CHAPTER 7

THE "LEROS" WEAR MACHINE.
====LRUS WEAR MACHINE.

DESCRIPTION, TEST PROGRAMME and VIBRATION ANALYSIS.

7.1 Introduction

type of testing machine used, as even small changes in test conditions can affect the
"wear system", as shown in Chapter 4. An in-house, wear machine has been
constructed (the LEicester ROlling-Sliding wear machine, called LEROS). It was
designed both to supplement and to improve on the test programme of the modified

Amsler machine.

The LEROS disc drives are independently driven and not mechanically linked by
gears. This has two advantages; firstly, top and bottom disc geometries are identical,
irrespective of creepage and secondly, disc speeds can be trimmed at weighing
intervals during a test, thus enabling rates of Crecpage and contact stress to be
maintained should disc diameters erode at different rates. The machine was also
designed to exert high contact stresses, typical of the most severe wheel-rail contact,
on wide eylindrical dise contacts, The resultant high contact stress results were of

great interest.

The machine is based upon a standard Colchester Mascot 1600 Jathe bed, using the
gearbox driven lathe spindle for one disc drive. The original intention was that the
wear machine components could be casily removed from the lathe bed thus freeing
the lathe for other types of experimentation, however LEROS has been continuously

used by numerous wear and fatigue researchers since its construction.

Under certain conditions, as experienced with testing on the Amsler machine
(Chapter 6), LEROS discs developed periodic plastic deformations on wear surfaces,
With reference to the types of Amsler disc deformations described in Chapter 6,

similar patterns of facets and ripples were more clearly formed, but fine wavelength
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corrugations did not form. The nature of these deformations and the test conditions
which generated them, are discussed in Section 7.4, in conjunction with a vibration

analysis of this machine.

7.2 A description of the LEROS machine.

A general view of the machine, set up for wear testing, is shown in Figure 7.1.
Schematic views of LEROS, with the gearing arrangements for fast and slow speed
tests, are shown in Figures 7.2 and 7.3, respectively. The respective frequencies of
gear impacts are also listed. LEROS test discs were standardised to a size of 47mm
diameter with 10mm wide wear tracks (Figure 7.4). 47mm is the maximum diameter
a disc can be transversely machined from a (British Rail) rail head, with due
allowance for clearance of any near-surface inhomogeneities. Similar discs were cut

from transverse slices cut from rail wheel tyres (Figure 7.4).

Prior to testing, discs are separately bolted to the top and bottom disc drives on the
respective bearing housings (Figure 7.5). After disc location, an environment
chamber is fitted to the top disc bearing housing. The pivot assembly, containing the
bottom disc bearing housing, can then be slid along the lathe bed until contact is
made with an adjustable stop nut, at which point the disc wear tracks should be
¢xactly aligned in the vertical plane (Figure 7.6). Unlike Amsler machine discs, this
alignment adjustor means that any disc shoulder machining discrepancies can be

compensated for and such discs are not wasted.

The bottom disc bearing housing is situated within a balanced pivot. A hydraulic ram
pivots the bearing housing upwards and then exerts a force on the disc contact. The
location of the ram and a schematic of the hydraulic system are shown in Figures 7.7
and 7.8. Once in position, the pivot housing is firmly fixed to the lathe bed by a
central locking bolt and two bed end clamps (as is the top disc bearing housing). The
pivot housing is moved along the lathe bed manually via a detatchable lever arm.
The pivot housing contains an adjustable movement limit bolt. This ensures loaded
contact ceases should either of the discs wear down to their shoulders. Tt is sturdy

enough to take the full hydraulic load and has been used for experimentation on the
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hydraulic system.

Disc drives.

The slower speed, top disc is driven, via the lathe spindle, from the lathe gearbox
(powered by a 7.5kW AC motor). Two gear settings have been used for testing,
giving top disc speeds of 403 rpm and 88 rpm. A bearing housing supports the disc
drive head. This housing has been designed to minimise disc to bearing distance and
to have the necessary rigidity for high contact stress tests. The disc is fitted to a
slotted drive spigot. This in turn fits onto a slotted arbor which taper fits into the
slotted drive head. This head is supported by roller bearings near the disc and by

ball bearings away from the disc.

The rigid drive linkage between the lathe spindle and the drive head contains an EEL
2400 Series torque transducer that can measure up to 339Nm and is accurate to
+0.7Nm (Figure 7.3). Its millivolt output has been monitored on a W + W Chart
Recorder. The torque calibration curve was determined by statically loading a beam
that had been welded to a slotted disc and was thus accurately located on the top disc
drive. This beam supported a weight stand, mounted on a knife edge pivot, 0,5m
from the top disc axis. During calibration, the machine was slightly vibrated in order

to increase the accuracy of the readings.

As with the Amsler modification, the torque transducer millivolt output 1s fed into a
controllable Shape trip amplifier, this, in turn, is connected to the "emergency stop”
circuit, If a set torque is exceeded on the lathe shaft, both the lathe and DC motors
shut down and the hydraulic piston drops clear of the pivoting bottom disc bearing,
thus allowing the discs to separate (i.e. power to the hydraulic powerpack is
maintained). The spigot, arbor, drive head, both bearing sets and the torque
transducer were all designed to be commercially available products for ease of

replacement and minimum downtime.

The top disc drive linkage shaft is clamped in the lathe chuck in the normal fashion,

but with a "drive" pin engaging one of the chuck clamps, s0 as to prevent any
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slippage. The lathe gearbox and AC motor act as a "brake", rather than a "drive", as
the bottom disc rotates at a faster speed. Braking force is from drive and gearbox
friction and the "generator" resistance of driving the AC motor faster than normal.
(In effect it is acting as a generator of electricity back into the grid.) This force
overcomes the "sticking friction" at the disc interface and hence there is relative

sliding between the discs.

The bottom "driving" disc bearing housing, drive components and bearings are
identical to those in the top disc bearing housing. The bottom disc is driven, via
gearing, by a thyristor controlled 4kW DC motor, supplied by Quinton Crane
Electronics Ltd. (Figure 7.1). The motor control System contains a current limit
safety device to prevent torque overload damage. Thé motor can be driven up to
2000 rpm. It is connected to the bottom disc drive assembly via one of two
interchangeable Fenner gearboxes, inter-changeable pulleys and a toothed rubber belt
(Figures 7.1, 7.2 and 7.3). A combination of the gearing ratios and pulley diameters
results in motor:drive ratios of 4.287:1 (for 403 rpm tests with the lathe gearing set
at "370 rpm") and 17.0:1 (for 88 rpm tests with the lathe gearing set at "87 rpm").
The gearing is such that up to 14% creepage can be generated between discs of equal
diameter during a high speed test and up to 28% during a low speed test. One
Fenner gearbox contains two cog wheels and the other three, therefore the rotational
directions of the DC motor and its n-built tachometer have to be reversed when
changing gearboxes. The DC motor is wired for this purpose, with a safety latched
cross-over switch. The Fenner gearboxes are mounted on a keyed drive shaft which
i1, in rn, mounted in two bearings within the DC motor support frame. The shaft
is connected to the sliding pivoting bottom disc bearing housing assembly by a
variable length propulsion shaft with two universal couplings (Figures 7.5 and V8

Both drive shafts are linked, via toothed belts, to Tekel TK510 shaft encoders, These
register 360 square wave pulses per revolution. Their purpose was to facilitate
computer control of the relative disc drive speeds, i.e. the DC motor would
automatically follow variations in the lathe speed caused by fluctuations in mains

voltage and disc contact friction. This facility was being developed during the
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period of this work but was not availabje for the work described here: the DC motor
speed was manually controlled, The encoders' outputs were used by an in-house
tachometer, accurate to +0.5 rpm. Its output was cross-checked by a Veeder-Root
Type 6611 hand tachometer, which monitored the rotation of a small reflective patch
on each disc drive and on the DC motor shaft. This had an accuracy of £1rpm.
Thyristor control of the DC motor speed control was via a (lockable) potentiometer,
graduated in a 1000 divisions. Total shaft revolutions were counted by mechanical

devices.

