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I N STEAD OF I NTRO DU CTI O N

ITC In Session Meeting at Esslingen

The fourteenth meeting of the ITC In
Session took place on Monday 10th
January 2000 at the Technische Aka-
demie Esslingen.

It was attended by Vice Presidents
and representatives of Vice Presi-
dcnts and Corresponding Members
from 26 Member Groups or Socie-
ties.

Discussions took place on a number
of subjects.

A change of the Statutes was agreed
by a resolution that was passed, es-

tablishing a sub-committee compri-
sing of a member of each of the socie-
ties where congresses had taken pla-
ce to consider the suitabil ity of the
next vacant event.

For 2005 only one application, jointly
from STLE and ASME had been re-
ceived. The meeting instructed the
sub-committee to obtain full particu-
lars and make their recommendation
at the next ITC In Session meeting on
2nd September 2001, which wil l be
he ld  t l r c  evcn ing  p r i o r  t o  t l r e  2nd

WTC in Vienna at a venue to be no-

t i f ied.

Professor Franek presented a videcr

giving a review of the preparation of

the 2nd World Tiibology Congress in

Vienna on 3th-7th September 200i

and answered questions. A second

leaflet was produced, a copy of which

is attached.

The proceedings ended by thanking

Professor Dr-Ing Bartz for rnaking

ava i lab le  the  fac i l i t i es  o f  th is  n ree t ing

at his Acadcrrry.

Tribology 2000-PIus - A Great Success

827 parLicipants attended the first
'I} ibology 

Colloquium of the millen-
nium at Esslingen, Germany. They
came from 41 countries and presen-
ted247 papers covering a wide range
of facets of tribology, in particular
subjects relating to nano tribology
and applications, present and future,
and applications of tribology to com-
puters in general were much in evi-
dence.

As at previous colloquia Tiibology
2000-Plus was excellently organised.
It was well spread amongst the nine
parallel sessions, even more so than
on most previous occasions.

ln addition to being the first tribology
conference of the millennium and as
already reported above, ITC Presi-
dent, Professor lI Peter Jost, was pre-
sented with the world's f irst Honora-

ry Doctorate of the millennium at the
beginning ofthe conference by repre-

sentat ivesof  the VA. Bely i  Meta l -Po-
lymer Research Institute of thc Aca-
demy of Sciences of Belarus. Another
first for tribology.

Thc Procecdings startcd with cight
Plenary lectures:

. Recent Developments and Future
Needs of  the [nternat ional  Tr ibo-
logy Council I{ Peter Jost - I nterna-
tional Tribology Council, London,
UK

Tribologt irt iltdustry,
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. Trends and Directions for Tribolo-
gy Research and Developn.rent in
the Coming Ycars W.O. Winer ,
E.C, Gwwaltney - Gcorgia lnstitute
of Teclrnology, Atlanta, USA

. ' I 'he Wor ld Lubr icants Marke t  -
Current Situation and Outlook M.
Fuchs - Fuchs Pctr<llub AG. Mann-
heim, Germany

.  Future lmportance of  Base Oi ls  in
Lubricants

.  T  Mang  -  Fuchs  Pc t ro lub  AG,
Mannhcim, Germany

. Additives for the Next Millcnnium

. S.A. Si Biase -The Lubrizol Corpo-
ration, Wickclit ' fe, USA

. Automot ive Lubr icants for  the
Next Millennium

. S.  Korcek.  J .  Sorab,  M.D.  Johnson,
R.K. Jensen - Ford Research Labo-
ratory, Dearborn, USA

. Tribology in Magnetic Recorcling
Technology

. F.E. Talke - University of Califor-
nia, San Diego, USA

. Developments of Tribologicerl Ma-
ter ia ls  for  the Nex(  Mi l lcn ium E.
Santner- BAM, Berlin, Germany

120 Tribology ht intlustry, Volume 21, No. 4, 1999.



UDK 621.919.2.001.42 T[]TC. PANDAZAIUS, G. PETROPOULOS

On The Relationship Between
Surface Waviness and Roughness
Parameters in Turning/Assessment
of Hydrodynarnically Lubricated
Journal Bearings Performance

'l'he 
evahnti<tn atul atnlysis of w,avirrcss of techtnlogicnl .sut{aces is rtunlly rrcglccted, although it aflccts itt

matly coscs tlrc suJace n'ibobgical beltaviour esltecially of rnachitrc elernetls like sltalts arrl busltes. ht the

fir.st Jtart of this pnpar, the rclatiortslip belweett w,et,irrcss ortrl tortglurcss of lunrccl uufaces is sougltl irt onler
to establi.sh rclet,atl laws or tretuls. Ort tlrc basis of e-ytcrhnettls canied otil irt fow' differ"eril latlrc rlesigtnliorts
of rliffereri dynnntic characterislics arul the trccessaty .stuface lexlu'e rneostuctnetrts as well as corelernrt
statistical arnlysis it is irulicated tlnl:

Ciruurrfcretlial n'avirrcss is greatcr llmtt an:iol wavirtcss atul grealer also lltart ciraunfererlial rouglurcss arul
very good con'elatiort oppcot"s belwccrt rouglurcss CLA vahrc arvl wat'itrcss amplitude pora,neters leadirry to
the ftinnulaliort of e-rltorrcrttial rcgres.siotr moclels. Thcsc rcuilts fccd a tnathematical model of hydrodytnmic
htlticatiott in firite jorutml bearing.s. Irt the propo.sed rnodel tlrc irfluettcc of the tlirectiornl in'egtlarities of
thc Jiritc jotmnl-lrcarirry uuface perfonnatrce is cortsiilcrul. I-he wall-htowt lleyrckls equatiort of \,t1vs4r-
rnrnic htbicatiort for a Ncwloriart, isot,iscots arrcl irrcorrrytrc,tsiblc Jluid is applied rudcr its gerrcral stocha.rlic

lbnn (at,erage Reytutkl.r eEnliort). Tlrc equilibirun equatiort i.s solvetl ruunerically by rcilry n finite dillbrcnce
nppro.rimaliort schetne for a steady slale corulitiott.

Keylyr,'rU' rnriti pnratneler stttface charactetizatiort, xufacc ,t'avitrcss, rnaclfiing pr?ce.rsc.r, tttt'ttitrg
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I. INTRODUCTION

The problem clf technological sulface textute control has

been by far considered to be of paraurount inrpoltartce

in design and lnanufacture of nrachiue coruponents. The

nrain surface topography features are rottghness and

waviness. Many researclt corttt ' ibutions have been repor-

tecl on roughness, as it constitutes a significant machina-

bil ity pararne ter 122), [23],110),124).

On the other hand, waviness is usually overlooked tough

it plays a consiclerable lole in the sulface tribological

behaviour, as in the hydrodynamic lubrication ofjournal

bearings. Waviness strongly depends on the outputs of

the nrachine tool systenr (vibration, eccentricity of work-

piece or tool and others) aud sornetimes is regarded as a

synrptonr of the aforementiorted system condition: failu-

l 'es, worn or clamaged parts etc. Hence, waviness charac-

teristics nray consiclelably vary with the dynamic cltarac-

C. PANDAZAI?AS, C. IIiT'ROPOULOS
De paru t t er I of ItI c c | ru t i c a I ar ul h ulustti a I Er tgi rrcerir tg,
U r iver'.ri ty of 'l'l rcssaly,
363 34 Vob.:s, Graccc

Tiibology irr irttlttstty, Volunte 21, No. 4,7999.
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teristics of the system designation [35]. It is questionable
if a part of waviness is correlated to the machin ing pro-
cess performed and its parameters enrployecl (Figure 1).

From the stanclpoint of machine elenents tribologist
recent studies ovel the last years [1 1], [12], [27] showed
that the inportant problern of bearing sulface rvlviness

recluires more investigations to be carried nut, concer-
rting 

"vaviness 
geometrical pattern and its effects on the

bearing perfornrance characteristics.

It'ig. 1 [)ey:rrdttrce of sutfoce tcittura on rtnclirrittg 1tr oct:ss
atrd nnclitrc tool systetrrs

mach ine  too l  sys tem

(machine tool, workpiece,
loo l .  c lamping  dev ices)

machining process
system

(cutting factors)

121



Although, the results given by Rasheed compared with
those obtained through simulation for realistic journal-
bearing configurations (use of previous version of t l iree-
dinrensional hydrodynanric lubrication code developed
by the authors of this paper) [19] indicate that it is
practically ve ry diff icult to draw conclusions due to spe-
cif ic reasons (low equivalent waviness circumferential
number, big eccentricity ratio, big R/t, ratio and others).

The present study is aimed at the assessment of hydro-
dynamic lubrication perfornrance of lurned journalbea-

rings or shafts.

The first part of the present study is aimed at the investi-
gation of the interrelationship of selecte d waviness para-
rneters and roughness o1 turned surfaccs undcr a combi-
na t i on  o f  mach in ing  cond i t i ons  and  fo r  d i f f e ren t
rnachine tool systenrs (lathe desigrrations) regarding
tlreir dynanric characteristics. Also, related comparisons
are made between the tested surface patterns in the axial
and circunrferential direction.

The foregoing results are introduced as inputs to a nu-
merical model for the journal bearing functional perfor-
mance, which is presented in the second part, in order to
calculate essential tribological magnitudes as: journal

center coordinates, nrinimum fluid fi lm thickness, shaft
and bearing friction forces (or moments).

2. EXPERIMENTAL

2.1. Equipment

The mode of turning followed was quasi steady state
external longitudinal cylindrical turning. The necessary
experiments were carried in four test lathe designations
(A, B, C and D) of different static and dynanric stiffness
(Table l ) .

Thble 1: Lathe designations characteristics

High precision lathe A was in an excellent operational
condition and fair precision lathe B was brand new.

