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Abstract

The accumulation and compaction of polymer wear particles into coherent third body compacts has been investigated in a
contact between steel and ptiyethylmethacrylateunder small amplitude cyclic micro-motions, i.e. fretting. Under such contact
conditions, the preferential accumulation of the PMMA wear particles at the centre of the contact was found to result in the
formation of a distinct third body agglomerate. Hardness and modulus measurements carried out at the nanoscale revealed that
the polymer wear particles within this third body formation were progressively compacted to form an agglomerate, for which the
mechanical properties were ultimately close to those of the initial PMMA substrate. The efficiency of the third body compaction
process was interpreted by considering the evolving load-carrying capacity of the contact, which was characterised by progressive
redistribution of the contact pressure within the third body layer. In addition, an assessment of the dissipation of frictional energy
within the worn contact area demonstrated that particle compaction was enhanced by the highly energy-intensive nature of the
fretting process.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction mainly relies upon the rheological properties of the third
body, which governs its ability to flow within the
Various investigations of interfacial tribologjd,2] interface zone and to be eventually displaced from the

have established that the wear resistance of tribologicalcontact. Unfortunately, the very small length scales
systems is largely governed by the debris that are usuallyassociated with solid third-body formatiofigpically of
trapped within the contact for varying periods of time, the order of a fewum), as well as their heterogeneous
where the debris particles are subjected to a variety of nature, have precluded any detailed access to quantita-
processes, such as comminution, chemical reactionstive and reliable data on third body rheology. This is
aggregation and compaction, and ultimately form what probably one of the main reasons why interfacial tribol-
is often called a third body. Most of these third bodies ogy models do not include third body behaviour.

provide some form of protection against the wear of the  The recent development of depth-sensing indentation
first bodies’, i.e. the primary contacting surfaces. techniques at the nanometer scale, commonly known as
Amongst various possible mechanisms, the difference innanoindentation, has, however, offered new opportuni-
the velocities of the contacting surfaces can, for exam- ties in the characterisation of third bodies. Nanoinden-
ple, be accommodated through the shearing or rolling tation allows highly localised hardness and modulus
of the third body layer, which reduces the degradation measurements to be performed on very small material
of the first bodies[2,3]. The effectiveness of such a volumes and is particularly suitable for the study of
protection mechanism, basically a lubrication process, third bodies. Recently, investigations by Randall and co-
workers[4,5] and Friedrich et al[6] have demonstrated
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specified loading conditions, the peak-to-peak amplitude
of the twist angle imposed on the steel ball was set to
6" =1°. The frequency of the fretting oscillations was 1
Hz. A separate mechanical investigation of these contact
e conditions[9] indicated that the resulting amplitude of
actual sliding at the contact interface was approximately
120 um, i.e. much less than the diameter of the initial
Hertzian contact are&720 pm). SEM observations of

Steel ball )
the steel counterface did not reveal any notable damage
after 1¢ fretting cycles.

PMMA 2.2. Nanoindentation experiments

Nanoindentation experiments were carried out using
commercially available apparatugNanoindenter I,
Fig. 1. Schematic description of the contact loading configuration. MTS, USA) operated under load-control conditions. In

the case of materials exhibiting time-dependent mechan-

present study was to investigate the potential of nanoin-jcal behaviour, it has been shown to be of primary
dentation techniques in the context of the mechanicalimportance to perform the indentation tests at a constant
characterisation of specific polymer third-body forma- nominal strain ratd10], the latter being defined as the
tions previously observed under small-amplitude cyclic instantaneous descent rate of the indefdéy dr) divid-
sliding micro-motions, i.e. fretting, within contacts ed by the displacement at that instant in time. The
between polymethylmethacrylate (PMMA) and steel  requirement for a constant strain rate can be fulfilled
[7,8]. Under such contact conditions, the rheological during a load-controlled indentation procedure by main-
behaviour of the wear particles appeared as a particularlytaining constant the ratio of the loading rafe’=dL/
relevant factor in defining the wear behaviour of the ¢, to the applied loadL. In the present investigation, a
polymeric material. In order to assess the level of constantL°/L ratio equal to 0.05s' was achieved by
compaction of the polymer wear debris within the third selection of an exponential loading rate. The indenter
body, the distribution of hardness and modulus propertieswas loaded until a specified value of the indentation
has been investigated as a function of the number of|oad, which was held constant for 100 s. At the end of
cycles._ The mterrelat_lonshlp between the rheological this creep segment, the specimens were unloaded at 100
properties of the third body agglomerate and the nm s . These procedures have been described else-
mechanical processes occurring within the degradedwhere in the context of glassy polymers, including

contact area are also discussed. PMMA [11,19. As is described in these references, the
constant load segment has the advantage of eliminating