Hydraulic loading.

The loading system is shown schematically in Figure 7.8. The piston housing and
manifold are in-house constructions. The piston annulus is a clearance fit so that,
€ven at maximum pressure, there is a slight flow of oil around the piston, thus
preventing any sticking. Pressurised flow to the piston is controlled by a Vickers
electrically proportional pressure relief valve (which contains a linear displacement
transducer) and a Vickers power amplifier board. One of two valves are used,
dependent upon the load and degree of control required: one with a range from 2 to
63 bar and the other from 7 to 350 bar. The 2-63 bar system can exert loads up to 9
kN, giving a maximum contact stress of 1676 MPa between standard discs, The
7-350 bar system can exert loads up to 29 kN, giving a maximum contact stress of 3
GPa.

The system was removed from the wear machine and calibrated on a Mand tensile
machine. For this work the system was manually controlled by a potentiometer. For
the two valve pressure Tanges, pressure transducers were fitted into the pressurised
line to the piston. Their output is fed to a RDP controller/diplay unit. Although used
45 a pressure indicator, this can also function as a back-up control system if
required. The calibration curves were slightly shifted as the oil temperature
increased, By monitoring the RDP display, loads were manually trimmed during
testing, so as to offset oil heating. (Subsequent to this work, the hydraulic power

pack has been fitted with water cooling.)
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During the initial LEROS test (Test 27), after re-fitting the loading system to the
wear machine, it was noted that the pressure line to the piston housing was pulsing.
The loading system was re-installed in the tensile machine and its pulse frequency
was found to be around 50 Hz, with alarmingly high dynamic load amplitudes of up
to +1600 N (Figure 7.9). Numerous solutions were sought involving various forms
of damping (eg. rubber) but to no avail. Eventually the radial piston pump within the
power pack had to be discarded and replaced by a gear pump. This gave a fine pulse
of 200 Hz with minimal dynamic amplitudes of +6 N (Figure 7.9). However, the
maximum load that could be applied was reduced from 38 kN to 29 kN. The gear
pump produced more volume flow than the piston pump and a Sun controllable flow
valve, which fed back the excess oil to the power pack, had to be fitted so that the
System would function. The test was repeated (Test 28). Note that Tests 27 and 28
were carried out with the DC motor directly connected to the bottom disc drive. The
test was repeated once more (Test 29) with a geared bottom disc drive, as described

in previous section. The comparative results are given and discussed in Chapter 8.

Test environment.
As with Amsler Tests, all LEROS lests were carried out with a blast of dry

compressed air on each wear track which cooled the discs and removed debris. The
design of the environment chamber for LEROS is shown in Figure 7.10 and its
location on the machine, clamped to the top bearing housing, can be seen in Figures
7.6 and 7.7. The perspex lid enabled observation of the discs during testing. The
chamber is connected to a standard home vacuum cleaner, via a filter system. Its
suction is such that a slight negative pressure exists in the chamber despite the air
input, thus loose debris is drawn away from the wear interface, The filter system and
environment monitoring system are as described in Section 6.2, except that the
steady air pressure during testing was 3.1kg/cm?* (44 psi) and the air was more
extensively dried and filtered. Disc bulk temperatures were measured by a contact
thermometer, Even under the severest test conditions, discs did not ¢xceed 7°C above
room temperature. Blockage of the vacuum flow by coarse debris collecting in the
filter would affect the test; such a blockage was reflected by a change in the torque

curve. In a few severe tests, the filter was cleared during testing, between the
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measuring stages. (Since this work, the filter has been re-designed so as to allow air
flow around any blockage.) Air leaving the environment chamber was monitored,
with respect to temperature and humidity, using a Testoterm Hygrotest 6200. As
with the Amsler tests (Section 7.4.1), the limited variations in humidity and
temperature that occurred during each test did not seem significantly to affect the
coefficient of traction. F igure 7.11 shows the relationship between traction
coefficient and environment chamber conditions (relative humidity and temperature),

for the same material combination over a range of test conditions.

7.3 The LEROS test programme.

The test programme is shown in Table 7.1. Top and bottom discs of the same disc
geometry were used throughout. The top disc drive torque (used to calculate the
coefficient of traction) and conditions in the environment chamber (humidity and
temperature) were monitored during every test. The aim of the programme was as
follows:

1. To compare of the wear behaviour of the three bainitic steels with standard
rail steel with Tespect to variations in contact stress and creepage.

2. To compare the results of tests on the two wear machines under indentical
conditions of contact stress and creepage (albeit on different disc geometries).

3. To assess the materials under conditions of high contact stress which are
outside the range of the Amsler machine for its standard disc geometry, The
crecpage value of these tests was kept low, such that the product of maximum
contact stress and creepage (p,y) was the same as n earlier tests, Other workerslBeton
WA TR ol ad Chgmse, 184 iaves nsad this product in the evaluation of dry, air-cooled,
rolling-sliding wear test results.

4. To assess the materials with a combination of high contact stress and
crecpage that is again outside the range of the Amslet machine for standard disc
geometries.

. ¥ To assess the effect of changing the test speed (from 403 to 88 top disc rpm).
One pair of such tests was carried out under the high creepage, low contact stress
conditions which had generated the maximum degree of regular surface plastic

deformations in Amsler discs. These results were used as part of the vibration
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analysis of the machine.

6. To assess the effect of reversing top "driven" and bottom "driving" disc
materials for a standard set of conditions.

P Although not originally intended as part of the test programme (as discussed
in Section 7.2), the initial test was repeated with a change in the hydraulic load
supply system (i.e. a change in the dynamic loading of the disc contact). It was then
repeated once more with a change in the bottom disc drive system. These results
were compared. The loading and drive systems of this last test were used throughout

the rest of the test programme.

7.4 A vibration analysis of LEROS.

This analysis was based upon experience gained from vibration analyses of the
Amsler wear machine, as described in Appendix [(Garham, Brightling and Beynon, 1988] and in
Section 6.5. The machine was examined as follows:

* Statically with external excitation.

* With just the hydraulics running,

* With just the lathe motor idling.

* With the hydraulics running and both drives free running, i.e. no dise contact,

* Under test conditions,

Assessments were carried out at the two machine speeds used in the wear test
programme; top disc rotations at 403 rpm (6.72 Hz) and 88.2 rpm (1.47 Hz). The
test conditions used were those which resulted in the clearest disc surface plastic

deformations during the Amsler wear test programme and initial vibration analysis.

Experimental procedure

Vibration measurement.

A single accelerometer was used. fitted with a magnetic base (Bruel and Kjaer Type
A4328 {No. 92062}). It was coupled to a pick-up preamplifier (Bruel and Kjaer
Type 2625, set at 28V) and this in turn was coupled to a Fast Fourier Transform
Frequency Analyser (Ono-Sokki CF-910). The preamplifier could be set to output

acccelerations, velocities (the first integral of accelerations with respect to time) and
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displacements (the double integral of accelerations with respect to time). This
integration process can be viewed as a progressive low-pass filter of the frequency
spectrum, reducing amplitudes at higher frequencies. In this analysis, acceleration
and some velocity spectra have been assessed. Displacement spectra amplitudes (mV

outputs) were too low to measure.

For static and dynamic tests, the accelerometer was alternately located adjacent to
the large bolts which secure each bearing housing to the lathe bed (Figures 7.12a &
b). These are the only flat locations on each bearing housing. Vibrations solely due
to hydraulic loading, with the rest of the machine switched off, were measured
adjacent to the top safety bolt (Figure 7.12c). This had been screwed down, so that it
was loaded hydraulically via the bottom bearing housing. For most dynamic
measurements, 256 spectra were measured and averaged by the frequency analyser,
but for some it was 64 spectra. For static tests, where the machine was externally
excited, an average of 64 spectra was taken; each reading being automatically
triggered by the external soft hammer blow. In this instance, the mV output relating
to signal power was dependent upon the arbitary power of each blow, therefore it is

the pattern of relative amplitudes which is significant.

LEROS disc periodic plastic undulations ... a brief review.