Surface roughness and waviness me asurements were un-
dertaken by a profi lometer setting 0.8 mnr as the cut-off
Iength and 5x0.8 tnrtt the evaluation le ngth. Two skidless
pick-ups rvere used: a common type pick-up for axial

measurements and a side pick-up for circumferential
measurements. The selected wavirress paranre ters were:

W^ Wt, WZ, Wp Worte, 1116 lVpu and lVr,, [26], whiclt
directly correspond to roughness parameters:

Ro: central l ine average
R1: maximum pcak to vallcy hcight in thc cvaluation

length
R2: avcrase of all Rti valucs in the evaluatiop lpnoth
Ro; maximum height above the central l ine
Rprp', quadratic mean of all local slopes
/ir*: skewness of the arnplitude distribution curve
R1,,: kurtosis of the amplitude distribution curve
Rr,r: mean spacing between profi le peaks at the mean

l ine

The multi parameter surface pattern analysis was con-
ducted via software lalyprof.

2.2. Cutting tool-workpi ece

The cutting tool, always s.harp, was a sintered carbide P l0
mounted on a standardized tool holder of the tbllowins
combined geometry:

r a k e a n g l e : y = + 6 o
clearance angle'.a = 11"
inclination angle: )., = f
primary approach angle: rc = 75"
tool nose radius: re = 0.8 mm

The workpieces-specirnens were from plain carbon steel
Ck 60 in the form of [rars ctf 50 mrn diameter and oti 250
mm lenglh.

No cutting fluid was used in the experiments.

2.3. Specimens preparation-cutt ing
condit ions

Allspecime nswcrc clampcd in both centcrs of the lathcs.

Cutting conditions: depth of cut a =0.5 mnt, feed rate s
(0.08 - 0.60) mm rev-l and cutting speed v (100, 150 and
210) m nin-l.

In each machined specimen 40 surface texture measure-
ments were conducted cited at random axially and cir-
cumferentially, respectively (sample size 40).

3. RESULTS AND DISCUSSION

3.1. Ratios of lvaviness to roughness
(funplitude parameters)

In Thble 2 are l isted relative magnitude ratios between
mean values of waviness and roughncss in both axial ancl
circumferential directions.

It is obvious that waviness is mucl.r less than roughness in
the axial direction, while the opposite appears in the

Lathe confi-
ouration

Nominal
Power

Maximum distance
between centers

Swing
over bed

A 7.5 kw 1250 mm 195 mm

E, 6.6 kw 2000 mm 250 mm

7.5  kw 1250 mm 195 mm

Di 6.6 kw 2000 mm 250 mm
Designations C*and D* correspond to lathes A and B
wilh a dynamomeler mounted on their tables instead of
their tool posts in order to alter the dynamic charac-
l e r iq l ins  n f  lho  rp levant  la lhe  er rs lom

r22 Tribologt itt industty, Volurne 21, No. 4,1999.



circumferential direction. An explanation for these fin-
dings can be that in the circumferential direction only
process roughness occurs, which in steady state cutting is
much lower than kinematic roughness, that is irnparted
in the axial direction. In this way, the effect of waviness
is more pronounced in circumferential patterns.

Table 2: lVaviness and rouglurcss n.agrilude ratios

On the other hand, circumferential waviness is greater
than axial waviness, something that can be attributed to
the fact that circumferential direction is more sensitive
to out of roundness errors caused by the rnachine tool
system.

3.2. Characteristics in length of waviness

Examination of waviness cl.raracterisLics in length reveals
that in very low and low feed rates waviness has a random
shape (Fig.2a and 2b). On the contrary, in high feed rates
it is almost harmonic (Fig. 2c). This fact may be attribu-
ted to increased rotational eccentricity of the workpiece
due to increase of cutting force. The run-out wavelength
is equal to the corresporrding feed rate value.

Concerning the waviness mean spacing W sm it appears
to take high values in the range ofnredium and low feed
rates, whereas at high feed rates it approacl.res feed
marks wavelength values. Consequently, correlation be-
lween waviness and roughness mean spacings exists only
for large feed rate values (Table 3).

Table 3: Waviness meatt spacirtg Wsm agahtst feed rate

3.3. Regression analysis models of waviness
against roughness

Surface pattern in the axial direction in turning, which is
the direction of cutting, is more documented and inter-

Tribology itr itdustry, Volume 21, No. 4,1999.

esting from the standpoint of nranufacturing. Also, as Ro
is the most popular roughness parameter the analysis is
l imited to the relationship betrveen R., arrd the .selected
waviness parameters in the axial direction.

Representative results in test lathe designation B are
listed in Thble 4. It is apparent that the formulated
regression models show almost excellent correlation co-
efficients rbetween Ro and ,Vs, Wb WvlVp"p, while the
statistical parame ters W rp and W p,, appear u nco rre I a ted.
Also, the reproducibil i ty of t lre results was high enough
for each lathe designation, as presented in fhble 5.

I'able 4: Connectiott of wavittess paratneters lo Ra
roughttess itr latlrc designatiott B

In Thble 6 generalized models are shown, that is for all
four lathe designations exhibit ing correlation coeffi-
cients varying from excellent to very good for the wavi-
ness parameters considered.

All models follow a positive exponcntial law:

IY = It6.exp(brX)].

According to these results it is concluded that waviness
may be related to the same causes that affect roughness
directly or indirectly via cutting factors l ike feed rate and
cutting speed. Of course, the formulated regression mo-
dels are far from being universal, as they possess more
qual itative than quantitative character. Surface wavi ness

AXIAL
Wr"/R'

CIRCUMFEREN-
TIAL W,^/Rr^

COMBINED
W,c/Wr"

W""/R"" = 0.103 W""/R"" = 3.s2 W"^/W"" = 2.158

W11/R1, = Q.JQ4 W"/R* = .1.39 W,^/VV,, = 2.090

W."/R.. = 0.045 W-^/R.^ = I.34 W-^/VV." = 2.430

W"a/R", = 0.10a W^^/R^^ = 1.80 W^^/VV^" = 1.230

Para-
meter

Cutting
speed

(m/min)
bo b 1 12 r

wa

100 0.66 0 . 1 1 0.980 O.9BB

150 0.28 0 . 1 6 0.960 0.980

210 0.34 n  { q 0.980 0.999

wt
100 2.89 0 . 1 1 0.994 0.997

1s0 1 . 1 4 0 . 1 7 0.972 0.986

210 1 . 6 6 0. ' t4 0.994 0.997

W'

100 t . J l v . t z 0.980 0.998

1 5 0 0.50 0.20 0.980 0.990

210 1 .09 0 . 1 5 O.98B 0.998

wp
100 1 . 1 5 0 . 1 1 0.998 0.999

150 0.66 0 . 1 7 0.964 0.982

210 0.79 0 . 1  4 0.994 0.997

wo"ro
100 0.57 0.09 0.990 0.995
1 R n 0.23 0 . 1 5 0.982 0.991

2' lo 0.30 0 .1  3 0.998 0.9s9

W.r.
100

Uncorrelated150

210

Wr,
100

Poor Correlation150

210

S

[mm.rev-1]
w" [Pm]

v=100 m/min
W., []rml

v=150 m/min
W., [Frn]

v=210 m/min
0.08 21 05 1 845

0 . 1 0 1214 143'l 1 660

0 . 1 6 1147 974 1347

0.20 1 003 901 1 0 1 4

u . z q 1062 926 1 005

v .5z 1 1 1 3 1 058 1446

0.40 431 560 424

0.50 544 c5z

0.60 671 669 646

l--

l z )



Feed rate s
lmm.rev-11

First test
W" furml

Replicated test
YY" J4ml

0.08 0.578 0.445

0. ' t0 0.306 0.417

0 . 1 6 0.395 0.340

0.20 0.365 0.325

0.24 0.483 0.401

0.32 0.483 0 .610

0.40 2.630 2.470

0.50 8.000 8 . 1 1

0.60 32.80 32.60

prediction regarding both the machining system and the
machine toolsystem const i tu tes an u l t inrate goal  needing
further research.

Table 5: Indicative case rsf replicatiott for waviness
parameter lV o (v =210 m.min- l )

Table 6: Association of waviness parameters with R o
roughness for all four lathe configuratiotts.
Generalized model.

4. MODBLLING OF ROUGH AND WAVY

JOURNAL.BEARING HYDRODYNAMIC
LUI}RICATION

It seems that the aforementioned theoretical models
investigating into the effect of surface irregularit ies, so-
metimes make unrealistic assumptions about waviness
patte rn in bearings and liners both axially and circurnfe-
rent ia l ly .  I t  must  be noted that  th is  fact  is  eventual ly  a
result of the relatively small size of meshes for the Rey-

124

nolds equation nulnerical resolution. In the circurnferen-
tial direction a nresh size of approximately 4o gives thc
possibil i ty to represent journal-bearing cross-section by
using 90 points. This value of points population could be
considered sufficient for waviness numbers below l0
under the hypothesis that one wave is represented by at
least 9 points. Also axial waviness numbers larger than
10 demand a relatively dense grid of the bearing facc.
This density is not possible to be obtained with axial
mesh's size larger that the axial wave length. Flowever, in
special cases the axial waviness could be partially neglec-
ted by using a waviness number smaller than 10, when the
circumferential waviness effect is able to generate load
support, which is not destroycd by the axial wavincss
effect on hydrodynamic load support mechanisnr of the
lubricated contact.

In  other  cases contacts between the t r ibosystcm techno-
logical surfaces occur and the proposed calculation coclc
does not provide realistic results.

The present model was developed in order to simulate
the partial hydrodynamic regirne. This simulation con-
cerns especially the l imited corltact area around the mi-
nimum lubricant f luid fi lm. This area is not fully hydro-
dynamically lubricated because of roughness presence.
The computer programme takes into consideration mea-
sured waviness and roughness magniludes, as well t is
more realistic assumptions for journal-bearing configu-
rations: R/L ratio L, normal mean radial clearance value,
amplitude of waviness form and waviness nunrbers. Con-
tact between rough and wavy surfaces is assumed not to
exist.