2. Experimental details viscoelastic creep effects, which may dramatically affect
measurement of the contact compliance at the onset of

2.1. Materials and fretting experiments unloading. The indentation system also has the ability

to measure continuously the dynamic contact stiffness

The polymeric third body under investigation was during indentation. This is accomplished by superim-
generated within fretting contact between a commercial posing a small-amplitude oscillation in the driving force
grade of cast polmethylmethacrylate (PerspeX , ICI  and measuring the displacement respofapprox. 1
Acrylics, UK) and an AISI 52100 standard bearing ball nm) at a chosen frequency, here 40 Hz. This continuous
(radius 11.5 mm The experiments consisted of apply- stiffness monitoring allowed measurement of the mate-
ing oscillating, rotational micro-motions to the steel ball rial hardness and Young’s modulus during the entire
contacting the flat PMMA specimen under a constant loading segment.
applied normal load20 N). The fretting device, which
is fully described elsewherf8], was designed in order 3. Results
to vary the angleg, between the axis of rotation of the
steel ball and the normal to the surface of the PMMA 3.1. Generation of PMMA third-body formations under
specimen(Fig. 1). In such a manner, it was possible to fretting conditions
combine, to various extents, rotational and linear sliding
motions within the contact. Within the context of this The fretting displacement amplitude selected was of
study, investigations were focused on the well-defined the order of 10Q.m, while the characteristic length of
third body formation(see below induced under pre- the contact was of the order of several 10@1. Clearly,
dominantly linear sliding motion, i.ex=90". Under the any debris detached from the contacting surfaces will



A. Chateauminois, B.J. Briscoe / Surface and Coatings Technology 163—164 (2003) 435443 437

perpendicular to the sliding direction. As the number of
fretting cycles was increased, the formation of a single
ripple was eventually observedFig. 2b). In situ visual-
isation of the contact during fretting tests did not show
any evidence of transfer of the PMMA wear debris to
the steel counterface. Sliding micro-motions therefore
occurred at the interface between the third body compact
and the steel ball. Topographical analysis of the wear
scars revealed that the third body corrugations obtained
after 1¢ fretting cycles consisted of distinct, flattened
ribbons, typically 10pm thick and 100um in width,
which were partially indented into the PMMA substrate.
An analysis detailed elsewhel@] indicated that the
heterogeneous nature of particle detachment processes
in relation to the evolving contact-zone kinematics
within the degraded contact area could account for these
observations. Another important aspect is certainly the
rheological behaviour of the polymer particles agglom-
erate, which governs its ability to flow within the contact
under the action of the imposed shear stresses. This
aspect was further investigated by performing nanoin-
dentation experiments within selected areas of the
PMMA third-body compact.

Sliding direction

3.2. Third body nano-mechanical properties

3.2.1. Analysis of the third body indentation behaviour
Using the positioning location facility of the nano-

indenter specimen stage, it was possible to select various
indentation areas within the third body agglomerate with
a spatial resolution of a fewwum. The maximum load
selected(i.e. 6 mN) ensured that the indentation depth,
h;, did not exceed 2.um, i.e. less than one-fifth of the
average thickness of the third body formation. A first

) ) ) ) examination of the indentation results afterx 50°
Fig. 2. Formation of the PMMA third-body agglomerate under linear

sliding-fretting contact condition&ctual sliding amplitude at the con- fretting (?yCIeS rev'ea'led that, dgpendlng upon th.e location
tact interface: 12Qum). (a) Optical micrograph of the wear scar after Of the indent within the third body, two kinds of
10° fretting cycles(b) Topography of the wear scar after10 fretting response, hereafter denoted as type | and II, were
cycles. distinguished(Fig. 3). For type | indentation responses,
the loading and unloading curves were nearly identical
initially be trapped within the contact. The initial debris to those of the virgin PMMA. The only difference
entrapping process is thus essentially a geometricalcompared to PMMA consisted of a slightly higher creep-
effect. The subsequent retention of debris within the indentation rate of the third body agglomerate during
contact involves, however, a much more complex phe- the constant-load segme(®10+50 vs. 13G:5 nm for
nomenon, primarily depending on third body rheology the virgin PMMA). On the other hand, type Il behaviour
and the details of contact zone kinematics. This latter was characterised by a very different indentation
aspect was reported in previous studigd, which response during both the loading and unloading steps.
indicated that very low wear volumes could be achieved During loading, a significant departure was observed
under linear sliding conditions as compared to torsional from the classical power law respon@ea #2) which is
contact conditions. This enhanced wear resistance washaracteristic of homogeneous materials. In addition,
associated with the progressive formation of a stable much higher total indentation depths were achieved,
polymer third-body medium, which was able to accom- which could be attributed to reduced cohesiveness of
modate, by a shearing process, a substantial fraction ofthe wear debris agglomerate. In Fig. 3, it can also be
the imposed relative displacement between the primarynoted that the extent of elastic recovery during unloading
contacting surfaces. Basically, as shown in Fig. 2a, theseappears more limited than for the virgin PMMA, as
third body structures consisted of thin ripples oriented indicated by the reduced curvature of the unloading
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Fig. 3. Typical indentation response of the PMMA substrate and the third body generated>ati@t fietting cycles(®) virgin PMMA,; (O)
third body exhibiting type | behaviour; and® ) third body exhibiting type Il behaviour.

