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Influence of Loading, Contamination
and Additive on the Wear of a Metallic
Pair under Rotating and
Reciprocating Lubricated Sliding

This paper deals with an experimental study of wead friction responses from
lubricated sliding. Tests were carried out usingtirdbometer having devices for both
continuous and reciprocating motion. The testeccispens were pins of AISI 52100 steel
and counter-faces of AISI 8640 steel. The lubricaas paraffin mineral oil, VI 100. The
presence of additives and contamination in the itamt was investigated under two
mechanical loading levels, determined by the veldoad relation. Wear was evaluated in
terms of morphology of the worn surfaces and byedsional analysis of worn area of the
pins. It was possible to obtain a ranking of inflaes on wear of mechanical loading,

mechanical motion, oil additive and contaminatioegence in oil. ) )
Keywords: Wear, paraffin oil, abrasive contaminant, rotainmotion, reciprocating
motion, mechanical loading, mixed lubrication

Introduction

It is known that surface interactions control thregfprmance of
most mechanical systems. In lubricated systemsiclit plays the
essential role in wear and friction reduction oé tsliding parts.
According to Persson (1998), even a monolayer bfidant at
contact interface is able to change the triboldgieaponse of the
system. Advancement in oil-surface interaction kieolge is
needed for development of better lubricants andenas for
tribological purposes. In practice, new lubricatiteraatives for
tribological purposes are often investigated thtougboratory-
simulated mechanical systems. Such experimentaloapp has a
critical point: identification of relevant tribologal variables. In
order to minimize cost of laboratory simulatiormplified tentative
solutions are commonly adopted. However, every Kiitgtion
involves risks when selecting the relevant varialoifa real system.
On the other hand, use of conventional laboratabometers is
frequently seen for variables identification tadk. this case,
investigations are mostly oriented specifically fewvaluating
materials performance, seeming that care on |uiwitaregime
simulation of a practical application in the tribet®r is considered
not important. Lubrication can be affected by Maléa such as
mechanical loading and lubricant characteristiefndp examples the
presence of additive and contaminant.

Literature information shows that the chemical natwf
lubricant changes friction response of the syst&wr. instance,
metal-metal contact and consequent high wear dotiofr can be
avoided with the use of adequate boundary lubricarttey can act
by forming protective films with repulsive forceshich are able to
prevent solid contact, then reducing growth of dlietgunctions
(Hutchings, 1992). Chemical nature of films depeadsadsorption
characteristics of polar groups of the boundaryritsmt on the
metallic surfaces. Efficiency of boundary lubricastrelated to its
“oiliness”, sometimes called “lubricity”. Lubricitgf base oil can be
improved by the use of additives such as fatty a¢ldutchings,
1992). Additives such as EP and anti-wear ones chemical
substances that react with the sliding surfacefogalized areas,
forming low shear strength films at the contacioreg under severe
thermomechanical loading (Hutchings, 1992). Blau99@)
mentioned a mechanism for wear and friction longpnomoted by
phosphorus-containing additives through eutecticosphides
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production at the friction-heated spots. The effeat wear of
phosphorus-containing additives is discussed iptesent work.

Although most investigations mention wear reductiehen
lubricant additives are used (Wang, Cheng and G4a85; Wan,
Pu and Xue, 1996), it cannot be generalized. Jainai®87), in
lubricated sliding tests at a range of loads (168,000 N), verified
wear reduction when using oil with additives ontyder low loads.
On the contrary, wear increased at high loads &éadnechanism
changed from ploughing to delamination, which iads surface
material change due to chemical action of oil adelit

Presence of abrasive contaminant is another signififactor to
be considered in lubricated systems. Studies haesvrs that it
increases both wear of the contacting bodies datiofn coefficient
(Mehan, 1988); however, this behavior depends enntature of
materials, as shown by Mehan, Flynn and Glammgi€81) in
reciprocating block-on-ring tests, with diesel ak 177 °C,
contaminated withAl,O; abrasive, rings of tungsten carbide and
blocks, coated with several materials (tungstemidar chromium
and chromium carbide). The rings had worn similamlyhe tests in
clean and contaminated oil, while the blocks, sibcithose
chromium-coated, had wear increase when oil watacunated,
due to their low thermo-mechanical strength.

