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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 layerocdrobed
through the introduction of a (dry) engineered friction modifier composite (FM) at the wheel/rail interface. Subsequent field work has
demonstrated a significant reduction in rail wear by the adoption of this technology. This work focuses on studying the interactions betweer
FM and iron oxide/grease by using a specially designed pin-on-disk rheometer as well as a disk-on-disk Amsler tester. It was found that the
shear strength of the FM-F@; composite films is controlled by the relative concentrations of FM an@®¥F€lhe relationship of friction
coefficient—concentration can be described by the equal wear model, according to which the FM component with a higher wear-resistanc
contributes significantly to the friction coefficient of the composite. In addition, grease shows two major impacts on FM films: disturbing
film adhesion on steel surface, and reducing film shear strength. However, the friction coefficient of FM films, even under light grease
contamination, increases with the sliding velocity over a velocity range of 1.3868<1
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mechanisms: wear and fatigue. The former creates debris and
change in rail/wheel profile, the latter produces cracks that
During the past 50 years, heavier axle loads and increasedmnay develop into catastrophic failure.
train traffic and speeds have caused the wheel/rail contact The wear mode and friction condition at wheel/rail contact
environment to become more severe. As a consequence, thés location dependent. Kalouspl considered that the wheel
design limits of the steel have been exceeded leading totread/rail top is subject to a mixture of “fretting” and “oxida-
increased wear and fatigue, decreased rail life, and highertive” wear due to a combination of rolling and sliding mo-
maintenance costs. Each year, wheel and rail wear costs theions. The fretting wear debris generated from this small rela-
railroad industry millions of dollars. In the early 1980’s it tive motion consists of very fine (0.00142n) plate-like par-
was estimated that the North American railroad industry was ticles. Most of the particles are oxidized to hematite;(B-5
spending $600 million annually for the replacement of de- and magnetite (F#©4). With moisture, the iron oxide can
teriorated rail. A large portion of these expenditures was a form a slurry with a low friction coefficient. In the absence of
direct result of severe we§t—3]. The interaction between  moisture, these oxides can build up into high shear strength
the wheel surface and rail surface produces two main damagdayers with a thickness of several microns and yield high
friction (>0.6). In contrast, the wheel flange/rail gauge face

* Corresponding author. Tel.: +1 604 984 6100; fax: +1 604 984 3419. IS Subject to sliding with slip between the surfaces ranging
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like particles up to 2mm in size are generated when there eral (curving) force$17,18], and noise level (wheel squeal)

is no lubrication. The resulting coefficient of friction is high  [19,20]

(0.4-0.6), and the gauge face wear rate is significant. Although a large amount of field testing data involving
The solid debris, as well as the residual lubricants (oil or friction modifier technology exist, no quantitative study on

grease)5], and environmental contaminants (sand, leaves, the tribology performance of FM films and its interactions

moisture)[6], form a composite layer at the wheel/rail in- with “natural” third body constituents has been reported. Here

terface which has been defined by tribologists as the “third we will focus our work on two areas: (i) interaction of fric-

body”. This “third body” interfacial layer has three functions: tion modifier technology with iron oxides; (ii) interaction

it (i) transmits the load; (ii) separates the first bodies (wheel of friction modifier technology with grease. A pin-on-disk

surface and rail surface); as well as (iii) accommodates their rheometer is employed to investigate the shear stress versus

speed differencf]. The friction coefficient at the wheel/rail ~ displacement (shear strain) relationship of friction modifier-

interface is strongly related to the rheological properties of iron oxide composites as well as friction modifier-grease

the third-body constituen{8]. Beagley[9] studied the wear = composites. The impact of grease on the friction and film-

debris from the top of a rail head and found the friction co- formation properties of friction modifier composites will be

efficient depends on (i) the degree of contamination of iron also examined on a disk-on-disk Amsler tester.