curves. In the context of homogeneous materials, thistherefore transpires from Eq.2) that the observed
latter feature is often associated with predominantly linearity of the stiffness vsA4’, relationship can be
rigid—plastic behaviour. considered as an indication of the constancy of the
Further insight into the mechanical response of the Young's modulus through the thickness.
third body agglomerate can be provided by examination Such a linear behaviour was indeed observed for
of the dynamic contact stiffness, In Fig. 4,5 has been ~ PMMA and for third body indents exhibiting type |
represented as a function of the computed ‘plastic depth’, behaviour (Fig. 4). Interestingly, the nearly identical
K., which was defined as followfL3]: slopes indicate that the reduced modulus of the type |
b third body is the same as that of the virgin PMMA
W' =h—L/(yS) @ surface. Both stiffness and loAdisplacement data,
where h, is the measured indentation depth,is the therefore, consistently provide the conclusion that, at
load andy is a correction factor that takes into account least in some parts of the wear scars corrugations, the
the dynamic effects associated with measurement of themechanical response of the third body agglomerate is
contact stiffness at 40 Hz. According to Hochstetter et very similar to that of the homogeneous substrate from
al. [11], the value ofy (0.85) was determined from the  which it originates.
ratio of the quasi-static contact stiffness determined at |n contrast, type Il behaviour was characterised by a
the onset of unloading to the dynamic stiffness measuredstrongly non-linear response. The heterogeneous distri-
at the same indentation depth. bution of the mechanical properties within some less
For a material having a constant Young's modulus compacted wear-debris regions could account for these
through the thickness, such as fused silica, a lineargpservations. There was, however, no evidence of the
relationship is usually observed between the contactgmg|l stochastic drop€pop-in that may sometimes
stiffness and’, .This_ linear t_)ehaviour can be jus_tified occur in less coherent agglomerate systems due to
by Sneddon’s analysikl4], which states that there is a |5cajised failure events between partic|&§]. Two other
linear relationship between the contact stiffness and theaspects need consideration regarding the complex type
square root of the projected contact aréa, Il response. The first is related to the increased rough-
S—2F f"A/? ) ness of the _third body corrugations, as compared to the
rl initially relatively smooth surface of the cast PMMA.
wherekE, is the reduced modulus. By virtue of the shape As shown in Fig. 5, typical asperity heights within the
of the Berkovich indenter(equivalent to a conical central flattened part of the third body roll can be of the
indentor having a 70°3ip half-anglg, the contact depth  order of a few 100 nm, which is not negligible with
is proportional to the square root of the contact area. It respect to the indentation depths. Although a compre-
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Fig. 4. Dynamic contact stiffness as a function of the plastic de(@®): virgin PMMA; () third body exhibiting type | behaviour; andé )
third body exhibiting type Il behaviour.
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Fig. 5. Roughness profile within the third body agglomerdtem laser profilometry measurements<40® fretting cycles.
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bly involve some slip between the faces of these internal
cracks during indentation loading and unloading.

