recognizing the basic tribologi-

c;i l  knowledge, anci t l ieir application in concrete opera-

tions, Jhus. onLr ,l; iv w'e.."irallbe able to design technically

perfect tor-' l  nruterial fur every specific type of machining.
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C*ntemporary Lubricanfs: Rcle and
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Sr;i"',ing of tibologica! problems in moving parts of nnchhtes and devices inevitably includes tlrc application
cf the apitrcpiate ry*pes o! lubicants. Their clmracteristics are detennilrcd by eEipment marutfactttrerc and
enr:ironme ntal protectiott legislatiott.. The object of this paper i.g to nnal,r,se the state and tendencies of the
rnodcnt. iubicgt:ts developmetil itt the light of tlie reEirements rneriliotrcd.

Key words:.Lubicittts, Basic properlics, Reqttiremenls

I
O
E.

TU
a
tu
E.

I.INTRODUCTION

Lubricirnts are vital components in transportation, as
rveil :rs with most of industnal equipment. A proper
selcciicn of the lulrricant end lubricating methods in-
creirse the l ifetime of machinery and decrease operation
anci maintenance costs, These effects manifest themsel-
ves in a decre:rse of energSl consumption, lower working
iemDeiiitrtres and sliorter clown times.

Histcrically. : ire i irst applicetion of lubricants coincides
ri'ith the beginni ;rgs of civilization, while the first research
v,' i is canied out during the industrial revolution. Fr'->m
that tir're till today, lubricants have played an important
rolr in the developrneni of industrial society [1].

The gcnera.l technical progress, requirements for high
crnfonniry of all parameters of machine operations and
cver stricter regulations over environmental protection
ha."'e in the last several years resulted in a series of
soiutions thai should cnsure highly productive and also
environmcntally friencity iubricants.

Thousailds of products nowaCays cover all the aspects of
!ubricatiru iechnokrgy. This wil l undoubtedly remain so
in the fl:ture. .Ai iarge nunrber of different types of lubri-
cauts rirrl producis iras been brought about by tlsks ihat
iubnianis have to perforrn i ir different constructions,
;intl unricr dilfercrtt rvcrkinu and environmental condi-
tioris.

2. R{}LE O! I,UBRICAI\ITS IN
TzuR OF'I ECIIINI OlL SYSTENI S

Apciicatinn oi'!ubricanis is inevitable in solving tribolo-
gical oroblems in the majority of b:rsic macirine elements
(gears, siiding anC ro!iing hearings. joints, ropes, chains,

P:,t.f. dr,llcksaridar Rac, di;tl. ing.
F n c t : !ry c,{ I'f e t' l t a : i t a I Er ryi t t e ei t ry, B eo gra d

7'riLrcicp itt itulrtsiry', i'ciunre 20, No. 4, 1998,

etc.), aswell as in different machines (IC engines, pumps,

turbines, compressors, etc.), and technological processes

of metal machining.

Effectiveness of iLrbricants depends on numerous inter-

related factors that are determining the influence of a

lubricant on fdction and wear of the vital machine parts

and equipment. They include the properties of Iubricants
and changes that occur in the properties during exploi-

tation, character!stics of frictional surfaces, character of

interactions of the lubricant components and surface
material, speed, lcad, temperature, and other parame-
ters of the workjng regime [2].

Tiris points to the mutual dependence of the develop-

ment of machues, their components and lubricants,

which is one of the characteristic features of modern

mechanical systerus. Thus, for instance, the solutions
realized in the area of lubrication theory and lubricant
production technology enabled the designing of hydro-
dynamic sliding bearings of high reliabil i ty and efficiency

[3], they helped to achieve high performances and long
life of rolling bearings and gears [4], they contributed to
the decreasing of fuel consumption and improvement of
the IC engines pertonnances [5], etc.

As far as thr:i i 'history is concerned, lubricants were the

subject of intense develcpment during the fift ies and the
sixties of thrs century. 

'fhe 
multigrade oils were introdu-

ced, as well as highly refined mineral base oils, nerv

additives, synthetic lubricants, etc.

In the mid-seventies, which were witness to crude oil
crises, ihe trend shifted towards the saving ofenergy and
other resources, and tc the solving of accumulated pro-
Lrlems related to environrnental prolection. During that
period economic aspects of lubricants application, espe-

cially their irtf luence on energy saving in machinery,
l ' lec; r rng l t rore Drominent .
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The end of this century, i.e., the nineties, is the period of
globalization in all the aspects of lubrication technology
(technologry of lubricants manufacturing, t esting, stand-
ardization, aoplication, ecolory), through the activities
of many internationai organizations founded in Europe,
America and Asia. These activities are primarily aimed
at:

. lowering the system costs and

. environmental protection.

Lnwer costs in systems where lubricants are applied can
be achieved by:

. extending the interval of lubrication application

. lower maintenance costs durlng the whole machine
lifetime. and

. application of ior-life lubricants.

The use of ecoiogically acceptable lubricants, the so-cal-
led "green" lubricants, is also an imperative. Ecological
problems can be solved by:

. improving the applied lubricants efficiency

. decreasing and/or elimination of emission, and

. apolication of rapidly biodegradable lubricants.

It follows that the basis for characterization of future
lubricants is going to be a combination of economic and
ecological factors.

3. LUBRICANTS FOR TRANSPORTA'TION
MEANS AND MECruTNIZATION

Basic types of lubricants that are applied in transporta-
tion and mechanization are engine oils, gear oils and
lubricating greases. Out of the lubricants mentioned here
the dominant ones according to application are engine
oils with about BSVo, while the consumption of gear oils
amounts to cra l3Vo, and lubricating greases 2 to 3Vo.It
should be kept in mind that transportation consumes
over 507o of the total quantity of lubricants [6, 7]. These
data explain why engine oils and gear oils are in the focus
of interest of both lubricants manufacturers and consu-
mers.

3.1.Engine oils

Development of new engines requires new high quality
lubricants of precisely defined properties. Also, consu-
mers today damand higher performances from lubri-
cants, since they are striving for lower qystem costs and
higher efficiency of the equipment. Manufacturing of
such lubricants makes necessary the improvement of the
characteristics of both base oils and additives.

The future belongs to the family of base oils that inclu-
des: hydrocracked oils (FIC), polyalphaolefins (PAO)
and rapidly biodegradable esters.

Hydrocracked oils, whose production was realized a few
years back, erhibit certain advantages with respect to
parrafinic solvent raffinants Cfub 1).

Table L Properties ofhydro-crackedbase oib

New technologr offers base oils of such quality that can
satisfy present-day specifications. In their properties hy-
drocracked oils surpass typical solvent raffinants, especi-
ally in applications where thermal and oxidation stability
is important. In literature, these base oils are frequently
called pure base oils (PBO) or unconventional hydrocar-
bon base oi ls (UHBO).

Generally, base oiis used for manufacturing modern en-
gine oils, ought to provide for [B]:
. fuel efficiency (lubricants rheology)
. low emission (low volatility ai low visccrsify)
. extended oil drain intewals (chemical purity).

Decrease of fuel consumptiorr in engines (better fuel
efticiency) can be achieved by lowering friction, which in
ihe case of engine oils nreans applying low viscosity base
oils. Due to this, the use of monograde oils in Diesel
engines is becoming ever smaller,while in multigrade oils
there is a tendency to change from grade 15w-x to 10w-x.
As regards petrol engines, oils with grade 5w-x are alrea-
dy to be found on the market.

Lowvolatilityof thebase oil results in Ioweroil consump-
tion and in lower emission, which is significant in Diesel

Figurc 1. Differences in evaporatiott belnvior
of base oils (Noack test)

Tibologt itt indwtry, Volume 20, No. 4rLggl.
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engine s, where there are restrictions on particulate emis-
r;ir:-rl. Investigations show that in totai particulate emis-
sion in Diesel engines, the engine oil 's conrrit-.ution is
irhaur- 35Va, \,blatiiiqv of certain base oils is presented in
Figrre 1.

l{i;:li puri|1 cf base orls provides for excellent oxidation
:tabii ity, which is a means of preventilg oil degradaticn

if '92).In that rvay longer drain interval is achieved.

J"2. Gear oi ls

Tbere are numerous factors that influence the develop-
ment c.f lubricating oils for gears. Growing specific loads
of gearr cltments have as a consequence high thermal and
ricchanic'ai straining of oils. Reducing mechanical losses
jn r.c.: is i:; also an irnportant task of their Iubricatiugoils.
European manufiicturers strive to extend the drain inter-
vais of oils cr to eiiminate oil replacement. i.e. their
thoice is for permanent lubrication. Automatic transmis-
sian is becoming more common with European car ma-
nufaciurcrs too.

Thc facts cited above determine the necessary properties
of i i i ture gear oils, and these are: high oxidation stabil ity,
convenient frictional characteristics, good iow tempera-
ti:r,: behavior, low volati l i fy, high natural viscosity index,
gc<id carrying capacity and wear resistance. The hyclro-
crirck;d l.a:e oils (HC IV[I) and PAO satisfy the majo-
r-i$' oi the requiremenis merrtioned. They are especially
clnr,,cnient for rhe production of high quality AIF oils.

4. I}{DUSTRIAL I,UBRICANTS

Prir;iipiil faciors that wili cjetermine formulations, rnanu-
f.ictr-iring irflci the market of industrial lubricants in the
frr turc, are the needs of equiprnent manufacturers and of
tilral col:,umers. Energy saving and the need for cnviron-
meni;,1 protection flvor "green", less ecotoxic, rapidly
bicdegradabli: p1clus15 [9,10.1. In order to comply rvith
' i- irr:se : equirenretrts, t l ie development of nerv manufactu-

ring technniogies of the basic components of industrial
lubrir: i ints beccimcs an iniperlit ive.

However, iii ccrrparison to automctive lubricants, in
industrial lubricants the activit ies aimed at Cefining the

standard perfbrmances are limited. This is due to a great
variery of equipuient, industries, fieid of lubricant appli-
catic,n and working conditions to which these iubricants
are exi)c3ed. This leads to an extremely large number of
products of various characteristics.
"Working conditions of industriai machines and equip-
ment are getting more difficult all the time. Universal
trclrd is towards the growing loads and speeds to which
lubricants are cxp,)sed, and longer drain intervals. In
many cases fcr-l i fe lubrication is required. These are the
reasons for the increase in the application of synthetic
Iubricants, primarily polyalphaolefine (PAO), as a basic
component of numerous synthetic lubricants. High dis-
posal co.rts of used lubricants also contribute to the
application of svnthetic lubricants, so that the expected
trend of increase in their consuinption is at the rate of
about 700io per year.

Nevertheless, miuer;i l  oiis obtained from crude oil sti l l
have the largest applicaticln in industry. Improvements
in the manufacturing technology, togetherwith the alrea-
dy mentioned h1'ciroprocesses, give high quality base oils.

Generaily, the selection of the base oil has the primary
influence on the lellorving characteristics of industriai
IuL.riqants: r. iscosity stabil ity, volati l i ty, Iow temperatures
fluidity, solubil ity of additives and contarninants, dee-
mulsibil ig,. air release and foaming, oxidation and ther-
mal stability.

