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Abstract

Friction plays a key role in wheel/rail wear, rolling contact fatigue, and other related railway maintenance and operational problems.
The wheel/rail interfacial coefficient of friction is strongly dependent on the composition and rheological properties of the interfacial layer,
commonly known as the “third body”. Typically, this interfacial layer comprises of various iron oxides as well as possibly oil or grease,
sand, and water. Recently introduced railway practices have shown that the coefficient of friction of this interfacial layer can becontrolled
through the introduction of a (dry) engineered friction modifier composite (FM) at the wheel/rail interface. Subsequent field work has
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emonstrated a significant reduction in rail wear by the adoption of this technology. This work focuses on studying the interaction
M and iron oxide/grease by using a specially designed pin-on-disk rheometer as well as a disk-on-disk Amsler tester. It was fou
hear strength of the FM-Fe2O3 composite films is controlled by the relative concentrations of FM and Fe2O3. The relationship of frictio
oefficient–concentration can be described by the equal wear model, according to which the FM component with a higher wear
ontributes significantly to the friction coefficient of the composite. In addition, grease shows two major impacts on FM films: d
lm adhesion on steel surface, and reducing film shear strength. However, the friction coefficient of FM films, even under lig
ontamination, increases with the sliding velocity over a velocity range of 1.38–63.4�m/s.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During the past 50 years, heavier axle loads and increased
rain traffic and speeds have caused the wheel/rail contact
nvironment to become more severe. As a consequence, the
esign limits of the steel have been exceeded leading to

ncreased wear and fatigue, decreased rail life, and higher
aintenance costs. Each year, wheel and rail wear costs the

ailroad industry millions of dollars. In the early 1980’s it
as estimated that the North American railroad industry was
pending $600 million annually for the replacement of de-
eriorated rail. A large portion of these expenditures was a
irect result of severe wear[1–3]. The interaction between

he wheel surface and rail surface produces two main damage
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mechanisms: wear and fatigue. The former creates debr
change in rail/wheel profile, the latter produces cracks
may develop into catastrophic failure.

The wear mode and friction condition at wheel/rail con
is location dependent. Kalousek[4] considered that the whe
tread/rail top is subject to a mixture of “fretting” and “oxid
tive” wear due to a combination of rolling and sliding m
tions. The fretting wear debris generated from this small
tive motion consists of very fine (0.001–2�m) plate-like par
ticles. Most of the particles are oxidized to hematite (Fe2O3)
and magnetite (Fe3O4). With moisture, the iron oxide ca
form a slurry with a low friction coefficient. In the absence
moisture, these oxides can build up into high shear stre
layers with a thickness of several microns and yield h
friction (>0.6). In contrast, the wheel flange/rail gauge
is subject to sliding with slip between the surfaces ran
from 0.5 to 10 mm. As a consequence, large metallic p
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like particles up to 2 mm in size are generated when there
is no lubrication. The resulting coefficient of friction is high
(0.4–0.6), and the gauge face wear rate is significant.

The solid debris, as well as the residual lubricants (oil or
grease)[5], and environmental contaminants (sand, leaves,
moisture)[6], form a composite layer at the wheel/rail in-
terface which has been defined by tribologists as the “third
body”. This “third body” interfacial layer has three functions:
it (i) transmits the load; (ii) separates the first bodies (wheel
surface and rail surface); as well as (iii) accommodates their
speed difference[7]. The friction coefficient at the wheel/rail
interface is strongly related to the rheological properties of
the third-body constituents[8]. Beagley[9] studied the wear
debris from the top of a rail head and found the friction co-
efficient depends on (i) the degree of contamination of iron
oxides; (ii) the shear strength of the oxide-contaminant mix-
ture; (iii) the size and shape of the contact area; as well as (iv)
the train speed. Grease and oil are also very common contam-
inants on top of rail. This is usually attributed to a migration
of excess grease used for flange lubrication, or occasionally,
oil or fuel leaked from a locomotive. When liquid (oil or wa-
ter) is present on top of the rail, the friction coefficient of
the wheel/rail interface is controlled by the rheological prop-
erties of the debris/fluid mixture, which is dependent on slip
speed, load or contact duration. This is more complicated than
pure oil lubrication under low rolling speed and high load,
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eral (curving) forces[17,18], and noise level (wheel squeal)
[19,20].