Full results are shown in Table 7.2 and undulation patterns are mapped against test
conditions and materials in Table 7.3. Except where indicated, these results refer to
the disc shape at the end of the test. Some discs developed facets and ripples during
a test, which were then either subsequently cleared or modified. Amsler type
corrugations (shallow undulations extending across the complete track width, with
wavelengths in the order of 0.3mm) were not seen during any LEROS tests.

Comparative Amsler results are shown in Tables 6.3 and 6.4.

Undulation wavelengths
The fact that facet wavelengths were similar for all the materials at both machine
speeds was of great interest. Ripples, which dynamically formed and cleared during

severe creepage tests, also had similar wavelengths. These results are represented on
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the "test condition maps" shown in Table 7.3. The clearest facet and ripple

conditions during a test were used to construct these maps.

Undulation frequencies
These constant wavelengths gave, at the higher LEROS speed of around 403 rpm,

facet frequencies of between 180 and 260 Hz, and at the lower LEROS speed of
around 88 rpm, facet and ripple frequencies of between 40 and 65 Hz.

Undulation patterns

Some discs generated a regular pattern of facets around the circumference (eg.
Figure 7.13) and, once generated, the basic pattern generally remained throughout
the test. The circumferential position of the facet peaks remained stationary for the
complete length of some tests and for periods of others. This was determined by
observing the positions of certain marked peaks during a test, with respect to the disc

drive keyways and by stroboscopic light examination during testing.

During some tests, after a period where the circumferential pattern of facet peaks
was constant, some alternately spaced peaks slowly migrated circumferentially to
form patterns of double and/or triple peaks. A mid-test disc with regular peaks is
shown in Figure 7.14 and the same disc at the test end, after some peak migration, is

shown in Figure 7.15.

Some discs developed a degree of eccentricity with respect to facet amplitudes and a

few developed an eccentric, complex, double pattern of undulations (Figure 7.16).

Undulation characteristics

The surface features of dark, oxidised facet peaks, and of facet troughs with a mixed
abraded, oxidised and metallic appearance, were common to all faceted discs
(Figures 7.13 and 7.14). Surface flaking was often prominent from the trailing edge
(with respect to sliding) of facet peaks. Microexamination of faceted discs, of
different materials, showed that there was a higher degree of matrix strain beneath

facet peaks.
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At one test condition (1300 MPa maximum contact stress, 10% creepage) distinct
ripples formed on top driven discs, irrespective of material. Ripple formation is
typical of the "severe wear" mechanism described by Bolton and Clayton"**. The
ripple patterns had no common surface characteristics, as can be seen from Figures
7.17a, b and ¢ and Figure 7.18b. The most wear resistant disc, B52, changed wear
characteristics when tested under these severe conditions, from being initially faceted
(7.18a) to finally rippled (Figure 7.18b), thus suggesting a transition from one wear
regime to another. Disc rippling had a certain degree of periodicy which was close

to that of faceting (Tables 7.2 and 7.3).

The test discs assessed in the vibration analysis.

Test conditions of 500 MPa maximum contact stress and 10%creepage were chosen,
as these generated clear surface plastic deformations during the Amsler vibration
analysis tests. From Table 7.2 it can be seen that severe undulations were generated
in the top disc during the high speed test, but only shallow top disc undulations
during the slow speed test (which were barely visible on the disc surface). There was
considerable facet peak migration during the high speed test (Figure 7.19) plus

growing disc eccentricity.

A brief review of the vibration spectra results.

The dominant frequencies for each set of test conditions are given in Tables 7.4 to
7.8. Acceleration spectra were examined over different frequency ranges for each set
of vibration test conditions; velocity spectra were examined for most test conditions.

Displacement amplification was too low for analysis.

Natural machine resonances - Table 74.

The machine was switched off. It was excited by blows from a "soft" hammer on to
the lathe bed between the bearing housings. The strongest acceleration and velocity
signals, measured on both bearing housings, were at 85 and 150 Hz, however there

were other strong signals over a wide range of frequencies (Figure 7.20).



Resonances from individual rotating machine componenets.

Principal resonances are summarised in Table 7.5. LEROS components are described
schematically in Figures 7.2 and 7.3 for the two speeds used, along with a
breakdown of respective gear-trains and resultant gear-tooth impact frequencies. The
top and bottom needle roller bearings nearest the discs, contain 28 rollers each. If
static, this would result in contact frequencies of 41 and 188 Hz, respectively, at the
slow and fast speeds. However, the movement of rollers within the bearing cages

results in lower contact frequencies.

The major acceleration frequency (around 5700 Hz) measured, on either bearing
housing, originated from the lathe AC motor (including the pulleys and gears up to
the clutch). Until facets developed, it was also the strongest signal during the
vibration assessed wear tests. The strongest velocity signal (of around 43 Hz) was
also generated by the AC motor. (This lies just within the faceting frequency range,
40 to 65 Hz, for low speed tests; this is reviewed later.) The spectra are shown in
Figure 7.21. This pattern was not affected significantly by engaging either of the two

lathe drive gear-trains.

The hydraulic system, loaded at the test setting, generated only a small amount of
"noise", with acceleration spectra at multiples of 100 Hz (Figure 7.22). Engaging the
DC motor drive at the slow speed setting reinforced the 300 Hz acceleration signal
(nearest tooth impact frequency, 153 Hz - Figure 7.3) and the 27-30 and 300 Hz
velocity signals. Engaging the DC motor at high speed setting reinforced the 200 and
300 Hz acceleration signals and the 30, 155, 200 and 300 Hz velocity signals (Figure
7.23). There were no matching gear tooth impact frequencies in the high speed
Fenner gearing. Note that these signals are at a fraction of the strength of those

generated by the idling lathe AC motor.

Resonances from the machine running, as set for testing, but with no loaded disc
contact.
The results for the high test speed setting are summarised in Table 7.6. The

dominant acceleration and velocity signals, from both bearing housings, were those
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of the lathe AC motor (described above). An additional significant signal of 285 Hz,
for both acceleration and velocity, was measured on the bottom bearing housing.
There were no gear tooth impacts around this frequency. (This frequency lies a little
above the range of faceting frequencies found in high speed tests, 180 to 260 Hz;

this is reviewed later.)

The results for the low speed setting are also shown in Table 7.6. As above,
acceleration (5500 to 6200 Hz) and velocity (43 Hz) signals emanating from the lathe
AC motor were dominant and at the same strength as at high speed. There were no

signals around 285 Hz at this low speed.

Resonances from a loaded high speed test.

Disc facet data and vibration results during the test are given in Table 7.7. Some
acceleration and velocity spectra at the test end are shown in Figures 7.24 and 7.25,
for the top and bottom bearing housings, respectively. The strongest accelerations
measured on the top bearing housing originated from the AC motor. These increased
in strength during the test (as disc facets developed). Velocities were only measured
at the end of the test. At this point, although the "AC motor" velocity of 43 Hz was
significant, there were stronger signals in the ranges 125 to 150 Hz and 215 to 225
Hz. Strong accelerations also developed at these frequencies after being of negligible
strength at the start of the test. These match the frequencies of top disc facets which
developed during the test (Table 7.7). A strong acceleration and velocity signal, at
1375 Hz on the top bearing housing, also grew during the test. This might be the 6th

harmonic of 225 Hz.

Strong accelerations of the bottom bearing housing were spread over a wide range of
frequencies between 95 and 6000 Hz (Figure 7.25, Table 7.7). The strongest test end
velocities were at the faceting frequencies, except for some strong low frequency
signals between 6 and 14 Hz; this might reflect bottom disc eccentricity. (At the test

end, the bottom disc was revolving at 441.3 rpm, i.e. 7.36 Hz.)

It appears that the strength of velocity signals most accurately reflects the
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development of severe disc surface deformations. These signals were not present
when the machine was run without discs, or at the start of this loaded test, however

frequencies at, or near, these ranges have featured in the unloaded machine

assessment described above.

To recap:

¥ The machine has a natural resonance around 150 Hz.