Typical industrial oils cover viscosity grades from ISO 32
to ISO 460.

In contrast to conventionil l ly refined oils, base oils obtai-
ned by hydroprocesses usuii l ly belong to lower viscosity
grades (l lb. 2).

Table 2. I'iscosiil: nurye of ba.se oil as a Jiutctiott of tlrc
Drad I t.ct i t )t, itrocedt rc

Base oil type I ISO viscosity group

91""tti"q[{l--_L I---+ 1 0 - 4 6 0

Hydrcfinished i  ro -+oo..''--]-------

l ydf t * " teq____ i  22-1oo
u t , A , ^ ^ r ^ ^ t , ^ A  

- - - - - l - - - - _ -  - ^ ^ _

r  : ) , i l  vv l  qvneu I  22  -  46

By comparing them with viscosity grades most frequently
applied in industrial oils (Thb, 3), it can be seen that base
oils obtained by hydroprocesses ciln be used only for
lower viscosif,v grades. In this respect special restrictions
exist for those buse oils that are produced by hydrocrak-
k ing  [11 j .
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Tabie 3. Typical ISO viscosirt* groLq.s.frtr indust;'la! ltii;ri-
cants

Other factors that have to be considered when applying
hydroprocessed base oils are solubilify and dispersivit'v.
Most indi-rstria! oils with a greater content of additives -

hydraulic oils, gear oils, and others - require good solu-
brlity cr dispersivity of additives and contaminants, in
order to control sludge or deposit formation, and thus fo
exten,d thc drain irten'als and oil f i l ter l i fe.

A proper selection of the base oil, together with a balan-
ced system of additives, is the funciantental approach in
the nanufacturing of highly productive industrial lubri-
cants, The possibil i ty of a 

"vider 
application of base oils

obtained by hydroprocesses wil l require new teclinolo-
gies that wil i produce wider ranges of base oils viscositi.

Basic types of lubricants, most frequently applied in
industrial practice, are hydraulic f luids, gear oils, metal-
working fluids and iotal loss lubricants.

4.1. Hy'draulic fluids

Hydraulic fluids, whose consumpticrn ranges frorn -15 to
207o of the total lubricant consunrpiion, represent an
important group of lubricants. Their application is rvide
and it includes mobile machines and stationary equip-
ment, machine tools, plants and equiptnent in food and
beverage industry, etc.

Possible trends in hydraulic fluids development are illu-
strated in Table 4 by the exarrple of Germany.

T'able 4. l'uture rlevclopmeri oflrydraulic lluids itt Ger-
tnat?y

It is obvious that a significant increase is expectetJ in the
application of biodegradable prociucts, l iased both on
vegetable oils i;nd synthesized esters.

The future hydraulic f luids wil l have to satisfu a series oi
technical criteria - low tcmperature characteristics, resi-

I4t)

stance to aging, croinpatibility v,'ith scarling nrzrtt:rials, liy-
drolytic stabiliii,, as -rvell as to fuifiii certaur ecological
requirements - riol tu contain haearclous materials, to be
bioclegradable, nr;ntoxic, and nct l lr poUute waters above
thc legally pennissiir le values.

4.2. lV{etal working fluids

lvlelal*,r 'r i<ing fluii,; ir l: io constitute ir lrrrge and for nra-

nufacturers very attractive group of lubricants. The lar-
gest estimated consumers of these fluids are USA with

360/o,followed by Asian countrieswith30To, Europe rvith

26To and the rest of the worlrt with 6qa |2|

Accclcling tc their appiication m-ti i iworking fluids are
divided into four grouls: rcnroval f luids or cutting fluids,
forrning fluicis, prolecting tiuids and treating fluids. Cut-
tirrg fluids are the largest group with the share of 547o of
the total consumption of nretalrvorking tluids. Ihe se-
cr-rnd largest group includt:s forini;rg fluids (28?b). These
are follcrwed by protccting flnids {1Io/c), rvhile tlte trea-
ting fluicls' sltltre is 7oh.

Therc arc tu'o categories i)f proijucts in the cutting i luids
group: straigllt oils and ivilter-miscible prociuct-s. Tlteir
ratio of consumptir,rn in threc largest inclustrial regions

in the world is sho,'vn in Fi[ure 3.
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I'igure 3. Estitnata of tlrc corcuntption rotio of straiglrl oils
and n'otcr-ti"isrible itaducts jtsr tlu'ee intlusttial rtgions

In Europe therc is a teudency to apply hydrocrackecl oils,
es thel 'pro i luce smal ier  o i i  rn is t ,  they evaporate less and
are. less cancel'ogenic. Restrictions are imposed on tl ie
appiication of certain additives (e^g., chloune). pnmarily
for the reasons of cnvironmental protection.

It is obvious tl iat for cuttins fluids, l ike for all other

lubricants, there exists a requirernent tbr protection and
safety, and that in product evaluation the possibil i ty of
waste disposal and the price are also taken into account.

However, u,irere the application of cutting fluids is con-
cerned, problerns appl:i lr in f lex;ble rnachine systems, as
modern manufacturing systems. I 'hesc systelns are ex-
pected to rnachinc the working piece as fast as possible
and with ieilst r)per;rtor inten'enticir,rr lur-i least setup
tirne. Irr order to :,cl i igvc thi:;. sophisticated mechanical

7  i  1 0. _ t _ .
I

__f____

z i5

Rapidly biodeg raCable lubricants

Mineral oils basec flL:iCs
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arrd electronic systerns are needed, with high hydiaulic
piessures. thrcugh the application of such systems hig-
her produciivit,v is aehieved.

Fundamental prcblems iippeering in their operiit ion are
related to process fluicis (lubricants, hydraulic oils, cut-
ting {iuii is). Their interactions can often result in desta-
i,ih;:ing both the cutting t'luids and lubricants, regardless
of lne faci tliat ir,.dividually they were properiy selec,red.
[iecause of this, Mercedes for instance, is considering io
elimi::ate water-miscible fluids in its production plants,
and to use only straight machining oils, which are totally
solubie with lubricants, and compatible with all materials
thai are used in :irachine tools manufacturing.

4.3. Tatal Loss l,erbricants

Total Loss Lubricernts (TLL) constitute about 7o/o of all
anpiied lubricants. According to their characteristics
Ihey are very dif reni, but they have one comnron pro-
pe rqv and that is that they are, due to the way of their
application, significant pollutarts of waters and soil. This
is tbe reason wiry in the future the application of biode-
qracji lble Iubricants is expected, whether of vegetable or
synthetic origin. Basic areas of the application of these
lubricants are given in Table 5.

Tcble 5. {.uiut'c fotn! Loss Lubicants

i  l q " p d @
I Grease applicaticns f l^^.-_^.

5. COFICLUSIOI{

Perrnanent technical progress, ecological nspects and

econcmic factors i l 'Etr) dict:rte the new qualit ies of
lubricants. Of all base oils, that ct;nstitute 90Vc of total

cuantity r:f produced lubricrants, the ones that wil l be

most applied in the future are hydrocracked oils, polyal-

phaolefincs and biodegraciable products obtained form

natural raw materials. These base oils, together with the
new types of additives give lubricants with optimal per-

formances, which satisfy ihe TEE requirements.
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Characteristics of Existence and
flevelopment of Macine Elements
Tribology

Tibologt oJ rnachine elernetils is the trcw cotrcept of application of tibological hrowledge in analysis of
operatiort, design and constructittg of machhrc elernents, as carriers of elementary functiorts in the general
stntcture of machine systems. The corntnon goal and obligation is to obtain "tribologically proper constnrc-
tions" as the.most signiJicant Enli1t irtdicator.

Keywords: Tibologt, Desigrt, Machine elernerils
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l.INTRODUCTION

In contemporary mechanical engineering, machine ele-
ments represent the irreplaceable group of general or
special purpose of many rnachines and mechanisms, thirt.
in many cases are determining the value of technical
parameters of the machine systems into which they are
being built. Regardless of that whether the machine
element is a part, sub-assembly, assembly, or a group, its
role in performing the elementary functions is irreplace-
able in the general structure of the machine system.

Tiibology, as the new science on friction, wear, lubrica-
tion and mutual interactions of the surfaces in contact
during their relative motion, has found its practical ap-
plication in machine elements very tast. Nature of tribo-
logical processes and natural inevitability that machine
elements wear during exploitation, have caused the ne-
cessary need for minimizing this process down to the
Iimit of being possible. The fact thai majority of machine
elements is being removed from application due to ex-
cessive wear have caused that, within tribologry as a scien-
ce, the special area is developing: the machine elernents
tribolory and tribology of design, Their main task is to
obtain "tribologically proper constructions", as the im-
portant quality indicator of the machine elements and
the machine system as a whole.

Present modest results in the area of machine elenrents
tribology and of introduction of tribology in the design
process, are the evidence of complexity of tribological
processes, and also the evidence of certain opinion that
both tribological processes and tribological errors can be
corrected later in exploitation. Thus improving of con-

Prof. dr Slobodan Tanasijevit, dipl. ing.
Faculty of Mechanical Ertgilrcerittg, Kragjevac
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structions and making of machine elements, develop-
ment of new highly productive and economical techno-
logical processes for increasing the reliability and wor-
king life, are directly related to significant introductions
of tribology and tribological knowledge. And those are
the tasks of the general social importance,

2. TRIBOLOGY AND DEVBLOPMENT OF
THE MACHINE SYSTEMS

Historically considering, development of each science is
different, but in the final prospective the goal was always
the same: clevelopment of the new and better product,

servicing the society with the new offer, for the sake of
increasing both the general and individual standard. De-
velopment of each science had always assumed the ne-
cessary complex of highly intellectual enterprises, under-
taken in the aim of progress of society and the community
as a whole.

Existence and development of technical sciences was
closely related to production of technical systems, impro-
vements, renewal and manufacturing. Thus, at early sta-
ge of development of mechanical engineering, the tech-
nical sciences were developing, like: theory of cutting,
science about metals, machine tools, technology of ma-
chine building, etc. Design, and especially methods of
design, came on later. Scientif ic fundamentals of techni-

cal systems development entered the practice of manu-
facturing companies, and they serve in the basic sources
of inforrnation of specialists from different groups, only
after the batch product development. Typical example of
the close relation between the production and science is
development, creation and realization of electronic com-
puting machines, as well as development of space science
and technology.

Tibologt itt irtdustry, Volume 20, No. 4,1998.



Application of trrhology ir-, design and constructing of
technical systems, and ascordingly in de'.veloprnent of
machine systems, wzrs completeiy lagging behind the
appiication of otirer technical sciences. Tribological in-
forrnation were optional for application and use. Con-
structors were trying to increase working reliability and
':i iniinate failures, and they considered wear as oae of
cther requiremeirts. For a long time constructors were
calculating that computation of machine elements frir
their siatic strength, peimanent strength and stiffness,
can be the necessary warrant of reliable and efficient
operrtion of each machine. For individual working con-
ditrons of rrachires it was really the like situation. But
tirrr ycars went by. Technical progress persistently requi-
red increase of power, operating speecis and loads, in
order to increase.the working productivity. Machine ele-
inents were operating in more and more severe working
conditions. At that point and time distance, the attention
was devoted to causes of failures, and sometimes to
sudden depleting of thcir projccted working resources.
More det:iiled analyses have sliown that the most fre-
quent cause was excessive wear and tribological proces-
ses on vital rnachine elements and assemblies. That was
esoecially obvious in oil and gas industry, mining and
agriculturai techniques.

