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ABSTRACT

This paper outlines work carried out to producesnaf rail material wear coefficients taken

from laboratory tests run on twin disc and pirédsc machines as well as those derived from
measurements taken in the field. Wear regiaras transitions are identified using the maps
and defined in terms of slip and contact ptes. Wear regimes are related to expected
wheel/rail contact conditions armbntact points (raihead/wheel tread and rail gauge/wheel
flange). Surface morphologies are discusaad comparisons are made between field and

laboratory data.
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INTRODUCTION

In a wheel/rail contact, both rolling and slidingcur in the contact @ea. On straight track,

the wheel tread is in contacttiv the rail head, but in curvebe wheel flange may be in
contact with the gauge corner of the railariling results in a laegsliding motion in the
contact. The contact area can be divided intk €ho slip) and slip regions. With increasing
tangential load, the slip region increases and the stick region decreases, resulting in a rolling
and sliding contact. When thangential load reaches its gatiion value the stick region
disappears and the entire contact area is iata sf pure sliding. In curves, especially, there

can be a large sliding component on the contact patch atuge garner of the rail head.

Due to this sliding, wear occurs in the contactler the poorly lubricatl condition that is
typical of wheel/rail contact. has been observed during slidingaw that an increase of the
severity of loading (normal load, sliding velggibr surface temperature) leads at some stage
to a sudden change in the wear rate (v@ulmss per sliding distance). The simplest
classification of the types of weaklebiting these different wear rates ngld wear and
severe wear. Mild wear results in a smooth surface that often is smoother than the original
surface, with minimal plastic deformation and dxiwear debris. Severe wear results in a
rough surface that is usually rougher thae ftbriginal surface, with extensive plastic
deformation and flake-like metallic wear delfs 2]. Both mild wear and severe wear have
been identified on track during faektudies [3]. It was found thatild wear dominated at the
rail head, but at the rail edge severe weas wlaarly occurring. For pure sliding wear tests,
such changes in wear mechanigsult in jumps in wear rate wh the severity of the contact
conditions is increased (for example, by insieg the contact pressure, sliding velocity, or
bulk material temperature) for any pair of maikxi[4]. By plotting weamaps of wear rate
against contact pressure and isiidvelocity, the various territ@s associated with different

wear mechanisms and the transitions from nbiddsevere wear can be identified [4]. In



sliding wear maps produced by Lim and Ashfy, up to seven wear regimens were

apparent.

A different approach for considering wheallrwear data has been used by Bolton and
Clayton [5]. This approacmvolves plotting wear rate ing mass loss/m rolled/nfncontact
area againstTyA, whereT is the tractive force (normal force multiplied by coefficient of
friction), y is the slip (percentage differencesarface speeds between the wheel and rail or

test specimens) arAlis the contact area. Three wear negg were identified during twin disc

testing of rail materialsnild, severe andcatastrophic.

Likely wheel/rail contact conditns at a particular point onteack can be predicted using a
number of different numerical techniques swshfinite element analysis and multi-body
dynamics simulations [6]. Once determined éhean be used to edtify the appropriate
operating conditions for experimenttldies of rail material weafFhe aim of this work is to
draw together available experintal data on rail wear, prode tools in the form of wear
maps and relate the wear maps to a likelygeaof contact conditianfor the wheel rail

contact.

RAIL WEAR DATA

A large amount of data relating to rail matesadar has been generated during experimental
studies carried out over the last two decades gkample see [5, 7, 8, 10]). Data from
these studies and more recent investigatiomggusurrent wheel and rail materials [3] were

used in this work.

The data resulted from tests run on a rangequiipment, from pin-on-disc and twin disc
machines to full-scale wheel/rail test-rig8arious material combinations and contact

geometries were utilised as wels different test condition&ontact presse and slip).



Presentation of data and completeness of data also varied. Chemical composition and

hardness of the rail materials used in tltstewhere available, is shown in Table 1.

WEAR TRANSITIONS

In order to present the data in a way thatuld allow a direct comparison, the approach first
adopted by Bolton and Clayton][@as used. As outlined abouhjs involves plotting wear

rate againsTy/A. This approach has beased in much of the subguent work on wheel and

rail wear, but when different approaches Hheen taken, data was converted (if sufficient
information about test conditions and specimen geometry was available) to enable it to be

plotted using the parameters outlined above.

