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ABSTRACT

The rating life of ball bearings is reduced whemdhparticle contaminants are present in the lubtica
Usually, this life reduction is taken into accountthe calculation of modified rating life by usirtbe
contamination factor through a general characteomaof the lubrication conditions. However, thepact

of contaminant’s variables such as size, hardnedscancentration level has to be specified in dethis
need is resolved by the present work, where greasgaminated with hard steel particles of différenes
are tested with the purpose of finding a patterrihim relationship between steel particle sizes ted
progress of wear inside the bearings. A laboratayyis utilized for these tests and vibration as#@yis
performed to estimate the condition and the resilifieaof the bearings. After the tests, opticaspections
performed in a stereoscope verify the predictiorisvibration analyses. It was found that large
contaminating particles, after their initial defation, produce high stresses and therefore highesar w
of the bearings and that the wear mechanism isetfo®lated to the interruption of the lubricating
film in such a way that local overheating causethpmelting and adhesion of the particles adhened o
the raceways. In case of grease contaminated wéthl particles, vibration analysis can indicate the
severity of wear and monitor its progress. From ¢baducted tests of the present work it is proved
that the size of the contaminant particles afféirgyly the wear process in such a way that thegeiar
steel particle contaminants cause greater damagfeetbearing. The vibration levels were higher and
the damage was greater as particle size increttsisddifficult to establish an equation that délses and
guantifies the wear progress involving all the pagters of size and concentration levels of thel stee
contaminant particles due to the stochastic natdrthe wear mechanisms and therefore presently a
statistical approach of the wear and the residifal éxpectancy seems to be more practical. The
collection of a large number of experimental residtunderway.

Keywords: Bearings, Fatigue, Wear, Contaminants, Measurement

1. INTRODUCTION as it is calculated by their manufacturer. Usuahg
operating conditions are different from the ideal

Rolling element bearings are critical components conditions on which the | life is based. In order to
of many modern engines and machinery. Whentake into account these different operating condgi
bearings have been chosen correctly, handledthe International Standard (ISO, 2007) has moved
installed and maintained properly, their servicee li towards a system approach of the bearing and has
can be well predicted from their basic rating lifg, introduced the modified rating life,};, which is based on
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the Ly life, the reliability modification factor,aand the
modification factor ayso Which is a function of
lubricating conditions, lubricant contamination,
operating temperature and fitting stresses.

Constant p is a function of the three constants
h, regarding maximum shear stress exponents, Weibull
slope and the type of the bearing. Several funstion
which correlate these constants have been propmged

Most of the largest bearing manufacturers staté tha(Harris and Kotzalas, 2006; Zaretsky al., 2000),

lubricant contamination is the major cause of benri
failure before they reach their rated life. Lubrita
cleanliness is taken into account when calculatimeg
rating life. The classification of lubricant cleardss is
based on the ISO 4406: 1999 Cleanliness code which
limited in filtrated oil lubrication systems. Forease
lubricated bearings, which have a large marketeshan
equivalent grease cleanliness classification haseen
established in detail. Other aspects regardingntitare
of particle contaminants such as size,

brittleness and concentration levels have

hardness,

based on different assumptions of the importana an
the influence of each one. Regardless of the adopte
theory, constant p has been experimentally
approximated to the values 3 for ball bearings 0«3

for roller bearings. Usually, the basic rating lifg, is
used, expressing the expected life with 90% rdiigbi

In addition, the basic dynamic radial @ axial G load

is used in conjunction with the dynamic equivalent
radial R or axial R load.