Proirierns of increasing the wear resistance of machine
elements and assemblies suddenly became actual. That
problem was again soived by increasinS; the strength, In
individual cases, the problem of increasing the wear
resistance was soived by choosing the steel of higher
hardness. For a long time steel was considered as analo-
gotis to wear resistance. Later, materialswere substituted
by lubricant, thus the problem of decreasing wear were
for a long time solved by adequate choice of lubricant,

I-ong and diff icult penetrating of tribology into the scien-
se of deign and scientif ic disciplines l ike: macli ine ele-
nrents, machinc toois, etc., can be explained in several
wa'r's, and from ciiffereiit points of view. The essence of
trrbolcgy, as a uew scientrfic discipline, is such that form
the beginning it involved: engineers, chemists. technolo-
gists. metallurgists, physicists, and others, each frorn
il ieir own aspect. Sueh a rvide ray of possibie interests is,
certi i inly, an important ch:rracteristics of tribology, since
it is. by its nil i i lre, interdisc\l l inary. At the same time, just

because i:f that, it was not, for a long tirne, applicable,
:;ree tiie irjomiation of fundamental research could not
sufficientiy satisfy practicai needs of design and construc-
ting.

Another aspect of insufficient application of tribology in
lnechanicai engineering is absence cf coordination in
coni iuct ing the t r ibo logical  invest igat ions,  regular ly
rianning of publishing the tribological inforrnation, no-
ticing prionf' directicirs, and rrnsl'nchronized develop-
ment. Thus, even tr,-da1', therg exists several versions; of

Tnboioglt itt industry, lblume 20, No. 4, 1996i.

wear tv,pes classifications, methods of wear tests, wear

evaluations, wear resistance, wear intensity, etc. Certain

lack of system in development of tribolory as a science

has contributed to the fact that majority of information

had accidenial character, and was in no way related to
practical needs of <iesign and constructing.

From these reason$, it turned out that very small number

of tribological infc;rmation is applicable in practical de-

sign and constructing, especially in the form of handbook
literature. The list of books and handbooks that can be

recommended to constructors-designers is very limited.

On the other hand, in engineers potential of the largest

production companics there is no position of the main

tribologist, analogously to the main designer, main rne-

tallurgist, main technologist, etc.

The larger devoting of attention to tribology and its
application in machine elements and systems in general,
started at the beginning of seventies, with the sudden

increase of exploitation regirne s of machines. The trucks

carrying capacity was increased from J.5 tones to 150-2n
tones, the speed of rail road and autcmobile transporta-
tion was increased, the qualitatively new airplanes ap-
peared, Practice of increasing the wear resistance by
choosing better steels ceased to be efficient. Develop-
ment of science about metals apparentlywaslaggingwith
respect to development of designers requirements in all
arcas of  ntecha n ic l r l  engineer i  ng.

Today, there is significantly more tribological k:nowledge
about machine systems, or tribolory of machine elements
and systems is today a very important field in the science
of design. The best i l lustration for that is that the newest
ISO recommendations for computation of the gears car-

rying capacity, out of four criteria for computation, three
have wear in their bases: criterion ofteeth sides strength,
calculation of carrying capacity with respect to scoring,
calculation of carrying capacity rvith respect to wear.

To the fact that tribologry has deeply penetrated into the
nrachine systems of the rnost complex constructions and
highest technologies, also testify the efforts that Russia,
Japan and United States have put into developrnent of
tribology of space technical systems. The fundamenl.al
tribo-mechanical systems, into which is put a lot of tribo-
logical knowledge, and which are built into modules and
components of space staiions are: roll ing ball bearings,
journal bearings, spiral ball mechanisms, gears,... . Lot of
tribological knorvledge is also built into the special bea-
rings of rocket engines, ball bearings for operation in the
outer space condition-s ( vacuum, wide range of tempe-
ratures, zero gravity conditions, radiation), highly loaded
gears for positioning in distance control systems of ma-
nipulators. etc.

Apparently, the time thiit is coming, requires larger ap-
plication of tribology in the arrea of rnachine elements
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and systens, and the numbet lf si: i i :r: i i f ic infi-,r ' l :, l i l ietn

fi 'orn this are is going to i:e larger Sti l l  rernains: the
problem of their applicabil ity and searching f;rr the shor-
iest way to practrcal design .urd constructing,

3. TR.IBOLOGICAL PROCESSES IN
S,IACHINE ELEMENTS

Contemporary classification of classical nlirchine ele-

ments to: elements for r:onnection. elements for power

transmission, elenrents for rctational rnotions, and ele-
ments of armatures anrl hydrauiic installations. did noi
diminish the global nced for analysis and identifica-tion
of arisen tribolcgical phencmena and proccsses. In the
frictional contitct zone of any machine element appelrr

complex non-stationary physical-chemical and mechar.l i-
cal processes, of stochastic nature, detemtined by the
non-unique irif luence of numerous factors. ! ei us rrcn-
tion only the rnost imp;rtanf oire::: pirysical-ciremicll and
mechanical properties of elerrelts in contact, rneciiuui,
roughness, ma.nufacturing accuracy, load (rnagnit ', ide
and character of variatiort), spe ed and acceicration, tcr: ',-
per.tture of ccntirct suliaces, *tc.

Processes on contact surfaces are, by their nalure, sto-
chastic and af ccntiriuos duration, Non-unique influence
of numerous factors Iearis to an-rbiguous results: nragnr-
iricl,.r of the friction force and wear.

Coinplexty of tribological phenornena in mircirine ele-

ments, especially in elements for pcwer transnrissii-rn and
eiements for rotation:rl motions, Coes irot imply that the
processe s of friction and u,ear are totally out of control.
N'{oijern kno*'iedge and availabie iniormation of the<;re-
tical and application tribok-rg) enable prartiaily reiiairle
regulation and control of processes that occrrrretl on
contact surfaces of elements in relative motitx (the fric-
tior: coupie).

Analyzing the methodologi and mrclianisrns of rnachine
eienients operaticns, and in orde r to ciassify the c,rnrplex
processes on contact surfi ice:s, and exprloitafion c;rcle
sysiematicaliy decompose, the geiierirl picture rs fonued
of the dynamic rycle of machiire elemenfs opcrations,
Figure 1. The system analysis r 'rf each biock enabie:r
explanaiion of comple.r irhenomena in the coiitact z.Line,
noticing of the orcier of complex rcriationshil ls of nrarny
factors, and, f inaliy, noticing of their influence on the
rvcrking l ife of each machine eiement. The block-schenre
of dy:amic cycle makes possible for each researcher to,
according to his own preferences, f inci the area of his own
scientific ard productit;n work. It is necessary to notice
thst fhe slhene of d.vnamic cvcle can be expanded, more
dcti i i led decomposed in eirch block, irnd in all directions.

An;rlysrs of init ial ronditions influence on tribological

frrocesses, friction, wear and r.l,orking l ife of rnachine
elenrents. shor'*'s t i i : i t. unti l ncrv. i irc most is doi,;: in ihe
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area ' if inflr::r 'rce of rnatcriai, thit l was, for rnauy years,

the basic regt:l ir lur of incr';:t isinu ihe wear resistance.

\4atr'r iais : lre n:rirrlv rneteds, bi:t ih<. rtrore pronunent

beccncs itp't i icat,i:r i ' .  oi -c'1 nthctit '  tnatr-:riais i i t id ccmpo-

sl te s.

i" ' l ,: i :-ri i ir: i ;; i :al nroL.!r::tts t.ri making:-:lcels anci alloys higit ly
lcsisi;utt ! i ; weiu' :rt 's vcry crlnrtt lex. Steels antl alioys

resistrir i i  lc weer nir. lst posseis, nrrt only high static and

permaucnt strength and harclness, but aiso stabil ity

against heai effects, ihat ure inevttable in tribciogical
processes. Accordhg to certain data, the better wear

resis{ance possess steels with carbide h:rrderring. Steels

of  other  s t ructura l  c l lsses:  per l i te ,  austeni le ,  martet is i te ,

ferite, alid oLtrr;s. ha',te rnorc tl 'ran threia times ie';wer
l l e : i r  t c . i i s l : r n t : c -

Apirl icirt ion of non-metali ic materials and coruposites is

the new ii irection i lt t ievelopment of machine elements
wirh higirer wear lesistanr:e. That is espe,.: iaily referred to

for journal bearinEs, wirere todiiy, besides the classical

malerials are also used nrulti- layer materiai r. l ' i th rnetall ic
irasis, hontogeneo!ls non-nretall ic ntatenals anc! nou-me-
ta l l ic  n ' rater ia ls  t  i th  f i l i i in<: i r t ,

Modern lrencls of i i ttroducing the ncn-ntetaii ic malerii i ls
into ih.r inachine clemcnts productior i ire i-ealized ulsc
in the r i r i rnrr fact r : r ' ing r r f  p l : rs t ic  chains.  Thcy are chcru. i -
caily rcsist:rnt, nL)n-11 !L:netic, do not reciuire iubriciltrotr,
and they lre rlsi ' ;tarrt tc ccrrrosion car-tsed by alkaline
mate: ' ia ls ,  i ic ids urrd sal ts .

Due t<i hiqh ri i: i i iufacturing technology of lubricating
agrnts m;lnufac'luring, it is justif ied t '., stt ite tfrat the

significart irf luence r---f lul,ricants on lvear and rvorking

life of rirachiue elements is evideni. Special importance
in tl i t: luir;ri i :ants industry is irssigned to miinufacturing clf
new anrl hetter qiiality atidit ives, which improve quality

of lubricants. [ i iom rhe aspect of triboiogical proces:;es

orr rnacirin,r e l ' .:rrcnts ironli lct su!:faces it is of speclal

inrport;rn cr to i;,: 1-r role c;,r r al i rv of adcl i t ir,es for protection

against  ! 'ca i ; rnd : r : i i l i l ives i i , ' i  pro lcct io l r  .u l inst .  Com-
bin irt ion r ;f i l  i f l i :  : ' .r n t add it i '",rs shorvs signific.i r:t effec ts,
: rnd that  is  wi ry  t i r r i r  appl ic : r t ion i : ;  t i re  way to fur ther
drr .c i l i :nr r : : r l  o i  i r : l r , l r : i  r i i l i l i i  v  ;u i ( i  r i  r r " ie  ef f ic ient  l  r rbr i -
Cf iNIS.