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 contam2. Experimental

inants on top of rail. This is usually attributed to a migration

of excess grease used for flange lubrication, or occasionally,2.1. Materials

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 friction modifier (FM) films tested in this study were

the wheel/rail interface is controlled by the rheological prop- created using Kelsan’s commercial friction modifier technol-

erties of the debris/fluid mixture, which is dependent on slip ogy, KELTRACK®. This material is a water-based liquid,

speed, load or contact duration. This is more complicated thanwhich can be applied directly to the top of the rail, form-

pure oil lubrication under low rolling speed and high load, ing a micron-scale FM film after drying. The calcium-based

in which the friction is suggested to be determined solely by grease (Shell Cardu?aws) was obtained from Shell Co.

boundary lubrication, and is thus independent of slip speed, and is generally used for rail gauge face lubrication. Its main

load or contact duratiofi0,11] composition includes proprietary mineral oil, graphite and
Previous work has focused on the study of the “natural” molybdenum disulfide (Mog. Hematite (FeOs) was pur-

third body between the wheel and rail to explain the interfacial chased from Aldrich with an average particle size pfrb.

friction and adhesion behavior based on the composition of

the third body layef12]. However, more recently, researchers 2.2. Pin-on-disk rheometer

have begunto investigate the creation of an “engineered” third

body layer as a means of controlling friction at the wheel/rail A pin-on-disk rheometer, specially designed by the Centre

interface, especially between the wheel tread and rail headfor Surface Transportation Technology of Canadian National

[13]. Research Council (NRC-CSTT) was employed to examine
A novel technology, developed by Kelsan Technologies film shear strength. A detailed description of the machine

Corp., is based on creating an engineered composite tolayout is available in Ref[21]. For each test, a prepared

achieve the goal of friction control on the top of the rail. sample is placed on top of an anvil and compressed by two

This waterborne product (KELTRACK) can be brushed or  profiled pins. The pins are stationary and loaded by dead

sprayed on the top of the rail head to form a thin film after dry- weight to simulate the high contact pressur®(0 MPa) at

ing. The special rheological properties of this thin film enable the wheel/rail interface. Rotation of the anvil at a controlled

the wheel/rail interfacial friction to be controlled in a range speed produces a torque moment, which is formed by equal

of 0.30-0.35, which will not impact on adhesion or braking and opposite frictional forces developing at each pin. A load

requirements. The final film contains inorganic solids, film- cell located between the anvil and turntable measures load

forming polymers as well as existing railhead contaminants and torque, from which contact pressure, shear stress, and

(oxides, etc.). In addition to controlled friction, this technol- friction coefficient of the tested film can be calculated.

ogy also provides “positive friction” at the wheel/rail inter-

face. This refers to the characteristic of increasing friction 2.3. Disk-on-disk Amsler

with sliding velocity rather than the usual case of decreasing

friction that can cause unfavorable stick-slip, squeal noise, The Amsler machine, located at NRC-CSTT, is a test de-

and rail corrugatiofil4]. The performance of this noveltech- vice that runs two cylindrical disks against each other with a

nology has been tested widely in the field. These field tests fixed percent sli21]. Both disks are made from rail material.

confirmed that friction modifier (FM) technology can effec- During testing the ratio of angular velocity of the faster lower

tively reduce rolling resistandd.5,16], rail wear[17], lat- disk to the slower upper disk is about 1.1. The creepage, the
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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 0.6
for the upper disk and 45 mm for the lower digR}1].
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In order to examine the friction-control ability of a FM L .- T
film on the iron oxide-coated steel surface, a series of FM- -
FeO3 composites were tested on the rheometer. The shear % o 0 80 100
strength versus sliding distance (displacement) relationship Fe.O. wit%
of the FM-FeO3 films was measured at a constant sliding &
speed of T/min (2'.67}Lm/3)‘ The ?he?‘r stress-displacement Fig. 2. FeO3 concentration dependence of the friction coefficient for the
curves are plotted ifig. 1 Iron oxide is observed to gener-  guM-Fe,05 composite films. Two dashed lines were obtained from two simu-
ate a high value of shear strength, close to 500 MPa. With thelation models: equal wear (EW) model and equal pressure (EP) model, about
addition of the FM component, the composite films exhibit which a detailed discussion will be presented in the discussion section.

a marked decrease in shear stress. For the compositions with

a high percentage of £©3 (75-90%), a distinct peak inthe  that at lower pressures. One can also observe, in the lower
low displacement region is observed. The magnitude of this range of contact pressures, the increase of the concentration
initial stress peak increases with the:Bg content. Inexper-  of the FM component in the composite layer reduces the
iments where the maximum sliding distance was increaseddependency of the measured friction coefficient on contact
to 10,000um, one observed that the slope of the stress—strainpressure.