In practice, rolling element bearings show longer

beenservice lives than their basic rateg, llife when they

investigated by researchers but they have not beemperate under normal conditions. On the other hand,

quantified, as in similar studies (Chaabenal., 2013).

service lives are shorter when the operating caort

In this study we experimentally evaluate vibration and especially temperature and lubricating condgio
signal analysis methods for bearings under differen are worse. The need for calculating the expected

lubricant contamination conditions which
accelerated wear. Self-aligned, double row, badirings
lubricated with hard steel particle pre-contamidate

cause service life under realistic, non-normal conditidesl

to the introduction of the modified rating lifeyk
which takes into account these operating conditions

grease of two different particle sizes were tested.and also provides results for probabilities differe

Vibration analysis is performed in the time andthe

from 90%. According to (ISO, 2007), the modified

frequency domains in order to evaluate the accuracyrating life L., of the bearings can be calculated from

of each indicator under these operating conditiomd
lubrication.
vibration analyses findings are compared with agitic
inspections of the bearings.

1.1. Basc Rating Life of Rolling Element Bearings

At the end of the experiments the

the equation below Equation 2:
Lo =01 %015 X Lyg

)

Where:
a; = Life modification factor for reliability

During their operating life, bearings are carrying aiso = Life modification factor, based on a systems
loads which cause variable stresses to the contachapproach of life calculation

surfaces. These Hertzian contact stresses are #ie m

cause of fatigue, determining the useful operatifey
This service life of rolling element bearings caa b
estimated based on the Weibull distribution and

given probability n, the service life of bearingnche
calculated from the equation below Equation 1:

1)

Where:

L, = Basic rating life (with probability)
Q. = Basic dynamic load

Q = Actual load

p = Constant
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its
application on bearings. Based on Weibull's theory - ¢[&C
(Palmgren and Lundberg, 1947) proposed that for a®%s~ |~ p *

1531

The life modification factorygo is a function of the
bearings’ operating conditions as it is shown ind&ipn 3:

)

Where:
e. = Contamination factor
Cy = Fatigue load limit
P = Dynamic equivalent load
x = Viscosity ratio of the lubricant

The contamination factor.&an be estimated based
on some rough, simple guidelines regarding the

lubrication conditions. The values of the factorvéna
been found experimentally and they are given iavaht
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tables. Generally, life reduction caused by sohdiples  temperatures are also present and often phenomena
in the lubricant film is dependent on: similar to those described in adhesive wear occur.

- Type, size, hardness and quantity of the particles ~ 1.2. Vibration Signal Analysis on Ralling
+  Lubricant film thickness and viscosity Element Bearings

* Bearing size and clearances Rolling element bearings produce mechanical
) vibrations and noise as they rotate. When faules ar
The researches of (Godet, 1984; Niki@l., 1998)  present, these vibrations are increased as theomoti
on bearings’ wear due to contaminants point o Is8Ve of the rolling elements is more disturbed. Thesstéa
possible mechanisms of wear. In terms of contaniinan.an pe minor cracks or even spalls due to fatigue,
sizes (Maruet al., 2007; Dwyer-Joyce, 1999) state that denting, scuffing, scoring, wear, or any other kisfd
the critical size is in the order of the lubricatiélm  deformation of the contact surfaces. The vibration
thickness as particles entrapped in the contacé Zv8  signal can be further processed in the time anthén
causing local oil starvation, increased heating andfrequency domain.
material melting, while others report that whentisées In time domain, data are processed with statistioal
larger than the oil film thickness enter the contane,  arithmetical methods. The most common values tret a

they cause stress peaks and permanent indentatitvs  measured or calculated are (Karacay and Akturk9200
raceway as they are over rolled. These stress geals  Nijy et al., 2005):

to a reduced life of the rolling bearing due tagae.

Usually the contaminants are larger than the typica« The minimum and the maximum amplitude
lubricant film but rather small compared with tlentact ~ «  The peak count
bodies. As they enter the contact zone it is diffico «  Meany and standard deviatian
move the bearing elements apart, so they are detbrm , R0t Mean Square (RMS)
Ductile contaminants are rolled into pellets andtlbr
contaminants are crushed into fragments, as shown i
Fig. 1, which is adapted from (Nikas, 2010). According
to (Dwyer-Joyce, 2005) the damage to the contact
surfaces is controlled by the size of these defdrme
particles which in turn depends on the hardnesthef easily be represented in the frequency domain thieh
ductile particles and the toughness of the brjttidticles. use of a Fourier transformation. The most common