In pasi i,-:...; 1c:rs e :; i; i :r. r i i iy wa:; lr i; l icsitr,rlt: de' ',: lcplrtcnt
of solid lubiicants fir i iubiicati, l ir cf rl lrchine eleirents
(beririr igs, gerrrs, spiral shal'ts) t l::rt opcrate in specific and
cii if i ; lr l t working conditioris. I-irbrlci i i ing iayers baseci on
compcluncl of n;i, j ibdenurn ri isull ir. le i iave shown the
better tribclogical charactcristics rvith rt:sLlect to classical

lubricants tlrrrt ' ,r 'cre: irscd unti l noi', '"

Cr:nsiciering appliuation,.rf tr ibological krowledge in
prirctical cesign anti c':nslructing. it shclult i be stated ti iat
lhe l t t i ; : , i .  rccepl r : i l  ar t  i , i l l r l t ' l t : r i ic l t  ; tbout  i i i l lucnce c l f
mt r te t  j : . r l i ;  l : , l i l  l l l l . ; i . t i l , , i . i  i ) l i  i i i b , , . : 1 , r . - g iC : ' l  ; . r , _ rCcsSes  and

'{rib';ltt.r, 
irt ittrltrt!rr,, Vt.rlunte 20, No. 4, 1998.
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working life of machine elements. Influence of large
nurnber of otherfactors, that define initial and additional
conditicns, that appeared in the friction and wear pro-
cesses, is still poorly investigated, and even less accepteil
in practiee. All these testify about necessiry of more
intensrve development of machine elements trib<tiogy,
ud ajso point to the fact a long time will pass until the
coi::plete ciefinition of tibclogically proper construction.

Speaking of further directions of development and influ-
ence of :iumerous factors on iribological processes and
*,'ori<ing life cf rnachine elements, let us only state thai
todi'y in teci:nical world is nore and mrrre present theory

tibologl irt irtriustry, Volume 20, No. 4,1998.

about technological inheritance and its influence on pro-

cesses of fricticn aild wear. Technological inheritance is

relatively new thecry on transfer of properties and char-

acteristics of the object from previcus to future techno-

lcgica! operations. Hereditary infonnation carriers are

material and its topogiairhy. lirherrited properties, in the
phase of tcchnologic:a! opcnitrons, to the sigit if icant ex-
tent project the type and dynarnics of the wear i)rocess,
exploitation characteristics and working l ife of machine

elemeuts,

Accepting the fact that tcrlay in tei:hnical rvorld exists

inarlnissible l irnilec! r;umher of information from the
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area of triboiogy of the real machine svstems, and that
influences of numerous individuel factors on prJcesses
of friction and wear are insufficiently knorvn, let us re-
mark that tlie similar situation exists when one considers
friction and friction mechanisms of machine elements.
This is especially expressed in modern mechanical power
transmitten by friction (frictional, belt and chain), where
the process of opposing the reiative motion is used for
ihe basic function and purpose of transmitters. The me-
chanism of power transmission by the idle friction is still
insufficiently understood, and especially are insufficien-
tly known previous displacements, relative micro-displa-
rcments, at which theses processes occur.

4. MACHINE ELEMENTS WEAR

Wear is, in general sense, any type of material removal
from the contact surfaces. Simultaneously, that is also the
natural process, that can not be avoided, and which
accompanies operation of eech machine element and
machine system as a whole. Consequences of wear are
changes of system's technical parameters, changes in
functioning, and finally, removal from exploitation, or in
the extreme case fracture and failure.

Period of functional aging of machine systems is, in
principle, significantly longer than the period of permis-
sible wear of machine elements. Physical wear of ele-
ments (/.5 to 2 years) occurs much faster than the
functional (moral) aging (5 to ./0 vears) of a machine
svstem. Limiting tendency is to reach their equality, since
at present trme such an accord does not exist. N{ain task
of tribolog'y is to minimize breaks between these two
periods, up ro the possible lirnits.

The nature of the wearprocess, possibil i ty of indirect and
Cirect identif ications, as well as possibil i ty of measure-
ment, have caused that today wear of machine elements
is used as the most natural criterion for evaluation of the
operating condition during the exploitation period. Fur-
ihermore. wear is now even more used also in criteria for
machine elements computations. The best example for
this are computations of gears. The calculation of chain
trausmitters is based on permissible cirange of the chain
step due to elements wear (AJr = 3o/o), at nominal wor-
king life ot- 15000 hours.

In Thbie 1 are presented resuits of many years long
analysis of t i le most characterisiic phenomena and the
most frequcntly present types machine elements wear.
At the same time are presented the fundamental recom-
m0rrdations for minimizing the wear procress and slowing
down its further developrnent. Possibil i t ies exist in de-
sign, technology- i ind exploitation domains,

Fatigue wear qpitt ing) is the most frequent, and at the
same time the most characteristic form of macirine ele-
nlents wear, Some infcrmation indicaie that the pheno-
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mena of pitt ing represen'.s about 90c,6 of all wear pheno-

mena on industrial and ship gears. 
'loday, 

this type of
wear is studied relatively good, and the general principles

of its appearance, development and influence on the

machine elements working life and reliabiiity are known.

However, besides that, there are still some unanswered

questions in the phenomenon of pitting, like the appea-

rance of cyclic destructive pitting, influence of technolo-
gical inheritance, relationship between pitting and wor-

king life, etc.

Abrasive wear is the frequent form of wear of machine
elements that operate both in conditions of open and

closed systems. The rnajority of available information
exist and the most is known about abrasive wear of gears
(investigations of Tonn, Hru5ov, Babidev and others).
There are significantly less information about other ma-

chine elements (especially roll ing bearings and belt

transmitters). Especially are needed investigations about

the influence of concentrirt ion of abrasives in lubricant,

influence of number of revolutions, slipping, etc.

Scoring is the type of wear of relatively recent times, and

contemporary trends of designers to tran.smit as iarge as
possible loads with sizes that are as small as possible, This
natural discord leads to increase of mechanical and ther-

mal stresses and destruction of the integrity of the limi-

ting lubricating layer. Scoring can appear in several dif-

ferent forms (cold welding, scuffing, seizing, galling,

etc.), what renders nrore diff icult identif ication, remo-
ving and slorvs down further development. Especially
interesting area of further investigations is influence of
roughness on appearance of scoring, since in technical
literature, for now, there is no unique opinion.

Corrosion, as characteristic form of tribo-chemical wear,

is frequently present in exploitation of machine ele-
ments. Present interests of researchers are directed to-
wards development of new oxidation inhibitors, investi-

gat ions of  in f luence of  conrposi t ion and degree of
machining of contact surfaces, as u'eli as influence oi
straining structure.

Fretting and fretting corrosion are types of wear that are

recently i<jcntified, and that appear in exploitation of
specific machine elements (groove connections, clut-
ches, ...). Today, in specialized technical literature can

already be found impressive number of information
about their appearance and development. Due to their
reliable identif ication, they are convenient for evaluation
of contact surfaces condition in exploitation, and preven-
tive maintenance (chains for instance). Directions of
further investigations are aimed lowards possibilities for
minimizing wear by constructive improvements, towards
new damping materials, and new technologl of surfaces
protection against corrosive-fatigue processes.

tribologt irt itrlustry, Volume 20, No. 4, 1998.



Table l. The inost freque nt types of machine elements we*r

Main caulses
of appearance and

development

recornrnendations for removing and slowing
cf t irfher develooment

On eiements In lubricant
cc
r i l  ^
5 O
:i ,z
?tr
Y - n

s

Machine eiements 
I

t Gears
. Boll ing bearings
. Belts
. Journai bearings
. Frictional trans-

mitters (lubricated)
. Seais

Cyclic straining ciuring
the longer period Material
inclusions Overloads and
stress concentrations

Solid partucies contained
in o i l
Insufficient material
hardness
Hard, rough metals in
contact with the softer
materiai
High loads, speeds, and
temperatures
Application of stainless
steels or aluminum
I nsuffi cient lubrication
Lack of additives
Operation without
running in
Abrasive wear

Reductiorr oi crtntacl stresses
anrj freqrency cf cyclic strains
fuplication of hi.3ir ei:ality,
materials
Application of the acjequate
machining regime (hereditary
cnaracterisiics)
Removal of abrasives by
improving the air and oii filters
Sea! improvement
Addition and more freq'".rent oil
repiacement
Increase ct meial surfaces
hardne;s

tion of loads, speed and
ure
rmprovement

of compatible

tion of surface coatings

of worxing
alures

oving of corrosive
amination sources

Application of cor'
responding oils of
higher viscosity and
adequate additives

Application of oil
clean of abrasive
particies
Application of more
viscous oils

Applicaticn of more
viscous oils
A  ̂ ^ l ; ^ ^ r , ^ ^  ^ l
h P p t r v q u v r  I  v l
'extreme pressure"
additives (anti-scoring
addit ives)

Application of
corrosron resrstant
lubricants
A.voiding of high
pressure oils
Application of fresh
oi ls

z
LJ

6
t_
co

. Geats

. Chains

. Journal

. Bearings

. Roll ing bearings

. Metal seais

. pueV

z
6

t
CE

. Bearings

. Gears
" Eelts
. Seais

. Grocves, wedges

. Clutches, flanges

. Chains

. Bearing outer ring

Corrosive environment
Corroded metals
High temperatures
Corrosive lubricants

Mbrations and small
osci ilatory displacements
in conditions of corrosive
environmental actions

5. CONCLUSION

Ti"ibology of machine elements is the new concept of
applicrrtion of tribological knowledge in analysis of ope-
ration, design and constructing of macliine elements, as
carrien of elementary funciions in the general structure
of rrachine systems. The cornmon goal and obligation is
to obtain "tribok;gicallv proper constructions" as the
most significant quality indicator.

Present modest results, especially in practical applica-
tions, are rrot satisfactory, but the encouraging is the fact
that the knowledge has matured that the time that is
coml.rg will require iarger application in area o machine
eiemenis i'rnd construction as a whole. The growing num-
ber of scientific information from this area and their
pr.Icticai applic:rtion are prornising.

Preventiirg cf intern'. rolecular
bonding

Application of lower
viscosity olls
More frequent
lubrication
Apolication of the
oxidation inhibitors
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Tribology and Energy

Funttamenlcl problem that hurnanity is facing with comes from opposite requirements that are enforced
simultaneously, for providitry stfficient amowt af energ for the growittg needs, for preservittg the non-resto-
rable energt resources cnd for decreasing ecological loads of the etwironment.

Urgent need to rninirnize this problem is apparent itt yiew of the powerful cleveloprnett of the new, so called
environrmental technologies, like enetgt savings, clean enerry, renewable enetry) resources, weste menagement,
recyclirry, artd environmeril monitoing. Coruideitry the scenaios for the 21st century about the exponential
growth of the enetgt cotuumptiot4 it is clear that the most important place belongs to enet&l savings. Havbtg
in mind the dissipative nature of the tw'o basic tribological phenomena - fiction and wear, tribologt today, as
the multidisciplinary concept, is accepted as ane of the most important chances for contibutiort, to general
efforts for borh direct and indirect savings of enetgl

l . INTRODUCTION

Fundamental probiem that humarrity is facing with co-
mes from opposite requirements that are enforced simul-
taneously, for providing sufficient amount of energy for
the growing needs, for preserving the non-restorable
euerg/ resources and for decreasing ecological loads of
the envrronment. The degree of systematic dealing with
this problem is directly related to the degree of the
country's development.