Three wear regimes have been identified dutimigp disc testing of rail materials [5, 11].
These were referred to as Type | (mild), Tyipbdsevere) and Typdll (catastrophic), as
illustrated in Figure 1 using data for BS11 raitstes Class D tyre material taken from [5].
Each regime is defined in terms of wear raisc contact surface appearance, metallographic
features of disc sections amekar debris. In the mild regimeear appears to be dominated
by surface oxidation [5, 11, 12], whereas ire thevere and catagphic regimes, it is

dominated by surface cracking am@terial loss by spalling [5].

As can be seen in Figure 1, at the transitiolwwben each regime a distinct change in wear
rate occurs. Mild to severe wear results froomtact conditions most likely to occur in the
wheel tread/rail head contaatchsevere to catasyphic wear in the whedlange/rail gauge

corner contact.

Similar trends in wear rate have been seeubsequent twin discdeng, as shown in Figure
2. While it is clear that for each particular ter@al combination the magnitude of wear and

the location of the transitions twesen regimes are different tgeneral trends are similar and



the same regimes exist. It is evident from da¢a presented in FiguBethat wear rates are
gradually reducing with the introduction of newteraals, the wear ratr UIC60 900A rail

steel being up to an order of gratude lower than that of BS11.

A further wear mode, designated heavy weag &lso been identified within the severe
regime [10]. The total wheel and rail weateralata shown in Figure 3 (plotted agagmt
wherep is the normal load) illustrates that thigjirae, characterised by a peak in the wear
rate, exists for varying material combiim@s. It should be noted, however, that the
significance of this peak idetermined largely by the mge of operatingonditions under
consideration. Obviously if themge extends into the catastrophégime then the peak seen

in the heavy regime is relatively small.

Work has shown that, within the severe weagime (where wear rate is proportional to
Ty#A), small-scale twin disc teseésults can be related to those from full-scale tests [13], as

shown in Figure 4.

The full-scale test-rig results are in good agreeimBoth show a linear relationship with a
small difference in slope. It was thoughtaththe difference in slope was due to
underestimated slip values whigvould reduce values of the/A parameter. The spread of
contact conditions for each flange contact represents a wariatithe friction coefficient
(accurate friction values could be determiriedthe tread contact so no spread occurred).
The same applies to the field results, whwbre measured across the entire rail profile,
where the rail is seeing a randorstdbution of wheel profiles. It is encouraging that, despite
the mentioned deficiencies, the field and fulllsa@sults are of the s order of magnitude

as those for the small-scale tests.

The Ty#/A method of plotting data clearly allows foomparison of twin disc test data with

full-scale test with field datalthough very limited data esvailable from the latter.



WEAR COEFFICIENT MAPS

While using theTy#/A method for plotting wear rate daemnables wear transitions to be
identified easily and comparisons of differenaterial combinations to be made it does not
help in fully understanding how ehindividual contribtions of different parameters such as

contact pressure antipsaffect wear rate.

In order to allow a more complete analysigdiod effect of indivilual parameters a mapping
method was required for plotting wear data.was decided that the most appropriate
technique would be that developed bymLiand Ashby [4] for mapping sliding wear

mechanisms.
Wear coefficients were calculatérom the rail steel wear data using Archard's equation [14]:

_Vh

K=—
Ns

(1)

whereK is the wear coefficieny is the wear volume\ is the normal loads is the sliding

distance anth is the material hardness.

Wear coefficients were then plotted against aohpressure and sliding speed in the contact.
Two types of plots were constructed; comtanaps and 3D poingraphs. Obviously the
accuracy of the contour map is limited by thmount of data available. The accompanying
3D graphs give an indication ofhere data is lacking on a particular map. Transitions based

on those outlined above were marked on the contour plots.

Figure 5 illustrates data from twin disc testiusing BS11 rail material versus Class D Tyre
material (details in [5]). Data was available at high sliding velocities giving a more complete
picture of wear likely under sere wheel/rail contact condins. The upper plots show the

full range of data available, while the lowepts focus on the mild to severe wear regimes

where more data is available.



Figure 6 shows data from twin disc tests rat FAST (Facility for Accelerated Service
Testing) using a standard carbon rail (detail49]). Again the upper plots show the full
range of data available, while the lower plots focus on the mild to severe wear regimes where

more data is available.

The data for UIC60 900A rail versus R7 wheadterial, shown in lgure 7, resulted from
both twin disc and pin-on-disc tests (detail§3p). The pin-on-disc tests were carried out to
simulate the higher sliding velocities enntered on tight curves. Such data was only
available for this particular material cométion. As can be seem wear regime beyond
catastrophic was apparent, whevear rates reduced to levedsen in the severe regime. A
similar trend was observed in work in dry wediusteels [15] and alsim ball bearing steels
[4].