% 200 and 300 Hz acceleration and velocity signals and a 155 Hz velocity signal
were amplified by the combination of weak hydraulic load vibrations and the DC
motor gear-train operating at high speed.

% 285 Hz acceleration and velocity signals were measured on the bottom

bearing housing when the machine was run without discs at high speed.

However, the fact that facet wavelengths are not affected by machine speeds casts
doubt on whether any of these factors are significant with respect to facet formation;

they may enhance facet amplitudes at the high speed setting.

Resonances from a loaded low speed test.

Disc facet data and vibration results during the test are given in Table 7.8. Top and
bottom bearing housing frequency spectra, for the unloaded machine and the loaded
machine (mid-test), can be compared in Figures 7.26" and 7.27, respectively. (" The

spurious signal at 8100 Hz, caused by a rubbing metallic seal, should be ignored.)

Only slight top disc facets developed during this test. The low facet amplitudes
remained constant from mid-test to the test end. There was only a faint visual
indication of this faceting. No bottom disc facets developed. From the Tables 7.6
and 7.8, and from Figure 7.26, it can be seen that the spectral patterns from the
bearing housings of the unloaded machine remained during the loaded test. There
was a minor velocity signal from both bearing housings, near the faceting frequency
of 60 - 70 Hz, observed at the same low signal strength, both at mid-test and at the
test end. However, this signal was present when the machine was run without discs.

There were no acceleration signals at the faceting frequecies.
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This test gave no indication as to why the disc faceted. Most low speed facet
frequencies were near, or at, the strongest velocity signal (emanating from the AC

motor) of 43 Hz (Figure 7.2).

Summary of vibration results.
* On LEROS, facet wavelengths (=4.5mm) remained constant at both test

speeds, i.e. facet frequencies changed proportionally. On the Amsler wear machine
(for a limited comparative test), facet frequencies remained constant at both test
speeds, and facet wavelengths (=12mm at high speed and ~6mm at low speed)
changed proportionally, however the wavelengths of the Amsler disc fine
corrugations (see Chapter 6 and Appendix G <. 1%]) remained constant
(~0.3mm) at both speeds, with a proportional change in high corrugation

frequencies.

* Where test parameters were the same, facet amplitudes were far lower at the
respective lower test speeds set on both machines. LEROS facet frequencies were
within the range of 180 to 260 Hz at a top disc speed around 6.72 Hz and within the
range of 40 to 65 Hz at a top disc speed of around 1.47 Hz. This applied over the
full range of test conditions and material combinations (Table 7.2). Amsler faceting

behaviour was more variable (see Chapter 6 and Appended I).

* Mass, semi-periodic, plastic flow of disc wear surfaces on LEROS, described
as "rippling" and typical of a "severe wear regime"(®oon @ Civion 194 resulted in
surface undulations with the same order of wavelength as the respective disc facets.

Under these severe test parameters, the machine was only run at the slower speed.

* Limited maps of facet formation (Table 7.3), with respect to disc materials
and test parameters of maximum contact stress and creepage, give a slight indication
that the range of test conditions required for facet formation might be related to bulk
material properties such as hardness (Tables 2.3). Microsections through faceted
discs are described in Chapter 9 and the mechanism for their formation is discussed

in Chapter 10.
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= The strongest vibration frequencies, for both accelerations and velocities,
emanating from LEROS, were generated solely by the lathe AC motor and associate
gearing up to the clutch mechanism. These were the acceleration frequencies within

the range of 5000 to 6500 Hz and the velocity frequencies close to 43 Hz.

* When facets are generated on either wear machine, the strength of velocity
frequency signals gives the clearest indication of their presence and growth.
Acceleration frequency spectra register the presence of facets, but there can be

stronger machine signals, particularly on LEROS.

* It has nor been established that machine resonances, natural or generated, are
responsible for facet formation. LEROS has natural resonances at frequencies
bordering the high speed faceting frequency range, in addition to limited excitation
near the top end of the range (from the bottom disc drive, via the DC motor and
Fenner gearing, under hydraulic loading). The strongest velocity frequencies
generated by LEROS (at both speeds), of around 43 Hz, lie at the lower end of the

faceting / rippling frequency range, for the slower machine speed.

* The distribution of rollers in the bearings closest to the discs nearly matches
the circumferential distribution of facets around the discs. However, the rollers are
not static within the bearing housings, therefore loaded contact frequencies would be

lower than facet frequencies.

8.5 Lubricated test facet patterns.

Subsequent to the work described in this thesis, the author has carried out water-
lubricated, rolling-sliding contact fatigue tests on the LEROS wear machine, using
the same design of disclGanham and Beynon, 1990 - Appendix II; Beynon etal. 19941 Under many test
conditions, a visually apparent "facet pattern" developed on the wear track of the
more fully oxidised bottom "driving" discs. The amplitudes of such undulations were
barely measurable and most were less that 2um. The wavelengths of these facet
markings were either similar to those found in the dry tests, or double. All these

tests were carried out at the higher machine speed. Microscopic examination of the
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oxidised disc surfaces indicated that there had been a "stick-slip" pattern of disc

contact and wear (Figure 7.40).

7.6 Summary comment on LEROS

A twin disc, rolling-sliding wear machine has been succesfully built on to the bed of
a standard lathe. Its robust design and construction, together with independent disc
drives, enables tests to carried out with minimal variations to the distribution of
contact stress and creepage. For the tests described in the present work, the
electronic disc drives were manually controlled via potentiometers and during some
tests there was a little creepage variation. Subsequent to the present work, automatic

control was successfully fitted(Gamham and Beynon. 1990 - Appendix 11,

As seen on the modified Amsler machine, under certain conditions, clear undulations
(facets) form on LEROS disc surfaces. No direct vibration frequecy linkage to the

disc drive gear trains has been established.

7.7 References.

Beynon, J.H., Garnham, J.E. and Sawley, K.S. (1994). "Rolling contact fatigue of
four pearlitic rail steels." To be published. Initially submitted to WEAR,
August 1994, Re-submitted following review, June 1995.

Bolton, P.J., Clayton, P. and McEwen, 1.J. (1980). "Wear of rail and tyre steels
under rolling-sliding conditions." Proc. ASME/ASLE Lubrication Conf., San
Francisco, USA, 18-21/08/80. Pub. ASLE Trans. 25 (1), pp- 17-24.

Bolton, P.J. and Clayton, P. (1984). "Rolling-sliding wear damage in rail and tyre
steels." WEAR 93, pp. 145-165.

Garnham, ] E., Brightling, J.R. and Beynon, J.H. (1988). "Rolling-sliding dry wear
testing - a vibration analysis." WEAR 124, pp. 45-63 (appended - Appendix
D).

Garnham, J.E. and Beynon, J.H. (1990). "The early detection of rolling-sliding
contact fatigue cracks." Proc. 3rd. Int. Symp. on "Contact mechanics and
wear in rail-wheel systems", 22-26/7/90, Univ. of Cambridge (UK). Pub.
WEAR 144 (1991), pp. 103-116 (appended - Appendix II).

7.17



Tyfour, W.R., Beynon, J.H. and Kapoor, A. (1995a). "The steady state wear
behaviour of pearlitic rail steel under dry rolling-sliding contact conditions. "

WEAR 180, pp. 79-89.

7.18



Initial values

Test Top Max. Creep Test COMMENT
No. driven cont. -age. length
disc  stress (x1000
Po Y PoY bottom
(Mpa) (%) disc revs.)
+ speed.
Mild wear regime tests.

27 R52 500 3 15 160 fast Oscillating hydraulic load. Direct
DC motor drive to bottom disc.

28 R52 500 3 15 160 fast Steady hydraulic load. Direct
DC motor drive to bottom disc.

29 R52 500 3 15 160 fast Steady hydraulic drive. Geared
DC motor drive to bottom disc.
These conditions prevailed for
all other tests given below.

33 B04 500 3 15 160 fast

34 B20 500 3 15 160 fast

35 B52 500 3 15 160 fast

30 R52 900 3 27 100 fast  Transitional wear regime tests.

31 W64 900 3 27 100 fast (Disc materials reversed.)

on R52

30B R52 900 3 27 50 slow (Repeat test at slow speed.)