In developed countries efforts for decreasing this prob-
lem result in development of the new, so called environ-
mental technologies, like the energy savings, clean ener-

ry, renewabie energy resources, waste management,
rerycling, and environment monitoring [1]. Considering
the scenarios for the 21st century about the exponential
growth of the energy consumption and further dominant
part of fossil energy resources, it is clear that the most
important place belongs to energy savings. Having in
mind the dissipative nature of the two basic tribological
phenomena - friction and wear, tribologSr ioday, as the
multidisciplinary concept, is accepted as one of the most
important chances for contribution to general effo(s for
both direct and indirect savings of energSr and ecological
proteciion of the environment.

In many countries (Engiand, Germany, USA, Japan,
Canada, China) large funds were and are invested today
into research that have as a goal to identify areas of
largest "tribological sinks" and to economically express

Prof. dr kliroslav Babit, dipL ing.
Faculty of Mechanical Engilrceing, Kragtlevac

1,4E

losses and potential savings, as well as to define main
directions of research, development and education in
order to realize estimated savings [2-8]. lbking into ac-
count the world experiences in this area, it can be expec-
ted that paying the adequate attention to tribology will
result in savings (of energetic character) of up to 27o of
the gross nationai product. Up to 207o of these effects
can be achieved without significant investments,

A topic like energry savings through tribology, assumes a
broader approach to tribology as a science and techno-
logy. That approach should highlight direct easier to
spot, but also indirecthidden, relations between the con-
tact phenomena during the relative motion, that are of
the dissipative nature, and their effects on different ma-
cro levels of expressing. Just the existence of such rela-
tions represents the basic power of the exponential de-
velopment of tribology in the last thirty years.

In this paper is given the global approach to problem of
enerry savings through tribologry. It enhances relations
between micro-dissipative contact phenomena of fric-
tion and wear, and negative effects that are expressed as
direct or indirect ener6y losses, as well as the estimate of
basic tribological sinks and possible energy savings
through tribology.

2. DISSIPATIVE NATURE OF FRICTION
AND WEAR

Friction and wear represent fundamental processes du-
ring the relative motion of solids, liquids and gasses, that
are of stochastic nature, and that are manifested by
dissipative, nonlinear dynamic effects in the contact zones.

Tibologt in indwtry, Volume 20, No. 4,1998.



Cn the raicrc levei, ir ictron is occurring through irit;rac"

:lcn of miss.!-roug,Frli:5.s, i.e . through diss.ipative piocess
of iormiiig and breaking .--rf micro-c.ilittcts. 

'iJre 
tct'll

; 'e:. isiance to relaii ' '  c motic;n, i.e., the frir;t ion force rep-
reserrts thc sum r..f tlic-. resistance micro-cornponeiris ire-
sistance tc eiasiic deformation, pl; istir Cefornration, jam-
'l i l I ,-rf mici 'o-ror-r{ht:ess. and breaking of adltesive

uciriisj on ihr,'tctei rer.l :-iurface, anri riissipatiofi cf euirrgy
:,q a surn c-i ;lementar;,' dissipation Frccesses.

iJnergi cissipilt ion ocLrurs through increase of corriact
tenperature and hea,t losses, increase of intemal energy

Lif r. ' l i i i .aci layers materials (defccts, dislocaiions) and
ei il3,:iio i'l (phr.' t,-, n s, Crame r's eff eil, pho to- h r min escence).

Thr slidirg friction is aocompanied by coinplex wear
pro(:s:i-s - fcriniri; r.,f s::r'iace layer interacting with the
envir,rrirnent, adhesive transfer between the contact sur-
f;rccs, an.i generatio;i of the rvear prcducts (basic mate-
ri:1, reirl i ion products and transferred mitterial). that is
happenil:g thror.rgh nrecharrisnrs af surface fatigue and
aBi i is tOI-r .

' l 'he-e 
processe-r r:f prorninent scientif ic importance.

.hougir rru academic level sometimes neglectri i due to
the ccr:,ple,<iry ;rf the prot' lem, have unavoidiible tech-
ncl.,qicrl coilseqlrences, and are manifested in the rnost
i'aricus s-r'stelrrs that are performing:

> Kinem;rtic functions (generaticn, guir-lancc, tran-
rmi:.ion, restrain!ng of motion)

F l)y-namic functicrn:s (flrrces transfcr through colrtitct
surfaces)

> Work and mechanical energ/ (transfer and transfor-
n:ation of rnechanicai e nergy)

' ' iransl:ortation 
fi inctions (transport of solids. l iquids

;ind inxturcs)
' lv{achining ir:-ld materia! foirrring (mirnufacturing of

conlporents, piodut:ts and functional surfaces)
> Infcrmaticu technclogies (generation and signal

trrnsm.ission). etc.
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In the procesr of tr'iirolnechanicai systems functioning

tliction is manifesred the most directly and obviously,

cau:,ing direct energy loss (Figure i), aftecting in that r.vay

the inpuVoutput relation and powering the system's effi-

ciency ratio.

I

I\IOTION +
WORK
nt011cN +
]\i,,\ TI'RIAL

Technically
useful
outout

!.

MOTION :

woRN .,
IN!'ORtl,t-rroN
]\tA'l tiRtaL

liNtrR(;y I
CuNlsUIlttrD oN F'lil(--IION i

I

I

s '.:! a lribr;titclnitical s1'stcnr

i 
iiloticn

Bearings
Clutches
Brakes

I f ^ ] i ^ -  - ,  : . : ^ ^ ^ - -
r v l J l l L , l  |  3 u i ; e l  l l g

Motion transmission
fuloticn restrain!nc

r)

=

I

-)

F
:f

_l

:)
u
t t  I

=
J

_l

U
- Z {

LU

r t - i i : - n  l - - - ' - -  -' t t \ ,e t t  I  i t so .#er t rans le r

: Senscrs andheDrcouclion o1 r
. i  Caf!-lefs Ot

;-"" i,,l.,re,.ier t'^t1:11|a__,_l idqlrcqsil
rviaieriaii ilr+gpgit _,__, I u:te9Jl!rec!_

r  i  ' : - - - '
I  i  l  i , r l r ^ l -  - , - -  i i ^ + ' , 1  , - r , r t i n d  I
I  i  

r ? r 4 - '  I  I  l l r  l v  , v r < i r l  t * \ L r r  l u  
_ l

. - ; \
7' ** l /

\
I

J \

- - -  - i

I igu rc 2.'fiho\oti ct: I con \t;qLrencss oJ' frictiott an d x'ear

Input L? TMS t+

,w
r.Wm*

-"1r&
tffi

wiib

l__
Figurt i. f)rtct-g' 16';,

Wear is t in-rervise irreversible process, that l 'rzrs clear and

characteristic dep.en.1.na" oii t inle, kttou'tt as the wear

curve (Figure 2). Worsening of different aspects of tech-

nically useful oulirut corresponds to this curve. Namely,
wear primarily causes change of t ire sysiem structure

(condition of the contact surfaces and iayers, iorms.anct

clearances), rvhat r;r-'gativeiY aftects different aspects of

functioning, and leads to failure. For friction there is no

such a ciear relation. ihough one can speak about exist-

encc r;i '  correlatior.i i :vtrveen ihe increase of wear and

il icrelse of losses duc tc friction.

I
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3. TRIBOLOGIC,{L ENERGY LOSSES

Tiibological processes, thus, inevitatrly cause direct ener-
gy and material losses, and with time this becomes appa-
rent e$ worsening of the system's flnctionaiiry and faiiu-
re. In order to decrease, prevent and elirninate negative
c()usequences of friction auci wear, differenr maintenan-
ce activit ies are being undertaken. On the other side,
tribologically shorten working life of technical systerns,
containeci in various equipment, manufacturing means,
transportation means, etc, as a consequence has a need
for new investments. Considering that, the negative con-
sequcnces of tribological processes (tribological losses)
can be irlentified on different levels (Figure 3).

L_:":r 
r".1.jt .r' rRr tso r "o Gr cnr. 

:-"1r_Tl
: 

-__:f

The most glol--aiiy considered, they can be of direct and
indireci character (Figure 4) with respect to tribological
processes [2].

Direct losses are i innrediate energy ioss due to friction,
arid matenal loss of contact elernents due to wear, as well
irs losses relatecl to maintenarrce. It combines diiferent

TRIBOLOGlCAL
LOSSES/SAVINGS

Figure 4. Gicbal clatsificatk:rt of ttibological losscshavings
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ecti"", it ies, l ike monitoring of changes in conditions of
both cornponents and systems,  d iagnost ic  of  thei r
functions, as wcli as definit ion and undertaking of con-

crete actions of cieaning, lubrications. regeneration, re-
pair, elemenis replacement, etc., what is, however, rela-
ted to production of necessary means for maintenance

and spare parts.

Direct energy losses due to friction are marked as prima-

ry direct losses. These losses are the easiest to spot, and
in superficial approach to the problem they are assumed
as equal to total losses of tribological nature. The truth

is that in total lost e nertry, in technical systems functio-

ning, the large share belongs to losses due to friction.
thus, fricticn is the important cause of low efficiency
ratio of technical systems.

The secondary direct losses are mainly relateC to neces-
sity of producing and replacement of the worn criiical
elements of the tribomechanical systems, and lubrication
in orcler to decrease intensity of friction and wear. With

that it shoulci be kept in mind that the requirement for
simultiineous decrease of friction and wear is not always
present, what is compatible. Sometimes is present the

requirement for increase clf friction and simultaneous
decrease of wear (wheel/track, car tires/road, brakes,
frictional transmissions, etc.). N{aterial machining for
replacing the worn elements nssumes set of technologies
in which the energr is consunred, what can also be quan-
tif ied energetically.

The tertiary direct losses, namely savings, are mainly
related to material for manufacturing the worn elements.
Amount of losses/savings is proportional to enerry equi-
valent of material and price. Every loss/saving on the
primarl level of lowering the friction and wear most
frequently res,,rlts in even higher effects on the secondary
and teri iary level.

Same as prirnary and secondary losses, the tertiary losses
also have dimension of energy. Namely, the metal machi-
ning procedures, as rvell as the material itself that is used

for manufar:turing the triboelements, have their own
enertry equivalent [2].

Indirect losscslsavings come as a consequence of direct
ones of any kind. Losses due to delays (prirnary indirect
losses) are economicaily very irnportant, but they do not
have the energy dinrension. The secondary indirect sa-
vings of tribologic:rl nature reflect on the capital invest-
ments plan, and lot only through money, but also
through energy and rnaterial. Here we think of invest-
ments that are consequence of tribologically decreased
working l ife of equiprnent, as well as the need for increa-
sing the efficiency.

In l  cs l .mcnas

Figura 3. Gbbal .correquencas of tibological processcs

Teftiary
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4. IICS SI FiLE TRIISCILGGICAI- EI IERGY
SAVINGS

In view of ver"l liirge iril-r-'iogicai dire;t and iiidirect
iosses, i l . is esseiit i ; i l  te. ansrver the follo;ving basrc qr:e-
i liL] irs:

* in ';'liich arra;c are possible the rnost significant tri-
b)it--qicai savin;as:'

> What is tire structrire of changes vrith respect to their
tribcicgicai origin?

b llorv large are the global savings?
> In i'.,l:et- wA-v- can the sar'lngs be realized ?