Concerning material properties in abrasive weais ievident
that wear will depend on abrasive characteristas, material
toughness and particles sharpness. All factorsaffact the rate of
rolling motion of the abrasives between the pin &mel counter-
body surfaces, for instance changing the wear nmsmafrom
cutting to ploughing. Also, abrasive material hast has critical
importance. Odi-Owei and Roylance (1987) studiefritated
abrasive wear of materials of different hardnedsesusing a four-
ball machine with oil contaminated witkl,O; abrasive. They found
more influence of contaminant on wear when tribgpeiere of soft
materials. They also observed that the criticadl It lubricant film
breakdown is lower when contaminant was in oil,idating that
presence of abrasive reduces integrity of the dalti film.
Dependence of abrasive wear on hardness ratio efstiing
materials to the contaminant material is subjectenferal works in
literature. For instance, Xuan, Hong and Fitch @9&rformed oil
contaminated tests in a machine simulating theamvrf journal
bearings, using different hardness values of jduemal bearing.
They proposed a mechanism for abrasive particloracit the
contact, schematically shown in Fig. 1.
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lLoad

Movement
—_—
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Fluid film
thickness h

Figure 1. Indentation and cut caused by an abrasive particle in lubricated
system (Xuan, Hong and Fitch, 1989).

In this Figure, a fluid film with thickness h septgs the solid
surfaces. Size of the particle is in a criticalgarable to penetrate
the space between the body and the counter-bodycatsing
abrasion. When differences in hardness are higticleais able to
penetrate the material of lower hardness and betharder surface.
When differences are small, particle can eitherbmih surfaces or
be broken, depending on hardness ratio of the ialerasthe surface
materials. Critical aspect for the action of thoesechanisms is the
dependence on the distribution uniformity of paescalong oil film
layer, besides the particles size and geometry li@wis and
Hyncica, 1992).

After considering some influencing parameters dmotogical
performance of lubricated tribopairs, it is pointesut that
conventional laboratory tests are essential siroey tprovide
opportunities of studies on basic wear mechaniddwsvever, in
order to evaluate the usefulness of laboratorystessults in
practice, it is necessary to analyze existing patkimes and
limitations of these tests. For instance, it is Wnothat four-ball
tests are able to evaluate tribological performancder extreme
operating conditions; however, they could be inadég for
evaluating tribological behavior of systems thatrdi operate in
such conditions. The lubrication regime and theatesl friction
phenomena in conventional tribometer can be vefferént from
practical situation. With wear produced in accdka way,
interaction mechanisms among the surfaces will beersevere than
those found in practical situations. In practicahse, as pointed out
by Dowson (1997), in order to have real tribossystedequately
simulated in laboratory, it is necessary to know diperation of the
real system and their most relevant tribologicalialdes; on the
contrary, the laboratory simulation using convemiotribometers
can lead to erroneous indications concerning theahperformance.
On the other hand, knowledge improvement on pathititis and
complexities involved in the conventional testsaiso required, in
order to gain benefits in the use of tribologidaidées performed by
conventional machines. Investigation of variablad #eir effects
on the tribological performance in the tests witktts machines is
thought to be required, not only in terms of operatl conditions
but also regarding the differences among the systémnthe case of
lubricated systems, characterization of the lubidcainfluence is
emphasized.

It is largely noticed that fundamental researchluhricated
sliding is mostly conducted with systems with contus motion,
such as four-ball, ring-on-block and pin-on-diskemablies. Sliding
lubricated studies through reciprocating pin-ortglanachines
(Cavdar, 1997; Culer et al., 1999; Martin et aB99; Maru and
Sinatora, 2001) are also seen. In general, themm ifundamental
reason why the continuous or the reciprocatingesgsis chosen;
option is generally based on similarity between tifpe of motion
of the laboratory system and the actual applicabemg studied
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(Maru, 1998). In terms of tribological differencésetween the
continuous and the reciprocating systems relatddincation, no

investigations were found. Concerning dry slidingtems, short
number of investigations can be found. Some ofatst®wed that
both wear and friction are higher for continuouslis system.