36 B04 900 3 27 100 fast

37 B20 900 3 27 100 fast

38 B52 900 3 27 100 fast

46 R52 1800 15§ 27 40  slow Same pgy with high p.

47 B04 1800 1.5 27 40 slow

48 B20 1800 1.5 27 40  slow *

49 B52 1800 1.5 27 40 slow “

2 R52 1300 3 39 40  slow Higher p,transitional wear tests.

39 B04 1300 3 39 40  slow

40 B20 1300 3 39 40 slow

41 B52 1300 3 39 40  slow

51 R52 500 10 SO0 100 fast LEROS vibration analysis tests

59 RS2 500 10 50 100  slow *

30A RS2 900 7 63 50 slow Transitional test, higher creepage.

42 R52 1300 10 130 12,5 slow Severe wear test

43 B04 1300 10 130 75 slow “

44 B20 1300 10 130 10 slow *©

45 B52 1300 10 130 10 slow *“

* Bottom driving discs were W64 except for Test 31.

Table 7.1

LEROS wear test programme.

7.19



‘(,uu,) PaInEwew 8q 310U PINOY EEIUYBENOI

EYITUSTSAYM UOTIETNPUN IWNINISILF -
*{a0833e ,Punp-puws, ) pauioy safddjia avinfex ‘yiBualsaEs Juol -

so®Jans ‘pewJoj pPEY SUOTARINPUN dae3ls PJPym 'SOSTP DWOS UD ~uB3808 g,
‘ESETP SOWET Auw uo pawlog SUCTIWINIIOD YiBuaeasm 3JO0US OU PANIB) "PIWICS FUOTININIJIOD BOTHM-HOIEII ‘YaBuaTeswsm Fuol - 4, ¢ [2]
{EEoUYRNOd SOEJINE WNUTXPW S3UDSRIJdeX STU3 SUTYIWW SOHET ®43 YO [#] *EjusEBINSEAL
*@ousIRFUNIITYS TING 243 juessddea o3 2973WOIDTW PUR UDFIETOANJINS® STFJoad ucdn passq UBAFY uawg
peivTodexixe USSq SPY URATE wIUP PY3 !SUDTIVTNPUN JEWInFaJ gvy 23VETIEE UW 187998 JPIPWOTFjod uvyi JEFIV[ BURPESI - t (4]
2o uaejiwd JeeTs ¥ BWY POUSIBIWNDITI BYI JO 3Jawd ATuo - .4, @ [®] ‘BAFJD PBJESE W jOU 'GATSP 3LTP W PEY OSTP w0330 g 1891
‘pauwloj ,S¥¥ad eTqnop, puw Jujisai Bujanp Byl 3UY3 UT PRXRFJFP B3ES3 BYL ‘G2 189L USAFE Pav ISl IFPTFUTS w
pejelITw BXWed 3909j PWOS ‘paowds ATJIRINIBI ATIWIITUT UENOUYITY ¢ [§:D] Jo E3TNERIT BYl "PSTFJCJd 30U DUE pIZRUER SaWM B2ETP 62 1E®] @yl : [w]
61 wu wu s € gz z 9 T 12 zZt (-5} B 1 &T wossod [ [3] (we3) suUeTIInpuUR yidual
wu wu e € wu -] T wru wu W wu wu wu -F4 ne dol T |-®aAw®M JIO0YE JOo apng Fldwe xwp
- - z'zn - - " = 68 68 e - - - - - + wo3iog
666 &6-2% 921 - Z2°E9 819 9'0L SLT TI8T 11 6°2% g°'sn - - - i dclL Asusnbalg (STAdTH 2o) 1sowy
- - - - - - - - - - - - - - - 1 wo3liod
= - - - - - - g o ag T - - - - 1 -4 [@] «ENEad S[Qnop, 1980wy
— - 9z -~ = = - dz1 dzt - - - - - - ! wo3310g [[p) @ouassjunoaya 1ad
g€ 9E 62 - En dzn dagy 92 iz 4ge 9E a1e - - - dor L (s3[daTy <o) E3vowy
- 14:19 ¥9L - > - - 45'n  46°2 = - - - - - wolied [[2) (wrF) SUCTIVINPUN YIBueT
Hon ¥ES ¥oL TUS“ET 49T 457 45 406T 4041 4T 407 4sT Ful = - dor T-esws Suel O IPNITTIWW xw
og 90t 06 2€ 0z 1T o1 1€ LT i 8n 25 21 sgiz egll wos 308
gz 2 2z 9n €2 T 9T 0ST gz 89 iLE oL (17 12z ET doy [a) [wd] A3T72ja3ussde 28%Q
g°'wE 2'Ly €°'1E 9°gT E'n L - L ] - 6°5T T'OT t<zx:| ooY 4°TE  «UgE wos o8
§'¢ goT 6°91 9-z2 76 L€ - 19 - - 4 8¢ €°g 6°01 £°% |t | dol (%) PEsJ8s UIPFM MOwJL
(_P®avoFpul SEIfUn pue 3¥e3 ®Yyi 1w ‘'sF)
ot ot 6L EZT 0s 001 .09 00T .09 on on on on on on $ _ﬂﬁu ¥ E@TD4AD OSSP woi3jeq) 1w parijoad
75 Uk in't Luy L't Ln°t iyt 'A Bl 1 zL'9 gL'y Ly Lny i1 in"y in*1 I S (2R osFp do3) peasds 388l
0ET OET oET 0ET €9 == 0 T &€ &€ 6C 6E iz L2 : (BdW] L°d TRuTwON
[+}4 aT ot ot L oT ot € € € t $°T S ; (x) "1 ‘SIedaaxd TUIITUL
00ET 0OET 00ET 00ET 006 00% 00% 00ET DOET 00ET o0ET 0081 0091 ¢ (BdW] "°4 "EE23IIE 3IVIUGD "XEW TEFIFUI
oM noM n9M LEL] ngM oM oM bl n9M 15m L LEL] oM ¢ ONFD BUFARSP wozjog
268 ozg To"E 254 26y 264 [4%: £4]:4 0zZE o8 zEed zsd L1144 s oBIP BurpMwaq dog
sn n 14 ] z2n voE z8 15 n on 6E zE & o0 : Lsquny 1sal
oz €2 T n L € wu wy (-2 wu wu e S'E e v : woszeg [ [4)] (=w3) suopawIinpun yidual
T ol (riv} S 0> wu wu T T w (] W "0 S0 wu <0 : dol TL-9aBs 130UE JO BpnijTdum  cxEl
- - zoz = - 107 6n2 A4 = 292 cEz - - - = : woilog :
- - zne - g6z g62 10T got S 8u poz 222 - - gee énz : doj Aousntea) (@Tddyy I0) 390wl
= - a9T ar = - T T = Ly - = = .. = : Woizog
- - -1 ] - & - - - - : % | - - - - - L dol [=] wEHTad alqneop,, 313094
= - dape - - asT 9€ -1 - cC ang - - - - 3 Wo3Il0g r{p] ssusasgunadfs Jad
- - ag5€ - g€ gt a6t dig EE 1€ £E — - 5E aLE : dol | (s@Tad Y J0) s322%w4
= = 49T = = 45°9 498 480 = 4171 dd = = - 362 : Wo33log (2] (uUr3) SUCFIWINPUR YlIuag
= = 494 - 408 408 45y 46°E 492 459 40€ 7 = 4ET d4E z dol T-®awm BUCT FO SPNIJTAW “XEW
BEST B08T oz 6 LE 92 0E et LAY 91 g n L L 5 i wWo3icE
& LT En € 06 zn oS gE 81 08 ne T 2 ST z : daol {a] (uv) R3FoFdiusocoe osTQ
0r'o2 0°E2 Tk - L ST - 9°9 - L€ 6'9 - 9'0 B (52 6% : WOIIO0E
£E°2T g°02 6t = g€ = 66 = €1 79 o 20 g'o n't g'0 z dol (X) PwRads Y3IpTM Howal
_lgﬁuﬂbqﬂﬁﬂ EE@TuUn pus 3823 8yl 3V ‘2T)
on on 00T 1 oot 0§ oot .08 (119 00T 0% 09T o9t 091 o9t = nno.n X Ea8[oAY DETP WO33ICq) I¥ PITFFOd
T LT 2l9 2L*9 ZL"9 2L"9 2L°9 ZL*S% in't eL"9 eL'9 2L°9 eL"9 2L'9 gLy ¢ (ZH os7p doi] pawds 1sel
L2 Lz b=/ T s e Y Lz - L2 ST &T ST Gt : (waW) 4°a TWUTWON
i 4 | € (= £ € € £ E E £ ! (%) 't "®IVAIBIT TWFITUIT
008t 008T (s 1-1.] oob 006 006 -[:13 s[:14 oos oos =131 i (waW) ‘''d 'SSIJIF 1IWIUCD CXWW TWTITUI
nom ngM oM oM n9M nom nom noM L) LE-LY neM d oE P BFuFATIp woziog
noE 26 25" 024 nog 25y Z%d 288 oZe no8E 294 i oETP Bufxwiq doi
iy on BE LE 9€ g0E -]+ i1 nt EC gz (@) ! aaqunnN 38eL