Although a large amount of field testing data involving
friction modifier technology exist, no quantitative study on
the tribology performance of FM films and its interactions
with “natural” third body constituents has been reported. Here
we will focus our work on two areas: (i) interaction of fric-
tion modifier technology with iron oxides; (ii) interaction
of friction modifier technology with grease. A pin-on-disk
rheometer is employed to investigate the shear stress versus
displacement (shear strain) relationship of friction modifier-
iron oxide composites as well as friction modifier-grease
composites. The impact of grease on the friction and film-
formation properties of friction modifier composites will be
also examined on a disk-on-disk Amsler tester.

2. Experimental

2.1. Materials

The friction modifier (FM) films tested in this study were
created using Kelsan’s commercial friction modifier technol-
ogy, KELTRACK®. This material is a water-based liquid,
which can be applied directly to the top of the rail, form-
ing a micron-scale FM film after drying. The calcium-based
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n which the friction is suggested to be determined solel
oundary lubrication, and is thus independent of slip sp

oad or contact duration[10,11].
Previous work has focused on the study of the “natu

hird body between the wheel and rail to explain the interfa
riction and adhesion behavior based on the compositio
he third body layer[12]. However, more recently, research
ave begun to investigate the creation of an “engineered”
ody layer as a means of controlling friction at the wheel

nterface, especially between the wheel tread and rail
13].

A novel technology, developed by Kelsan Technolo
orp., is based on creating an engineered compos
chieve the goal of friction control on the top of the r
his waterborne product (KELTRACK®) can be brushed o
prayed on the top of the rail head to form a thin film after
ng. The special rheological properties of this thin film ena
he wheel/rail interfacial friction to be controlled in a ran
f 0.30–0.35, which will not impact on adhesion or brak
equirements. The final film contains inorganic solids, fi
orming polymers as well as existing railhead contamin
oxides, etc.). In addition to controlled friction, this techn
gy also provides “positive friction” at the wheel/rail int

ace. This refers to the characteristic of increasing fric
ith sliding velocity rather than the usual case of decrea

riction that can cause unfavorable stick-slip, squeal n
nd rail corrugation[14]. The performance of this novel tec
ology has been tested widely in the field. These field
onfirmed that friction modifier (FM) technology can eff
ively reduce rolling resistance[15,16], rail wear[17], lat-
rease (Shell Cardura® WS) was obtained from Shell C
nd is generally used for rail gauge face lubrication. Its m
omposition includes proprietary mineral oil, graphite
olybdenum disulfide (MoS2). Hematite (Fe2O3) was pur-

hased from Aldrich with an average particle size of 5�m.

.2. Pin-on-disk rheometer

A pin-on-disk rheometer, specially designed by the Ce
or Surface Transportation Technology of Canadian Nati
esearch Council (NRC-CSTT) was employed to exam
lm shear strength. A detailed description of the mac
ayout is available in Ref.[21]. For each test, a prepar
ample is placed on top of an anvil and compressed by
rofiled pins. The pins are stationary and loaded by
eight to simulate the high contact pressure (∼900 MPa) a

he wheel/rail interface. Rotation of the anvil at a contro
peed produces a torque moment, which is formed by e
nd opposite frictional forces developing at each pin. A
ell located between the anvil and turntable measures
nd torque, from which contact pressure, shear stress

riction coefficient of the tested film can be calculated.

.3. Disk-on-disk Amsler

The Amsler machine, located at NRC-CSTT, is a tes
ice that runs two cylindrical disks against each other w
xed percent slip[21]. Both disks are made from rail materi
uring testing the ratio of angular velocity of the faster lo
isk to the slower upper disk is about 1.1. The creepage
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ratio of surface or slip velocities of the two disks, is adjusted
to be 3% by modifying the diameters of the two disks (48 mm
for the upper disk and 45 mm for the lower disk)[21].