When ductile particles enter the contact zone theyrouyrier transform method is the Discrete Time Feuri
deform elastically or elastoplastically in order to Transform (DTFT) which is calculated efficiently tii
accommodate between the contact surfaces. Generallthe use of a Fast Fourier Transform (FFT) algorithm
denting due to high stresses is associated with thdrequency domain various types of analyses can be
hardness of the contaminant and the hardness of thgerformed such as spectral analysis, cepstrum sinaly
contact surfaces. Various equations have been peopo bispectral analysis, (Zotos and Costopoulos, 2009).
by (Dwyer-Joyceet al., 1990), regarding particles softer Certain fgul_ts and malfunctlons exhlblt s_lgnal peak
or harder than the contact surfaces, correlatirgsipte in characterlstlc fre_quenc_les. Faults_ in rol_lln@rebnt
denting with the relevant hardness. Depending @ir th bearings pro_duce signals n frequenmes Wh'c.h oikjpen

. = the geometrical characteristics of the bearing #rel

hardness the rather soft particles are extrudedtirgs in

. . . g rotation frequency.
high friction and contact pressures leading to aliee Most studies, (Raptist al., 2011; Wongchaét al.,

wear. Sayles (1995) found that high friction proskic 2013) regard experimental setups in laboratory
frictional heating and flash temperatures of a few congitions with minimum distortion and low noise to
hundred degrees Celsius. Harder particles are negpe affect the measured signals. In most real lifeasitins

for abrasive wear through the two major mechanisms,things are more complicated, (Zotos and Costopoulos
the two-body wear and the three-body wear. Hardileuc  2008). Vibrations and noise are introduced into the
particles tend to imbed the softer surfaces andwthey signal due to angular and axial misalignment, shaft
do so, the embedded particles are scratching thewcto  imbalance, improper support and fixings, electrical
surfaces when sliding occurs. High frictional noise, transducer position, load variation.

The crest factor (peak to rms)
Statistical moments of higher order such as
skewness S and kurtosis K

Data which have been recorded in time domain can
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@) (b)

Fig. 1. Particle behavior as it enters the contact zomelation with its characteristics, (Nikas, 201@) A ductile particle deforms
in the inlet zone and becomes a platelet as ibmspressed. (b) A low-toughness brittle particlectiiees early in the inlet
zone and produces small fragments that may imbeddhtact surface. (c) A high-toughness brittldipiarfractures late in
the inlet zone and produces large fragments thia¢éhthe contact surfaces. (d) A small, tough parbiehaves rigidly

These parameters are limiting the use of time domai accelerometer’s axes which is: X for the axis &f shaft,

analysis as the magnitude of the measured signal i for the axis of the load direction and y for theis

dominated mostly by noise rather than the measureq,qicq| to the plane xz. Also, a K-type thermometas

characteristic. In these situations frequency damai . .
analysis seems to present more useful results. used in order to measure the shaft, bearings ansifgs
temperatures and the ambient temperature.

2. EXPERIMENTS 2.2. Pre-Contaminated Grease

2.1. Experimental Setup The pre-contaminated grease was made by mixing
) ) ~solid contaminant particles with clean grease. gitease

The setup simulates a common industrial ysed was SKF LGMT3 mineral oil based, lithium soap
arrangement where a shatft is radially loaded on itsthickened grease with base oil viscosity of 120-130
free end. The schematic of the bearing test rig onmnm&s at 40°C and 12 nfis at 100°C. The solid
which the experiments are carried out is showRiln  particles used as contaminants were corundum fegrtic
2, (Zotos and Costopoulos, 2009). Three different with a hardness of about 2000 HV. Two samples with
types of bearings are used, having the same borelifferent particle size were used as showTahle 1.
diameter. This selection has been made in ordes¢o In order to achieve similar volumetric concentratio
in each housing bearings with different charactiris of particles in the contaminated grease, a quaafiy;75
frequencies and as a result to have a cleareratidit ~ cn® of particles was mixed with 50 grams of clean
about the source of the measured vibration sighlil.  grease. Most of the quantity used remains in the
bearings have conical internal rings with a bore housing and only a small amount of grease is
diameter of 35mm and they are mounted on the shaftecirculating. The actual amount of particles whéctter
with the use of proper adapter sleeves. the contact zone is only a fraction of the usechtitya