curve becomes positive after 12@fh. Fig. 2 highlights the

relationship between the measured coefficient of frictjoh (32, Shear strength of FM-grease

and FeOj3 concentration in the composite layer. One should

note that the effect of E©3 concentration o is more sig- In order to better understand the impact of grease on FM
nificant at higher concentrations. For concentration rangesfjims, we simplified the system and focused our first phase
from O to 80%, the change of is relatively small. study on the FM-grease films in the absence of iron ox-

The load-dependence of the friction coefficient for the jge Two cases of grease-contaminated FM films were tested.
FM-F&;03 composite is also influenced by the weight ra- The first sample, “Steel-Grease-FM (SGF)”, involved coat-
tio of FM and iron oxide Kig. 3). In general, theu val- ing the anvil surface with a thin layer of grease, on top of
ues of all composite samples decrease with increasing conyhich the FM dispersion was applied and allowed to dry.
tact pressure, especially in the range of 50-400 MPa. AboveThis sample simulated when a layer of FM was applied on a
400 MPa, the coefficient of friction stabilizes becoming in- grease-contaminated rail surface. In comparison, the “Steel-

dependent of contact pressure. This indicates that the deforf\|-Grease (SFG)” sample simulated when grease has been
mation mechanism at higher contact pressure differs from
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Fig. 3. Coefficient of friction for FM-FgO3 composites as a function of
Fig. 1. Shear strength vs. Displacement showing data for a FAD4eom- contact pressure. Note the decrease in friction coefficient with increased
posites ranging from 0 to 100% @3 at a contact pressure of 880 MPa. stress.
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Fig. 4. Pin-on-disc rheometer test of grease effect on the FM films. The shear Fig. 5. Velocity dependence ¢f at a displacement of 10@n for FM,
stress was measured at a sliding speed of 2r6/& with a total displacement ~ SGK, and SKG films measured on the pin-on-disk rheometer.

of 1000p.m. For the SFG sample, grease is brushed on the top of FM film.

SGF is a FM film on grease-contaminated anvil surface. ative|y steady (>500 5), the dependenceuaﬁpon velocity

change follows the order: SGF < SR&EM.

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

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-
have lower shear strength values in comparison with the un- V€r€ dgmage was obser\(ed on the .SGF composite. Poor f||m

adhesion on the contaminated anvil surface caused the film

contaminated FM film. The critical shear strength for the ‘ L off when the bi ised. Additional i tiqati
baseline film is also higher than that SGF and SFG samples: 0 peetottwnhen e pin was raised. itonal investigation
showed cracks in non-contact areas. Through these cracks,

40 MPa for the SGF film and 47 MPa for the SFG film. After Id be ob d under the film. This indicates that
reaching the critical shear strength, the values of shear stresgr€ase could be observed under the fiim. This indicates tha
the oil from the grease was not absorbed by the film. This is

for both SFG and SGF films increases slightly with the dis- | ted by th il ‘ b d on the SEG
placement, and reaches almost identical values of 51 MPa al‘:asr?];:ppor ed by the wet fiim surlace observed on the

the displacement of 10G0m.
3.3. Shear strength of FM-grease at varied sliding 3.5. Friction coefficient of FM-grease from Amsler

speeds ) ) _
Fig. 7 shows the relationship between the measured co-

Two rheometer experiments were designed to monitor the efficient of friction and time at a specific creep (3%) for the
friction level at varied sliding speeds. In the first experi- FM-grease samples as tested on the Amsler apparatus. The
ment, the steady-state friction of the FM, SGF, and SFG contact surface of the upper disk was coated by a thin FM film
films were measured at different sliding speeds ranging from
0.5 to 20°/min (Fig. 5. All composites exhibited a positive 0.15
u—Vvelocity relationship. _—