3. Results

3.1. Shear strength of FM-iron oxide composites

In order to examine the friction-control ability of a FM
film on the iron oxide-coated steel surface, a series of FM-
Fe2O3 composites were tested on the rheometer. The shear
strength versus sliding distance (displacement) relationship
of the FM-Fe2O3 films was measured at a constant sliding
speed of 1◦/min (2.67�m/s). The shear stress-displacement
curves are plotted inFig. 1. Iron oxide is observed to gener-
ate a high value of shear strength, close to 500 MPa. With the
addition of the FM component, the composite films exhibit
a marked decrease in shear stress. For the compositions with
a high percentage of Fe2O3 (75–90%), a distinct peak in the
low displacement region is observed. The magnitude of this
initial stress peak increases with the Fe2O3 content. In exper-
iments where the maximum sliding distance was increased
to 10,000�m, one observed that the slope of the stress–strain
curve becomes positive after 1200�m. Fig. 2highlights the
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Fig. 2. Fe2O3 concentration dependence of the friction coefficient for the
FM-Fe2O3 composite films. Two dashed lines were obtained from two simu-
lation models: equal wear (EW) model and equal pressure (EP) model, about
which a detailed discussion will be presented in the discussion section.

that at lower pressures. One can also observe, in the lower
range of contact pressures, the increase of the concentration
of the FM component in the composite layer reduces the
dependency of the measured friction coefficient on contact
pressure.

3.2. Shear strength of FM-grease

In order to better understand the impact of grease on FM
films, we simplified the system and focused our first phase
study on the FM-grease films in the absence of iron ox-
ide. Two cases of grease-contaminated FM films were tested.
The first sample, “Steel-Grease-FM (SGF)”, involved coat-
ing the anvil surface with a thin layer of grease, on top of
which the FM dispersion was applied and allowed to dry.
This sample simulated when a layer of FM was applied on a
grease-contaminated rail surface. In comparison, the “Steel-
FM-Grease (SFG)” sample simulated when grease has been

F of
c eased
s

elationship between the measured coefficient of frictionµ)
nd Fe2O3 concentration in the composite layer. One sho
ote that the effect of Fe2O3 concentration onµ is more sig
ificant at higher concentrations. For concentration ra

rom 0 to 80%, the change ofµ is relatively small.
The load-dependence of the friction coefficient for

M-Fe2O3 composite is also influenced by the weight
io of FM and iron oxide (Fig. 3). In general, theµ val-
es of all composite samples decrease with increasing

act pressure, especially in the range of 50–400 MPa. A
00 MPa, the coefficient of friction stabilizes becoming
ependent of contact pressure. This indicates that the d
ation mechanism at higher contact pressure differs

ig. 1. Shear strength vs. Displacement showing data for a FM-Fe2O3 com-
osites ranging from 0 to 100% Fe2O3 at a contact pressure of 880 MPa
ig. 3. Coefficient of friction for FM-Fe2O3 composites as a function
ontact pressure. Note the decrease in friction coefficient with incr
tress.
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Fig. 4. Pin-on-disc rheometer test of grease effect on the FM films. The shear
stress was measured at a sliding speed of 2.67�m/s with a total displacement
of 1000�m. For the SFG sample, grease is brushed on the top of FM film.
SGF is a FM film on grease-contaminated anvil surface.

applied onto a FM-conditioned rail surface. In both cases, the
weight ratio of FM/grease was controlled around 4:1.

The shear strength curves of the two grease-contaminated
FM films are compared with that of an uncontaminated FM
film in Fig. 4. In general, the grease-contaminated FM films
have lower shear strength values in comparison with the un-
contaminated FM film. The critical shear strength for the
baseline film is also higher than that SGF and SFG samples:
40 MPa for the SGF film and 47 MPa for the SFG film. After
reaching the critical shear strength, the values of shear stress
for both SFG and SGF films increases slightly with the dis-
placement, and reaches almost identical values of 51 MPa at
the displacement of 1000�m.

3.3. Shear strength of FM-grease at varied sliding
speeds

Two rheometer experiments were designed to monitor the
friction level at varied sliding speeds. In the first experi-
ment, the steady-state friction of the FM, SGF, and SFG
films were measured at different sliding speeds ranging from
0.5 to 20◦/min (Fig. 5). All composites exhibited a positive
µ–velocity relationship.