4. 1. The shaft-bearin g hydrodynamic I 'r iction
code

4.1.1.  I las ic  assumpt ions

This three-dimensional code takes into account the fol-
lowing parameters:

> Macro topography of the bearing (bush), as well as
micro topography, axially and circumferentially due
to thc real shape of the machined journal bearings
and shafts (lemon bearing, half len.ron bearing, mul-
ti lobe bearing. Offset-halves journal bearing known
as displaced bearing [29-31], pericycloid bearing, spi-
ral bearing, presence of circumferential, axial or
combined waviness form in bearing l iner [27]).

> Dynamic-a l ternat ing load (harnronic or  not  I l  ] ,  [13] ,
t30l)

In the present work, the basic assumptions made (addi-
tional to the Full Reynolds ecluation assumptions) con-
cerning lubricating contact geometry, shaft-bearing rela-
t i v e  m o t i o n  a n d  l u b r i c a t i o n  c h a r a c t e r i s t i c s  i n  a

shaft'bearing conrbination are as follows;

Para-
meter

Cutting
speeo

(m/min)
D9 b1 12

wa

100 0.50 0 . 1 4 0.976 O.9BB

150 0.22 o.21 0.956 0.978

210 0.25 o.22 0.980 0.990

wr
100 2.44 0 . 1 2 0.954 0.977

150 1 . 1 1 o.2? 0.958 0.979

210 0.90 0.2s 0.976 0.998

w2

'100 1 . 2 1 0 . 1 7 0.996 0.991
1 t r n 0 .51 0.24 0.980 0.990

210 0.60 0.24 O.98B 0.994

wp
100 1  . 1 4 o , 1 2 0.960 0.980

1 5 0 0.60 0 . 1 8 U.VOZ 0.981

2 1 0 0.58 0.22 0.992 0.996,

woao

100 0.52 0. ' t6 0.982 0.991

150 v  - z + 0.20 0.976 O.SBB

210 0.29 0.21 0.988 0.994

Tribolog in industry,, Volume 21, No. 4,1999.



Kinematics - Geometry

The axis ofjournal and bush are always parallel and the
cross-section perpendicular to them (zero tilt). The shaft
equivalent cross section configuration is perfectly circu-
lar. There is no deformation of the shaft-bearing system
under hydrodynamic pressure. The bearing is floating.
The load is applied through the bearing.

Lubrication

The oil film has sufficient tl.rickness for the hydrodynamic
equation to be valid (full average Reynolds equation)
and Lhe lubricating gap is cornpletely fi l led with the
lubricant.

Lubricant viscosity renrains constant during the systeln
operation (Newtonian isoviscous fluid). The lubricant is
incompressible and the flow in the gap of f inite length
bearing is laminar.

4.2. Input-output parameters

lnput Shaft geometry - diameter, Bearing (hole) geome-
try - diameter and length (total axial, normal to motion),
Bearing macrotopography represented by axial and cir-
cumferential mean waviness values and their lengths as
well as microtopography given by Gaussian profile char-
acteristics represented by axial and circumferential r.m.s
(o) values, Lubricant viscosity, Superficial film shear
stress characteristics, Shaft rotation speed, Shaft - Bea-
ring load function.

Output Oil f i lm thickness - Journal center path, Hydro-
dynamic pressure, Friction forces, Friction coefficient
and Power losses.

4.3. Principle of the model

Tlie purpose of the model ll3-1,7) is to calculate the load
Wlr supported by the hydrodynamic fluid lubricant f i lm
for given conditions even in the partial lubrication regi-
me (hlooo<l).

Then the friction force (or moment) Fs (or Mg) is
calculated as the sum of the hydrodynamic oil f i lm shea-
ring forces (or moments), the squeeze terrn is introduced
in the Reynolds equation.

The local value of the fluid lubricant thickness /r1 can be
determined by the following formula [17]:

h2 = 7 '  + d1 + 62,  where

I' is the nominal f luid lubricant f i lm thickness determin-
ed as the local distance between the profi les reference
lines or surfaces

6 ; = w ; * ( ;

(1 and (2 the surfaces points alt itudes measured from
their reference lines or surfaces. They take negative
values where they represent surface peaks. The distribu-

Tribolog irt hrdustry, Volurne 21, No. 4,1999.

tion functions of those populations are generally non
Gau.ssian and tlre ir standard deviatio ns ?re upot and opo2
respectively (po is related to the profi le points popula-
tions). A composite roughness could be used in order to
transform the problem into a simplif ied equivalent one,
concerning contact between a composite rough surface
and a smooth one. Both surfaces configurations are rep-
resented by their reference lines or surfaces. The corn-
posite surface point's alt itudeswill be ( = (7 + (2 and its
standarcl deviation opo2 = orot2 * opo22.

w7 and w2 tlte surfaces waviness measured lronr thcir
reference lines or surfaces. Their values are negativc
wlrcrc they lepreserlt surface hil ls. A cornposite wavirrcss
coulcl also be used in order to transform the problcnr intcr
a simplif icd equivalent one, regarding contact betwecn it
synthetic wave surface and a smooth one. The composite
surface waviness wil l be w : wt + '1,2. Generally when
Itl3 opo>1, it is adnritted that rnicrotopography irregula-
rit ies effect does not exist.

Thus the apparent f luid lubricant f i lm thickness beco-
mes:

h = l l * w 1 * w2= h' + w and the local f luid lubricant
th ickness h l  can be determined as hy:  h + 6

The cross section of the equivalent bearing operating
with smooth shaft is characterized by its coordinates
x(l,J), y(l,J) related to the snrooth equivalent bearing
center, where 1 is the circuniferential index and "/ the
longitudinal index.

A.ssurning a sinusoidal wavc with 9 points, t lrese coordi-
nates become:

x ( I, J ) = ( D I 2 ) s i n0 p+ l4t 1 6,t in9 c s in9 n + l4t 1 1s in 0 1, .s i n0 p
y ( I, J ) = ( D / 2 ) cos 0 p + W 11 6-s itr 0 sc os 0 n + lV rl 1,s i n0 1. {' os0 11
z(1,.1) = (J-l)WSmLlS
0c = 2n(l-l)l 8
0n = 2n(I-1)l(8 nu,,)
0r- = 2n(J-1)l 8
I r , * = 8 n * g + 1
J u r * = 8 t t * 1 * 1
ttrvc = xtDlWtrrc= 0gl0n
nu,1, = Llllgrr2

tr*6 and n*,L are the cilcurnferential and tlre arial wavi-
ness numbers respectively.

The hydrodynamic oil f i lm is calculated for a given sepa-
ration of shaft - bearing surfaccs. An itcrative procedurc
is then carried out to calculate the value of the oil f ihn
th ickness that  y ie lds the equi l ibr ium betwcen the contact
forces and the load acting on the shaft - bcaring.sy.stem.

The hydrodynamic fi lm is calculated with use of the rnost
general stochastic form of the well known full Reynolds
equation [3-4] introduced by Tzeng and Seidal [3a] in
dimensional or dimensionless form, in polar or rectangu-
lar coordinates for the developed surfaces, by adopting
the half-Somrnerfeld (Gtimbel) conditiorrs with p:0 in

L
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the spcci f ie  d cavi tat ion posi t ion.  This equat ion in  d inen-
sional lbrm can bc written as tbllows by using a Cartosian
coordirrate system in order to study the simple geometry
ofshaft and bush opened up:

a  1 , 3  d p .  a  h 3  a p .
a* 

( t .  
lzr f r  ' )  + ;  

(oz rL^i  )  =

y d h r  U  d o . s  d h r
- 

; 
-;- r; 6".'--i- -r -;--

z d x l . ' - d x d I

whcre: l macrogeometrical f luid lubricant f i lm
thickness

li, stochastic separation distance of surfaces cal-
culated from /r and roughness parameters
n absolute lubricant viscosity
p mean local hydrodynamic pressure
U shaft surface speed, shear velocity
O,, @, @. pressure-shear flow factors reported
by-Patir and Cheng [201,t211, depending upon
surface rouglrness, its anisotropy and local ntlmi-
nal oil l i lrn thickness [32 33).

By using Rohdc [28] fornrula concerning flow factors and
assuming the polynomial  d is t r ibut ion funct ion for
roughness f(6) = (35132).(c2-62)lr7 thit equarion is sol-
ved numerically by using Nystrom forrnula in the tinite
difference iterative method (Gauss-Seidal) for a mesh
1 rrrrrr maximum in x and 0.5 nun maximum in z direction

l l  e l
' f  he active part of the bearing is meshed at least in 200x80
clcnrcnts. l l  is thc node oil I i lnr thickncss matrix dcl' incd
l'r<lnr the real shape of the bearing, the shape of the shaft
and the eccentricity between the shaft and the bearing. P
finite difference grid nodes hydrodynamic pressure ma-
trix is calculated by solving the Reynolds equation. The
cquivalent hydrodynamic force resulting by the compu-
ted hydrodynamic pressure must be equal and opposite
to the appl ied bear ing-shaf t  load.

For dynamically loaded journal bearing tribosystent cal-
culation should start for a zero squeeze term action.
Thereafter, for any subsequent time interval, the fi lm
thickness at the end of the previous tinre interual is
known.