Blau and Waluskas (2000) explained the higher wedrfriction as
caused by the formation of lips at lateral edgeshefwear track,
called “built-up edge”, more likely to happen inntimuous sliding

systems. It was also confirmed by Marui and Endo02. As

sliding proceeds, depending on the test conditigmesence of
debris particles in the contact area can change aed friction

behavior. Hwang, Kim and Lee (1999) conducted mogatand

reciprocating dry tests with a device to observetiglas in the

contact area during the test. The authors obsdnigter wear and
friction in continuous than in reciprocating tedtse difference was
in particles clustering into the contact area, Whi@as more evident
in continuous unidirectional sliding. Odabas and (8297) also
investigated the comparative performance betweddirentional

and reciprocating sliding using pin on sandpaperaso concluded
that wear is lower in reciprocating sliding. Thegpkined it by the
differences in the run distances and in the amofiptrticles in the
wear track, with larger amount in the unidirectiotests. Larger
particles amount in the contact in unidirectionaisg is certainly

related to small centrifugal force action on thetipkes, since track
radius of the unidirectional sliding was smallearitthe length of the
reciprocating stroke (3mmto 220mn).

On the other hand, reciprocating, compared to wettional
machines, can be considered as more severe toiwagarms of
surface stressing. Ward (1970) studied reciprogatind rotating
tribossystem configurations and their influencesipnwear of steel
bodies. He observed that wear in reciprocatingralidondition was
higher than in continuous sliding tests. He alsseoked that the
load for wear transition from mild to severe regimas lower in
reciprocating sliding. He related it to two mairifeliences: surface
stressing and amount of remaining wear particlehénwear track;
both larger in reciprocating sliding. Differences wear of tested
specimens related with the type of system motienadso discussed
in the present work.

In order to improve practical use of results obtdinfrom
laboratorial tests, it is emphasized the need eftiflying how wear
and friction are affected by simultaneous interactdf variables
such as loading, oil contamination, oil additiveeggnce and the
mechanical system configuration.

Experimental Procedure

Sliding tests were conducted through a TE-67 RirRartners
tribometer with two configurations: rotating pin-disk (D tests)
and reciprocating pin-on-plate (P tests). Figuresiows the
schematic representation of both tribossystems.

‘ Lload

P tests:
pin-on-plate
Pin

—_—
Stroke
Plate

@)

Figure 2. Geometric configuration of the tribossystems used in the (a)
reciprocating and (b) rotating sliding tests.
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D tests:
pin-on-disk

Wear track

Pin

(b)

Figure 2. (Continued).

Disk track radius (R) is equivalent to % plate lsérdength.
Maximum sliding velocity (V) in reciprocating motiooccurs at
half-track length of plate and is equivalent to thegential velocity
in continuous motion, being V=2f.R, where f is the disk rotational
speed or the plate oscillation frequency. The n&aling velocity
in reciprocating motion is V=4.f.R.

Marcia M. Maru and Deniol K. Tanaka

Both devices have normal loading pneumatically igopbn the
pin specimen. Oil bath lubricates the tribocontextbe tested,
heated by electrical resistors under the plate/disktion force can
be monitored throughout the tests; data in theoperdd tests were
acquired at every 19

Every sliding test was run with a previous step1¢200 s
(0.33h) for oil heating up to 100C, at the test velocity without
loading. After the previous step, load was appaed then 50,000
pin cycles were run on the disk in thetests (equivalent to 100,000
pin cycles on the plate in the tests). Two loading levels were
selected, considering the normal load to averamgkngl velocity
(V/W) ratio. Ratios were selected observing, invipes analyses,
capability of oil to be kept in the contact durithg sliding without
being swept away by centrifugal force. The testh wiild loading
level were coded &P andDD and with severe @& andD. Table 1
summarizes the test conditions. According to th& IBiagram,
which roughly indicates the transition curves amdalrication
regimes based on load and velocity values (GeeelBegr and
Salomon, 1984), the tests were conducted underdriderication
conditions. Figure 3 shows the IRG diagram with $leéected test
conditions.