Thedynamiccoefficient of friction of the FM, SGF, and
SFG films under a step change of sliding speed was moni-
tored in the second experiment (Fig. 6). The sliding speed
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Fig. 5. Velocity dependence ofµ at a displacement of 1000�m for FM,
SGK, and SKG films measured on the pin-on-disk rheometer.

atively steady (>500 s), the dependence ofµ upon velocity
change follows the order: SGF < SFG≈ FM.

3.4. Microscopic observation of FM-grease

The contact patches of the FM films after rheometer tests
were examined under an optical microscope. The most se-
vere damage was observed on the SGF composite. Poor film
adhesion on the contaminated anvil surface caused the film
to peel off when the pin was raised. Additional investigation
showed cracks in non-contact areas. Through these cracks,
grease could be observed under the film. This indicates that
the oil from the grease was not absorbed by the film. This is
also supported by the wet film surface observed on the SFG
sample.

3.5. Friction coefficient of FM-grease from Amsler

Fig. 7 shows the relationship between the measured co-
efficient of friction and time at a specific creep (3%) for the
FM-grease samples as tested on the Amsler apparatus. The
contact surface of the upper disk was coated by a thin FM film

F nse
t set
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as changed abruptly from one level to another level e
80 s. The velocity was initially maintained at 10% of the
peed (150◦/min), and then immediately changed to 10
f the full speed after 180 s. The cycle was then repeate

he duration of the test. One can observe that the measuµ

alue for all three types of FM films is dependant on ve
ty. More specifically, theµ value increases when the slidi
peed is raised from 10 to 100%; conversely, theµ decrease
hen the velocity is reduced to 15◦/min. In the first 500 s o

esting, the magnitude of theµ changes for the three films
imilar. When theµ values of these films become comp
ig. 6. Comparison ofµvalues of grease-contaminated FM films in respo
o a step change of sliding speed: 10%↔ 100%. The full-scale speed is
s 400�m/s (150◦/min).
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Fig. 7. Amsler test results of FM films interacting with grease. The shown
values are the weight of grease coated on the surface of lower disk. The
weight of the FM film coated on the upper disk is controlled around 2–3 mg.

with a weight of 2–3 mg. Grease was brushed onto the contact
surface of the lower disk and its’ weight was controlled from
0 to 60 mg. After rolling of the two disks, grease would be
transferred to the surface of the upper disk and interact with
the FM film. For tests with grease only, a flatµ curve (∼0.17)
was observed which only slightly increased with rolling time
(or cycles). This contrasts significantly with test data when
only the FM sample is tested on the Amsler. In this case,
the µ curve can be divided into three distinct phases: (i) a
run-in part with a fast increase ofµ; (ii) a relative stable part
(film-contact); and (iii) a second fastµ-increase part (steel-
contact). Typically, we see a smooth transition between the
latter two phases. In general, all testing which included the
FM film exhibited an “N”-shape behaviour when describing
theµ–time relationship. Addition of grease to the FM film
was also observed to cause an abrupt transition between the
aforementioned latter two phases.

Fig. 7 also demonstrates that grease does proportionally
impact on theµ value during that the period of relative sta-
bility. In the extreme case when too much grease is applied
(i.e., 60 mg grease against 2 mg FM), the FM-grease samples
exhibits a similarµ level to that of grease.

4. Discussion
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is the surface roughness of the steel surfaces between which
the FM film is sheared. The roughness of the anvil and pin
(Ra = 0.17�m) used for the rheometer is lower than that of
the contact surfaces (Ra = 2.3�m) of the Amsler disks.

An analytical comparison of the friction results from these
two types of measurements has been presented in Ref.[21].

4.2. Deformation mechanism of FM Films

All FM films, even in the presence of Fe2O3/grease con-
tamination, show both elastic and plastic deformations under
shear (seeFigs. 1 and 4). According to the theory proposed by
Hou et al.[8], the FM film between the pin and anvil deforms
elastically at low shear stress, but begins to deform plastically
when the stress exceeds a critical level. In the elastic range,
shear stress increases linearly with displacement with a slope
characterized as elastic shear modulus. Above its elastic limit,
the deformation of the layer with increased shear stress can
be accommodated in a number of ways: (i) rolling of solid
particles within the layer; (ii) cutting of surface asperities to
form wear particles and create new surface; and (iii) plastic
deformation of the layer.