The dynamiccoefficient of friction of the FM, SGF, and ---sra
SFG films under a step change of sliding speed was moni- ook | i | :
tored in the second experimerkig. 6). The sliding speed
was changed abruptly from one level to another level every
180 s. The velocity was initially maintained at 10% of the full ;
speed (156/min), and then immediately changed to 100% BBE Ll hod Hd i i
of the full speed after 180's. The cycle was then repeated for - SEtgape= 14
the duration of the test. One can observe that the meagured
value for all three types of FM films is dependant on veloc- 0.00
ity. More specifically, the: value increases when the sliding
speed is raised from 10 to 100%; conversely thdecreases
Whe_n the VeIOCIty_IS reduced to 16nin. In the first 50(_) S Of_ Fig.6. Comparison gf values of grease-contaminated FM films in response
testing, the magnitude of thechanges for the three films is (o 4 step change of sliding speed: 1694.00%. The full-scale speed is set
similar. When theu values of these films become compar- as 40qum/s (150°/min).
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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
cER e 2 (Ra=0.17.m) used for the rheometer is lower than that of
: the contact surfaces (Ra=2.81) of the Amsler disks.
An analytical comparison of the friction results from these
two types of measurements has been presented iffZRéf.

Grease Weight (mg)

0.4

0.2
4.2. Deformation mechanism of FM Films

Grease Only All FM films, even in the presence of F®3/grease con-
tamination, show both elastic and plastic deformations under
shear (sekigs. 1 and 4 According to the theory proposed by
Hou et al[8], the FM film between the pin and anvil deforms
elastically atlow shear stress, but begins to deform plastically
Fig. 7. Amsler test results of FM films interacting with grease. The shown when the str(_ass exceed_s a crltlc_al Ie_vel' In the elastlc range,
values are the weight of grease coated on the surface of lower disk. TheShear stress increases linearly with displacement with a slope
weight of the FM film coated on the upper disk is controlled around 2-3mg. 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
with a weight of 2-3 mg. Grease was brushed onto the contactparticles within the layer; (i) cutting of surface asperities to
surface of the lower disk and its’ weight was controlled from form wear particles and create new surface; and (iii) plastic
0 to 60 mg. After rolling of the two disks, grease would be deformation of the layer.
transferred to the surface of the upper disk and interact with  |n an engineered third-body layer, the friction modifier
the FM film. For tests with grease only, a flaturve (~0.17) particles, as well as other solid contaminants, are encap-
was observed which only slightly increased with rolling time - sylated in a polymeric matrix. Considering the addition of
(or cycles). This contrasts significantly with test data when polymer—particle interaction, the contribution of rolling of
only the FM sample is tested on the Amsler. In this case, hard particles within the film is limited. However, at a very
the i curve can be divided into three distinct phases: (i) @ high concentration, those solid particles can pack together to
run-in part with a fast increase pf, (ii) a relative stable part  form agglomerates inside the polymeric matrix. Under this
(film-contact); and (jii) a second fagtincrease part (steel-  scenario, rolling or shifting of particles becomes possible.
contact). Typically, we see a smooth transition between the This could possibly explain the different shear stress behav-
latter two phases. In general, all testing which included the jor of FM-Fe,03 composites at high E®3 concentration.
FM film exhibited an “N"-shape behaviour when describing |n addition, the second factor (cutting of asperities) should
the u—time relationship. Addition of grease to the FM film  dominate only when the FM film is worn out causing direct
was also observed to cause an abrupt transition between theontact of metal asperities. Plastic deformation is the most

0.0

1 1
0 1000 2000 3000

Time (s)

aforementioned latter two phases. important mechanism that controls the rheological behavior
Fig. 7 also demonstrates that grease does proportionally of EM films.
impact on theu value during that the period of relative sta- ~ Theoretically, the plastic deformation of a solid film can

bility. In the extreme case when too much grease is applied be characterized by the plastic shear modulus, which is cal-

(i.e., 60 mg grease against 2 mg FM), the FM-grease samplesulated from the slope of shear stress versus displacement

exhibits a similar level to that of grease. curve after the critical limit. However, our tested samples
did not exhibit such a simple tendency in the slope of their
friction curves Fig. 1). After reaching a maximum value,

4. Discussion the shear stress decreased slightly but then increased again
with displacement. It appeared that the sheared film reached