Two  Kistler type  8792A25T  three-axial

accelerometers are mounted with magnets on theftop
the two plumper type housings. Visualization and  Two tests were conducted using the above
processing of the signals is made through HBM configuration. At the beginning of the experimethis rear
CATMAN software installed on a Laptop PC. The housing and the bearing was cleaned from the pasaT
naming of the axes is following the naming of the oil and then the bearing was filled with clean geea

2.3. Procedure of Experimentation
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calculated based on the manufacturer's basic dyami
load. The results are givenTrable 2.

For the modified basic rating life ,& the life
maodification factor for reliabilityn; equals to 1 for a 90%
reliability. The life modification factor for systeapproach
ajso depends on the contamination faggthe fatigue load
limit C,, the actual loaé and the viscosity ratie.

The contamination factog. can be estimated from
the given guidelines. The bearing’s pitch diametes
about 54mm and the viscosity rakmf the grease used
at the test temperature of the bearings (65°Chaut
3.5. For grease lubrication under high cleanlinessan
be as high as 0.8 for the dimensions of the tdsteding
(Pitch diameter @54 mm) and for the viscosity ratioof

Fig. 2. Photo of the test rig 3.5.1In severe contamination condi.tioe?sis i_n the range
of 0.05 and in very severe contamination it terdzetro.
Table 1. Material and size table of the used contaminants The bearings manufacturer provides also an advanced
Particle Average method of calculating the rating life accordinghe size
Test Material ~ Mesh size sizgrf) size um) of the contaminants and their hardness. The refols
1 Steel 180-220 62-73 68 these calculations are shown bable 3 and 4.
2 Steel 80-120 105-177 141 The characteristic bearing potential frequencies of

] each bearing can be calculated with the use of titmsa

The same procedure has been followed for the fromsing 9 to 12. The dimensions of the bearings are reduite
using one of the grease mixtures described above. instead, the manufacturer provides these values

A load of 2800N was applied to the flanged housing according to the operation speed. For the rotaltispeed

resulting in a load of 3500 N at the front bearamgl &  of 2,400 rpm (40 Hz) and for a contact angle oftl@®
load of 700 N at the rear bearing. The motor araftsh characteristic frequencies are giverTiable 5.

rotation speed was set to 2400 rpm (40 Hz). Theasig
from six channels was recorded, corresponding & th Table2. Loads and basic rating life calculations for thé al

three axes of each of the two accelerometers. The testing rig's bearings

sampling rate was set to 2400 samples per second SKE 1207  SKF 2207  SKF YSA

(sampling frequency) for each channel. EKTN9 EKTN9 207-2FK
The duration of the experiments was 14 h for each ‘front’ ‘rear’ ‘load’

test, representing about 2 millions of revolutions. Basic

After the completion of each test, the front hogsin dynamic load 19,000N 30,700N 25,500N

was opened and cleaned from the remaining greaseMaximum

The bearing was dismantled and its parts were eldéan allowed static load ~ 6,000N 8,800N 15,300N

from the grease. After cleaning, the parts of eachActualload 3,500N 700N 2,800N

bearing were subjected to optical inspection with a ol
LEICA stereoscope. revolutions 16810° 84,400<10°  760x10°
Duri h h ibrati . s f h L1oin hours

uring the tests, the vil rat|on_5|gnas rom the (at 2400rpm) 1,110 585,800 5250
accelerometers were monitored in real time and
recorded all data were recorded and saved in. BIN
type file format which can be further processedhwit
Matlab software.