In an engineered third-body layer, the friction modifier
particles, as well as other solid contaminants, are encap-
sulated in a polymeric matrix. Considering the addition of
polymer–particle interaction, the contribution of rolling of
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orm agglomerates inside the polymeric matrix. Under
cenario, rolling or shifting of particles becomes poss
his could possibly explain the different shear stress be

or of FM-Fe2O3 composites at high Fe2O3 concentration
n addition, the second factor (cutting of asperities) sh
ominate only when the FM film is worn out causing dir
ontact of metal asperities. Plastic deformation is the
mportant mechanism that controls the rheological beha
f FM films.

Theoretically, the plastic deformation of a solid film c
e characterized by the plastic shear modulus, which is
ulated from the slope of shear stress versus displace
urve after the critical limit. However, our tested samp
id not exhibit such a simple tendency in the slope of t

riction curves (Fig. 1). After reaching a maximum valu
he shear stress decreased slightly but then increased
ith displacement. It appeared that the sheared film rea
quasi-steady state at the critical displacement. In 1

rown and Richards[22] studied the shear strength of pow
amples and found that the density of powder assemb
trongly affects their shear strength. The tightly packed p
ers exhibited a distinct initial shear stress peak at a l
train; such an observation was not evident when te
oosely packed powders. Saffer and Marone[23] observed
imilar phenomenon with silicate powder mixtures (sm
ite + quartz). The magnitude of the peak stress decre
ith the increased quartz content. They suggested that th
erved peak and subsequent decreases in frictional str
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with respect to strain, reflect shear-enhanced compaction and
alignment of platy clay minerals during early stages of shear-
ing. Saffer and Marone also mentioned that this shear strain
response is commonly observed in clays and clay-rich soils,
and is generally due to the alignment of clay particles.

However, the FM composites is a more complicated ma-
trix, as compared to a simple powder aggregate, due to num-
ber of constituents including various solids, polymers and
other compounds. When two shearing surfaces are separated
by a continuous granular layer, this layer can support the
bearing pressure and provide a weak path within which shear
can occur. Shear can occur in the solids, in the bulk of the
compacted layer, or at the upper or lower interface with the
solid bodies. Behavior can involve elasticity rolling, shear, or
fracture. In some cases, a powder layer might be viewed as a
continuous, viscous fluid, but in other cases one might need to
consider the rule of periodic discontinuities that occur if the
semi-continuous layer fractures in tension[24]. For polymer
composite materials, not only the shear properties of each
component should be considered but also their mutual inter-
actions. Overall, the following factors should be considered
during discussion of shear strength behavior of FM compos-
ites: (i) the elastic and plastic deformation of polymer mate-
rials; (ii) the deformation mechanism of particle aggregates
inside the polymeric matrix; (iii) the interaction between the
filler particles and the matrix; and (iv) the interaction between
fi
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how the total applied load is carried by each component in
a composite. In the EP mode each component carries load
in proportion to their volume fraction and independent of
their wear-resistance. The friction coefficient should there-
fore vary linearly from theµ of the matrix to theµ of the
filler. In contrast, the loads in the EW mode depend on the
volume fraction of each component and its wear-resistance.
The component with a higher wear-resistance dominates the
friction coefficient of the composite. The intermediate pres-
sure model combines aspects of the above two models. The
friction data for the FM-Fe2O3 composites perfectly follows
the EW model, which means the FM part has higher wear-
resistance and thus contributes more to the overall friction
coefficient of the composite layer. Therefore, even in a wide
degree of iron oxide contamination (0–80%), the friction co-
efficient between two steel surfaces can still be controlled by
using friction modifier technology. For example, the reported
coverage of iron oxide debris on the top of rail varies widely,
i.e., from 0.02 mg/cm2 to about 0.4 mg/cm2 [26], depending
on the rail locations. In general, if the application rate for the
friction modifier technology is about 100–500 ml/mile[17],
the weight ratio between FM and oxide debris would range
from 0.3 to 2.0. But various field test results show that the
friction modifier technology still can effectively control the
rail top friction even in this wide range.
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The first factor is closely related to the yielding behav

