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Abstract

Wear particles often agglomerate into cohesive transfer films (so-called 3rd body) during dry friction. Although described in terms of
load carrying capacity and velocity accommodation, the 3rd body finally became a kbietbbox where the comprehension of the real
interactions, which occur in the tribocontact, can be unknown. We study the behaviour and the mechanisms of action of the 3rd body in a
graphite/steel dry contact. Our experimental approach simultaneously involves the determination of the mechanical properties, the topography
and the microstructure of transfer films in order connecting them to the fundamental tribological parameters (surrounding environment, load
carrying capacity, friction and wear). In this paper, a methodology combining nano-indentation and AFM is developed. The results explain the
various links between the effect of the environment on 3rd body generation and related friction and wear by taking of account the detachment
mechanisms, the agglomeration mechanisms and their evolution during friction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tify all of the mechanical properties of the 3rd body required
to establish any correlations between the 3rd body behaviour
During dry friction, wear particles are detached from sur- and the evolution of friction and wear.
faces and form more or less cohesive transfer films by ag- At this scale, only instrumented nano-indentat[6/]
glomeration (so-called 3rd body]]. In the contact, these provides the mechanical properties of films whose thickness
films naturally contribute to the load carrying capacity and/or rarely exceeds some micrometf89]. In this approach, the
the velocity accommodation phenomena often associatednormal load,P, applied by the indenter, is plotted versus
with the natural protector effect of the 3rd bof#;3]. Al- the corresponding penetration depithThe elastic (Young's
though the influence of the 3rd body on the tribological be- modulus), the plastic (hardness, yield stress) and/or the frac-
haviour is frequently observed], its mechanisms still re-  ture properties (toughneg3),10] of the sample are deduced
main obscure. Most authors just observe that the significantfrom the load—displacement plot. However, the determina-
variations of friction and wear with the experimental condi- tion of the properties of thin and soft tribochemical films still
tions are related to the changes in the amount and topographyemains very difficult. Actually, many superimposed effects
of the 3rd body, without determining their real origifH. can strongly modify the measured mechanical characteristics
However, these studies reveal the great difficulties to quan- (influence of the substrate, piling-up around the indenter, tip
rounding)[11-15]
Furthermore, the amount of 3rd body in the contact and
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Nomenclature

contact area below the indentgmg?)

contact radius

Young's modulus (GPa)

sample modulus (GPa)

effective modulus of film and indenter combi
nation (GPa)

film modulus (GPa)

indenter modulus (1141 GPa)

substrate modulus (GPa)

modulus of film—substrate combination (GPg
normal force (N)

hardness (MPa)

hardness of the film (MPa)

hardness of the substrate (MPa)

hardness of the film—substrate combinatig
(MPa)

indentation depth (nm)

plastic depth (nm), contact depth beneath tt
indenter

normalized volume of the 3rd bodyu?
pm~2), thickness of the 3rd bodyum)

depth of residual impression (nm)

total indentation depth measured from
specimen free surface (nm)

crystallites size (nm)

indenter load (mN)

arithmetic roughness (nm)

radius of the spherical indentqif)

relative humidity (%)

contact stiffness (mN nrt)

film thickness, thickness of indented
agglomerates (nm)

dissipative component of deformation energ
)

elastic component of the deformation energ
)

whole deformation energy (J)

sliding speed (mms)

area covered by the film (%)

yield stress of the film (MPa)

yield stress of the substrate (MPa)

size of the nano-patrticles (nm); constant of th
Vickers indenter: 0.75

Poisson ratio of the diamond indenter 0.07
Poisson ratio of the sample

coefficient of friction

~

ne

[17]. As this chosen system is often studied, so it lends itself
to a comparison with the literatuf@5-59}

This paper addresses the mechanical properties of the 3rd
body generated under tribological conditions by means of
nano-indentation and relocation AFM. Friction properties are
tracked as a function of the sliding distance and environ-
ment implying modifications of the amount, the morphology
and the microstructure of the 3rd body. We will thus address
the mechanisms of action of the 3rd body which control the
load carrying capacity and the velocity accommodation in a
graphite/steel dry contact.

2. Experimental
2.1. Tribometer

The transfer films examined in this study are generated
under controlled atmosphere at room temperaturé @by
the repeated friction of a compacted graphite pin against the
surface of a polished steel di§k8]. The normal loadKy)
and the sliding speed) were, respectively, 40.4 N (corre-
sponding to a contact pressure of 2MPa) and 15mms
The sliding distance varied from 4.5 to 135m (correspond-
ing to 50-1500 rotating cycles on a friction track with 15 mm
radius). The environment is controlled during the test by the
circulation of air or dry nitrogen (1L mint) in a confined
space of 17 cr The relative humidity (RH) is maintained at
10 and 30% and controlled during overall the test with a sat-
urated aqueous solution of CaChaintained, respectively,
at 5 and 20C. The friction force is detected by the flexion
of two parallel spring blades whose stiffness is 151 kN'm
and measured with a LVDT sensor.

2.2. Samples

The pins are made of powder of natuthdagascar
graphite with granulometry of 1jm compacted at slow
speed, without any additive, under a pressure of 0.5 GPa.
Before the tests, they are preserved safe from moisture in
a desiccator at room temperature. The steel discs have 0.38%
carbon content. In order to reduce the mechanical interac-
tions caused by the roughness of metal (abrasion), they are
polished with a final polishing diamond (3n) followed by
an OPS polishingR;<10nm)[17,18] and a cleaning with
ethanol.

2.3. Morphological characterization of the 3rd body
The morphology of the transfer films is assessed by 3D

optical profilometry. The morphological characteristics are
the area covered by the filnX (in %) and the volume per

To approach such problem, a simple tribological system unit area e in um3 wm=2). These characteristics are esti-
consisting of a graphite pin rubbing against polished steel is mated by image analysis of the topographic pictures using
proposed. This model system leads to discontinuous transfetthe DigitalSurf Mountainsmaps™ software[18]. In prac-
films easily quantified by 3D profilometrji6] and AFM

tice, a vertical threshold of 80 nm is performed to reduce the
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