3.2.2. Assessment of the distribution of hardness and
modulus properties within the third body

Assuming a constant reduced modulus, the material
hardnessH, can be computed as a function of depth
from the raw displacemefibad/ stiffness data following
the method of Bec et al[16]. The contact depthi,,
was calculated from the measured value of the plastic
depth,”’, , using the following relationship:

he=a(l' .+ hy) 3

where o is an empirical constant close to 1.2 ahgd

is an apparent tip defect close to 30 nm, which
was estimated by extrapolating to zero stiffness the
) _ _ _ " _ S=f(1',) linear relationshig11]. From the contact depth,
Fig. 6. Optical micrographs showing cracks within the third body

close to indentgindent locations indicated by white arrows; cracks the prOj?Cted ContaCt_ ared, Was_SUbsequenﬂy calcu-
indicated by black arrows lated using the following expression:

A=BhnZ=B{a(l,+hy)} 4@

hensive treatment of roughness effects during indenta-wherep is a shape factor equal to 24.56 for a Berkovich
tion is beyond a simple analysis, the complex indenter. Finally, the hardness is simply given Hy=
interactions between the indenter tip and the surfaceL/A. From the linearity of the stiffness vs. plastic depth
asperities could induce some perturbations in the initial relationship, it was concluded that virgin PMMA and
indentation response of the third body. Another impor- type | third-body regions exhibit a constant reduced
tant aspect is the existence of surface discontinuities,modulus, which is consistent with the basic hypothesis
such as cracks, which were induced by shearing of theof the above analysis. In this case, constant and similar
third body layer during the sliding process. During the hardness values were obtained over the indentation
nanoindentation experiments, it proved to be difficult to depths sensedFig. 7). For the type Il indentation
ensure that some of the selected indent locations wereresponse, only ‘apparent’ hardness values can be calcu-
not close to these cracKk&ig. 6). As a result, some of lated, as the constant modulus assumption is obviously
the type Il indentation responses measured could possino longer valid in this case. Although these hardness

400
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Fig. 7. Hardness profiles fok®) virgin PMMA; () third body exhibiting type | behaviour; and® ) third body exhibiting type 1l behaviour
(5x10® fretting cycles.
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roughness effects and by the existence of macroscopic
defects, such as cracks, the present investigation clearly
demonstrates that, under specific contact-zone kinematic
conditions, the fretting wear of PMMA can result in the
progressive formation of a highly coherent and homo-
geneous third body layer. One of the main consequences
of this progressive increase in the third-body mechanical
behaviour is probably to limit the rate of third-body
SO TOR B0 R0 RIS R e e e flow out of the contact. Such an assumption is consistent
Hendness (Wee) with the reduced wear volumes measured when a third
body agglomerate was trapped at the contact interface
[7]. A connection can thus be established between
particle migration and compaction within coherent third-
body agglomerates and the ultimate wear degradation of
the polymer.
Basic understanding of the physical and mechanical
processes involved in the formation of such coherent
50 70 90 110 130 150 170 190 210 230 250 third-body layers remains, however, obscure for several
Hardness (MPa) reasons. The main one is probably the lack of informa-
tion regarding the initial size of debris particles and
Fig. 8. Histograms showing the distribution of hardness a&®r their formation mode. Even with the resources of in situ
5X10* and(b) 10* fretting cycles. optical microscopy, it proved to be very difficult to
capture the initial stages of debris formation within the
data no longer correspond to well-defined material macroscopic fretting contacts under consideration. Once
properties, they were used in the context of this study formed, debris particles can change in size and shape
to quantify the deviation of the third body behaviour due to the crushing action of the rubbing surfaces, and
from a reference corresponding to the PMMA substrate. the wear debris observed within the resolution of optical
Fig. 7 shows a typical example of the apparent hardnessmicroscopy does not necessarily reflect the initial mor-
profiles generated with data obtained from a type Il phology. Particle size is probably a very important issue
indentation response. In addition to low calculated hard- during third-body particle agglomeration and compac-
ness values, the profile shows strongly depth-dependention, especially if initial wear debris detachment proc-
behaviour, which is consistent with the conclusions esses involve the formation of particles in the
provided by the contact stiffness measurements. sub-micrometer range. Recent developments in the rap-
The histograms reported in Fig. 8 give an indication idly evolving area of the study of glass transition of
of the distribution of the hardness properties within the polymer films have demonstrated that confinement
third body corrugations as a function of the number of effects on polymer dynamics can result in significant
fretting cycles. For %X 10° cycles, two distinct popula-  reduction of the glass transition temperature of thin
tions can be clearly distinguished. When the number of 500 A) amorphous polymer films, including PMMA
cycles is increasetlp to 1), the low-hardness indents  (see[17] for a review. Such effects in the context of
population tends to disappear and the third body prop-the compaction of very fine wear debris could result in
erties become, on average, more homogeneous andn enhanced contribution from adhesive processes dur-
closer to those of the original PMMA substrate. As ing the initial stages of debris compaction. It must,
strong modifications in the topography or density, or however, be noted that the hydrostatic pressure compo-
shear-induced cracks are not likely to occur at the samenent associated with normal contact loading results in
time within the third body corrugations, it can be stated an opposite effect, namely an increase in the glass
that the changes observed in the apparent hardnessransition. Previously reported results concerning the
indeed reflect progressive compaction of the wear debrisfriction of thin PMMA films [18] indicate that this effect
within an increasingly coherent third-body layer, for should be limited for the nominal contact pressure
which the mechanical properties become ultimately close (approx. 50 MP#& encountered in the fretting contacts