It is interesting to note that &w sliding velocities, the levels of the wear coefficients from
the pin-on-disc tests and the awoller tests are similar. Bhresults show that the wear
coefficient depends on the sliding velocity. T$@me tendency can be seen in the full-scale
tests performed at Alvsjo testiik [3]. The wear rate is highat the rail edge (high sliding

velocity) compared with wear ratetae rail head (low sliding velocity).

Wear magnitudes for UIC60 900A rail matenadrsus R8T wheel material resulting from
twin disc testing (shown in Figei8) were similar to those ese with UIC60 900A versus R7.

Not enough data was available to compile a meaningful contour map.

DISCUSSION

The aim of the work described was to producestaolthe form of maps of rail material wear

data for identifying and displayyy wear regimes and transitioor this purpose wear data



was collected from small-scale and full-scaleolatory tests as well as measurements taken

in the field.

Data for a range of wheel/rail material condiions has been preded using two methods;
wear rate versu§y/A plots and wear maps showing weaefticients versus contact pressure
and sliding speed. These have highlighted thatumber of rail sl wear regimes and
transitions exist. The maps allow these e analysed in terms of different contact

parameters.

The Ty#A plots have revealed that tids in wear rate, as the severity of the wheel/rail contact
varies, are similar for a range of rail stedlbey have also showthat over the last two
decades wear rail steel weates have reduced by up to arder of magnitude. This in
theory sounds positive, althoudhas been shown that decregswear may adversely affect
crack growth in rails (wear would normally atd truncate cracks) leading to greater

incidence of fatigue failures [16, 17].

The wear maps presented allow the contributminsliding velocity ad contact pressure to

the wear rate to be isolated and give an understanding of where transitions occur between
acceptable and more severe wear conditions. Téa waps also show that there is a clear
difference in the wear rates for the wheel/radterial combinations studied in the severe
wear regime, where rail steel wear rates hadeiced by an order of magnitude over time. In

the mild wear regime, however, it is hard tetoliguish any differencin wear rate between

the different combinations.

Relating expected pressure and slip in the whagktiontact at certain points on a track route,
particularly low radius curves, to the amounta@ar likely to occur under such conditions, is

very important. It can help in determining:

e more efficient maintenance schedules on particular routes



e where different track profiles may be neededreduce the severity of the wheel/rail

contact
e where application of lubrication may becessary to reduce wear problems.
e improving data input to simulation technigugsed to predictil profile change.

The data used in constructitige wear maps, however, is somewhat limited, which restricts
their usefulness. The maps really represestagting point and while initially they may only
be useful in focussing areas which to carry out further téag will nonetheless be very
useful. It has been noted thaetbhallenge is to extend mapskas these from the basis of

empirical observation to that of thegacalibrated against experiment [4].

Small Scale Laboratory Data ver sus Field Data

The small scale laboratory data shows a large increase in the wear rate when transferring
from the mild to the catasiphic wear regime. Both mild ear and a more severe wear
regime have been identified tnack during field testg3]. Pin-on-disc tests have been carried
out using test specimens cut out and manufadtinom wheel pieces from the rolling stock
and rail sections that had been in use on the Abesjttracks (see [3] for details). In this way
full-scale field data can be compared with pmdisc data from exactly the same material
batches. The field tests were evaluatethguisArchard's equation [14] (Equation 1). The
material hardnessH, is the measured rail hardise and the sliding distancs, was
determined from the number of bogies jagsover the section ofest track using the
assumption that for the leading bogie the fivbeelset was in contaat the high rail gauge
corner and the second wheelset was in comtdbtthe high rail head. The normal loads were
determined from train dynamic simulation®€s[18]). Figure 9 shows the Archard wear

coefficients for field data fronthe Alvsjo test track comped with those for pin-on-disc
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tests. It can be seen that the ranking ef wear rates agrees reasonably well between full-
scale field test and laboratory tests. In tHedaale tests the wear measured at the rail edge
was six times higher than that at the rail hdadhe pin-on-disc tests the wear rate in the
catastrophic regime was four timieigher than in the mild regime. The wear rate for the full-
scale field tests are lower than the pin-on-desults. This is probapldue to the difference

in environmental control between the two teBighe full-scale field tests natural lubrication
as high humidity and biological material willfimence the wear ratén contrast, the pin-on-
disc tests were run in a coolled environment with constant temperature and humidity and

the tests specimens were ultrasonically washed before testing.