f the polymer. Usually shear yielding and crazing contrib
ogether to the polymer yielding. The second and third
ors depend on the concentration of solid particles and
urface property. For example,Fig. 1indicates that the she
trength of FM-Fe2O3 mixture is influenced by the presen
f Fe2O3 particles, especially at high Fe2O3 concentration. A

he low concentrations of iron oxide, the shear stress cu
f FM-Fe2O3 films are similar to that of the pure FM fil
ithout the initial shear stress peak. However, at high
entrations (>75%), many particle aggregates can exist i
he polymer matrix. For the particles inside the aggreg
he relative motion between the particles becomes mor
ortant and influential to the shear behavior of FM-Fe2O3
omposites.

.3. Friction control by FM on Fe2O3-covered surface

The friction coefficient of FM-Fe2O3 composites (after
isplacement of 1000�m) is plotted inFig. 2 as a function
f Fe2O3 concentration.Fig. 2 indicates that the friction o

he FM-Fe2O3 composite is not simply dependent on the
tive concentrations of the constituents, nor their respe
oefficients of friction. It has been suggested that wh
omposite sample is sheared under sliding motion, the
arried by each phase depends on the wear resistanc
olume fractions of the phase. There are three different m
ls to predict the friction of multiphase composite samp
qual pressure (EP), equal wear (EW), and intermedia
d

.4. Grease effect on FM films

The experimental results indicate that grease affects
lms in two areas: the film formation and the measured
fficient friction. The engineered polymeric FM film can
bsorb the mineral oil from the grease; the “wet” sur

s easily identified in both SFG and SGF films. In addit
he SFG film shows no penetration of oil from the gre
ide to the steel substrate. In other words, when grea
resent on a FM-conditioned railhead, the adhesion bet

he film and the steel surface is not affected. In contras
M film shows rather poor surface wettability on a grea
ontaminated metal substrate. This phenomenon is due
il having a rather lower surface tension than either wat
teel. The reported critical surface tension (20◦C) values fo
hese three compounds are: 28.9 (oil), 72.5 (water), and
steel) mm/m, respectively[27]. The oil/grease-contaminat
teel surface has a surface tension much lower than th
aterborne FM dispersion. This low surface tension of
trate leads to the inadequate wetting, unsatisfactory
overing, and crater formation of the FM film.

The grease effect on the friction performance of FM fi
as proven in the rheometer tests (Fig. 4) and Amsler test

Fig. 7). This influence of grease on the tribological per
ance of FM films can be related to the lubrication cha

eristics of grease and its’ damage to the adhesion bond
he FM film to the steel surface. When grease interacts

FM film, the oil compound of the grease can either f
thin layer between the film and disk surface, or coa
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surface of worn film particles. Thus the friction level of the
film is reduced and the FM film adhesion to the steel surface
is weakened. As a result, the film becomes easier to abrade
and remove from the disk surface. During the Amsler test of a
clean FM film, the smooth transition between the film-contact
phase and the disk-contact phase is hypothetically attributed
to the chemical modification of the disk surface by the FM
film. When the disk surfaces are contaminated by grease,
this surface modification can be effected or even arrested.
Characterizing the chemical composition of the disk surface
at different periods would help us to assess this theory. An
extreme example is the sample with 60 mg grease (Fig. 7).
After the complete destruction of the FM film, grease spread
to the entire contact area between two disks. This causes its
µ values to be similar to the grease sample.