4.1. Comparison of friction results from different a quasi-steady state at the critical displacement. In 1966,

experiments Brown and Richardg2] studied the shear strength of powder

samples and found that the density of powder assemblages
Both the rheometer and Amsler can measure the friction strongly affects their shear strength. The tightly packed pow-
coefficient values of FM composite films. However, readers ders exhibited a distinct initial shear stress peak at a lower
should be careful in comparing this data since they are mea-strain; such an observation was not evident when testing
sured differently (motion mode, pressure distribution, sur- loosely packed powders. Saffer and Marg@8] observed
face roughness, etc). The friction coefficient obtained on the similar phenomenon with silicate powder mixtures (smec-
rheometer is due to a pure sliding friction. The friction coef- tite + quartz). The magnitude of the peak stress decreased
ficient obtained from the Amsler test is caused by a hybrid withthe increased quartz content. They suggested that the ob-
of rolling and sliding conditions. Another noted difference served peak and subsequent decreases in frictional strength,
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with respect to strain, reflect shear-enhanced compaction angressurd25]. The definition of these three models relies on
alignment of platy clay minerals during early stages of shear- how the total applied load is carried by each component in
ing. Saffer and Marone also mentioned that this shear straina composite. In the EP mode each component carries load
response is commonly observed in clays and clay-rich soils, in proportion to their volume fraction and independent of
and is generally due to the alignment of clay particles. their wear-resistance. The friction coefficient should there-

However, the FM composites is a more complicated ma- fore vary linearly from theu of the matrix to theu of the
trix, as compared to a simple powder aggregate, due to num-filler. In contrast, the loads in the EW mode depend on the
ber of constituents including various solids, polymers and volume fraction of each component and its wear-resistance.
other compounds. When two shearing surfaces are separate@he component with a higher wear-resistance dominates the
by a continuous granular layer, this layer can support the friction coefficient of the composite. The intermediate pres-
bearing pressure and provide a weak path within which shearsure model combines aspects of the above two models. The
can occur. Shear can occur in the solids, in the bulk of the friction data for the FM-FgO3 composites perfectly follows
compacted layer, or at the upper or lower interface with the the EW model, which means the FM part has higher wear-
solid bodies. Behavior can involve elasticity rolling, shear, or resistance and thus contributes more to the overall friction
fracture. In some cases, a powder layer might be viewed as acoefficient of the composite layer. Therefore, even in a wide
continuous, viscous fluid, butin other cases one might need todegree of iron oxide contamination (0—80%), the friction co-
consider the rule of periodic discontinuities that occur if the efficient between two steel surfaces can still be controlled by
semi-continuous layer fractures in tens[@d]. For polymer using friction modifier technology. For example, the reported
composite materials, not only the shear properties of eachcoverage of iron oxide debris on the top of rail varies widely,
component should be considered but also their mutual inter-i.e., from 0.02 mg/crito about 0.4 mg/ci[26], depending
actions. Overall, the following factors should be considered on the rail locations. In general, if the application rate for the
during discussion of shear strength behavior of FM compos- friction modifier technology is about 100-500 ml/mjli7],
ites: (i) the elastic and plastic deformation of polymer mate- the weight ratio between FM and oxide debris would range
rials; (ii) the deformation mechanism of particle aggregates from 0.3 to 2.0. But various field test results show that the
inside the polymeric matrix; (iii) the interaction between the friction modifier technology still can effectively control the
filler particles and the matrix; and (iv) the interaction between rail top friction even in this wide range.
film surface and substrate surface.

The first factor is closely related to the yielding behaviour 4.4. Grease effect on FM films
of the polymer. Usually shear yielding and crazing contribute
together to the polymer yielding. The second and third fac-  The experimental results indicate that grease affects FM
tors depend on the concentration of solid particles and their films in two areas: the film formation and the measured co-
surface property. For exampleig. 1indicates that the shear efficient friction. The engineered polymeric FM film cannot
strength of FM-FgO3 mixture is influenced by the presence absorb the mineral oil from the grease; the “wet” surface
of FeO3 particles, especially at high F®3 concentration. At is easily identified in both SFG and SGF films. In addition,
the low concentrations of iron oxide, the shear stress curvesthe SFG film shows no penetration of oil from the grease
of FM-Fe O3 films are similar to that of the pure FM film  side to the steel substrate. In other words, when grease is
without the initial shear stress peak. However, at high con- present on a FM-conditioned railhead, the adhesion between
centrations (>75%), many particle aggregates can existinsidethe film and the steel surface is not affected. In contrast, the
the polymer matrix. For the particles inside the aggregates, FM film shows rather poor surface wettability on a grease-
the relative motion between the particles becomes more im-contaminated metal substrate. This phenomenon is due to the
portant and influential to the shear behavior of FM®Gg oil having a rather lower surface tension than either water or