Wear Regimes and M echanisms

It is clear, from studying the literature, thatilefrail steel wear regimes have been defined
well in terms of wear rate, méitagraphic features and wear debris, it is not understood what

mechanisms are leading to the alg@sin wear rate that occur.

It has been postulated that temperature may glafe in the wear transitions [19]. In recent
work on wear of R8T wheel steel [20] a quantitative analysis has been used to relate the wear
transition between severe and catastropiwiear to the temperature in the contact.
Temperatures calculated at the contact conditions seen around this transition were in the

region at which a drop in yield strehgof the wheel material occurs.

Calculations were carried out to determine terafures in the pin-edisc contact and twin
disc contact for the UIC60 900Airateel versus R7 wheel stdests (see Figure 7 for wear
rates). The pin-on-disc contact temperatureuwations were carried out using the method
outlined by Lim and Ashby [4] and for the twinsdicontact calculations the approach set out

by Lewis et al. [20] was used. The resulispwn in Figure 10, indicate that the transition

11



from severe to catastrophic wear occurs betweertQGhd 300C. These temperatures
correspond with those causing a drop in tleddystrength of carbon manganese steels similar

to rail steels [21].

Comparison of the pin-on-disc tests and twiscdiests at low load and sliding velocity
indicate that similar temperatures were appgrehich would explain # similarity in wear

rates observed.

Results from twin disc testsarried out using UIC60 900A rail steel and R8T wheel steel are

shown in Figure 11. These also show tear transition occurring at around 200

Wear ver sus Wheedl/Rail Contact Conditions

In previous work on wear of ifasteel no attempt has been made to correlate wear data to
wheel/rail contact conditions. The wheel/radntact conditions illusated in Figure 12
resulted from a study using GENSYS train dymambdelling software [6]. As can be seen a
clear difference exists betwedhe rail head/wheel tread artde rail gauge/wheel flange
contacts. The two points highlighteow results from Medynarsulations of the Alsvjo test

track [22] for the first andecond wheelsets, which provideneasure of corroboration.

To study how the wear regimes identified abéivéen with the wheel/ail contact conditions
shown in Figure 12 the wear map of UIC60 90@A steel versus R7 wheel steel has been
overlaid, as shown in Figure 13. ifhndicates that the railead/wheel treadontact will
experience mild to severeear and the rail gauge/wheel figncontact will experience severe
to catastrophic wear. This backs up previoyspssitions regarding the wear regimes that the
rail head/wheel tread and rail gauge/wheel flange contacts fall Snttace topography
measurements at the Alvsjo test track [ritified mild wear as the dominating mechanism

at the rail head, but at the rail edge a more severe or catastrophic wear was occurring. For the

12



pin-on-disc tests, a change in surface appearance was also noted. For the tests at low sliding
velocity a smooth surface was observed, buhigher sliding speeds, the surface had a

rougher appearance similar to that founthatrail edge for the full-scale tests.

Figure 14 shows the wear data mgsi collected for various rail materials in terms of the
contact conditions. It can be seen that theeel@ge amount of wear test data for conditions
typical of a rail head/wheel tread contactt ery little for the rail gauge/wheel flange
contact. This clearly identifies an area theds to be addressed in future research.
Especially as axle loads amcreasing and rollingtock is being usedn track with low
radius curves as well as thgh radius curves on high spekes, which means it is likely

that the severity of the wheelil contact conditions will rise.

Increasing the wear data available will alsgprove the accuracy and applicability of the

wear maps.

CONCLUSIONS

e In this paper available experimental dataraih wear have been collected and presented

in form of wear maps. Up to five weamgiemes and transitions @ been identified.

e Rail steel wear rates have reduced by up toraer of magnitude for the severe wear
regime in the last 20 years. This is prolyathie to increased durability of rail materials
and changes in wheel materials. For the mildmregime it is hard to detect any change

for the wheel/rail material combinations studied.

e By combining the wear maps with multi-bodyrsilations the likely wear rates and wear

regimes for rail head/wheel tread and railgeywheel flange contacts can be predicted.
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e The ranking of the wear rates agrees oaably well between full-scale field test and
laboratory tests. In the full-scale tests theawmeasured at the rail edge was six times
higher than that at the rail leean the pin-on-disc tests tlvgear rate in the catastrophic

regime was four times higher than in the mild regime.