Table 3. Modified rating life calculations for various lubent
conditions for the tested bearing

Lubricant condition e 0iso L1iom
High cleanliness 0.80 3.80 4,240
3. DATA AND CALCULATIONS Normal cleanliness 0.60 2.60 2,850
. . Slight to typical
According to (1ISO, 2007), the,}, life of the tested cor?tamingtpi)on 0.18 0.77 856
bearings can be calculated from the Equations 12and seyere contamination 0.05 0.36 400
For the applied load the,4 life of each bearing is Very severe contamination  0.00 0.10 111
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Table 4. Modified rating life calculations according to SKF The rms value of the acceleration remains on the

Particle Average same levels during the tests. When the smaller
IeSt :g(r)i'rl/ess Slggfﬁ) oelcso °"8062 nggs contaminants are used, on the z axis, the rms \@flue
2 700HV 141 0042 033 371 acceleration is low too, with a value of less ti@ed5 g.

When larger particles are used, the rms value ef th
acceleration on the x axis is higher with an avenagjue

Table 5. Frequencies of potential damage in the tested ballof 0.15 g and with values up to 6 g at the time mvt

bearings acceleration peaks encountered

SKF 1207 SKF 2207 SKF YSA ionp u :

EKTN9 EKTN9 207-2FK 4.2. Vibration Analysisin the Frequency Domain

‘front’ ‘rear’ ‘load’ o o . )
f 40.0 Hz 40.0 Hz 40.0 Hz The vibration analysis in the time domain can show
f 16.8 Hz 15.8 Hz 15.8 Hz a malfunction of the bearing only when it is affagt
fopto 251.0 Hz 190.0 Hz 143.0 Hz the vibration levels. The exact source of this
Topri 349.0 Hz 290.0 Hz 217.0Hz  malfunction is unknown and only assumptions can be
f; 119.0 Hz 89.1 Hz 92.1 Hz made. In our case, the source of the increased
2 xf, 238.0 Hz 178.0 Hz 184.0 Hz

vibrations could not be identified only from the
vibration analysis results. Vibrations could be
4. EXPERIMENTAL RESULTS generated by particles entering randomly the cdntac
zone, or by permanent deformations on the raceways.
The measured signals are processed in time domdin a In the first case, vibrations do not follow a spieci
in frequency domain. The axes of greater importancepattern, but in the second case the amplitude of
are the x axis, which is the axis of the shaft andvibrations on the bearings potential damage
represents the axial loads of the bearing and tlasisz frequencies, shown ohable 5, is increased.

which is the axis of the applied radial load. Thes, Processing the acquired data in the frequency
which is the axis vertical to the applied load,vwh@imilar ~ domain, results in the identification of the treisce of
trends to the others but with much lower signal laoges. the vibrations and in the detection of possibleltfau
4.1. Vibration Analysisin the Time Domain Frequency spectrum plots of the obtained data are

created by implementing a fast Fourier transform in

Due to the numerous sources of vibrations as variou Matlab software environment. In order to reduce the
particles enter the loading zone and the randomass spectral leakage and make the dominant frequencies
their nature, the statistical variables of highaten such easier to be identified, the power spectrum is uatere
as skewness and kurtosis do not give any usefultses  the outputs of the FFT are raised to the square.
The importance of these variables is grater whésul In a similar way as in (Kariret al., 2014), frequency
appears on a bearing running under normal condition  spectra plots of the tests have been created tiieg
these situations, the aforementioned variables,chwhi samples of each test data series aBign 4. In the first
normally show small fluctuation, will change test using smaller particle contaminants noticehigaer
significantly. Such behavior has been successfullyamplitude is occurring on both x and z axes, at the
reported by other researchers when they created afequency of 251.5 Hz, which is the bearing’s ptitdn
artificial single point defect. damage frequency for the outer raceway.