F-lthc:,tgh the irihclogiclr] processes are preseitt every^rri-
here, it is clea' lhat the largest savings can be reaiized in
irreas Gf largest energy consumcrs. l- la:;eci cn analysis of
i,cverii l  rrports in this i-,rea, for industrizi l ly developed
countdes, indrrstry, transport, and households can he
singlerl out i is t ire individual largest enerry consurners,
Th,-:ir sirirri: ' :  in ttre total consurnptton are:

" ir:eiusli:v with i0-i8c',
. trarislrur:t with 20-260/o

" lic usehoids u'ith 2 l - 27 oio.

From the sianclpaini of the energy bii ianee, there should
be kept in mind tirat only 65.9ctb oi the energy, on the
a'./erage, reaches the fina! consumer, while 27.77o islos,t
sti l i  ;n the prociuctiotr pl,ase [4]. Energy that is availalrle
i. i ft;al c'Jrlsunlers, is thus spent mainlv in the three
erJrrrrierated atias.

lribclogically relevant is only' that energy which is spent
ol reailzation of relarive motion in all kinds of triborne-
chanical systenls, rvhat can conditionally be identif ied as
i;re driving enerry. In vi;w of the fact that in house,holds
th,= :ivailable portion of energy is primarily spent on
various ,.;t irer r:eecis (heating, l ighl;, etc.), it is ciear that
industry ln,i trzrrisport are the areas of primary ti ibolo-
gi.al intere-st, and befcre all;

* r '()ad tr ':rnspoi!
. energetics
. ertractire i;rrJuslry
i =ri:ri! ' i ip1
' met;ri worliag industry
{ cerT!ent Inirnutlrclu:' ing indirstry.

Tl r*:ri i i i ically consider enersv that is spent tribologically
twhi;ie part itrat can i: 'e saved) it is necessary tc have at
ir- ' i ; 's J;: iprosdi daf a on balattce of energy that is spent by
Jinsilrrcr; in the areas of lhe large-st consumption.

l3r:.se,.l on r csults ol ir ivcstigations reported iu published
,c[ i , . ) r l - j .  i i  la : .  be uoi tc ]uded that  the usefu l  enerE]
it: lro!i i :. i  i ir i i i l le q\';t SA{)b in thc area of industry, and
',,: low 

2J7o iir the srca of lran:;pori. There, the shnrc of
lhe tir:ir;ing et:ergy (pou'er) in t1:e u:ied energ'/ is estiira-

T-nbclogy, irt itrtiit.s:t';, \rolurne 20, No. 4, 1998.

icii io :,r,rrii:wi.r:,1 i:"cr l}lt' iii iriJitsti-;'. :ritil :ibctii :;91b it't

trattspr-rt . i"  i - Ia' , , i r t i :  t i l is irr  mii icl ,  i t  i : r  , l i tv!cus t ir i i i  the

greates a ci Uri lc*-. i ( :r' ! : r li rgy s.r; l r:qs r ir rt} tl gi't tril-'Ol ugy are

i n  t i r ' ;  . , .  L i i  ( ) i  l r ' , l i r : j r r , ' i

As ar ! i lustr l t ; i ' l r  for the enelg:,, 'consurngrt i l ;n on overco-

rning the ir ict ion r i :r i : i t : :nce i inci for pcltrt i i i !  : ,a" jr i  gs, clr i

-neryer s$;lre of t tre r:x;rn.-:-r ics ir  thi :  i i : ; ; i ; r- ioled ir . ! t icai

areas, T' i iur,,  in ths case ' . ; t  e nergcl ics, that in t l te 3; lerai
sense irclr.rdes obtaini irg of ihe enerery carr iers (coal

ni i ies, pctroieum exi j ioi tat ioi l ,  etc.).  l rnC its proCuction,

energy l\)sses on {riction are B - l}Vr,, rvi;at itr FR Germa-

ny in 1982. r ' , , :rs equivi i ient tc / .  i  :o r.6' i : i l i ioi i - .r  i : i  Liennan

X{ai 'ks (Di;U). [ .11. in ir i i i , rsi ; i :  ] i isse: i i l , -  f t '  i i ! i : t iorr,  i l :

the driving ci ier l i  ' rr ;r l iorr- v;1.1;. i js is" i l rng rn t i ie pri ;-

r. !uct i ,rn pri lces-ses tei: i t i tokig, 'rr i : ' : i  trseti  cr l i t ipt-.r tent, l ton- '

f- i : j tb in inini i ;gi  i1; - l-Jr i ' . ;  in for ' ; i i  i l rodi iJi !r-t  inr- iustry. In

I l ru  a re i . r  u i  t iu t i ' i r :  i i i , i  i . t ; i ' . t \ t  l ) ( ; l ' l i r r i :  r , l  - ; :L : : ! i  i ;  t t ; i ] i - i '

med in ioa;l  i r l i l f ie. i j r i t  ci  i i ' : : r t .  8i . t( . ;  i i r .r i  t i i l j ( ; i i ! : : ;ci .r i

lorisc:s.

How impor tan t  to t ; r l  cnc i in ' losse i  ih i t i i rE l l  f r re t i t ln  a r .

in al l  areas spcai<s ihe dai i '  t i r ; i i  c, i l  l l lc i i i i r l t t i i  ievci i : t

1 9 7 8 .  i r :  L I S A  t i r , : v  ' " ' , r ' r ' r '  . r i i r t t : : i t  L i  r { ,  - i . r i . i  / i r "  , ' i  j ,  r i i t i , t

i s  r :qu iva len t  i { , : ( , / , r i r ; l i ) rs  i - r :  : r ,  l i ] ,  r . r i i - r l  i s  c i l i r  i i v  cc iu i i i

to  to t : i l  annr r ; i l  euc lJ ! '  i ree  t i s  L ; l  c i i y  o i  l . ' .w  i i , ' . - ,

Table 2. Lr.>:;. : ;cs ( i ; t . t . \ t ' { i  t ; i  f  : . i i : ; t ; i : .  ({ i ' : i  h ' .

n t i : t i ;  i1 l

l { ; c . : . 7 f i  t  677

C . 2 C ( ; 4 O  n i a

Tral'iic

Smal l  consunrers j t 3,i

Ti ibologi, .al losses r. iue i( i  v/ei lr  c;f  l r i t i , ;r l  eiemert is in

tr" ibc,rreci i i inical sy: i ,e ms oi . ' ' r , ;  t t- , l rs tecitnical s-vsietr]s.

slu' f : l  .s direi l  klr-; : ;rrs ciuc to f i- ! ' ; i i rn i , , t : ,- i i r i  t inlc-..  Thr.:  i  r

i l lur, tratcd by inci icat irrs f i rr  i - t i  ' l  , ;er l iar:y (1: i8i i l l .1 tbi

the grcup r, ' f  f inai i i  r i tsui i l i l ls : : , ic ' , ' , t  in Tri ; i i :  2.

By  t i ie i r  t ia tu lc ,  i i i c , l ' i uc iu i l r :  i l t i r ' ! t  e i i s i i , - i f  ; l te i r , r . , r i i l c ' . :

ancl int! i t ' r :ci  cts!s i i r tr :  trr :  l i : : i l i ;" ,1r ir ,  i i l : r , : : l -r iruit ig i . l i  r . j i r i j )-

ment and 'r-Llr i : l i t i : r trr t i i - ; i t  ntcir ls. i ' ; t icrt i iat ir :ns shi. t . ; '  thut

tt\tout 2^6"io oi th.: e1rjii:r, (ir)ilsiinle(i in l.!SA rr-ict-s tc

nutinlen;t i- tcc, t 'cp, i ! :-  :- i r i t . i  i r i r ; i j l i : t i r , ; ,  <tf  si- . ;rr .e pl i l t i  of

vehicie;.  As an r,rai, i i ; le oi "tr ibi : l , , igi :al : ; inks" car sei l /e

meti l l iurgl, ,  rvlgl g i1 i i rr  r ls: l i rai iosssl;  c; i . l^;er, l  Lry i ' . 'car corl-

tribute with +{,r tc ::i.)';b to it'ilintenanco cost::. I-osses

causeC by  f  r i ' :n lc r : l r . : ,  j  l c r rs r rn : . .  i : i ; r in i ' , ' \ \ ' e  ; .1 r ,  u rc  pxr t i c t l -

lar ly severe in t i : , :  r .o i ; : l l . r i !  l ic.: ' , ' . . , ' r iectoi.r i  t i l is industr ial

t - . ra i tch ,  i .e . .  i r ,  ( ) ru  l : i . - ; ; : r i - ; . i i l r , "  ; l i l i n r : f . i c lu t " i l t ;  o f  raw

irr. ln anci cci i ie ,  casting : i l l ( i  i rr i l lary rr: ] l i rr l i ,

i - i I



\biurmno u s invr.:stigations cf economical inn IiLr rtanre of
maintenance in Japan, conducted in eighties, l iave shown
that the total cc-rsts of maintenar-rce of me;hlnical sl,,slenrs
Ln i979. were 8.x.r'0"2 Yen, what represents.,J. 73(,t <sf tctttl
nalionai grass prcduct [7]. There, rnechanical sisreins
werc detincd as equiprnent anrj rri ircha!.ies in n:irring,
production, lrans1;ort, crxrmunication, energet!iJ, nilC
civii engineering.

Percentage share is <lifferent for different brallcires of
rndustry, anC ii amounts io 57o for textjle industry, cre-
tallur.ryl and paper prociucing inciustry, and 27o fbr food
producing industry. Conrritrution of annual n::rinIe nance
ccsts in the purcirasing price of more irnr;orrant invest-
rnent goods, accorciing ro data forni in'.iestigatioiis in
Gerrnany, amounts to 1.5 to l1oio. and usuallv is about
6?b, sarne as for industry [4].

Toia-lly spent funds in the maintenance process certiiiniy
r:elate oniy pailraily tc : l i l ;ologicallv ciiusej ni;rl i i tcnilr:-
ce. F{on'ever, daia fron-l practice show that in the tot:ti
: iumber of failures share of tribcllogically caused r:lnes is
qrrite large. Thus, for instance, out of total mainrenirrrcc
costs for 1982. rn Gerrianv in the amcunt of 46.93 bil l ic+s
DEN{ podionaf t i9.9o/o (am,;untof 32.24 bii l ion-s of US$i
is releteii tn mairtenance acti\/ i t ies ihat are elinrin:rt inr:
ccnsequunces . rl '-veei'.

En,,i ' : i i i , .:";r t l ' i i ; ,; logi.;:al itr:r:res (117C .177. in Lil-. i. 'r i l i t  Li,..
i ions ;f US$" 198 i.; ' ,32. i ir FlL (le rmuny 32 t,; , l , i  l , i j l i i irrs
of Dtrh{. [4]), expressed liy econornic indiciitoiri r:ctlre-
sent serious motrvation for uncjert; iking all po:sii ' ! i : mea-
rures ior saviilgs through triboiogry.