When the pressurc equations have been satisfied, the
pressure ficld is used to obtain flow characteristics and
the next step is to calculate hydrcldynamic friction forces
by dctcrrnining thc sum 1,g of all the elcmcntal friction
components acting on each elenrent, given by the follo-

wing expression (in this case this force is acting on the
bearing surface):

-  t l
F t t = JJ (r111 + "c.s11i1 M

A

rr, i = n'ILlh I h < l lhl> -OfJ - Qvhl2'dpldt

ry11i = Vr 1 [(Dn'h - h1) dpltLt + 2'n'Ulh Qs]

Where:
lr - macrogeornetrical f luid lubricant f i lm

thickness (compliance)
ft7 - stochastic separation distance of surfaces

calculated frorn h and roughness
parameters, local f i lnr thickness

rr - lubricant absolute (dynamic) viscosity
p - mean local (nodal) hydrodynamic pressure
U - shaft speed, shear velocity
Qp Qyp shear stress factors [20],[211dcpending upon
surface roughness, its distribution function, its directio-
nal properties which characterize anisotropy and the
local nominal oil f i lm thickness
Op, : Vrq <D1,(h/o,y1) - Y r 2 <b 6(hlo,y2)
/j surface pattern parameter, surface anisotropy index,
ratio of x an<J z 0.5 correlation Iengths. Every 0.5 corre-
lation length is defined as the length at whiclr the profi le
correlation function rccluces to 50o/t, of its value at 7=0.
Purely transversal, isotropic and longitudinal roughness
patterns correspond to y=9, 1, o (values respectively.
The proposed O functions are given generally fol h> o.
O, O, O, are zero for hlo - * (o:oo).
di - surface local alt itude, measured from the mean

reference surface.
r/i - surface wave, measured from the mean reference

surface.

fp"(6) - measured probabil ity density function of points

altitudes population by using Fisher - I 'earson
analysis nrethod

r = 1 for the liner. i = 2 for the shaft
ooj - standard deviations of the points alt itudes measured

distribution function
opo - standard deviations of the composite measured

distribution function

A nominal surface of contact

Vr; = ooo;2lopo2

+€
.  \  . t -  l @

,  l_^  lo )  ( to  I
< Ilt4.> -- )2:;i, antt tt.r=J tl'-o)/r, ta) aa

I J (f i+d) 
_tt

The constant *1"", rr.o in the code as well as calcula-
tions are as follorvs:

Rotation speed N: 4500 rpm

Geometry: shaft diameter D 54.766 mnr
bear ing d iameter  d 54.838 mm
total length L24.420 mm

Lubrica4t: absolutq viscosity q(100o C) = 3.40'10 
-'-

5 .04 '10-r  -  7 .42.10- '  - l  1 .02.10- '  Pa.s

Macrotopography:lVa6 = 1.33 ltm o = 1.32 pm (opo)

W, t :  1 .01  pm

Surjace texture profile A IYS^C = 8000 prnt
lY Sn,L = )580 1un

t26 Tribologt itr. industry, Volume 21, No. 4,1999.



IV AC = 1.90 prtt o : 1.00 pm
W t t :  0 .34 l tn t

Surface texhrre profile B WS^C : 8000 1tm
lV SnL: 509 ltnt

W AC = 2.80 lttrt o = 9.05 ltm
v'AL:  l0 '0  t r tn t

Surface texlure profile C WS^C = 8000 trttn
ll/ sutL: 646 trtttt

s= o 60 ^,, ,[,j],::ii:f::i;fr1',"0!:J:; l;

Tribology irt industry, Volunre 21, No. 4,1999.

Microtopography: oooi RMS (standard deviations) of the
p o i n t s  a l t i t u d e s  m e a s u r e d  d i s t r i b u t i o n  f u n c t i o r r ,
opor=0.00 prr  (smooth bear ing) ,  y2=3.00,  opoz=1.32

1un, 1.00 1an and 9.05 pm for the cases .4, B and C
respectively.

Load W (in steady state conditions): I 500 - 3000 - 4500 N

Theoretical results are given in the following tables and
fi sures.

Fig. 2h $u{ace rerrure pyolile in lathe desigrntiott B (low feed rotc for Jirtislting)
s= 0. l6,rr, ,r .rg1i ' ,v=210 tn.nin' '  ,  Ro= 1.20 pnt, l4/o= 0.227 pn, R5n1= 170 ptn, lVnr= 599 r,.r ,

Unf  i  l te red  pro f  i  le  . /  l l av iness  pro f  i  le
!rr

4

?

o
-2

-4

-6

o - o o . 5 1 . O t - 5 2 - O 2 _ 5 3 - O 3 . 5 4 . O  | t n

Fig.,2a Surface texnqc proJile itt lorlrc dcsigrntiort B (r,ery low feed rate)
s = 0.08 ntm.rcv'' ,v =210 nr.nritl' , Ro= 1.48 pn, l4/o= 0.92 ltn?, Rsnr = 102 pnt, Wt,,t: I 58.J ltm

4
3

2

I
o

- 1

-2
-3

Unf I  I  tered prof  i  le  . /  l . lav lness prof  i  le

o -o o _ 5 1 . O 1 . 5 2 . - O 2 - 5 3 _ O 3 - 5 4 - O  r

,,]r

40
30
20
t o
o

- to
-2o

Unf  i  l te red  pro f  i  le  . /  l l av iness  pro f  i  le

o .o o . 5 t . o 1 . 5 ? _ o 2 - 5 3 . O 3 _ 5 4 -O 
htr

l-

Iathe designation B (high feed rate)
il, Wa= 6'86 pm, Rsrt= 648 ltm, lVtrt= 646 U,r,
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Table 7: Calculated results for smoolh jounrul bearing ntrfaces, ly'= 4500 rpm Load ll- I500 N

Viscosity
n.1o-3 [Pa.s]

Eccentricity
e luml

Equil. angle
a fol

Mini f i lm thick-
ness h flrml

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 28.40 130.20 7.60 3.8 Q A Q 2,70
E  A A 26.50 134.0s 9.50 \ ' .r+ 5.03 4,34

7.42 24.20 138.50 1 1 . 8 0 J . U 7.39 6.80

11.02 21.40 143.50 14.60 2.6 11  .20 1 0  7 0

'fable 8; Calculatetl results for smooth jounral bearing vtrfaces, N = 4500 rpm. Load W=3000 N

Viscosity
n.  t0-3 [Pa.s]

Eccentr ici ty

e luml

Equ i l .  ang le

s, lol

Mini f i lm thick-

ness h llrml

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 31 .20 123 .8 4.80 4.00 1 . 9 7

5.04 29.70 127.4 6.30 5.37 3.64

7.42 27.99 131.2 8.00 t - , 7.53 6.00

11.02 26.00 1 35 .1 10.00 6.6 1 n  0 7 9.6s

lable 9: Calculated results for smooth journal bearing surfaces, ly'= 4500 rpm. Load Il=1500 N

Viscosity
n.10 '3 [Pa.s]

Eccentricity
e [um]

Equi l .  angle
c [ol

Min i f i lm th ick-
ness h fuml

Max.Pressure
1 0olPal

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 32.40 120.7 3.60 16 .3 4.73 1 . ' 16
E A A 31 .20 123 .9 4.80 I  r+.  I 5.94 2.92

7.42 29.90 127.4 6 . 1 0 13 .0 7.98 5.26

11.02 28.20 130 .8 7.80 1 1 . 6 11 .22 B.B5

Thble l0: Calculuted reuilts for surface texture profile A, N=4500 rpnt Load lV:1500 N,
+ means roughness interactiott (h < 3 o)

Viscosity
n.10 '3 [Pa.s]

Eccenkicity

e furnl
Equi l .  angle

cL lol
Mini f i lm thick-

ness h luml
Max. Pressure

1 oolPal
Shaft Friction

Force [N]
Bearing Frict ion

Force [N]

3.40i* 29.2 1 3 1 . 6 5.53 3 .4 3.54 2.55

3.40** 28.0 128.3 5.65 + . J 3.63 2.55

5.04 27.2 ' ,|3s.9 7.40 J . a s.02 4.23

5.04 26.2 132 .0 7.44 e c 5 . 1 6

7.42 24.8 140.0 9.94 J .  l 7.33 6.70

7.42 24.O ' t37.1 9.64 3 .2 7.50 6.69
11.02 22.0 1 4 5 . 6 12.73 2.9 1 1 . 0 6 10.55

1  1 .02 z t - 5 142.6 12.34 2.7 11.24 10 .60

Table I l: Calculated resttlts for surface texture profile A, N = 4500 rpm. Load W=3000 N,
* means roughness interactiotr (h<3 o)

Viscosity
n.10-3 [Pa.s]

Eccentricity
e furnl

Equil .  angle

0 rol

Mini f i lm thick-

ness h [Uml

Max. Pressure
1 06[Pa]

Shaft 0Friction
Force [N]

Bearing Friction
Force [Nl

3.40 3 1 . 8 I  z + . J 2.93* 7.6 4 .38 1 . 5 4

3.40 30.6 121.7 3.00* I t  a 4.47 1 . 5 3

5.04 30.5 128 .5 .1 .21 6.9 F . A 7 3.27

5.04 29.4 125.0 4,25 10 .4 5.80 3.22

7.42 28.B 132 .6 5.93 6.7 7.62 5.73

7.42 27.8 128.8 5.84 B ,B 7.87 5.67

1 1 . 0 2 26.7 137.0 8.04 6.4 10.93 9.42

1 1 . 0 2 25.7 133 .6 7,94 7.9 11.22 9 . 4 1
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Table 1 I : Calculated results for surface texture profile A, N = 4500 rpm. Load W=3000 N,
* means roughness interactiott (h<3 c)

Viscosity
n.10-3 [Pa.s]

Eccentricity
e [um]

Equi l .  angle
cr [o]

Mini f i lm thick-

ness h [pm]

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 J I . ' J 124.9 2.93* 7.6 4.38 1 . 5 4

3.40 30.6 121.7 3.00" 1 1 . 5 4.47 t . c J

5.04 128 .5 4.24 6.9 5.67 3.27

5.04 29.4 125.0 4.25 10.4 5.80 3.22

7.42 z6,o 132.6 6.7 t . o z 5.73

I ..+Z 27.8 |  26.6 5.84 B.B 7.87 5.67

1 1 . 0 2 z o . I 137 .0 8.04 6.4 10 .93 J . + Z

11.02 25.7 133 .6 7.94 7 q 11 .22 9.41

Table 12: Calculated results for surface texture profile A, N= 4500 rpm. Load W=4500 N,
* rneans rouslutess interaction (h<3 o)

Viscosity
n.1o-3 [Pa.s]

Eccentricity
e [Pm]

Equil. angle
o [o]

Min i f i lm th ick-
ness h [pm]

Max. Pressure
.t06[pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 J J . U 120.9 1 .73* 1 R  I 5.79 0 . 1 0