As it is shown in the plots of acceleration peakd a In the other test, using larger steel particlesthanx
rms values irFig. 3, the peak values of acceleration are axis peaks occur at the frequencies of 279.8 ar@d831
significant higher when the larger particles aredudt Hz (Fig. 5). Peaks at these frequencies occur due to the
seems that when particles with average size gfr6&re contact angle of the balls of the bearing whichhseéo
used the peaks are about 0.5 g or less on bothdhd z be different than 0 Thus, for a contact angle different
but with the larger particles the amplitude is @ased to  than zero, the characteristic frequency for a pakn
about 7 g on the x axis and to an extreme of 50 the z  fault on the outer raceway is higher than that show
axis (between 11 and 15 h of operation). Table 5 and for a potential fault on the inner raceway is
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lower. On the z axis only at the beginning of tkett high stresses, due to particles entering the coataue,
there is a peak at the frequency of 39.81 Hz whiche  are expected to reduce the fatigue life of theibgar

shaft rotation frequency. _ 4.3. Visual Inspection and Verification of Results
Notice that for the tested bearings (double row

self-aligning ball bearings) the contact angles ban ~ After the completion of the tests, the bearingsewer
different for the inner and outer raceways as thaye dismantled and cleaned from the greases. The_ lopearin
different shapes: The inner raceway has deep gmoveelements and the faults on them were photograplid w

v the use of a stereoscope and a digital camerahattao
and the outer raceway has an elliptical form. Ak,

. . ) it, in a similar way with (Iskandarani, 2013). The
contact angles Of_ ea<_:h row m_lght be sl|ghtly_ defer findings from the visual inspections are conforminog
due to the potential different alignment of thedniand

the results of the vibration analyses.
outer raceway. o ) On both bearings the rolling marks on the raceways
Other bearing characteristic frequencies can becan be seen, but no severe damage is visible aitch

identified when zooming close to the area of insére eye. Most of the damage is made on the platincghef t
The relatively small amplitudes show that no outer raceway but no significant indentations or
significant faults have occurred. In the test white  deformations exist except scratching and scoringt as
larger steel particles are used, the spectral amaly can be seen iRig. 6. The width of the affected contact
indicates that no significant fault has occurregpiee zone is about 5Q0n for both tests. The width of the
the acceleration peaks and the high acceleration rminner ring contact area is about 2mm, wider tham th
value measured in the time domain. It seems that th outer raceway’s due to the different Curving_ Or th

steel particles cause high levels of vibration ety do  inner ring the surface on the contact zone is doti
not causing severe surface deformation. Of counse t there is also some small scale pittingrig( 7).

Acceleration peaks z axis Acceleration rms z axis
—ret1 | ; ' —Test 2 -
Test 2 : 0.5H —Teslr 1 BN P CYNERN, ISV . VPRI
T ———— 4111 T S S SO A | | O S O _
A H .
';: 10k eeeeeaens '.'l ....... If ' ____________ . | E (1] YOUUUUURRUNE SUNRRRR: S 1 | | 18- UUURS ASUUUUUNN IUURURUROE SURUURR
3 TRTLU T | £ M)
é M I|i \ 4 ‘ 1 JJ (J‘ _1-’| |f| \ JJ i‘l-{ l -_-_; ' T.] [ S J— |. ......... % ATTRTTSRIRN VOSSR Franeneaees
5]1)%’-.'5%'-' rq‘}['ﬁﬂlj‘%'\, iwﬁtjwﬁ,'? 1{I-L"l'.|il"h,'!§'jb%.l“a‘f: {3 " o ViV E*“'Hll'._\,,n,éﬂ-«-'\f'“" . ;}\hr‘ij‘ S
'|I g E ; E % ; 01 ..... e g e A B B O B i e B A B e R R
i : i SR R t : : a 1
0 X 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (h) Time (h)
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Fig. 3. Acceleration Peaks and RMS values on z axis ustiegg particle contaminants