periodic undulations, generated during

LEROS test disc deformations, including
the test programme. Test conditions are shown.

Table 7.2
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Maximum Creepage
contact
stress
(MPa) 1.5% 3% 7% 10%
R52 /| W64
500 (F4.0/none) high wear (F5.4/none)™"
mild wear (F3.0/none)"*"

900 (F4.5/4.3)™ (F3.3/nil)*"

[(F4.7/4.1)]"

(F4.5/none)*™"
1300 (none/none)*"™ (R4.5/R5.0)*

(* ripples sheared during test)
1800 (none/none)* "
B04 / W64
500 (F4.3/none)™
900 (F4.0%/4.1)™
(* top disc faceting for initial 40000 revs only)
1300 (F4.7/none)*"™ (R4.9/R5.4)s¥
1800 (none/none)**"
B20 / W64
500 (none/none)™
900 (F3.8/none)™
1300 (F4.0/none)"*" (R4.0/none)*"*"
(R4.0/nil)**
1800 (none/none)***
B52 / W64
500 (none/none)™
900 (*F4.1/4.9)™
(* faceting for last S0000 revs only)

1300 (F3.9/none)"™ (R3.9/none)™""
1800 (none/none)* ™"
KEY:

(F4.0/none)
fast

slow . slow machine speed, 88.2 rpm, 1.47 Hz,
(R4.0/R4.1) : (top disc ripples, average wavelength 4.0mm / bottom disc ripples, av. wavelength 4.1mm)
a * In this test the materials were reversed, W64 top disc and R52 bottom disc.

¢ (top disc facets, average wavelength 4.0mm / bottom disc, no facets formed)
: fast machine speed, 403rpm, 6.72 Hz

Table 7.3 Test condition map for LEROS disc undulations.
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MACHINE NATURAL RESONANCE - STATIC DISC CONTACT AND NO CONTACT

A 801 N load was applied to two 47 mm diameter eylindrical disecs
with 10 mm wide wear tracks in contact, resulting in a maximum
contact stress of 500 MPa. U4 Nm of torque was applied to the top
disc shaft in the direction of (dynamic) testing. (This was the
maximum torque applicable at this load before inter-disc slippage
occurred.) The machine was excited by repeated upward soft-hammer
blows to the Lathe bed between the bearing housings. With manually
applied hammer blows the value of signal amplitudes is arbitary,
however a valid averaged pattern of amplitudes over the frequency
spectrum is established, as shown by the mV readings given below.
For each spectrum an average of 64 hammefg blows was taken.

Transducer Location Principal Frequenciles Signal Strength
(Hz) (mV)
Top bearing housing
Accelerations: 85 T
150 e G 4
220, 340, 430, 695, 835,
885, 1000, 1155, 1360 0.8 =» 1.0
25, 24o00-2700, 3500-3700, 5500-6500 o 8,3
Velocities: 85 0.62
150 0. 52
25 0.u4u8
55 0.24
220-225 0.10
Bottom bearing housing
Accelerations: 150 2.2
350-365 1.8
85 b 1
25, 55, 435, 850, 1000 0+5 & 1.0
5000-5200 203
Velocities: 150 0.80
85 057
25 0.54
55 0.40
365 0.30
190-225 0.25

Fregquency spectra for the natural machine accelerations with NO
digsecs present were not significantly different from those above
except that signals around &5 Hz were of low amplitude. Velocity
spectra were not measured.

Table 7.4 Principal frequencies of natural resonances from LEROS, measured as
accelerations and velocities, with the machine components static.
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MACHINE COMPONENT RESONANCES

MACH I NE L S s

Lathe AC motor idling, elutch disengaged - gear shafrts static

Transducer location Principal frequencies Signal strength
(Hz) (mV}

Top bearing housing

Accelerations: 5725 22
5500-6200 >11
45, 100 2.6
Velocities: b3 1.9
100 0.9

This pattern was not affected by any of the gearing selections.

Lathe drive engaged at 400 rpm

Top bearing housing

Accelerations: 5200 2&
5725 13

Lg00-5900 > 8

475, 57%. 900, 1375, 2300, 2700 6 =+ 9

45, 100 a

Velocities not measured.

Lathe shaft engaged at 88 rpm

Top bearing housing

Accelerations: 5275 21
5725 18

5100 -+ 6000 > 10

2375 8

50 5

600. 975. 1350, 1775 =3

Velocities not measured.

Hydrasuliec loading only (801 N)

Bottom bearing housing

Accelerations: 4oo o.1h
200. 700. 900, 1200 0.06 + 0.08

50. 100, 140, 300, 500.
600, 800, 1000, 1100 0.02 + 0.05

Velocities not messured.

Bottom shaft rotating at 97.5 rpm (DT metor 1558 cpm),
hydreulically loaded sgainst stop at A0l N.

Bottom bearing housing

Accelerations: 300 1.9
a7e 1.2
a0 0.9
200 0.8
1170 0.6
Valocitles: RS 0. 8L
300 0.31
shaft spotaring arv Un3. m (D
nyaraulically loaded sgainat steop et 801 N.
Bartom bearing housing

Ascelarations: 300 2.6
200 2.0
825, 1000 *1.8
155 1.3
e 0.5%
Velocities: 155 Q.56
200 0.48
300 0.42
30 0.38

Table 7.5 Principal frequencies of resonances generated by the individual operating
components of LEROS, measured as accelerations and velocities.
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MACHINE RUNNING EMPTY UNDER TEST CONDITIONS

(Hydraulic ram lcaded against the bottom bearing housing stop
bolt. )

High speed conditions (as in Test 51)

801 N load
Top disc shaft 401.2 rpm (6.69 Hz). Spindle tooth impacts U455 Hz.
Bot. dise shaft 443 rpm (7.38 Hz). Finsl gear tooth impacts 827 H=z.