Siivrng:" thrr,,rr*h -ir i irr-rlcr{\ carr be birsic., l j-v reiiu r,: i j  t ir
eiler8t_!', a1;art fl{lm iivcstmcnt: in iechnrcal ;:iiJi;itit {L}i
the sake of extending their wcrking l ives" Tlie savings crrrr
be realized by improving the tribomechitnical sysrems
with respect to !owcring the friction and wear. Improvc-
ment refers to ail the elements in t,he structure. thus. the
contact elements and lubricant (and in certain cases the
envi ronment) ,  thei r  t r ibo logical ly  re levant  charac-
teristics and interactions.

Fundamental potential in that regarrl, at this mcnrcitt, is
assigned to tribo-design (construction wiih implemenra-
tion of the existing tribological knowled;1e) of crit ical
tribomechanical systens and to improvement of the Iu-
bricants' properties.

Tiibological improvements can result in savings in seve-
ral basic ways:

. By decreasins the amount of energy consumed by
friction

" By decreasing the maintenance costs throuirh preser-
ving the functionality and extending the woLki;rg l ife

. By decreasing the lubrication costs through better lu-
brication proL:ess and longer rvorking l ife of lubricants

1 { ?

s fir., ;lsg1sa;rng arsis tlirough decreasing deiays

" I-ry ii;weririg ii-lr'es'rments tltrorrglr ionger working life of
iribomcch;rriical systei:rs.

Possihle efiect:; of savings through triLrologl can be esii-
matert blih ir i p;rrt icular areas and on the global level,
'l'hus. 

fr-rr u.x;unple, oliy in producing of eiectncai energy
in USr\ orriu&l really posiible savings cf energy was

rrstimated for i!81. te l:e ].9Ve cf consumption, what
corr"esponded to amount of 4.4 bil l ions of US$ [3]" Also,
c,ut l:f 98 irillions of US$ (l t7 TU of energ,r), that are in
this couiltry spent annually for driving in the area of
ti affic, possil:ie savings on the account of introducing the
triboicgical irnprovenrents in roaci vehicles rvere estima-
ted to ;4.-t bii i ions of iJS$ (18.67o of energy consumed
by these vehicles). in FR iiermany potential annual
s;rvings (1981.i 1982.) trough tribological measures were
estirnated ta be 6.4 bil l ions of DEM (0.239 in the sector
of energy prcduction, 0.293 in industrv, arid 2.395 tn
triiflic) "

So, decrease of friction anci v,,ea-r, tilrough different ways
,;i t l ibciogicii i  improver;:ent i; i  tnbomecharrica! sysiems,
i.r:,,I i ;t iavings thrci:sh tribology, are possible on all levels
i;f t irrect rnd ircli ie;t lcsses. {lnergetically expressed,
savings iire, accoriiing to clatir froin 1980.181. in USA,
estiaratc'l ic aiii;u[. ] ic/o in tlie group of rnain consumers
(tradic, industry anci electrica! energy production), what
is ri luivalent tts lr j.2 bil l jons of tJS$ per annu;rr.

E;tampie of pciirnii i i i  savings accllrCinq to types of losses,
ts l;resenled in figLire 5, blrseLi cn researcll in (ireat

fir itain, [2i. it can be seerr t] iat the largest part of them

iruer l){.)o,/r:,\ js directl-v or inclirectlv manifested through
$ , r l s  r  r 1  . i l e  d (  ] r r e \ ' ' , i I r r r  i i t i !  t ' t  : ' r i r i f  :  I . . l n : t , - : .

Structure af total potential
tribological savlngs

Oirect secondary and

te,tia ry
' l

Ind i rec t  due to
7 delayes

1 o/o

Direct primary

Ind i rec t  th rough
decrgase of
in vestments

Tbtal savings, expressed ecr:nomically, or energetically,
iire certainiy results, primarily of savings in the mentio-
ned areas of largest tribological sinks. However, it should
be kept in mind that tribology is of the generic nature,
and that the surn of small effects at rrrany places repre-
sents significant effect. Thus, for instance, though agri-
culture, and within it farming, on the global level has a

l'igure 5. Possible savings tfuough ttibologt
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:riace a: thr bctti'm cf the energ/ consutners, clata frerm
lhe reporl A strategy lor Tiibcrlogy in Carracia point tc
l l: '  lc:isibil i tv ior arinual saviirgs in this area in Canada
:r i  i le  ie i 'e l  : r f  j iZnr i l i ions of  dol lars.

l-.1, the slricti lre of savings through iribology, one can
r-l i i ier,;rrt iate between savings without research-rievelop-
';:ei '* \r 'ork anC ,"ivings that rerquire research-develop-
rlcni work. that can be of medium term or the long term

cil l la,-ter.
'fhe 

first group {lf savings (short tenrr cnes) can bc
rrci, ie'rcd Lry application of the existing tribologicai
ll''rowle dge, through increase of motivation, Ievel of edu-
catiirl, training and information. Economic effects of
sucir savings can be mainly expected in the period of -l to
i yc;ris. The secr-.nci gloup of savings requires R&D
.rl:t icns alcou:panied by education, training and informa-
t:i:n, fu;- the periocl of up to 5 years. Tleir effects are
:)iDcct€iJ within the 5 to 8 years period. The third group
r,i sarrngs assurnes long term systematic R&D work,
u'lrere rrconomic effects have now certain prospective. It
should be kept in rnind that by investments into research
lrr<j Jel.elopinent multifold effects can be achieved (/r6J

; : ]1, , ' . ;0 [9]).

C.iriside ring the wcrld experiences of aimost thirty years
in tir is ;rrea, it can be expected that paying the adequate
:i itcniion to tritrolory, especially in the areaof education,
i:.):.c:l ich atrd application, can result in savings of up to
i ' o c:f Grriss National Product. Up to 20o,b of these
e ft i:cts are achieved without significant investments. The
ii irgest pirr-t of such savings has their origin in decreasins
the cosls of technical systems maintenance, replacement
,-.,f wci-n eiements, and delays due to tribological conse-
i . l 'r- i:- 'rICeS.

:. f]O}.iCLIISION

' Ir i i :clr ' :: ica! 
processes inevitably cause oirect losses of

dileiitv anci nraterierl, with time they <iisrupt the systeir.r
:;tructui. i, r 'hat reflects as worsening rlf i ts functionality
;iiicJ taiirrre.

I-: cl ' i ici io prevent, decrease or eliminate negati.;e ct-rn-
seqr:flces of friction and wear, difTerent activit ies of
r-i i lui ier:arrce are being undertaken. On the other hand,

"ri lrclogicall) '  
dccreased working l ife of technical systems

Li:niained in rl i fferent equipment, manufacturing means.
trans;;ortation rneans, etc., wirat has as a consequence
itr:w investn'ient:.

Ai! rhesr consequencos of the processes cf friction of
vreer 3;e n^ranifested as the causes of very significant
rri lrologir- 'al ltrs*qes, of both direct and indirect character.

Conseqttences of iosses c:in bE c,,rnsicjei 'c'1, starting from

incirvii iuirl tr iboii- 'rgrcal rys!cnr.ri, thicugh technical sy-

stents, proiir., ' :t i tttr ' ; istc:tts. elL.'., all thFj wiry to ci.)nsequen-

ces i ;n  t i t t -  lcr , - , is  t - ' .  i t i t i i , t t ta i  ?c! r l i t ) i l t ies^

The largest piirt of l iresc losscs cau be expressed as the

encrS/ loss lt t ire Igvel of t lrc clrivirg encrgy, and energy

that is indirect!v :ind c!i it:ci iy ccns'*rned in the sector of

maintenanfe

Decrease of friction antl rvear througit different forms of

tribologicel imprtivernent rif tribomechanical systems,

i.e., by savings thlough tribology, can be reaiized on all

the ievcl.s of rl irect anri inCilcct I ' ,rsses. The level of

estirnated energ,v savings requires unavoiclable organi-

zed systematic atcti,; lr, prirnariiy rn the freid of impiemen'

tation of exisiing knoi' ' ieclge in praciice, irut also on the

pian of reseai cit enC devciorrme nt.
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Tribological Behaviour
of Surfacing Layers
for Continual Casting Rolls

Prodactionofroobforcottinualcastingandrollingmills andtheirrenovatianrepresents aphenomenonwhich
is economically very srgnificant for metalluryists. It can be simply proved that the roll as a tool significantly
affects the quality of rolled products and also contirudty of prodaction related to its hfe.

The Welding Research Instilute is devoted to these problems for more than 40 years,
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l.INTRODUCTION

Production of rools for continual casting and rolling mills
and their renovation represents a phenomenon which is
economically very significant for metallurgists. It can be
simply proved that the roll as a tool significantly affects
the quality of rolled products and also continuity of
production related to its life.

In the world we ever more often encounter the metallur-
gical rolls with two, or even more surface layers, where
the quality of working surface can be separated from that
of base body of the roll. Such is also the principle of rools
where the working surface is obtained by welding tech'
nologies.

Moreover, the new types of teel rolls [1,2], which were
first succesfully used in Japan in 1986 (HSS rolls), have
shown great possibilities of their renovation but also their
production by welding technologies.

The Welding Research Institute is devoted to these pro-
blems for more than 40 years.

We shall indicatewhat is now available forthe mentioned
purposes.

2. CURRENT APPLICATIONS

The main advantage of surfacing technolory application
is a good comtrol over the process micrometallurry and
consequentnly improved quality and purity of the depo-
sited layer, and most recently also fabrication of compo-
site weld overlays.

Pavel Blalkovil,
Department of Fha CoveredArc lAelding and Su(acing
Welding Research Institute, Bratislava, Slavakia

L54

UDK 621..919.2.ffi1.42

The mostly used surfacing technolory is submerged arc
process (SA). It is used for deposition of block rolls, billet
rolls, prefinishing rolls and for the rolls of continual
casting lines.

2.1The parent material

The base metal of surfaced rolls is selected from the
following steel types:

L.0.6VoC;l.VoCr;O.3VoMo - steel in accordance with
STN 42 2366.5 (Slovak Standard)

2,0,8VoCL,VoCr,0.3VoMo - steel in accordance with'
sTN42 2865.9

3.05VoC;7VoCr - forged steel in accordance with
sTN 14 161

4.0.6VoC - forged steel in accordance with
srN 12 060.9

5.0.5VoC;0.8VoCr - steel in acrordance with
sTN42 n39.5

The choice of base metal depends on overall loading of
roll and its dimensions.

2.2 Filler materials

For submerged are surfacing of the rolling mill rolls and
rolls for continual casting the following types of tubular
wire and flux cored strip electrodes, including the flux
combination from the production of Welding Research
Institute Bratislava, the types given in Table 1 are used.