The relatively lower shear strength of the grease layer is
one of challenges we faced when we tried to apply the “third
body” rheological model[8] to the grease-contaminated FM
films in order to explain its rheometer results. The present
model assumes the “second body”—the interface between
the wheel/rail and the “third body” layer is considerably thin
enough that there is no slip at these interfaces. But this as-
sumption becomes unreliable in our experiments in the pres-
ence of grease. Hence, a combination of a slip in the grease
layer and an elastic or plastic deformation of the FM film
might be occurring during the rheometer experiment. Fur-
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tion can cause an increase of temperature, a change of wear
rate and surface roughness, or a change of surface microstruc-
ture. A positive friction–velocity relationship can be due to:

• (Increasing) velocity increases the wear rate, which in turn
roughens the surface and intensifies the plowing and cut-
ting contributions to friction[28].

• The increased frictional heat by an increased sliding ve-
locity softens surface and increases asperity contact.

• Since polymers are viscoelastic materials, sliding speed
has a significant effect on their friction behaviors. For vis-
coelastic materials, an increase of sliding velocity is equiv-
alent to a drop of temperature (time–temperature superpo-
sition theory). For example, Eiss and McCann[29] found
that, for smooth surface of acrylontrile butadiene styrene
copolymer (ABS) sliding at high normal load in a pin-
on-disk apparatus, the friction force–velocity curve had a
negative slope at low velocities and a positive slope at high
velocities.

5. Summary

(1) The shear stress and friction behavior of the FM-Fe2O3
composite films are controlled by the relative contents of
FM and FeO . When the FeO concentration is high
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her work is required to explain this process; a consider
f the grease factor should be incorporated into the fu
heological mode.

.5. Velocity dependence of friction coefficient of FM
lms

Many fundamental studies of sliding friction show that,
wide range of materials, friction decreases as the slidin

ocity increases. The reason for this was explained by
28] as: (i) the elevated surface temperature causes form
f oxides that lubricate the surface; (ii) the shear stre
f most materials decreases at high frictional temperat
nd (iii) when the surface melts due to frictional heat,
olten liquid can lubricate the asperity contacts. Blau

ieved that a different type of friction–velocity relations
an be obtained in a smaller velocity ranges and under c
onditions.

Figs. 5 and 6indicate that the friction coefficient
M films, even under light grease contamination, incre
ith the elevated sliding velocity over a velocity range
.5–20◦/min (1.38–63.4�m/s). As a result, the “negativ

riction characteristic of most metal surface can be mod
o have “positive” behaviour to prevent many related p
ems, i.e., stick-slip. Further research is necessary to ob

ore detailed concept of the friction interface and tribol
echanism during the sliding of a FM film between two s

urfaces. However, it is worthwhile to look at some poss
echanisms that could introduce positive friction chara

stic. The additional energy introduced during the sliding
2 3 2 3
(75–90%), the shear stress–displacement curves o
FM-Fe2O3 films show a distinct peak at the low displa
ment region. The magnitude of this stress peak incre
with the Fe2O3 content. This phenomenon could be
to the aggregation of Fe2O3 particles inside the FM poly
meric matrix.

2) The shear stress–strain (displacement) relationship
FM-Fe2O3 composites should be controlled by (i)
elastic and plastic deformation of polymer materials
the deformation mechanism of particle aggregates in
the polymeric matrix; (iii) the interaction between
filler particles and the matrix; and (iv) the interact
between film surface and substrate surface.

3) The concentration-dependence of the friction value
FM-Fe2O3 composites obeys the equal wear mo
specifically, the FM component has a higher w
resistance and contributes significantly to the friction
efficient of the composite. In a wide range of iron ox
concentration (0–80%), the friction of two steel surf
still can be controlled in a relatively small range of fr
tion by using friction modifier technology. This indica
the friction-control ability of FM films is effective und
a wide range of Fe2O3 contamination on the rail head

4) Grease affects FM films in two major ways: disturb
film adhesion on steel surface, and reducing friction le
The grease-contaminated steel surface has a lowe
face tension than that of FM dispersion, causing in
quate wetting, unsatisfactory edge covering, and c
formation of FM film. The influence of grease on the
bological performance of FM films should be relate
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the lubrication characteristic of grease and its’ damage to
the adhesion between the FM film and the steel substrate.

(5) The friction coefficient of FM films, even under light
grease contamination, increases with the sliding velocity
over a velocity range of 0.5–20◦/min (1.38–63.4�m/s).
This indicates that the positive friction characteristic can
be kept under a light grease contamination.
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