Transducer location Principal frequencies Signal strength
(Hz) (mv)
Teop bearing housing
Acceleraticns: 5550 28.3
5000 - 6000 > 12.0
4175, 575 7.5
900, 1340, 2325 ~ 6.0
45, 285 3.5
100, 150. 200. 300,
670. 970, 1190 1.7 =+ 2.7
Velocities: 42.5% 2.3
17.5, 32.5. 92.5. 150,
200, 285, 475, 570 0.4 » 0.7
Bottom bearing housing
Accelerations: 5550 9.4
5100 = 6000 > 5.0
285 6.2
570 i, X
150 2.9
45, 100, 200, 350, 825,
855, 1000, 1135 1.5 » 2.4
Velocities: 42.5 1.5
285 i.0
147.5 0.8
17.5. 100 0.6
200, 300, 567.5 ~ 0.4

Low speed conditions (as in Test 52)

801 N load
Top disc shaft 88.4 rpm (1.473 Hz). Spindle tooth impacts 131 H=z.
Bottam disc shaft 97.7 rpm (1.628 Hz). Final zear tooth impacrs

164 H=z.
Trangducer location Principal frequencles Signal strength
(Hz) {mV)
Top bearing housing
Accelerations: 5725 25.9
5500 - 6200 > 13.0
2375, 7050 7.4
45, 670, 1190, 1785 2.2 = 2.7
100, 200, 300, 595 1.4 =+ 1.7
valocities: L3 21
27.5, 100 = 0.9
fottom bearing housing
Accelerations! 5600 10.1
5300 =» 6500 > 5.0
45 212
110, 304, 11%0 o 1.9
415, 595, 885 Lk » 3.6
Velocities: u3 - T
48.58, 27.5, 111.5 0.6 » 0.7
100.5%,. 130 =0.3

Table 7.6 Principal frequencies of the resonances generated by LEROS with the machine
running under load against the safety stop with no discs fitted. Measured as
accelerations and velocities; top - at the higher speed, bottom - at the lower

speed.
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Table 7.7

VIBRATION MONITORING OF A HIGH SPEED TEST

Test 51: BS11 rail steel top disc, Tvpe 'D' tyre bottom disc,
meximum contact stress 500 MPa, creepage 10X, test length 102 top

disc revolutions.

Load Top disc speed Bottom disc speed
(N) (rpm) (Hz) (rpm) (Hz)
Test start: 800 401.5 6.69 443.8 7.0
Test end ! 786 4oi.2 6.69 481.3 7.35

At each weighing intervel, the load and DC motor speeds were
trimmed so as to maintain contact stress and creepage with respect
to the different worn diameters of the discs and slight variations

in Lathe speed.

Frequencies and maximum amplitudes of facets that formed on the
worn disc surfaces:

Top disc *Bottom disc
Frequencies at | Half circumference = 139 Ha 89 H=z
60,000 revs. ! Half circumference 214 Hz smooth
Max. amplitude : + 170 um * 2.5 pym
Frequencies at | Half circumference 167 Hz 89 H=z
100,000 revs. ! Half circumference 181 Hz smooth
Max. amplitude : t 190 um + 4.5 pym
* Note: Bottom disc facet amplitudes were two crders of magnitude

smaller than top disc facet amplitudes.

Transducer location Principal Frequencies Signal strength
(Hz) (mV)

(Top disc revs X1000)

Top bearing housing ~3 =65 ~105
Accelerations: 5550 27 a3 61
(10 kHz range) 5300 = 5800 >12 >25 >30
1375 7 53 65
1250 - 1475 <5 >30 >35
215-225 T 6l 41
125-150 <6 20 32
95 <6 7 9
5 <6 4 5
Velocities: z15-g25 7.9
(% KHz range) 125-150 7.9
85 L
45 2.4
1375 1.8

Bottom bearing housing

Accelerations: Looo-6000 & 15 15
(10 kHz range) 1875-1900 2 13 20
1475-1575 3 21 25
11060-1200 u 3z as
$50-1050 7 590 ko
770-850 i 32 32
825=-575 7 33 us
420-430 i 31 25
270-330 8 8 30
215-225 3 as 27
125-150 u 29 30
95 3 10 10
Velocities: 220 = 230 6.5
(5 kHz range) 120 = 1bo 10.5
95 4.3
85 3.0
6 =+ 14 17.2

Principal frequencies of the resonances generated by LEROS during a high speed
test, measured as accelerations and velocities. Disc surface undulation
frequencies are shown.
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VIBRATION MONITORING OF A LOW SPEED TEST

tyre bottom disec,
test length 10

BS11 rail steel top disc, Type 'D'
creepage 10X,

Test 52:
maximum contact stress 500 MPa,
dise revolutions.

top

Load Top disc speed Bottom disc speed
(N) (rpm) (Hz) (rpm) (Hz)
Test start: 801 88.uo0 Lo A7 97.69 1.63
Test end 790 88.25 387 97.35 1.62
At each weilghing interval, the load and DC motor speeds were

trimmed so as to maintain constant contact stress and creepage with
respect to the different worn diameters of the test discs and
slight variations in Lathe speed.

Table 7.8

Frequencies and maximum amplitudes of facets that formed on the

worn dise surfaces:

Frequencies at | Half
60,000 revs. \ Half
Max. amplitude

Frequencies at | Half
100,000 revs. |\  Half

amplitude

Max.

Top disc

circumference
circumference

* 4.5 pm
circumference
circumference
+ 4.5 pm

it

Bottom disc

70.6 Hz No
Not distinect facets
61.8 Hz No
Not distinct facets

Transducer location

Principal Frequencies

Signal strength

Top bearing housing

Accelerations:
(10 kHz range)

Yelocitien:
(2 kHz range)

Bottom bearing hous

5

ing

Accelerations:

(10 kKHz range)

Valoseclitiee:
(5 wHz ranga)

5
b

(Hz)

5800-6000
400 » 6100
4750

2375

1785

1150

670

3oo

sto=4s

100-101
6T7=6A
no=-45

&
18.

A

5500-5700
5350

300 = 6ooo0
600 - 5500
1150

300

ho=L5

112-113
100-101
67-68
bo-u5

27.5

18.5

(mV)

(Top disc revs %1000)
~3 =60 ~100

16
>6

30
»15

WMo n
W NOo®
W M=
MWW,

OCOMODOOD WNNNUNMNOVONWE
onoWwEE

CNEPEE ~NEOUE

(=2 =T = =

16 9

>6

L
B

Principal frequencies of resonances generated by LEROS during a /ow speed
test, measured as accelerations and velocities. Disc surface undulation

frequencies are shown.
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An overview of LEROS. To the foreground, the hydraulic power pack and the
DC motor and gearing which drive the bottom disc. To the left, the vacuum
extraction for the environment chamber. [Note: In this photographic figure and those
following, the safety cage was removed for access. |

Figure 7.1
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Lathe gearbox

1
® @O0 00 @

®

[T ITRITIT T

Torque

Schematic representation of gearing for fast speed wear testing

transducer

Top disc shaft
bearing housing

Wear test disce

/ Lathe AC motor \

|

Toothed

Variable drive DC motor

belt
drive

Fenner gearbox ].

-

Cip—

|

\G

Figure 7.2

Lathe bed

I
I
I
I

Hydraulic loading against balanced, pivoting bottom disc shaft bearing housing

Lathe (top sharft) gearing set st "370 rpm" and 0.287:1 Fenner gear

used between the DC motor and the bottom shaft,

SHAFT ROTATIONAL NUMBER OF GEAR TOOTH
SPEED GEAR TEETH IMPACT FREQ.
rpm Hz Hz

1 Lathe motor 1518 25.29 'V' pulley -

2 Clutch ahaft 1117 18. 62 V' pulley -

s 670

3 Drive aharft 1117 18.62 36 &70

i 577

4 Second shart 962 16.03 (3 577

18 289

5 Inter-shaft 385 6.081 as 289

a7 237

6 Idler anart, free 593 9.89 2a 237

running on Sacond a6 ass
Shart

7 Spindle, TOP DISC a01,3 6,69 68 a5s
Por 16X crecpoge

a BOTTOM DISC sharft Lan. s T.39 iig aza

§ Firat Fenner snartc zzuh 37.63 zz &zb

32 1200

10 No& sscond shaft in

this gearbox

i1 PC Motor 1901 31.69 38 1208
Zer 3X creepage

8 BOTTOM DISC shart 413.5 6. 89 112 e

9 First Fenner shaft 2105 35.08 22 772

3z 1123

11 DC Motor Ty 29.50 38 1123

A schematic view of LEROS as set for sgh speed testing, showing the gearing
arrangement and listing gear impact frequencies.
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Lathe gearbox