Table 1. Summary of the testing conditions.

Test Temperature| Load (W) Speed [rpm] Stroke radiug Average velocity Mec_hanical Distance [ Time Cycles
[°C] [N] (Frequency [Hz]) | [mm] (V) [m/s] loading (V/W) [m] [h]
DD 100 80 184 (3.1) 22 0.42 Mild 6,912 4.5 50,000
PP 100 80 250 (4.2) 16 (*) 0.27 Mild 3,200 3.3 100,
D 100 283 184 (3.1) 11 0.21 Severe 3,456 4.5 50,0p0
P 100 283 250 (4.2) 8 (*) 0.13 Severe 1,600 3.3 , A
Obs.: D, DD: rotating tests; P, PP: reciprocatesid; (*) This value corresponds to the ¥ strokbdnreciprocating motion.
& As lubricants, paraffin base oils were used, orth amnd another
W[N] 004' \ without additives. Both oils, of same viscosity éxd(VI 100), are
2000 O,*, | commercial and normally recommended for gearboxidakior?.
Py m Oil with additives had additive pack of less thar®®Bin mass,
1 0.25-0.45\, composed by alkyl phosphate and sulfured fatty sacidth
1500 0.10-0.15 3 anticorrosive, antirust, antioxidant, anti-weartreme pressureef)
1 .

UNLUBRICATED

1 0.35-0.45

1000
!
500 2 0.05-0.10
gpal—MIXEQZEHD
80 L
rd Y
2,001 0.04 ph 01 PE DD 10

Figure 3. IRG Diagram (Gee, Begelinger and Salomon, 1984) showing the
selected testing conditions.

The pin material was of AISI 52100 steel, withmBndiameter
and 23.8mmlong and test surface rounded to#H%3 mm radiug.
Measured hardness was#88HRc (25 kg). Figure 48&) shows the
top view of a pin. Some morphology similar to miznaters can be

observed. Th&ka (mean height of asperities) roughness of surface
was 0.5%0.05 um (1.25 mm measurement length). The disk and

plate material was of AISI 8640 steel, quenched tamapered to
48+1 HRC hardness. The disks were machined tarith diameter
and 8mmthickness and the plates to B8nx 38 mmx 4 mm The
surfaces were ground-finished, shown in Fid)4nd 4¢). More
randomly finished surface is noticed in the disirttin the plate. Ra
roughness of disks was 08515xm, and 1.30.2 ymfor plates.

2 Needles rollers (NRA code), BRO19 Catalogue, Reltws Schaeffler do
Brasil, 1998.

280/ Vol. XXVIII, No. 3, July-September 2006

and anti foaming properties. Optical emission gpeacetry analysis

in this oil showed 3544/g of phosphorus. It was also analyzed by
infra-red spectrometry, which detected presencsutitir. SA code
was used for the tests without additive a4 for the tests with
additive.

—

Figure 4. Microscopic observation of surfaces of the test specimens. (a)
Pin; (b) disk; (c) plate.

3 Without additives oil: Vitrea 100 designation, $h@ompany. Oil with
additives: EGF 100 PS designation, Petrobras bigttora S/A Catalogue,
Lubricants Series — Vol. 1 — Rev. 01 - April/2000.
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Results

A way to evaluate wear is by measuring the profearea of the
pin worn surface. Figure 5 shows an example of ghgormed
measurement, obtained from a P SA test.

Figure 5. lllustrative example of area measurement of a tested pin.

Table 3 shows values of the worn area of the piiafues were
normalized by run distance in order to obtain coraple wear rates.
In fact, it is seen that wear ranked from DD setteB series.

Table 3. Average values of wear-affected pin surface areas.