composites. steel. The reported critical surface tension{29 values for
these three compounds are: 28.9 (oil), 72.5 (water), and 55.0
4.3. Friction control by FM on FgO3-covered surface (steel) mm/m, respective[27]. The oil/grease-contaminated

steel surface has a surface tension much lower than that of

The friction coefficient of FM-FgO3 composites (aftera  waterborne FM dispersion. This low surface tension of sub-
displacement of 100@m) is plotted inFig. 2 as a function strate leads to the inadequate wetting, unsatisfactory edge
of FeO3 concentrationFig. 2 indicates that the friction of  covering, and crater formation of the FM film.
the FM-FeOs composite is not simply dependent on the rel- The grease effect on the friction performance of FM films
ative concentrations of the constituents, nor their respectivewas proven in the rheometer tesisg. 4 and Amsler tests
coefficients of friction. It has been suggested that when a (Fig. 7). This influence of grease on the tribological perfor-
composite sample is sheared under sliding motion, the loadmance of FM films can be related to the lubrication charac-
carried by each phase depends on the wear resistance antkristics of grease and its’ damage to the adhesion bonding of
volume fractions of the phase. There are three different mod-the FM film to the steel surface. When grease interacts with
els to predict the friction of multiphase composite samples: a FM film, the oil compound of the grease can either form
equal pressure (EP), equal wear (EW), and intermediate (I)a thin layer between the film and disk surface, or coat the
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surface of worn film particles. Thus the friction level of the tion can cause an increase of temperature, a change of wear

film is reduced and the FM film adhesion to the steel surface rate and surface roughness, or a change of surface microstruc-

is weakened. As a result, the film becomes easier to abraddure. A positive friction—velocity relationship can be due to:

and remove from the disk surface. During the Amsler test of a

clean FM film, the smooth transition between the film-contact ® (Increasing) velocity increases the wear rate, which in turn

phase and the disk-contact phase is hypothetically attributed roughens the surface and intensifies the plowing and cut-

to the chemical modification of the disk surface by the FM  ting contributions to frictior{28].

film. When the disk surfaces are contaminated by grease,® The increased frictional heat by an increased Slldlng ve-

this surface modification can be effected or even arrested. locity softens surface and increases asperity contact.

Characterizing the chemical composition of the disk surface ® Since polymers are viscoelastic materials, sliding speed

at different periods would he|p us to assess this theory_ An has a Significant effect on their friction behaviors. For vis-

extreme example is the sample with 60 mg gre#&sg. (7). coelastic materials, an increase of sliding velocity is equiv-

After the complete destruction of the FM film, grease spread ~ alent to a drop of temperature (time—temperature superpo-

to the entire contact area between two disks. This causes its Sition theory). For example, Eiss and McCg@8] found

w values to be similar to the grease sample. that, for smooth surface of acrylontrile butadiene styrene

The relatively lower shear strength of the grease layeris  copolymer (ABS) sliding at high normal load in a pin-

one of challenges we faced when we tried to apply the “third  on-disk apparatus, the friction force—velocity curve had a

body” rheological mode]8] to the grease-contaminated FM negative slope at low velocities and a positive slope at high

films in order to explain its rheometer results. The present Vvelocities.

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-5. Summary

sumption becomes unreliable in our experiments in the pres-

ence of grease. Hence, a combination of a slip in the greaseg(1) The shear stress and friction behavior of the FM&¢

layer and an elastic or plastic deformation of the FM film composite films are controlled by the relative contents of

might be occurring during the rheometer experiment. Fur- FM and FeOs. When the FgO3 concentration is high

ther work is required to explain this process; a consideration (75-90%), the shear stress—displacement curves of the

of the grease factor should be incorporated into the future FM-Fe O3 films show a distinct peak at the low displace-

rheological mode. ment region. The magnitude of this stress peak increases
with the FeO3 content. This phenomenon could be due
to the aggregation of R©3 particles inside the FM poly-
meric matrix.