(

(=)
p—

Number of Indents

’a..
—

Number of Indents
o =2 N oW s oo

to those of the PMMA. under investigation.
As the size of third body debris increased well into
4. Discussion the micrometer range, the contribution of additional

mechanical processes to debris compaction can be envis-
Although analysis of the nanoindentation experiments aged. The first is related to the evolving load-carrying
carried out within wear debris formations is complicated capacity of the contact. By virtue of wear debris accu-
by some additional difficulties arising from surface mulation within restricted regions of the worn contact
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Fig. 9. Bearing ratio curve of the PMMA wear scar aftef 10 fretting cy€tee initial unworn surface of the PMMA substrate has been taken
as a reference for the depth measurements

area, the normal pressure distribution can be altered inevaluate the amount of frictional energy available for
the same way, for instance, that an oil film modifies the compaction processes within the third body. As a first
pressure distribution obtained in a dry contact. This approach, an upper bound can be obtained by assuming
hypothesis of an evolving contact load-carrying capacity that all the frictional energy is dissipated within the third
is further supported by previously reported in situ body compact. The associated dissipated poWgrecan
observation of the contact, which indicated that the pe estimated from the following expression:
primary rubbing surfaces were progressively separated
by the third body layef8]. A simple way to quantify =~ Wi=2uwPRO™v (5
:]nealgzznt%zsvbré;?esc(;?ngsgéé?:ghzagyrr:?e;ﬁsag;ti/hs stg_whereg is the c_oefficient of frictio[],{’ is the no_rmal
called ‘Abbot’s curves’ or bearing ratio curves. Although 02d:R is the radius of the steel bafl)” is the magnitude
this simple approach does not take into account the©f the applied angle of twist and is the frequency.
deformation processes within the third body and the From surface strain measurements reported elsewhere
surrounding PMMA substrate, it provides an approxi- [9], the coefficient of friction within the contact under
mate estimate of the local contact pressure that may belnvestigation was found to be close to 0.75. At 1 Hz,
achieved within the agglomerate. For example, a typical the frictional energy dissipated per fretting cycle is thus
value of the bearing ratio close to 208kig. 9) yields  approximately 6 mW. From topographical measurements
a contact pressure of approximately 250 MPa within the within the wear scar before and after the wear particles
third body corrugation. This value cannot be directly were removed by ultrasonic cleaning, the average vol-
compared to the indentation hardne@be high con- ume of the third body compact was estimated to be
straint factor of the third body layer within the contact close to 7<10° pm? after 5<10° fretting cycles[7].
can increase the flow stress by an unknown factor, Using this value, the maximum frictional energy dissi-
which can typically be of the order of two or thpee pated per unit of third body volume and per unit time
but it clearly demonstrates that, as wear proceeds, theis approximately 105 mWum?3. This value can inter-
compaction of wear particles within a coherent third estingly be compared with the power dissipated during
body can be enhanced by the substantial increase ina nanoindentation test, which involves a substantial level
local contact pressure. of plastic deformation within the polymer. The defor-
In addition to the effects of normal pressure, the mation energy per displaced volume and per unit time,
contribution of shearing forces to the compaction of the w,, can be estimated from the following expression:
third body agglomerate also needs to be considered. An

obvious consequence of the increased contact pressur :l 1

is to enhance the shear stresses transmitted to the third ' Vp tioadingt t unloading
body layer, which can eventually largely exceed the
yield strength of the PMMA. In addition to the stress- X[J th—f thJ (6)
based considerations, it is also interesting to try to loading unloading
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where V,, is the residual material volume displaced at  Although understanding of the physico-mechanical

the end of unloading, and,aging and f ynadingare the mechanisms involved in polymer particle compaction at

loading and unloading time, respectively. From geomet- the micrometer scale needs further investigation, this

rical considerationsy, can be defined as follows for a  study clearly demonstrates the influence of mechanical

pyramidal indenter: factors, such as the evolving load-carrying capacity of

V. —Ah/3 ) the contact and the _highly energy-intensive nature of the
P e fretting process, which involves a lot of redundant work

where i, is the residual indentation depth. According within the constrained third body layers.

to Egs.(6) and(7), analysis of a type | indentation test
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