3.40 3 1 . 8 1 1 8 . 5 1 .84* 21.1 5.70 0.20

5.04 32.O |  2 4 . 5 2.73* 12.5 6.70 2.04

5.04 J U .  / 121.6 2.94* ' t7 .4 6.70 2.22

7.42 30.5 128.5 4.28 10.2 o . z l 4.82

7.42 29.3 125.3 4.34 14.7 8.47 4.80

11.02 28,B 132.6 c .vJ 9.9 11 .32 8.53

11.02 27.8 '128.9 5.84 1  3 . 1 1  1 . 6 8 8.42

Table I3: Calculated rcsults for sutface terture profile B, N= 4500 tpttt. Load W=1500 N,
* nrcarw rouglutess interaction (h<3 o)

Viscosity
n.1o-3 [Pa.s]

Eccentricity
e [pn]

Equil .  angle

c [o]

Mini f i lm thick-
ness h [pm]

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Frict ion
Force [N]

3.40 29.5 132.4 5.84 3.56 2.51

3.40 z I . o 127.5 5.94 4 . 7 3 .71 2.50

5.04 27.5 136.9 7.BA 5.02 4.20

5.04 26.0 131  .B 7.77 4.1 5.22 4 . 1 8

7.42 25.2 141.4 1 0 . 1 4 3.4 7,31 6.66

7.42 23.8 136.7 9.97 3.5 / . c o 6.68

1 1 . 0 2 22.1 146.8 13.24 3.2 1 1 . 0 4 10 .56

1 1 . 0 2 z l . z t q z . l 12.57 2.9 11  .30 10.s8

Tribology itr irtdustry, Volunte 21, No. 4,1,999.
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'table 
I4: Calculuted results for sutface terture profrle B, N= 4500 rpnt. Load llt=3000 N,

+ rneet$ roughness interaclion (lt<3 o)

Viscosity
n.1o-3 [Pa.s]

Eccentricity
e [prn]

Equi l .  angle
d [o]

Mini f i lm th ick-
ness h [pm]

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 32.2 't24.9 3 . 1 4 8.0 4.68 1 .20

3.40 30.5 120.5 3.28 13.2 4.79 1 . 2 2

5.04 30.8 129.2 4.54 7 .1 5.73 3 . 1 4

5.04 29.0 124.6 4.78 { n  a 5.91 3 . 1 6

7.42 29.2 133.3 5.62 7.2 7 . 1 6 5.62

7.42 27.5 128.3 5.60 9.4 9.36 5.60

11.02 26.9 138 .2 8.44 6.8 6 .77 9.40

11 .O2 2 q 5 '133.0 8.27 7.8 7.8' l 9 .35

Table I5: Calalated results for surface lexture profile B, N= 4500 rpnt. Load 14=1500 N,
* meens roughtress interactiort (h<3 c)

Viscosity
n.1 0-3 [Pa.s]

Eccentricity
e [pm]

Equil. angle
cr ['l

Mini film thick-

ness h [pm]

Max. Pressure
1 06[Pa]

Shaft Friction
Force [N]

Bearing Friction
Force [N]

3.40 33.2 121.7 2.40* i 6 1 6.21 0.40

3.40 3 1 . 5 1 1 7 . 6 2.27* 22.2 A  1 q 0.20

5.04 32.2 124.9 3 . 1 4 1  1 . 9 6.94 1 . 7 8

5.04 5 U . J 120.5 3.27 19 .6 7 . 1 0 1 . 8 1

7.42 30.8 129.2 4.54 10 .4 8.44 4.62

7.42 29.2 124.1 4.58 1 6 . 6 o-o.+ 4.48

1 1 . 0 2 29.2 133 .3 6 .14 10 .6 11.42 8.34

11 .O2 27.5 128.4 6.27 13 .9 11  .87 8.32

Table l6: Calculated results for surface texnre profile C, N = 4500 rpm. Load W= I 500 N,
+ meens roughrtess interactiott (h<3 o)

Viscosity
n.1o '3 [Pa.s]

Eccentricity
e [pm]

Equi l .  ang le

c[ [o]

Mini f i lm thick-

ness h [pm]

Max. Pressure
1 06[Pa]

Shaft Frict ion
Force [N]

Bearing Frict ion
Force [N]

3.40 Contacts

3.40 Contacts

5.04 Contacts

5.04 Contacts

7.42 Contacts

I  . + Z Contacts

11.O2 20.5 't49.6 5.03r 3.45 11 ,21 10 .78

11 .02 19.42 136 .4 3.82* 10.00 12.24 10.30
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Table 17: Calculated results for surface terture profile C, N: 4500 rprn. Load ll=3000 N,
* nteans rouglutess ilteractiott (h<3 o)

Viscosity
n.1o-3 [Pa.s]

Eccenkicity

e fuml

Equi l .  angle
c[ lol

Mini f i lm thick-

ness h lurnl
Max. Pressure

1 06[Pa]
Shaft Friction

Force [N]

Bearing Friction
Force [N]

3.40 Contacts

3.40 Contacts

5.04 Contacts
5.04 Contacts

Contacts
7.42 Contacts

11.02 25.5 141  .0 0.50* 14.0 1  1 .54 s.03
11.02 22.6 123.8 0.60* 93.6 1 6 . 5 7 5.03

Table I8: Calculated results for surface texture profrle C, N: 4500 rpnt. Load W=4500 N,
* rneans rouglure.ss bteractiorr (h<3 o)

** The first row represents theoretical results for a given waviness configuration and the second one for the same
waviness configuration rotated by 90 degrees clockwise.

5. CONCLUSIONS
' l 'he 

following conclusions may be drawn from the pre-
sented experirnental-analytical study:

> Excellent or very good correlation is established be-
tween roughness CLA value Ra and relevant waviness
parameters, rvhich enabled the fornrulation of expo-
nential regression models. The essence of this fact is
that waviness appears to be affected in some extent by
cutting factors.

> Circumferential waviness is greater than axial waviness
and greater again than circurnferential roughness.

> Waviness is of harmonic form in the range of high feed
rates,whereas it appears to obtain random shape at low
and medium fced rates.

> Simulated results ofjournal bearing tribological beha-
viour show that the lubrication regime is not fully hy-
drodynamic. The minimum fi lm thickness for the
obtained results is not higher than I 3 ltnt but hydrody-
namic shaft - bearing friction losses are very low. This
is finding consistent with results found by various au-
thors (p < 0.05). More experimental research work in
the area of shaft - bearing friction losses would even-
tually confirm various parameter influences by compa-
ring computed and experimental results.

T'ibology itt ittdustry, Volurne 21, No. 4,1999.

> In the lubrication analysis of f inite bearing, the effect
of both longitudinal and circumferential roughness
and waviness has bcen considered significant. This cf-
fect is a three-dimensional variation of oil f i lnr thick-
ness and pressure and it is studied by an average
Reynolds equation through an algorit l.rmic scherne in
order to calculate contact geometry and friction tre-
tween shaft and bearing under dynanric load.

> From the cases under study, low feed rates provide the
best results offering perspective for t lre establishrnent
of turning operations in finishing of shafts. Very low
feed rates result in increase of axial roughness arrd
waviness, which destroy hydrodynamic load support
mechanism, even with the generated higher circumfe-
rential waviness value. This effect appears to be rnorc
significant for low speed, low viscosity and high load.

The present work creates a basis for a new improved
analysis of the problem concerning bcaring behaviour
and its system performance in detail when a combination
of roughness and waviness is considered for the Iubrica-
ted surfaces. In the authors'opinion, there must be car-
t ' ied out an exhaustive investigation too into the particu-
lar shaft-bearing surface texture cbaracteristics every
individual machining process creates, taking into ac-
count  the evaluat ion and analys is  of  roughness-wavincs
combination regarded from the tribological standpoint.

Viscosity
n. t0_3 [pa.s]

Eccentricity
e luml

Equi l .  angle
o lol

Mini f i lm thick-

ness  h  luml

Max. Pressure
1 06[Pa]

Shaft Frict ion
Force [N]

Bearing Friction
Force [N]

3.40 Contacts

3.40 Contacts
5.04 Contacts
5.04 Contacts
7.42 Contacts
7.42 Contacts
11.02 28.4 138 .6 Contacts 40.2 1 1  . 7 0 8 . 1 0

1 1 . 0 2 26.2 126.6 Contacts 60.2 I  J . Z q 7.40
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Presentedresults and seeings represent a part of the researcltes actittities realized withh the Itilenntional projecl
whose nnin goal is development of methods for researclting and creatiott of tecltnological sutface layer with
in advance known and repeatable characteristics. These researches are refen'irtg to tunted surfaces ntachined
with increasecl speeds of cutting. Tlrc maclfurcd material is C 1630 (DIN C 55). 7'tuttirtg was perfonned ort
NC lathe TUR 50 .tN-DC with power P: I8,5kW and cerantic cuttitrg plates lllC2 front tlrc firnt Il ERTEL.
A four'factor plan of arperinrents is applied. Tlte tuntittg was performed under tlte ntaclitted terms ol':
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rized device FORM TALYSURF-L20L front tlrc firnt Taylor ltobson (Wroclav Polyteclutic). A cornparutive
analysb ond corelatiott behveen the lreigltt distributiort 2-D and 3-D rouglutess parantelerc of lunted swface
are givett
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l . INTRODUCTION

Surface layer of the nrachined surfaces is the basic factor
in the realization of different functions of the mechanical
parts. Physico-chemical characteristics of the zones of
the technological surface layer (TSL) and the geometric
structure (GS) of the TSL surface take active role in the
performance of the numerous statical processes (contact
realization, stiffness, conductivity, reflexivity, etc) and
dynamical processes (tribological processes, lubrication
etc) [1] during parts exploitation. Roughness of the ma-
chined surfaces (MS), whicl.r represents the micro GS of
the TSL surface, influence the constitution of t lre MS
exploitation properties [2] through the characteristics of
the surface high distribution, shape, curvature and slope
of the irregularit ies and texture directionality. Two main
admissions [3], are in use for description of the roughness
characteristics and roughness influence on the exploita-
tion properties. One of them is defined in hvo-dimensio-
nal, while other is defined in three-dirnensional domain.
The both admissions possess its ones advantages and
faults,rvhich define their applicability at different purposes.
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Tlrc " Sv.Kiril i Metodij " Uttiversity, Skopje, hlttcedonia,
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2. COMPARATIYE ANALYSIS OF THtr
TWO-DIMENSIONAL AND
THREE-DIMENSIONAL
CIIARACTERIZATION OF THE
ROUGHNESS

The analysis of the state in the area of roughness chalac-
teristic research, carried out within thc International
project, shows the presence of the two main groups of
activit ies [3]:
. definingof the dependencybehveen the characteristics

of the formed surface topography on the MS and thc
rnechanism of its gencration, and

. determination of the correlation between the forrned
TSI- and its functional behavior under exoloitation
terms.