Test 1
Frequency spectrum x axis

~~~~~~

0.02

e R S | | T I a2

,,,,,,,,,

0.01

Acceleration (g?)

0.005

15 Time (h)

00 qp0 "o
Frequency (Hz) 600 0

Fig. 4. Frequency spectra plots of the 1st test using ptetcles with average size of @&
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Test 2
Frequency spectrum X axis

________

I S X:350 ! PG :

-7 1Y:279.8 b -_____:__Y_--‘Q-8 i [X:350 '
. : _.-+iZ: 0.003834} ERE L brsgee | 1 =
7 R | bl ' 771Z:0.002842 :

----------------
.....

Acceleration (g%)
Fy
!

[}
!

=}
}

400
Frequency (Hz)

500

600 0

Fig. 5. Frequency spectra plots of the 2nd test using geetcles with average size of 14fn

Fig. 6. Typical scratching and scoring on the contact sedaf the outer raceways using grease contamimatiecteel particles of
average size 6@m (test 1)-notice the small wavelike pattern onrtbkt raceway

Fig. 7. Wear on the inner raceways with micro-pitting {@s
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When using strong magnification it can be seen thatGenerally, as larger particles were used, the hgari
small metal particles are attached to the contadase seems to have rougher marks and the findings itelica
of the outer raceways-(g. 8). As the contaminant size that the severity of the damage is increasing. e t
increases, the amount of these adhered particles iperformance of the bearings has not change
increasing and oxidation and burning marks aredramatically, it can be assumed that the damags aft
present in the center of the contact zofeg.( 9). the test do not seem to be critical

A1 A WS
'-..‘_.--- ]- Qt‘\'. : ? l
- TS ‘{'.'_‘ VA

by

4

g

B |

1.

£

Fig. 9. Steel particle contaminants adhered on the outsway and oxidation marks due to local overheasind burning of
the lubricant (test 2)
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5. DISCUSSION wave-like deformations were the cause of the peakise
frequency spectrum. Notice that the Fourier transfadds
Comparison of the present results with results ofall excitations on a specific frequency, regardldiss
constructors of bearing SKF, TIMKEN, show that different phase they might have.
they correlate smoothly. They are inside the raafje
the predictions and they explain several arguments 6. CONCLUSION
and difficult points otherwise unresolved. Vibratio
analysis in the time domain can give useful Signal analysis has an increasingly important ede
information about the overall performance of the a tool for assisting predictive and preventive
bearing. As particles enter the contact zone they a maintenance. When monitoring rolling element begjn
deformed due to the high stresses. Ductile pagicle poth analyses in the time domain and in the frequen
like the steel particles used, are rolled over fogn  g4omain can give useful results. The analysis inetim
round flakes. Due to the vortexes of the |ubricant, domain can indicate if there is an abnormal opemnadif
rolled-over particles recirculate and they can teen a bearing and show the trend of the amplitude awee

the contact zone in a different position. The cwnius In the f d in_vibrati vsi —
rolling and the excessive heat produced cause siime n the frequency domain, vibration analysis canaa
whether the increased vibrations are caused from a

the particles to melt and adhere to the contaet are i )
Generally, the vibration levels are increasing \ktiger certain bearing defect or from external sourcese Th

particles as friction and plastic deformation plmeepa are  increase of the vibration amplitude on the charistie

more intense. Also, the adhesion of some particlethe frequencies of the bearing can also indicate the

contact surfaces and their recirculation can empldiy the  progress of that specific fault.

vibration is not decreasing after the first rurtime. In case of grease contaminated with solid particles
In the frequency domain, (Kariet al., 2014). it seems  yjpration analysis can indicate the severity of waad

that in the first test there is a small failure e outer  onitor its progress. From the conducted testshef t
raceway. After the initial visual inspection it sesd that present work it is concluded that the size of the

the wear in th_e second case was more severe asel thecontaminant particles affect strongly the wear pssc It
peaks on the first test could not be explainederAgareful . )

visual inspection with the stereoscope from diffieréew IS fm_md that Iarger p_artlcles cause great_er darmgee
angles and different lighting, a small wavinesshim outer ~ P€aring. The vibration levels were higher and the
raceway of the first test could be seen aBign 10. These ~ damage was grater as particle size increased.

L
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Fig. 10. Wave-like deformation on the outer raceway (t¢st 1
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