Figure 4. (Contlnued). Test code Area | Std dev Run Normalize| Std dev
[@10unf] |[@10unt] | distance | darea | [pnf/m]
Quartz 6i0,) of 1,000 HV average hardness andibbaverage DD CA 166 > e[srg]lz [“nzr:] 3
particle size, was used as abrasive contaminant).5nmgmi DDc CA 602 273 6’,912 87 40
concentration in oil. Tab. 2 shows the codes usedhe tests. At DD SA 576 218 6,912 83 32
least three tests were run in each condition. DDc SA 559 78 6,912 81 11
PP CA 298 45 3,200 93 14
Table 2. Codification for the performed sliding tests. PPP;é:: ggg ‘212 g'ggg igé ;:93
Code Loading| Additive] Contaminan{  System PPc SA 559 40 3,200 175 12
PP SA | Mild No No Reciprocating D CA 541 62 3,456 156 18
DD SA | Mild No No Rotating Dc CA 655 49 3,456 189 14
PSA |Severe | No No Reciprocatingy D SA 755 79 3,456 218 23
DSA |Severe | No No Rotating Dc SA 896 33 3,456 259 10
PPc SA | Mild No Yes Reciprocating P CA 581 33 1,600 363 20
DDc SA | Mild No Yes Rotating Pc CA 756 49 1,600 321 35
PcSA |Severe | No Yes Reciprocating P SA 727 81 1,600 454 50
DcSA | Severe | No Yes Rotating Pc SA 849 118 1,600 530 74
Obs.: Std dev = standard deviation of values measiarall performed tests
Code Loading | Additive| Contaminani System
PPCA | Mild Yes No Reciprocating The influence of the studied variables on weargtidp seen in
DD CA | Mild Yes No Rotating the next Figures. In terms of loading effect, ageeted, increase in
P CA Severe | Yes No Reciprocating loading resulted in significant increase in wear,ail the tested
EFEZACA l\SA‘ial‘éere Yzzs Y’;': RZ?:tiZ:Icr)]c?atinc conditions (Fig. 6). In terms of the effect of caminant in oil, Fig.
DD CA | Mild Yes Yes Rotating 7 shows that it was more pronounced in the testerumild loading.
Pc CA Severe Yes Yes Reciprocating
Dc CA Severe Yes Yes Rotating

After the tests, the contact surfaces were examimedptical
and scanning electron microscopes. Wear was eealudty
measurements of the pin worn area, through imagkysia software
(Leica Qwin Standard V.2.2). Average values of thietion
coefficient monitored during the tests were alsalyzed.
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Figure 6. Normalized values of pin worn area of pin-on-disk tests (a) and
pin-on-plate tests (b). Mechanical loading effect.
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Under mild loading, positive effect of contaminamtoil on pin
wear was not evident iDD SAtests. In this test condition, it can be
observed (Fig. 8) that the abrasion mechanism wasopnced even
without contamination in the oil. Then, abrasivateaninants added
into oil acted mainly to polish the pin surfacehitit affecting the
size of the worn area. Also, it is seen thatldD tests had high
standard deviation, denoting a very random testlitiomn.

100um
—

(b)
Figure 8. Microscopic morphology of the pin worn surface after (a) DD SA
and (b) DDc SA tests.

Some aspects were considered in order to understaneffect
of oil contamination on wear. One possible mechanis a crush
process of larger particles. As sliding proceedsdall particles
could have been generated, causing then the abrasition.
Comminution mechanism in oil-contaminated tests &leghdy been
mentioned by Mehan, Flynn and Glammarise (1991).

Another possible mechanism is incrustation of dbeggarticles
in the counter-body surface, considering the abealsardness value
(about 1.00HV) compared to the counter-body (W&c (480HV))
and to the pin (68IRc(770HV)) ones.

Figure 7. Normalized values of pin worn area of mild (a) and severe (b)

! c ues. Figure 14. Wear affected sub-surface region of (a) plate after P CA test and
loading tests. Oil contamination effect.

(b) disk after D CA test. Nital 3% etching. Secondary electrons image.

282/ Vol. XXVIII, No. 3, July-September 2006 ABCM



Influence of Loading, Contamination and Additive on the Wear of a ...