(2) The shear stress—strain (displacement) relationship of the

FM-FeO3 composites should be controlled by (i) the

elastic and plastic deformation of polymer materials; (ii)

the deformation mechanism of particle aggregates inside

the polymeric matrix; (i) the interaction between the

4.5. Velocity dependence of friction coefficient of FM
films

Many fundamental studies of sliding friction show that, for
awide range of materials, friction decreases as the sliding ve-
locity increases. The reason for this was explained by Blau
[28] as: (i) the elevated surface temperature causes formation
of oxides that lubricate the surface; (ii) the shear strength filler particles and the matrix; and (iv) the interaction
of most materials decreases at high frictional temperatures;  between film surface and substrate surface.
and (iii) when the surface melts due to frictional heat, the (3) The concentration-dependence of the friction values of
molten liquid can lubricate the asperity contacts. Blau be- FM-Fe,O3 composites obeys the equal wear model;
lieved that a different type of friction—velocity relationship specifically, the FM component has a higher wear-
can be obtained in a smaller velocity ranges and under certain  resistance and contributes significantly to the friction co-
conditions. efficient of the composite. In a wide range of iron oxide

Figs. 5 and 6indicate that the friction coefficient of concentration (0—80%), the friction of two steel surface
FM films, even under light grease contamination, increases  still can be controlled in a relatively small range of fric-
with the elevated sliding velocity over a velocity range of tion by using friction modifier technology. This indicates
0.5-20°/min (1.38-63.4um/s). As a result, the “negative” the friction-control ability of FM films is effective under
friction characteristic of most metal surface can be modified a wide range of F#3 contamination on the rail head.
to have “positive” behaviour to prevent many related prob- (4) Grease affects FM films in two major ways: disturbing
lems, i.e., stick-slip. Further research is necessary to obtaina filmadhesion on steel surface, and reducing friction level.

more detailed concept of the friction interface and tribology
mechanism during the sliding of a FM film between two steel
surfaces. However, it is worthwhile to look at some possible

mechanisms that could introduce positive friction character-

istic. The additional energy introduced during the sliding mo-

The grease-contaminated steel surface has a lower sur-
face tension than that of FM dispersion, causing inade-
gquate wetting, unsatisfactory edge covering, and crater
formation of FM film. The influence of grease on the tri-
bological performance of FM films should be related to
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the lubrication characteristic of grease and its’ damage to [15] M. Tomeoka, N. Kabe, M. Tanimoto, E. Miyauchi, M. Nakata, Fric-

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 0.5-20min (1.38-63.4.m/s).
This indicates that the positive friction characteristic can
be kept under a light grease contamination.

References

[1] W. Jamison, Wear of steel in combined rolling and sliding, ASLE
Trans. 25 (1980) 71-78.

[2] J. Bearden, The wear of steel rails and tyres in railway service, Wear

3 (1960) 43-59.
[3] H. Krause, G. Poll, Wear of wheel-rail surfaces, Wear 113 (1986)
103-122.
[4] J. Kalousek, Lubrication: its various types and effects on rail/wheel

forces and wear, in: Proceedings of the Rail and Wheel Lubrication

Symposium, Memphis, 1-2 September 1981.

[5] T.M. Beagley, 1.J. Mcewen, C. Pritchard, Wheel-rail adhesion:
boundary lubrication by oily fluids, Wear 31 (1975) 77-88.

[6] T.M. Beagley, C. Pritchard, Wheel-rail adhesion: overriding influ-
ence of water, Wear 35 (1975) 299-313.

[7] I. lordanoff, Y. Berthier, S. Descartes, H. Heshmat, A review of
recent approaches for modeling solid third bodies, J. Tribol. 124
(2002) 725-735.

[8] K. Hou, J. Kalousek, E. Magel, Rheological model of solid layer in
rolling contact, Wear 211 (1997) 134-140.

[9] T.M. Beagley, The rheological properties of solid rail contaminants

and their effects on wheel/rail adhesion, Proc. Inst. Mech. Eng. 190

(1976) 419-428.
[10] P. Clayton, Tribological aspects of wheel-rail contact: a review of
recent experimental research, Wear 191 (1996) 170-183.

[11] C. Pritchard, Traction between rolling steel surfaces: a survey of
railway and laboratory experiments, in: Proceedings of 7th Leeds-

Lyon Symposium on Tribology, MEP, 1980.

[12] Y. Berthier, S. Descartes, M. Busquet, E. Niccolini, C. Desrayaud,
L. Baillet, M.C. Baietto-Dubourg, The role and effects of the third
body in the wheel-rail interaction, Fatigue Fract. Eng. Mater. Struct.
27 (2004) 423-436.