Design of an enrbracecl expcrirnental and analytical basc
that  wi l l  un i tc  thc both groups of  act iv i t ies,  rv i l l  e  nablc
constitution of a TSL that possess geometrical and phy-
sico-mechanical characteristics which can provide thc in
advance known and needed exploitation properties of
tlre TSL. Solution of this problem can be achieved only
by the appl icat ion of  the adequate technique for  chalac-
terization [4] of thc surface topography, which includes
visual and numerical techniques for description and in-
teractive methods for modeling the surface topograplry.
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However, it is obvious that certain polemics is present
'among the science researchers in relation to the 2-D
characterization and 3-D characterization of the GS of
the TSL surface. The attitude sti l l  exists that 3-D charac-
terization should longer stay as a tool used only for
laboratory investigations. Such a state can be explained
with the fact that 2-D characterization is much simole r
in comparison to the 3-D characterization.

From the other side, it has becn found that 2-D charac-
terization is sti l l  not completely accepted and explained,
especially from the point of determination the influence
that generated 2-D roughness parameters have on the
[unctional characteristics of the nrechanical parts under
exploitation. Also, it has been ascertained that applica-
tion of the 2-D characterization for prediction of the MS
functional behavior is basically rvrong from many rea-
sons,  but  the essent ia l  reason is  the fact  that  a l l  contacts
bctween the mutual ly  act ive MS have three-dimensional
nature.

Tuble l. Clasifcatiort of 2-D roughttess parometes

2-D characterization of the MS roughness creates prc-
sentat ion of i ts  character is t ics under the basis  of the data
logged from the roughness profi le. This profi le is obtai-
ning with the section of a vertical plane and measured
surface. But this section may not cross the real peaks and
valleys. Because of that, all tbe values of the paramete rs
that are dctermined frorn the roughness profi le within
the several sampling lengths (l irble 1, Fig.l ) [3, 5, 6] may
represent only approximation of the real values [3, a]. In
this way, their physical meaning did not allow correcl.
determination of the surface behavior undel diffclent
exploitation terms.

3-D characterization of the roughness is performed un-
der the basis of the data logged from the real three-di-
mensional surface. During the logging of this kirrd of
datapoints,  measurement  processes enable obta in ing of
the real  peaks and val lcys.  At  the same t ime,  these data
are more numerous what provides them better inde-
pendence [a]. The improvement of the measurement
instruments [1, 7] on a level that enable logging of three-

[/\n,;^v\ r^,fu
l Y r  v  v '
I  

r  
s ! , n r , l , , , !  t c , r d , r  I

Figure 1: Sampling length [6]

HTBRID PARAMETERS

b - Profile slope angle

RM - Arithem.etical mean slope of
the proile

RM

xa

- Root mean square slope of t
assessed profile

- Average wavelenght of the
profile

2-D ROU GHNESS PARAMETERS

AMPLITUDE PARAMETERS
& - Ma*.profile peak height
Ry - Max. profile valley dcpth
Rz - Max. height of profile
Rc - Mean height of profile elements
Rt - Total height of profile
Rc - Arithmetical mean deviation of

thc assesscd profile

Ra - Root mean square deviation of- 
the assessed profilc

Rrk Skeweness of the assessed profile
R/cu - Kurtosis of the assessed profile

CURVESAND REIAIED
PARAMETERS
( FLrNgrroNAL PARAMETERS)
Ml@ - Profile bearing lenght
Rntr@ - Material ratio of the profile
R6c - Profile section height

difference
Frnr - Relative material ratio

FUNCTIONS OFTHE
ROUGHNESS PROFILE

ACF - Profile autocorelation
function

GSM- Spectral power density of the
profile

WG -Ptobability density tunction
of the profile

SPACING PARAMETERS
R^Snr - mean width of the profile

elements
S - mean spacing of local peaks of

the profile
Lo - developed proftle lenght
1r - profiJe length ratio
D - profile peak density

134

1 - Root-mean-square wavelenght'"q 
of the profi le
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dimensional data fronr the surface gave the opportunity
for development of 3-D roughness parameters.

A part of this systern of parameters is directly obtained
from the 2-D parameters that have uti l i t ied meaning,
while other are specially developed for description of the
three-dimensional characteristics of the micro GS and
for the functional characteristics of the MS. They are
determined wi th in a sampl ing area (Table 2,Fig.2) [4,6,
7]. Taking into account all these facts, 3-D charac-
terization enables more realistic presentation of the na-
tural properties of the surface topography: the size, the
shape and the volumes of the three-dimensional features

[4, el

Differences, which appear between tlre 2-D and 3-D
characterization, are specially promenent in determina-
tion of the bearing area currc. The bearing curve that is
obtained from the 3-D datapoints is more realistic in
comparison to the bearing curve obtained from the

Table 2. Clasification of 3-D rouglurcss paranxetes

roughness profi le at 2-D characterization, what actual ly
has no meaning of the real "area of bearing"[4]. This kind

and many other dif ferences which appear between the
certain parameters values, are special ly signif icarrt at the

stochastic surfaces generated with the machining processcs

ofgrinding, sand blast ing, electro-discharge etc [4],
' I 'he 

propert ics of the 3-I) roughness characterization t<r

c rea te  quant i ta t i ve  and qua i i ta t i ve  [4 ,  9 ]  p resenta t ion  o f
the real state of the surface topography give possibi l i ty

for al l  macro and micro inf luences, which are present in

the consti tut ion of the TSL, to be surveyed and which at

the same t ime can be neglected inthe 2-D charac-

terization.

Adcl i t ional advantage of t l re 3-D characterization is thc
possibit i ty to provide ne"v information irnportant for the

engineers and tr ibologists which give information for Lhe

predict ion of the surface functional i ty. They are provi-

ded through the visual izat ion of the surface topography

3-D ROUGHNESS PARAMETERS

ruNcnoffi
PARAMETERS
Sbi - Surface bearing index
Sci - Core fluid retention

index
Svi - Valley fluid retention

index

FUNCTIONS OFTHE
SUREACE ROUGHNESS

AACF - Areal autocorrelation
function

,*)),
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AMPLITUDE AND HEIGHT
DISTRIBUTION PARAMETERS
Ss - Arithmetical mean deviation
Sz - Ten point height of the surface
Sq - Root-mean-square deviation
Ssk - Skeweness of surface height

distribution

S/,"2i- Kurtosis of surface height
distribution

SPATIAL PARAMETERS
Sds - Density of summits of the

Surface
.ltr - Texture aspect ratio of the

Surface
Srd - Tbxture direction of the surfi
Ss/ - Fastest decay autocorrelation

lenght

HYBzuD PARAMETERS
.Ssc - Arithmetic mean summit

curvature of the surface
56o- Root-mean-square slope of' the surlace

Sdr - Developed interfacial area

L-

Figure 2: Sampling area [4]
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[3, 4] and determination of the size of the contact area,
dcbris volume, volume of the lubricant oil [3] etc. Name-
ly, a modification of the parameters meaning and their
mathematical interpretation is noticed. This modifica-
tion is going in a direction that wil l provide better functio-
nal. direct or in-direct characterization of the machined
surfaces [3,  11] .

3. CORRELATION I}ETWEEN THB
TWO-DIMIINSIONAL AND
THREE.DIMENSIONAL RO UGHNES S
OF THE MACHINBD SURFACES
EXPRESSED TIIROUGH AN EXAMPLE
OF A TURNED SURFACE

Tlre corre lat ion betwecn thc 2-D and 3-D charac-
tcrization of the NtS is analyzed on an exanrple of a
turned surface. The influences of t lre technological para-
melers on the modification of the roughness charac-
teristics are deternrined rvith the aim to define the de-
pendency between the characteristics of the forme d surface
topography and the mechanism for its constitution [3, 5].

Developed mathematical models describe the nature of
the accomplishment of the influence that technological
parameter has on the TSI- constitution.

Parallel measurements of 2-D roughness profi le meas-
urement and 3-D measurement of an area from the sanre
turned surface were performed. The measurement sur-
face was obtained with turning using the cutting inserts
SNGN L201 12-1207 1 6 -L20'l 20 frorn metalo-ce ra m ic
MC2 (Al2O3 + TiC) (IJERTEL), placcd into the tool-
holder CSRNR 25x25 M12N3 (l lEl{fEL), which givcs
tlre following stereomctry to the cutting tool:

rc = 75u, rcl = 15", y = - 6", cr = 6u, I = - 6",
€r = 90 ",yf : 20 ", bf = 0.2 rrtm

A carbon steel  51630 (DIN C55) wi th hardness wi th in:
200 to 211 FIB was adopted as a work material. Nurneri-
cally controled lathe TUR 50 SN-DG with p<-rwer of 18.J
klV and interval of steepless change of the revolutons
n=50-2250 olmin was used. Measurenrent of t lre rough-
ness parameters was performed using computerizecl
me asure ment device FO RM'IALYSU RF 1 20 L[2 ], fo I lo-
wing the recommendation from [5, 8].

Turningwas performed without use of the coolant, chan-
ging the cutting speed u, feed /, depth of cut a and the
corner radius r, (Table 3).

Obta ined exper imenta l  va lues of  the 2-D and 3-D
roughness parameters are presented in Thble 3.