[4,6]

In addition to submerged arc surfacing of the continual
casting rolls, also open arc self-shielding process is hp-
plied. The used tlpe of tubular wires are shown in Table
2.[s)
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No
,Marj<l ,

nppf!Cation

;;,1 ;1,; ;:Oiem.iCal ;,
; r : Com p o-S iti o n I t7..Wg

c , 'Mn Si

I
VUZ;FIDpQQ
tir,iffelr,lnver' wz-F54 0,06 1.30 0.20

2 VIJZ;RD503
oiofile,rotts', wz-F13 0 .14 1.00 0.60

vuz1BD50e
frtAor"inn.' wz-F16 0.20 1.00 1.00

1
vuZ.nDsze,bilrbt
ro l l s , , ' , , , ,  , , , ,  ,  , ,  , wz-F2s 0.20 1 .80 0.80

c
VUZ.RDS3'! hol
r a i i e : , : : :  ,  : : : : ,  : : : : : wz-F13 0.30 1,50 0.90

6
WZ;F0531:I', i . ' . ' l

Cont:,Castino ,rottswz-F54 0 . 1 3 1.30 0,70

7 WZ"BDQQ{ 1, ',;.,.
rriiiif ,, h-^if i i1.i,'i6l li wz-F54 o . 1 2 1.00 0.60

I V|UZ.RD534,.. . r ,,:
Cont;iCastino.,rollswz-F54 0.08 0.50 0.50

v vuzRDssS wz-F54 0.05 0.50 0.50

1 0 VUZ-RD537l wz-F54 0.08 0.50 0,50

l : l VUZ:BD537N wz-F54 0.06 0.50 0,50

1 2 VUZ-PP531 cont.
castino rol lsl  , ' l wz-Fs4 0.'t 3 1 .30 0,70

1 3 VUZ-PPsss,Con1,
nA{t inniro l lq: : . : :  : : wz-F54 0.12 1.00 0.60

1 4 VUZ.PP534 wz-F54 0.08 0.50 0.30

Table l: Chemical composition of weld deposits fabrica-
ted with !'lux cored wire (RD) and flux strip elec-
trodes (PP)

Table 2: Chemical composition of weld deposits fabrica-
ted with tubular wire by open are process

3. TRIBOLOGY OF IRREGULAR WEAR
oF WELD OVERLAYS t8l

In SAweldoverlays irregularwear of surface layer occurs
during the hot rollingprocess [3]. Aview on cross section
of the worn working surface of a weld overlay after 4-day
sewice, is shown in Fig. 1. Irregular projections with a
network of cracks caused by thermal fatigue can be seen
on the wom surface. Such appearance ofwom surface is
typical forweld overlays fabricated by SAprocess. In this
case the sample was extracted from the roll of continual
billet train with the following chemical composition:
C = 0.29Vo, Mn= 1.07o, Si=0.4Vo, S =0.0 I 2Vo, P :0.01 37o,
Cr=0.9Vo.

Fig. 1. Inegularwear of weld overlay

Microstructure is ferritic-bainitic while the zone with
variable ferrite content occurs.

Non-metallic inclusion with variable size of globular type
can be seen in weld overlay microstructure. Microanaly-
sis showed that this is manganese-silicate and it origina-
tes in the surfacing process.

Mark
chemi cal rcomposition, [7Jw]

N Mn 5 I

Chromecore 410N-O 0.04 0 . 1 3 4.O 1 . 0

ChromeCore,4,1'4N,Or0.04 o . 1 2 1 . 2 o.7

Continuation of Table 2

.Cr i i , N i . . :

12.7 0.5 u.c 44-47 cont. casting rolls

12.5 4.O 4.4 42-44

Cotttisltntion of Table I

No
Ghem ical : compositio,nr :[7;Wt]

Cr, Mo,, v(Nb)/V(N2) N i . l

0.50 HV-280 B+g

2 0.55 0.45 HV-360 B

3 1,00 HV-320 B

4 6.30 1 . 5 0 1 .50 HV-4s0 M+cr

2.50 0.30 7.50 HV-500 M+a

A 13 .0 1 .20 0.30 0.80 HV-400 M

t 13.0 0.90 0.20 0.80 HV-380 M

a 16 .5 0.70 2.ffi HV-250 M+cr

s 16 .5 HV-280 c[+M

1 0 13,0 0,90 2.50 HV-390 M+cr
t {
! : l 13.0 0,80 (0 .1)(0.14) 3.50 HV42O M

12 13.0 1 .20 0.30 0.80 HV-380 M

1 3 13.0 0,90 0.10 0.80 HV-360 M

1 4 16.50 0.70 0.40 HV-260 M+cr

B - bainite, M - martensite, a - ferrite
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Distribution of these inclusions was studied in detail and
described in work [9]. Most inclusions were observed in
the mentioned projections of the weld overlay close to
surface while forming whole agglomerates.

The results from the study of samples in the zone of two
adjacent projections surface, as the result of rolling pro-
cess (relative movement of hot and working surface of
the roll), can be seen. At greater magnification (Fig. 2,3)
spheroidized carbidic particles, as the result of thermal
impacts in rolling and plastic strain of the surface layer,

Fig. 2. Plastic defonnation of the surface layer

Fig. 3. Plastic deformation of tlu surface layer

Fig. 4. Nucbation of tlrc crack

and also agglomerates of inclusions of manganese-silica-
te type can be observed,

Thus in fnrmation of plastic strain barriers we encounter
two phenomena, namely the presence of carbidic globu-
les distributed non-uniformly through the weld overlay
thickness and also clusters of inclusions of manganese-
silicate type.

Plastic crack strain around the inclusions qruses nuclei
which due to cyclic temperature variations grow and
form thermal fatigue craks (Fig.4).

4. SURFACING OF WORKING ROLLS
FOR CONTINUAL CASTING OF SI"ABS

Besides the rolls for forming of metals, also the rolls for
continual casting of slabs are deposited in Slovakia. The
working rolls serve for drawing of slabs, their support and
colling. Fig. 5 shows the position of the rolls in "the

continual casting line.

The working rolls are arranged in separate sections and
their diameters are graded as follows: A250, 270, 300,
370 and 380 mm, with weight from 800 to 1960 kg.
Material of rolls is forged lowcarbon steel with following
chemical composition:
C=0.17 +0.27Vo, Mn=0.3+0.7Vo, 5i - Q,lJ+0,4Vo,
Cr= 1.2 + 1. 6Vo, Mo = 0.25 + 0. 5 Vo, V= 0. 4 + 0.7Vo.
Roll hardness after treatment is 250H8. [7]

In order to prolong their life the rolls are surfaced by use
of SA process with tubular wires in combination with
fluxes according to table 1.

The laboratory tests of weld metals against wear from
various tubularwires on the abrasion and on the pin-on-
disc machine are given in table 3.

Table 3. The results of wear coeficient, fiction coeficient
and hardness of hardfacing mateials from tu-
bularwires [7]

.Maqk,of..,
eledffctCe Vaut V.an

' : : : :  
: l :  : : :  l : : : :

p,Coet,,of
. i fr iCtion.;l

: : : l : : : : : : : : :  : l : : : : : :

Haidnesq.;
. . ' . l t lV ' . , . .  . .

"v,uz..B?'?2 
.' 1 , 8 1 6,36 0,386 440

VUZ;RD531i 1 ,70 5,08 0.388 3 1 4

1.78 5,44 0,388 418

VUzHossC",,1,62 2,05 0,470 2ffi

1,36 3,57 0,390 280

1 ,28 1 .57 0,580 210

E l a l a n : l  I  E D 2 1 , 0 1 , 0 0,680 175

Practical tests of roll life have shown that after produc-
tion of" 200 M0 t of slabs, the wear on forged rolls without
surfacing was 6 mm from the roll surface with fatigue
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Fig 5. The scheme of continual slab casting
s - upper po$ .b - cuned central sectio4 c - lower paft

cracks up to .15 mm in depth, and wear on weld overlay
was 0.1+0.2 rnnr without fatigue cracks formation.

It means that actual life attains more then I 000 000 t of
slabs in dependence on loading and overall conditions.

Caster rolls during operation are subject to a specialy
harsch environment. High pressure contact, plastic de-
formation of roll surfaces at contact areas, severe abra-
sion by oxides, slags and powders, cyclic mechanical and
thermal stresses and above all, corrosion contribute to-
wards the deterioration of caster rolls, To improve the
life expectancy of these rolls more noble materials are
required. [5]

The very new malerials have been developed, where
instead of carbon is aded nitrogen into the crhomium
alloying tubular wires. First work have been realised with
open arc technolory [5].By the chromium nitrides CrN,
Cr2Nwe can improve the hardness but the carbon is ultra
low. Nitrides like hard particles in the matrix blockades
the movement of dislocations growth of the grains, crea-
ting of the carbides CryC6 on the grain bundaries,

Welding Research Institute in Bratislava in cooperation
with Metallurgical Plant Koiice developed new tubular
wire VUZ-RD537N for submerged arc surfacing. We
obtained the same Cr2Nchromium nitrides inweld metal
and Ms temperature is abo$20FC. [6] The structure is
martensitic with hardness 421Hv,practically the same as
by open arc technolory. Improvement in this case is very
high efticiency.

5" MODUI,AR SYSTEM FOR
HARDFACING OF CONTINUOUS
ROLLS

'Ihis system is prepared for hardfacing and reclamation
of worn steel mill components by open arc and submer-
ged arc techniques namely for hardfacing of continual
casting rolls.

Tribologt inhdtutry, Yolume 20, No. 4,1998.

Model description:

L. Manipulator for rotating of the roll with faceplhte
and travel carriage,

2. Welding head and power source.

3. Horizontal and vertical beam.

4. Motorised horizontal and vertical lift (X, Y) and Z-
axis manual.

5. Computer for carriage and oscillation control ena-
bling computerised control of:

- Carriage oscilation
- Oscillation width displayed in mm
- Step over distance in mm
- Step over speed
- Spiralling
- Off-automatic-manual operation
- Fine tuning of oscillation widttr/end stops
- Dwell at oscillation edses

Paramcters:

Diameterof therol l  . .  . .  .Amin = 60 mm
Omax= 450mm

Total lenght lmax = 2000 mm
Max. weight Gmax = 1500 kg

The machine is equipped with single wire open arc or
submerged are welding head including automatic flux
recirculation and power sources for open arc or for
submerged arc hardflacings (Fig. 6).

Fig. 6. Hardfacilry equipment for open arc and
submerged arc surfacing

6. ELECTROSI,AG SURFACING OF
ROLLS

The third technology, which is concerned in relation to
production of renovation of rolls is the electroslag surfa-
cing [3]. Up to now we have surfaced and service tested
two types of materials given in table 4. It has been shown
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Fig. 7. Detail of electroslag sutfactug of flat tolls

that this technology can be applied mainly by the switch
from production of rolls of high-chromium alloy to the
high-speed steel materials (HSS).

Table 4. Chemical compositiort of electroslag wekl depo-
sits on rolls

Electroslag surfacing can be seen in Fig, 7. The roll after
surfacing is shown in Fig. 8.

7. CONCLUSION

Submerged arc hardfacing and electroslag hardfacing
technology can solve lot of problems with metallurgical
rolls and can improve the quality of the rolls and their
long life.
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Mark
Chemical composition [%Wt]

Mn D I P

194:t1 0,79 0,39 0,26 0 . 0 1 2 0 ,011

GCr 2,46 0,52 0,28 0 , 0 1 4 0,035

Continuatiort of Table 4

Chemical composition [7oWt]
Application

Ar Ni Mo V

0,05 0,3'l 1 , 6 5 0 , 1 9 0,01 cold rolls

0,43 14,27 o,47 0,05 hot rolls
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