[13] J. Kalousek, E. Magel, Modifying and managing friction, Railway
Track Struct. (1997) 5-6.

[14] D.T. Eadie, J. Kalousek, K.C. Chiddick, The role of high positive
friction (HPF) modifier in the control of short pitch corrugations and
related phenomena, Wear 253 (2002) 185-192.

tion control between wheel and rail by means of on-board lubrica-
tion, Wear 253 (2002) 124-129.

[16] A. Matsumoto, Y. Sato, H. Ono, Y.J. Wang, M. Yamamoto, M. Tan-
imoto, Y. Oka, Creep force characteristics between rail and wheel
on scaled model, Wear 253 (2002) 199-203.

[17] D.T. Eadie, B. Vidler, N.E. Hooper, T.W. Makowsky, Top of rail
friction control: lateral force and rail wear reduction in a freight
application, in: Proceeding of International Heavy Haul Association
(IHHA) Conference 2003, Dallas, TX, 5-9 May 2003.

[18] Y. Suda, T. lwasa, H. Komine, M. Tomeoka, H. Nakazawa, K. Mat-
sumoto, T. Nakai, M. Tanimoto, Y. Kishimoto, Development of on-
board friction control system, in: Proceedings of 6th International
Conference on Contact Mechanics and Wear of Rail/Wheel Sys-
tems (CM2003), Gothenburg, Sweden, 10-13 June 2003, pp. 321-
326.

[19] J. Kalousek, K. Hou, E. Magel, K. Chiddick, The benefits of friction
management: a third body approach, in: Proceedings of the World
Congress on Railway Research Conference 1996, Colorado Springs,
Colorado, 17-19 June 1996.

[20] D.T. Eadie, M. Santoro, Railway noise and the effect of top of rail
liquid friction modifiers: changes in sound and vibration special dis-
tributions, in: Proceeding of 6th International Conference on Contact
Mechanics and Wear of Rail/Wheel Systems (CM2003) in Gothen-
burg, Sweden, 10-13 June 2003, pp. 503-510.

[21] H. Harrison, T. McCanney, J. Cotter, Recent developments in coeffi-
cient of friction measurements at the rail/wheel interface, Wear 253
(2002) 114-123.

[22] R.L. Brown, J.C. Richards, Principles of Powder Mechanics, Perga-
mon Press, Oxford, 1966.

[23] D.M. Saffer, C. Marone, Comparison of smectite- and illite-rich
gouge frictional properties, Earth Planet. Sci. Lett. 215 (2003)
219-235.

[24] P.J. Blau, Friction Science and Technology, Marcel Dekker, New
York, 1996, pp. 163-197.

[25] N. Axen, I.M. Hutchings, S. Jacobson, A model for the friction of
multiphase materials in abrasion, Tribol. Int. 29 (1996) 467-475.

[26] M. Broster, C. Pritchard, D.A. Smith, Wheel/rail adhesion: its re-
lation to rail contamination on British railways, Wear 29 (1974)
309-321.

[27] H.J. Streitberger, E. Urbano, R. Laible, B.D. Meyer, E. Bagda, F.A.
Waite, M. Philips, Online Article: Paints and coatings, Ullmann’s
Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag GmbH &
Co, 2002.

[28] P.J. Blau, Friction Science and Technology, Marcel Dekker Inc., New
York, 1996, pp. 356—360.

[29] N.S. Eiss, B.P. McCann, Frictional instabilities in polymer—polymer
sliding, Tribol. Trans. 36 (1992) 686-692.



	Laboratory study of the tribological properties of friction modifier thin films for friction control at the wheel/rail interface
	Introduction
	Experimental
	Materials
	Pin-on-disk rheometer
	Disk-on-disk Amsler

	Results
	Shear strength of FM-iron oxide composites
	Shear strength of FM-grease
	Shear strength of FM-grease at varied sliding speeds
	Microscopic observation of FM-grease
	Friction coefficient of FM-grease from Amsler

	Discussion
	Comparison of friction results from different experiments
	Deformation mechanism of FM Films
	Friction control by FM on Fe2O3-covered surface
	Grease effect on FM films
	Velocity dependence of friction coefficient of FM films

	Summary
	References