Ihble 3. Puranrctars of 2-l) roughncss atttl 3-I) nuglurcss obtuitrcd from tlte nreasured tttnted surface

EXPERIMENT DESIGN MATRIX SUBORDI NATED VARIABLES

Br. vc

m/min
f

mm/o
a^
mm

r' 2

mm
Ra
um

Rv
um

Rp
rm

Rt
um

Rq
um

sRa
um

sRv
um

SRp
u m

sRt
um

SBq
u m

300 0 . 1 6 n q 1 . 2 0.939 z . 1 z 2.850 s.260 1 j 2 9 0.675 z . zz z . z  I { . .+J 0 . 8 1 9
Ann 0 . 1 6 0.5 1 . 2 0.700 2.46 2.400 4.900 O.BB9 0.623 1 ,32 1 . B B . J .Z 0.73
300 0.32 0.5 1 . 2 2.696 4.166 7.633 1 1 . 8 0 3.1  BO 1 . 7 7 3.52 5.87 9.39 2.157

4 500 0.32 0 .5 1 . 2 2.32 4.166 6.960 1 1 . 1 5 2.750 1.909 2.5 5.63 8 . 1 3 z . z c  I

5 300 0 . 1 6 1 . 6 1 . 2 N  7 A Q 2.200 2.633 4.900 0.963 0.756 1 . 5 4 2.27 J . O  I O.BB9
A 500 0 . 1 6 1 . 6 1 . 2 0.773 2.236 2.727 4.970 0.960 0 .719 1 .65 2.3 3.95 0.87

300 o.32 1 . 6 1 . 2 3.233 5 .310 O qAA 14.90 3.824 2.683 3.57 8.09 ' t 1 .66 e  1 - 7

a 500 0.32 1 . 6 '1.2 2.940 9 . 1 1 6 14.80 3.526 2.335 \ t .uo 7.72 10 .78 2.86

I 300 0 . 1 6 0 .5 2.0 0.836 2.566 2.733 5.330 t . v z o 0.584 1 . 2 9 1 . 8 3.09 0.700
1 0 500 0 . 1 6 0.5 2.0 0.685 't.900 2.080 3.980 O.B2B 0.526 t . a o t . J 6 2.66 0 .617
1 t 300 0.32 0.5 2 .O 1 .833 3.600 8.733 2 .163 1 .274 2.01 5 . 8 1 1 . 5 0 6

1 2 500 o.32 0.5 2.0 1 . 7 1 0 3.930 4.866 8.866 2.023 1 . 1 8 3 ' l . B 3 .67 F A 1 1 . 4 0 4

1 3 300 0 . 1 6 t . 6 2.0 0 .710 2.033 2.400 4.433 0.873 0.496 1 . 2 5 1 . 7 2 2.97 0.597

1 4 500 0 . 1 6 '1 .6 2.0 0.697 2.361 2 .100 4.454 0.863 u.. toJ 1 . 0 8 1 .26 2.34 0.462

300 0.32 1 . 6 2.0 1 .902 3.933 5 .613 9.s33 2.271 1 e l a 1 .92 3 .S 5.82 1 .531

1 6 s00 0.32 1 . 6 2.0 2.058 4 .616 6.033 10.65 2.426 ' t .436 2.55 a oc. 1.693

1 7 387 0.226 0.894 1 .549 1  .143 2.533 3.566 6.066 1 .386 0 .919 1 . 7 5 2.94 4.69 1 . 1 0 1

1 B 387 o.226 0.894 1.549 1  A E R J _ 4 / C 4.000 7.500 1.690 1 1 1 2 . 1 6 2.94 5 . 1 1 . 2 7 1

1 9 3 6 1 0.226 0.894 1 .549 1.284 3.025 4.200 7.175 1.625 0.98 1 0 q 2.BB 4.90 1 . 0 5

20 387 o.226 0.894 1 .549 1 .357 2.860 3.940 6.760 1.540 n o q 2.05 3.20 5.2s 1 .20

* Sanrpling area 1.28 x 1.2,9, cut-off 0.425.r0.125, Gaussian fi l ter
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Table 4. Ot'eruiew of tlre tnatlrcnntical nrcdels of tlrc 2-D and 3-D rougluress pat'atneters

OVERVIEW OF THE MATHEMATICAL MODELS

EeP
: l =  H
E o +
eEeS
5 9 0 ug  0 g - E
i J : L
=E lu ( ' )

9 . c  a G

Ra = 49.802.  V0.179.  f  1.587.  a0.0415. 14.463 sna =30.799.  v -0 .133.  11 .518.  60 .066.  r -0 .824

Rq = SO.ZqZ. v4.164.  |  1.5s4.  a0.0468. 14.472 s?q=35 .921  .  v4 .1343 .  t 1 . 512 .  a0068 .  r - 0 .842

Rt = 80.312.  v-0.069.  f  1.220.  a0.0708. 14.419 snt=756.  115.  y -o .z2 t .  t1 .2s6 .  a0 .061 .  r -0 .83

Rv = 10.581 v4.0505. f  0.95a.  a0.065.  r4.231 sRv = 34.971.  v-0.227.  f  0.835.  a0.0187. r -o.70e

Rp= t t q . r cS  v4 -163 .  1 ,1 .4s1  .  a00785 .  r - 0 .549 sRp=  139 .92 t .  t  o204 .  t t . a86 .  a0 .088e .  r - oBe4

The analysis of the mathematical models (Thble 4) of the
appropriate height distribution parameters, determined
in 2-D and 3-D domain, show the dominancy of the MS
roughness characteristics by the machining conditions

li0l
The very strong influences of the feed and cutting speed
are confirmed in the 2-D domain as in the 3-D domain.
But, the mathematical models estimated on the basis of
the 3-D measurement distinguish the small influences
which can be neglected from the 2-D measurement. In
certain cases, during the positioning of the 2-D measure-
ment traces, certain errors can be recorded, which can
cause appearance of a virtual difference in the influences
that parameters show in the mathematical models. Grea-
ter distinction appears in relation to the influence of the
corner radius 4. 3-D measurements point at greater
influence of its value on the height distribution charac-
teristics of the micro GS. Such a constellation is confir-
nred by the fact that the corner of the cutting insert,
depending on the cutting tool stereometry acts from a
position, which does not match the position of the plane
rvhere 2-D roughness profile is measured. During the
nrachining processes, the tool corner interferes with the
material from the MS in three-dimensional space. This
kind of acting distinguishes it from the leed, whose influ-
ence mainly reflexes in two-dimensional space, or more
correct, in direction of the cutting edge nrovement. Be-
cause of this, much smaller differences appear in relation
to the level ofthe feed influence.

Depth of cut has indirect influence on the modification
of the roughness characteristics because it changes the
conditions of the TSL constitution [5, 10]. Its enlarge-
ment causes very small increase of the hcight clistribution
characteristics where the greatest difference appears in
re Iation to the nraxirnal dcpth of valleys, as in the case of
thc cutting speed. The reasons for this may be result of
the measurement nature wlicre 3-D measurements take
into account the three-dimensional acting of the cutting
tip tool.

In relation to the cutting speed, the phenomenon of the
multifarious influence on the roughness parameters ap-
pears. Results from 2-D domain show very soft increase
of the valleys and decrease of all other parameters with

Tribologt itr itrdustry, Volunre 21, No. 4,1999.

the enlargemen( of the cutting speed. At the same tirnc
3-D rneasurerncnt show uniform influence of the cutting
speed on all pararneters: they all dccrease rvith tlrc spcccl
enlalgement. Thking into account that cul"ting speccl's
influence is accomplished through the changes in the
physics of the cutting process [5, 10], appearances o[
intensive vibrations can be expected when the speed
increase above the certain level. This kind of vibrations
causes modification of the process of chip disrnounting
fronr the basic material. This can result in eventual dec-
pening of the valleys. But, the appearance of t l.re vibra-
tions would give as a result total deepening of the vallcys
in 3-D donrain also, but that does not appear in this casc.

One of the possible reasons, taking into accouut tlre very
small positive influence in the equation for t lre Rv para-
rneter, can be the selection o[ the measurernent traces.
The measurement trace can be placed in a position where
some changes in the cutting process appcared only in tlrc
certain nronrent, trut t lrey wcre recorded as a rcprc-
sentative for the rvhole surface. But in the leality, alter
these changes, a stabil ization of the cutting process sct
in. So, with the three-dimensional measurement, data-
points are logged from large nunrber parallel-positioned
traces and they embrace a whole area from the same
surface. This means that more correct conclusion can bc
drawn for the influence of this technological paramete r
on the constitution of the MS irregularit ics from this way
measured datapoints.

4. CONCLUSION

Prescnted mathenratical models of the 2-D and 3-D
rouglrness paranleters confirm the analogy that exists in
the both approaches to dcscription of thc influcnce tlrat
technological parameters have on the rouglrness charac-
ter is t ics on nracro level .  But ,  a t  the same t ime they point
to the certain diffcrenccs thal. order gradual shift ing to
3-D l 'oughness characterization and where 2-D clralac-
terization wil l ccrtain period sti l l  be used as an init ial
basis for roughness analysis [3, a]. The last constellation
is  above a l l  governed by the fact  that  3-D char .ac-
terization of the roughness decreases the total measure-
ment errors and in that way it contributes for the smaller
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influences of the machining conditions in the process of
TSL constitution to come to expression.

ln our case of description of the height distribution
characteristics, the advantages of 3-D characterization
does not have that marked significance in relation to the
errors that can appear in their values. But the application
of 3-D roughness characterization, as a descriptor of the
rcal statc of the TSL micro GS, is the only mean that can
providc correct dctcrmination of the functional parame-
ters.
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In order to smdy tlrc developed structural clnnges in the surface layer of the cast-irott, used in nnrutfacturhtg
tlrc Diesel errgirrcs cylfuder lhrer, tlrc tfibosystenr and tribotnodel concepts are applied. Using tlrc X-ray
tliffractiort artd microscopy metlrcds, tlte evolutiorrs and tlrc distributiott of tlrc dklocations densily, tlte itttennl
second order tensiorts, as well as the microstructurc ntodifications durhrg fatigue and cavitation processes are
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nteclnnisms of supetfrcial layer duritrg fatigue and cavitalion process.
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1.  The input  -  output  components:  the pararneters of
superf ic ia l  layer ,  "S." ,  (microgeometry,  hardness,
tension state, structure, chemical cornposition, puli-
ty) and the characteristic parameters of the tribosy-
stem, "Cr" ,  (d iarneter ,  mater ia l  and cy l inder  l iner
thickness).