Shaft
number

& e @6 06 .6

Clutch

Torque

transducer

=~

Schematic representation of gearing for slow speed wear testing

Top disc shaft
bearing houaing

Wear test
disce

Toothed belt

Variable speed DC moter

Lathe bed

Figure 7.3

drive

Shaft

number

®

Hydraulic loading sgainst balanced, pivoting bottom disc mbaft bearing housing

batween the DC

otor

a_the bott

SHAFT ROTATIONAL NUMBER OF GEAR TOOTH
SPEED GEAR TEETH IMPACT FREQ.
rom Hz Hz

1 Lathe motor 1518 25.29 *V' pulley -

2 Clutch ahaft 1117 18.62 V' pulley -

36 670

3 Drive shaft 1317 18.62 36 670

26 .15

u Second shaft 708 11.81 a1 ada

a5 a13

L Inter-shaft .11 18.76 28 a13

17 251

6 Idler shaft, free az7 5.45 as 251

running on Second 24 131
Shaft

T Spindle, TOF DISC 88.25% 1.87 89 131
Por 10X creepage

8 BOTTOM DISC ehaft 97.54 1.63 101 1614

4 Pires Fenner shaf® 293 a.21 20 16U

T0 575

10 Second Fenner ahaft 1326 22.10 26 ETS

ag LT.1

11 DC Mater 1688 27.63 3z 111

cree =

a8 BOTTOM DISC shaft 90.98 1.52 i01 153

9 Firet Feanner shaft asg 7.65 20 153

70 536

10 Second Fenner shaft 1236 20.81 26 536

a0 8zt

11 DC Moter 1586 25.76 kT 82a8

A schematic view of LEROS as set for /ow speed testing, showing the gearing

arrangement and listing gear impact frequencies.
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Figure 7.4 LEROS test disc dimensions and disc locations within rail and wheel tyre
Sections[dtawhg from Tyfour et al, 1995]‘
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Figure 7.5 LEROS ready for disc loading. Once loaded, the bottom disc bearing assembly
can be slid left against an adjustable stop so that wear tracks are precisely
aligned. The torque transducer is located to the left of the top bearing housing.
The drive bar in the lathe chuck is pinned to ensure that no slippage occurs.

Figure 7.6 LEROS set ready for testing with discs enclosed in the environment chamber.
The instrument in the foreground is showing environment chamber humidity.

~
(O8]



Figure 7.7 The bottom disc bearing housing pivoted up and loaded by the hydraulic ram.
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Figure 7.8 A schematic of the hydraulic loading system.
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The design of the LEROS environment chamber.
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Figure 7.12  Location of the accelerometer used for vibration analysis. (a) Top disc bearing
housing location. (b) Bottom disc bearing housing location. (c) Location next to
safety bolt for measuring hydraulic loading vibrations.
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Figure 7.13 A faceted R52 top disc (left, above) and its Talyrond profile. (Test 30A, 900 MPa p,,
7% creepage, after 50K revs.)
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Figure 7.14 A W64 bottom disc with clear facets at the mid-test stage” ('SOK top disc revs.)
and its Talyrond profile. (Test 36, B04 top disc, 900 MPa p,, 3% creepage. Rolling and
sliding from left to right )
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Figure 7.15  The disc shown in the previous figure at the test end (100K top disc revs) and its
Talyrond profile. Some double facet peaks have formed.
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Figure 7.16  Top disk Talyrond profiles showing asymmetric patterns. (a) Asymmetric facet
amplitudes (Test 33 B04 top disc, 500 MPa p., 3% creepage). (b) Asymmetric amplitudes
and wavelengths (Test 38 B52 top disc, 900 MPa p., 3% creepage).
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Figure 7.17  Ripple formation on top disks tested at 1300 MPa p, and 10% creepage. (Rolling
from left to right, sliding in opposite direction.) (a) Test 42 R52 disc after SK
revs. (b) Test 43 B04 disc after 7.5K revs. (c) Test 44 B20 disc after 10K revs.
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Figure 7.18  The change in wear pattern of the B52 top disc tested at 1300 MPa p,, 10%
creepage (Test 45 - rolling from left to right, sliding in opposite direction). (a)
Faceted after 5K revs. (b) Rippled after 7.5K revs.
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Figure 7.19  The R52 top disc from the high speed test used for vibration analysis (Test 51, 500
MPa p,, 10% creepage; rolling from right to left, sliding in opposite direction). (a) Uneven
facet features after 100K revs. (b) Facet pattern on Talyrond profile after 60K

revs. (¢) Far more uneven profile after 100K revs.
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Frequency spectra of natural resonances generated by vibrating LEROS whilst

static. Accelerations are shown on the leftside and velocities on the rightside, for
the top bearing housing (top figures) and the bottom bearing housing (bottom

figures).
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Figure 7.21  Frequency spectra of vibrations generated by the idling lathe AC motor of
LEROS (including pulleys and clutch layshaft); all other gearing static. All
measurements on the top bearing housing; two frequency axes are shown with
accelerations on the leftside; velocities shown on the rightside.
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Figure 7.22  Frequency spectra of vibrations generated on LEROS with only the hydraulic
loading operative; measured next to the safety bolt. Top - accelerations, bottom -
velocities.
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Figure 7.23  Frequency spectra of vibrations generated on LEROS with the bottom disc
bearing housing hydraulically loaded against the safety bolt together with the
bottom drive operating at the higher speed setting. Measured on the bottom
bearing housing. Top - accelerations, bottom - velocities.
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Figure 7.24  Frequency spectra of vibrations generated on LEROS at the top bearing housing

at the end of a high speed test (Test 51). Leftside - accelerations on two
frequency range axes, rightside - respective velocities.
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Figure 7.25  Frequency spectra of vibrations generated on LEROS at the bottom bearing
housing at the end of a high speed test (Test 51). Leftside - accelerations on two

frequency range axes, rightside - respective velocities.
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Comparative frequency spectra of accelerations generated on LEROS, measured

on the top bearing housing, with the machine running empty at low speed
(leftside, shown on two frequency range axes) and mid-way through the low
speed test (Test 52; shown rightside on two frequency ranges).
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Figure 7.27  Comparative frequency spectra of velocities generated on LEROS with the
machine running empty at low speed (leftside) and mid-way through the low
speed test (Test 52, rightside), measured both on the top bearing housing (top
figures) and bottom bearing housing (bottom figures).
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Figure 7.28 A LEROS (rail wheel) bottom disc taken from a water lubricated, rolling-sliding
test (1500 MPa p,, 1.35% creepage). (a) "Stick-slip" facet pattern on the
oxidised surface (x5.3 mag.). (b) Close view of the "slip" area (x200 mag.). (c) Close
view of "stick" area (x200 mag,).
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CHAPTER 8

AMSLER and LEROS WEAR RESULTS

8.1 Introduction

Most of the test conditions were determined within the context of the research
contract with British Rail and are representative of conditions on their rail network.
As will be seen this has resulted in many results falling in a transitional zone of wear
behaviour, between mild and severe wear. During some tests a change of wear
regime occurred, marked by a sudden jump from one steady state wear curve to
another. Previous British Rail work!Betn et al. 1982; Bolton and Clayton. 1984] hag examined wear
with respect to the product of test conditions, p,y, where p, is maximum contact
stress and vy is circumferential creepage. This relationship is further examined in the
Discussion (Chapter 10). For convenience, results in the present work have been
grouped in p,y order, however variations of stress or creepage within one value of

p.y gave quite different wear characteristics.

The test programmes for the modified Amsler and LEROS are given in Tables 6.1
and 7.1, respectively. Not all test conditions were duplicated on both machines, as
test requirements changed as the research contract progressed and a requirement of
LEROS was for tests under conditions which were beyond the capabilities of the
Amsler machine. Where tests on both machines were at, or near, the same nominal
levels of maximum contact stress and creepage, wear curves are presented in
adjacent figures. Tabulated wear rate data are based on the least squares analyses of
the linear parts of wear curves. Where a distinct change of wear regime has occurred
during a test, two wear rates are presented ("Slopes A and B"). The effects of
machine variables on wear rates, such as changes in the hydraulic loading system of

the LEROS machine, are presented in these tabulated results.

8.2 Wear rate analysis
Initially, changes in air blast direction, the torque measuring system and disc

grainflow orientations, plus the effects of differently spaced weighing intervals, were
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