.

Figure 15. Details of cracking in the surfaces of (a) plate after P CA test
and (b) disk after D CA test. Secondary electrons image.

Concerning the effect of mechanical system on weab-
surface examination confirms occurrence of differewear
mechanisms in the tests with reciprocating andtirgamotion,
mainly under severe mechanical loading and oil vattditive.
Without additives, the lubricant film should be ostgly loaded,
resulting in material “dragging”, as seen in Fi§. Then, additive in

this case acted &P additives through formation of a protecting

tribofilm, since they inhibited severe plastic defiation. In both
mechanical systems, despite high dimensional wéacoanter-
bodies, plastic deformation has reduced due totigddn oil; also,
counter-bodies material has undergone structuratifroation,

being it more evident in the plate than in the diskthe rotating
test, tribofilm was not microscopically visible; irontrast, in the
reciprocating tests, formation of a darkened tajel on the
surfaces was very evident. Both observations stidges stressing
level was in fact higher in reciprocating testativarotating ones.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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(b)
Figure 16. Wear affected sub-surface region of (a) plate after P SA test and
(b) disk after D SA test. Nital 3% etching. Secondary electrons image.

P SA test

(b)
Figure 17. Worn tracks on (a) plate and (b) disk, SA tests. Debris
agglomeration just after test.

A hypothesis for the tribological differences ohser among
the tested mechanical systems, mainly in the te#ls additive in
oil, is the difference in the oil flux motion aradirthe tribocontact.
Linear motion is likely to favor particles to belthén the contact, as
well as the tribofilm growth, instead of detachiihgThe first fact
can contribute to increase wear and the secondt@rienprove
tribochemical reaction. In rotating motion, theseprobably more

July-September 2006, Vol. XXVIII, No. 3 /283



chance for oil to be renewed in the contact aredangusliding
because of centrifugal action in oil flux. Therefprcompact
tribolayer is more difficult to be produced. Figuté shows debris
particles deposited on the counter-bodies surfasegfter the test
for linear and rotating motion.

There are also other factors that could contribtgethe
tribological differences among the tested mechanmstems.
Difference in initial roughness of counter-body fages, 100 %
higher for the plates, can also have contributeth&tribological
differences among the systems tested with additdiedExtreme
pressure situation in the contact area are mostylito occur with
high roughness. Another influence for the diffeeseen among the

Marcia M. Maru and Deniol K. Tanaka

tested mechanical systems is the velocity/loa8\f ratio, slightly

lower for reciprocating tests. This ratio is rouglgroportional to

the oil film thickness in fluid lubrication. Tabkk summarizes the
main characteristics considered in the analysiwedr differences
between the mechanical systems.

Despite lower run distance in reciprocating mode,vpear was
equivalent to that observed with rotating systeigufe 18 shows
pin wear results normalized by run distance. ladieshows that
reciprocating system is tribologically more severe.

Table 4. Main differences between the tested mechanical systems.

Factor Reciprocating

Rotating

Counter-body roughness
Surface stressing

Pin cycling

Oil flux motion

VIW rate [(mms)/N]

Run distance

Transversally oriented, high&a (1.3 um)
Cyclic
100,000 cycles
Escape out the contact by the latedges of stroke
Lower (0.47)
1,600

Randomly oriented, lower Ra (0.5&)
Continuous
50,000 cycles

Escape out the contact is blyiftegal action
Higher (0.75)
3,456m

Nermalized pin worn area [wm*/m)

700

600 4 Rotating tests

500 < Reciprocating tests § %

400 =

300 2

™ +*
200 o @ -
100+ @ « o $
0 L ]

DD/FP  DDc/PRc DOYPP  DDc/PRS P Dcfre P Dcffe
(SA} (SA) (CA} (CA) (8A) (SA) {CA) (CA}

Figure 18. Normalized values of pin worn area. Observation of the
differences among the used mechanical systems.

Statistical analysfsof pin wear values has indicated that al
studied influences, namely, presences of additiakadbrasive in oil,
loading level and system motion, had significarfees on wear.