2.T l te command components,  "U":  t l le  construc( ivc,
the medium parameters and the exploitation para-
meters.

3. Tlie components for the estimation of the wear ef-
fects: noise level, vibrations, thermal level.

l . INTRODUCTION

The tension state in the surface layer lras an inrportant
influence upon the behaviour at the cavitation wear of
the materials, generally, and on the Diesel engines cylin-
der l iners from, specially [1, 9]. The carried out experi-
mental researches are based on the tribomodel and tri-
bosystem concepts that were defined in some papers [2,
3,8]. A tribosystem rvas defined using the relative move-
ment of the triboelements in contact, the type of the
interposed element (lubricant, abrasive material) and
the working medium. Four tribosystem types were defi-
ned: the sliding and sliding with roll ing tribosystem, "T 4",
the roll ing and roll ing with sliding tribosystem, "T p", the
abrasive tribosystem, "T2", and the cavitation tribosy-
stem, "Ty" [a]. The types of cavitation tribosystem, accor-
ding to the action of water upon the fixed triboelement,
are presented in figure 1.

It is possible to confirm that the cooling systems, of the
internal combustion engines, taking into account the
triboelenrents (fixed at the cylinder block and mobile at
cylinder l iner), the interposed medium between triboele-
ments (cooling fluid) and the nature of the mobile tribo-
element motion, is a vibration cavitation tribosystem,
"Tu". Also, as a consequence of the l iquid jet impact, the
cavitation in the input-output cooling water sections de-
velops. Our experiment shows that vibration cavitation is
predominant.

In figure 2 the structure ofa tribosystem is presented. It
contains three groups of components:
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Irigure 2. The struclure of a tribosystent

2.WORKING METHODOLOGY

With a view to the cavitation wear study of the Diesel
engines cylindcr l iners from a special stand has been
realised. A large report is given in paper [4]. In order to
analyse the tribomodel input-output values, a vibration
regime of the cylinder l iner lras been selected at bigger
values than the values determine d on the engine [5] .

The level  of  the second order  inner  tension in  n lar tcnsi tc
phase has been evinced by the X-ray diffraction method
using the diffraction l ine width, 8220.IL is known that the
diffraction l ine width, F220, is directly proportional to
the second order  inner  tcnsion [6] .  The d is t r ibut ion of
the X-ray diflracti<-rn measuremcnt points is prcsentcd in
figure 3.

The vibrations are exerted on the direction of the sym-
metry axis 5-1 upon the internal surface of t lre cylinder
liner, (f igure 3). Ihe binding conditions of the cylinder
liner in the superior and infcrior guides are the same on
the entire circunrference. It is possible t"o apprcciatc that
thc second order inncr tensions induced in the superficial
layer are disposed symmetrically with the axis 5-1.

The diffraction l ine width, B 229, has been measule d at
tlre interval of. 25 hours, during vibration tests. By means
of the X-ray diffractometer, the measurements concer-
n ing the evolut ions of  the d is locat ion densi ty  "p" ,  in  the
crysta l  la t t ice of  the superf ic ia l  layer  of  the cy l indcr  l incr

were realised. In the X-ray diffraction spec-
trum, the diffraction l ine (220) was selected
and the values 11,, (background intensity)
and Imax (maximunr intensity) were estirna-
ted. Tlre ratio I6rllruu is proportionatly to p.

The cylindcr l iners are nranufactured by thc
antifriction grey cast-iron with lanrelle gra-
pbi te.  The chemical  composi t ion of  the cast
i ron used was:  C -  (3.2 -  3.5)o/ ' ;  S i  -  (1.9 -

2.2)o/o; Mn - (0.6 - 0.9)o/o; S - max 0.72o/o; Cr
- (0.25 - 0.60)0/o; Cu - (0.4 - 0.8)o/o; P - (0.4 -

0.6)Vo; Ni - (0.01 - 0.12)%; Mo - (0.05 -

0.rZ)Vo; V - (0.01 - 0.02)o/o.

3. EXPERIMENTAL RESULTS

For the cylinder l iner of 6 ntnt and 4 mm in thickness, the
dependencies of the diffraction Iine width versus testing
time are presented in figures 4 and 5.

For  the cy l inder  l iner  of  6 mm,we conclude that :  a)  in
the points 1 and 5,  the tension var iat ion is  monotonoLrs ly
decreasing (releasing process in point 1) and, respcctive-
ly, monotonously increasing (tcnsion proccss in p<-rint 5),
the release anrplitude being smaller than thc tension
amplitude; b) in the points 2, 3 and 4, the tension variar-
tion is oscil latory, a fact that can be associatcd with a
fatigue process [71.

For the cylinder liner of 4 mm thickness, we conclude
that: a) in the point 1, the inner second order tension
variation is jumping, being characterised by bigger am-
plitude and period; this can be associated with a fatigue
process; b) in the point 2, the tension curve is clrarac-
teristic for the slow fatigue process, taking into account
the small amplitude tension-release processes of the
crystall ine lattice; c) in the points 3 and 5 the release
processes occur, being more powerful in 3 and slower
in 5; d) in the point 4 a fatigue process with re lease
tendency is manifesting; e) all the fatigue processes dc-
velop under the in i t ia l  level  of  the inner  second order
te nsion.

In figure 6 and 7, the epuros of the inner second orcler
tensions, for 6mnr. and 4 mnr thickness, respe ctivcly, are
presented. They give a general image on the distribution
and evolution of the tension states in the mosaic blocks.

For the cylinder l iner of 6 mnr and 4 mm in thickness, thc
dependencies of the ratio Ibr.l l ,rexversus testing tinre, in
the figures 8 and 9, respectively, are presented.

In the case of the thinner material (4 nnt), the damage
process occurs due to the fatigue of crystall ine lattice.
The fatigue process is generated both the mechanical
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Figure 3. Tlrc distribution of meaxrrernent poittts
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vibration and collapsing of gas bubbles on the external
surface of the cylinder l iner during cavitation test.

The epures of the dislocation density, for 6mm and 4 mm
in thickness, re.spectively, in figures 10 and 11 are presen-
ted. They also give a general image on the distribution
and evolution of the dislocations during testing process.

ln the case of the thicker material (6 mm), the evolution
of the dislocation density during cavitation test allows to
conclude that the damage process of the superficial Iayer
begins with an accumulation and blocking of the disloca-
tions at various obstacles in the crystall ine lattice. This
fact allows the appeararrce of the microcracks, which by
their addition, lead to a major crack.

In figure 1"2, the epures of microhardness after 100 hrs.
testing time are displayed. In figures 13 and 14 the distri-
bution of the microhardness in the supedicial layer on
semicircle for the two thicknesses are presented. For
both thicknesses. the result is that the value of the micro-
hardness decreases, is more pronounced in points 1 and

Tibology itt iltdushy, Volume 21, No. 4, 1999.

5.  This is  in  re lat ionship wi th thc damage levc l  by cavi ta-
tion wear.

In figure 15, the dependence of the roughness, in diffe-
rent nreasurernent point, versus testing tinre is presented.
This distribution shows a high reduction of the rouglrness
due to a strong collapse of t lrc air bulbs at thc surfacc
that cuts the tops of the material.

In figure 16 the dependence of the lost ntaterial on
testing time, in two regimes, is presented. This loss is
detennined by the cavitation process, chemicalcorrosion
and cooling water circulation regime. 'fhese processcs
are influenced by temperature, the wear taking a nraxi-
mum value for a tenrperature of 60oC.

A-fter a testing time of 100hrs., the rnicrostructure in
point 3 of the cylinder l iner of 6 mnr in thickness was
studied. This microstructure with and without a chemical
attack in figures 17 and 18 respectively is presented. ln
the photos the graphite lamcllae and the misses are
visible.
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These misses are small and the cracks appear near gra-
phite lamellae. Also, the grain structure of the surface

layer after damage process by cavitation was evinced

using optical microscopy method. In this aim, the sam-
ples were taken from the regions where the structural
changes have been checked by X-ray diffraction method.

The obtained images evinced that there is a lot of dislo-

cated graphite lamella.

Our results have been applied in the study of the Diesel

engine cylinder liner during working process'

4. CONCLUSIONS

In the surface layer of the cylinder liner, during the

vibration process, some structural changes develop,

which lead to its darnage.

The researches showed that:

1. The variation of the inner second order tensions in

the surface layer is given both the mechanical vibra-

Tribologt irt industry, Volume 21, No. 4,1999.

tions of the cylinder l iner and the cavitation bubblc
breaking on its surface.

2. The variation curves of the inner second order ten-

sions are typical of a fatigue process, monotonously
dccreasing ( re lease process)  and monotonously in-
creasiug (tcnsion proccss).

3. Fronr the variation of the dislocations density and thc
inner second order tension, we catl conclude that, in

the case of the cylinder l iners of 4 ntrn thickness, the
damage process has at its basis a fatigue process <;f

the crystall ine lattice, given by the evolution in junrps

of  the second order  inner  tensions at  the super ior
zone of the cylinder l iner.

4. In the case of the cylinder l iner of 6 mm in thickness,

the dislocation density evolution, corroboratcd with

tlre inner second order tension evolution, lead to the

conclusion that the beginning of the damage process

is a consequence of the agglomeration and blocking

of dislocations in different barriers and it is possible

lr.--
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Figure 18. Microstntcture and a graplite lantellae, ofier chertical attack

to appear in the zone of the cylinder Iiner where the
vibrations are maximu m.

5. The study on the tribomodel allowed to establish the
time-evolution during vibration process of some sur-
face layer  parameters as:  inner  second order  ten-
sions and dislocations density. These evolutions can
be used to explain the danrage by cavitation process
of a polycrystalline surface layer in a cylinder liner of
Diesel engines.
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