e Temperature calculations for the twin diswagin-on-disc contacts showed that the large
increase in wear rates seanhthe second wear transitigsevere to catastrophic) may

result from a thermally induced reduction ielg strength and other material properties.

e Gaps have been identified anrrent knowledge both iterms of rail steel wear data and

wear mechanisms that provide a focus for new research in this area.
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Table 1

Wear Regimes Identified during ilwDisc Testing of BS11 Rail Material
versus Class D Tyre Material [5]

Wear Rates Resulting from Twin Disc Testing for a Number of Different
Material Combinations

Total Wheel and Rail Wear Rate in the Heavy Wear Regime

Comparison of Rail Vile Data from Small and Full-Scale Tests and the Field
[11]

Wear Coefficient Maps for BS11 Risiaterial versus Class D Tyre Material
(data from [5])

Wear Coefficient Maps for Stand&drbon Rail Materiahnd an Unspecified
Wheel Material (data from [9])

Wear Coefficient Maps for UB0 900A Rail Material versus R7 Wheel
Material (data from [3])

Wear Coefficient Map for UBD 900A Rail Material versus R8T Wheel
Material

Field Data from the Alsvjo TeStack [3] Compared wh Pin-on-Disc Data
from the same Material Batches (UIC800A rail material versus R7 wheel
material).

Contact Temperatures and Weaffdoents for TwinDisc Tests and Pin-on-
Disc Tests for UIC60 900A Rail Materigersus R7 Wheel Material (lower
graph is a magnification of upper graph)

Twin Disc Contadiemperatures and Wear Coeiéints for UIC60 900A Rail
Material versus R8T Wheel Material

Wheel/Rail Contact Conditions ¢ime Stockholm Local Railway Network
Derived from GENSYS Sinlations [6] (also shown are results from Medyna
simulations of the Alsvjo test tra¢k8] for the first and second wheelsets)

UIC60 900A Rail Steel Weadvlap Plotted Over Wheel/Rail Contact
Conditions Derived fronGENSYS Simulations [6]

Available Rail Steel Wear DaRdotted Over Typical Wheel/Rail Contact
Conditions

Material Specifications
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Figure 1

Figure 2

Wear Rate (;Lg/m/mmz)

100000
* *
. *
“‘g 10000 Type Il, Severe
£
€ 1000 | . -
g * Type lll, Catastrophic
o ~¢‘*" s
T 100 |
[ {
@
2 10 ,:;
«*2%  Type, Mild
1 T T T T T
0 20 40 60 80 100 120
Ty/A (N/mm?)
100000 n
BS11 vs Class D [6] a A + 4 + +
10000 -{ (1984) Ay * \
N LT *
1000 A N A 4 Standard Carbon Rail [9]
100 | .Q‘ﬁ:ﬁﬁ W . (1987)
ALt \
10
UIC60 900A vs R8T
1 (2002)
0.1
0.01 = T T \
0 50 100 150

Ty/A (N/mm?)

200

18



Figure 3
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Figure 5
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Figure 6
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Figure 7
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Figure 8

Figure 9
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Figure 10

Figure 11
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Figure 12
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Figure 14
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Table 1

Reference | Material Chemical Compagon (wt. %) Hardness
(GPa)
C Mg Si Mn S F P Ni Cr Mo Cu Sn
[9] Standard 0.75 0.25 0.98 0.03 0.4 0.09 0.0% 0.0 2.42
Carbon Rail
Wheel 0.77 0.33 0.66 0.04 0.03 0.0 0.0) 0. 2.42
[10] Rail 0.75 1.05 0.22 0.023 0.02 2.90
Wheel 0.62 0.63 0.29 0.021  0.07 2.90
[3] uUIC60 0.6- 0.15- | 0.8- 265
900A Rail 0.8 0.5 1.3
UClI60 0.63- 0.3- 0.85- 004 323
1100 Rail 0.78 0.8 1.3
R7 Wheel 0.52 0.4 0.8 0.035 0.3 0.3 2.75
[5] BS11 Rail 0.53 0.26 1.07 0.02] 0.031 0.0 0.q 0.01 2.45
1% Chrome | 0.70 0.14 1.18 0.029 0.024  0.01 1.0 0.9 3.23
Rail
Class D 0.65 0.24 0.71 0.044 0.02p 0.1§ 0.1 0.0 P31
Tyre
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