Figure 19 shows the results.
Variation in pin wear
185 + Changing system from
I rotating to reciprocating
135 +
St Using ol with
E T Using ail contaminant
= 4
=3 | with additives
-5 T I ' (I;hanging loading
i from mild to severe
.65 -
-115

Figure 19. Rates of statistically significant effects on wear of the studied
variables.

As expected, when oil with additive is used, wsasupposed to
decrease, in 6Bm/m in average. On the other hand, when oil i
contaminated, or loading level is shifted from mtll severe or
motion is changed from rotating to reciprocatingawis increased.
Lower effect on increasing wear is directed tocoihtamination and
larger increase to the loading change from milgletgere.

4 Experimental Design section, 2-level factorial iges Statistica for
Windows Software, Release 5.1.
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Finally, concerning friction behavior, it was sdbat efficiency
of lubricant oil in producing low friction film ithe contact is lower
with rotating system than with the reciprocatingpas seen in Fig.
20. This can be associated to a more efficiennabggaction of the
oil flux around the contact in rotating motion, shwiping possible
tribofilms out of the contact area. As pointed bytBayer (1994),
wear debris can also contribute to tribolayer fdiama Figure 20
shows average values ranging from 0.05 to 0.1fMastly expected
for mixed lubrication regime. Apparently, no retatship is seen
among the tested conditions. However, in geneoalet friction is
seen with reciprocating motion. Higher wear andseguent higher
amount of debris should be a factor for strongéofiim formation
and, then, for lower friction in the tests undecipeocating motion,
[when compared to rotating motion.

Friction coefficient

0.186
L]
0.12 1 ; 3 " i
0.08 % 2 ¢
0.04 - % # Rotating tests
< Reciprocating tests

0.00 T " :

DO/PP DDc/PPe DD/PP DDe/PPe P DefPe oP  Deife

(CA) (CA)  (BA) (SA) (CA)  (CA) (BA) (SA)

Figure 20. Friction coefficient resulting from the tested conditions.
Observation of differences between rotating and reciprocating systems.

Concluding Remarks

The performed tests through a laboratory tribomstewed that
lubricated wear performance in mixed lubricatiogimee depended
on loading level, contaminant and additive in aidaon type of
system motion.

Even with all conditions set up for a same mixelrikation,
ﬁarge range was seen in wear values. Reciprocatiaghanical
system resulted to more wear than rotating systenm;influencing
factors were lubricant flux and permanence of pkesi in the
contact. The friction coefficient values were iretf.05 to 0.14
range, with small correlation regarding the testedditions, except
the distinct friction behavior seen considering hbahechanical
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motions. Higher values in rotating motion were alslated to the
lubricant flux characteristics.

Oil contamination effect was more evident with mitthding
level, where increase in wear was clearly detedted the abrasive
action at the contact area, particle “anchoringhatasperity valleys
was suggested.

Additive presence in oil acted to attenuate weathef tested
specimens. However, its effect depended on bottlingaevel and
type of motion. Under mild loading, there was disienal wear
reduction due to additive presence only in the tirega system.
Under severe loading, additive in oil reduced jdagéformation of
worn surfaces in both mechanical systems; howewerphology of
worn surfaces was very distinct. In reciprocatiegts, the worn
surfaces became smooth and darkened, with visiiteostructure
refining and presence of sub-surface cracks irctluater-bodies. In
rotating tests, surfaces showed uniform scratcheth a lesser
amount of sub-surface change in the counter-boiesaction was
more evident in reciprocating tests, although thevas no
significant reduction in pin wear. In fact, whenuoater-body worn
profiles were compared, it was seen that additiveil resulted to
high wear loss.

Concerning the overall effect of all studied vakégbon pin
wear, it was observed that, as expected, when ithl additive is
used, pin wear is decreased. On the other handn vdileis
contaminated, or loading level is shifted from mitll severe or
motion is changed from rotating to reciprocatingrger wear is
seen. In terms of variables causing increase inwvgir, lower effect
is directed to oil contamination and larger on¢hloading change
from mild to severe.
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