
Published in 6th International Tribology Conference, Austrib ‘02. 2-5 December 2002, Perth, Western 
Australia. p. 549-553 

 

Condition Monitoring of Oil Lubricated Ball Bearing Using 
Wear Debris and Vibration Analysis 

 
J.K. Halme 

VTT Industrial Systems, P.O. Box 1702, 02044 VTT, Espoo, Finland 
 
Abstract 
 
The present paper focuses on wear debris analysis and vibration measurement for monitoring of the running state of a 
loaded ball bearing (type INA 61810 Y) in oil circulating lubrication system. The goal of the research was to study in a 
controlled test rig environment how oil colour and its light penetrating properties, wear particle counts and size 
distribution change during the accelerated test. In addition to these, vibration measurements were carried out on the 
bearing housing.  
 
The test carried out was continued until the loaded bearing broke up due to a total ball cage failure. The total running 
time of the test was 37 hours. The wear particle analysis and the changes in oil light transmittance properties indicated a 
clear trend from a healthy state to the total failure whereas results derived from the vibration measurement were less 
sensitive. During the first four hours of the test the counts for particle sizes greater than 4, 5 and 20 µm over quintupled. 
After nine hours from beginning of the test, the observed intensity of transmitted and reflected light of an oil sample 
was decreased. The time and frequency domain features calculated from the vibration measurements stayed unchanged 
until the last 4 - 6 hours of the test was reached.  
 
Keywords: Bearing diagnostics, oil analysis, wear particles, light transmittance change in lubrication oil, vibration 
measurement 
 
1. INTRODUCTION 

Monitoring and analysing the amount of wear debris in 
lubricating oil plays an important role in monitoring the 
condition of machines and devices. The wear process of 
a given machine is usually the result of several different, 
simultaneous wear mechanisms, each of which has its 
own way of affecting to the machine’s operating 
environment and the changes that occur in it. If 
unfavourable operating conditions persist, the wear and 
the dynamic forces might either cause parts of the 
machine to break or disturb the machine’s operation. To 
allow detection at a sufficiently early stage and control 
of the wear process, the amount, size, and appearance of 
wear debris particles in the machine’s lubricating oil 
must be monitored. 
 
Contaminant particles in oil can be observed by using 
several different methods, which at their best can 
complement each other. These include particle counting, 
ferrography, oil spectrophotometry, and, indirectly, 
vibration measurement [1, 2, 3]. Optical, 
microscope-based methods can be widely applied to 
particle counting and identification. In wear monitoring 
the most significant size range of particles to be 
observed is approximately 1–50 µm, depending on the 
application. With particles below 1 µm, the direct effect 
on the operation of the machine or device is usually 
small, at least at first. Larger particles, on the other 
hand, may already have caused damage, in which case 

monitoring serves detection rather than prevention 
purposes [1]. 
 
2. TEST ARRANGEMENT 
 
2.1 Equipment 
 
VTT performed a bearing load test using equipment 
constructed for testing rolling bearings. The purpose of 
the test was to collect a series of oil samples and 
vibration measurement results documenting the 
development of bearing damage. The test equipment 
used was equipped with a frequency-converter 
controlled squirrel cage motor, connected to the device 
shaft via a flexible coupling. The shaft’s rotation speed 
was kept at 1,700 RPM for the entire duration of the 
test. Two support bearings were mounted on the test 
device shaft. The bearing to be tested was mounted on 
the end of the shaft. The bearing was subjected to a 
downward radial load, generated by a hydraulic cylinder 
applying load to the support bearing closer to the tested 
bearing (Figure 1). The radial load applied to the 
bearing tested was 4700 N. The bearing was installed on 
a test bench, its outer race locked axially to the bearing 
housing and its inner race resting on a replaceable taper 
sleeve at the end of the shaft. The bearing tested was a 
grooved ball bearing (INA 61810 Y). Heating elements 
were installed at the bottom of the bearing housing to 
heat the housing and the lubricating oil inside it to the 
desired temperature, corresponding to the actual 
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operating conditions. The temperature of the bearing 
housing was set in the 70–75°C range. 
 

load

test bearing

support bearings motor

 
 

 
FIGURE 1. Schematic diagram of the loading system 
(up) and photograph of the test equipment used for the 

bearing load test (below). 
 
The bearing tested was connected to the test device’s 
circulation lubrication system, in which the lubricating 
oil flow was directed to the upper section of the bearing 
housing using a hose pump. An exhaust hole had been 
drilled in the bottom of the bearing housing and a hose 
had been connected to it, through which the return oil 
was directed back to the oil tank and then on to the hose 
pump again. No oil filters were used in the test 
equipment, and the total amount of circulating oil was 
2.5 litres. The constant oil flow was 100 ml/min. Before 
the load test, the system was cleaned of impurities and 
old oil, and new, unused lubricating oil was poured into 
the system directly from the can. The oil was the type 
(“Neste Paper Machine Beta 220”) used in the 
circulation lubrication systems of paper machines. 
 
2.2 Measurements and methods used 
 
During the test, oil samples were collected in clean glass 
bottles every two hours for later off-line analysis. The 
oil samples were collected directly from the bearing’s 
return pipe. The volume of each sample was 
approximately 80 ml. The amount of wear debris 
particles and impurities in the samples was analysed 
using a particle counter in accordance with ISO 4406(c) 
[4]. In addition to the particle counting, the oil samples 
were photographed using an optical microscope. In 

order for this to be done, the samples were placed in a 
glass cuvette about 0.3 mm thick, consisting of two 
glass plates (Figure 2). 
 
 

 
 
FIGURE 2. Cross-section of the cuvette fabricated from 

glass 
 
The oil samples in the cuvette were photographed using 
a plan compensated, achromatic bright field objective, 
with 50x magnification. The objective’s NA value 
(Numerical Aperture), which affects the resolution, was 
0.5. In addition, 10 times magnification was used 
between the objective and the digital camera used. The 
sample was lit from both above and below by unfiltered 
light from halogen lamps. The lighting and the lighting 
power were kept constant for the duration of the test. 
The photographed samples were used to determine 
changes occurring in the light reflecting from and 
passing through the oil at different wavelengths. 
 
In addition to the oil samples, the vibration acceleration 
values of the test device were measured. An 
acceleration sensor was mounted vertically at the top of 
the bearing housing. The measurement interval used 
was about 10 minutes, the sampling frequency 25 kHz, 
and the number of points included in each measurement 
4,096. The frequency resolution was 4.9 Hz. Together 
with the oil samples, this provides a comprehensive 
picture of the changes occurring in the monitored 
system and thus makes it possible to evaluate the 
applicability of different methods in the condition 
monitoring of circulation-lubricated bearings. 
 
2.3 Performing the test 
The test was performed in laboratory conditions, where 
ambient conditions were constant for the duration of the 
test. The load test was designed so that it can be 
conducted fairly rapidly as an accelerated test. Before 
the test, it was estimated that the bearing would endure 
the heavy load and operating conditions of the test for 
approximately 30–50 hours. The performed bearing 
load test lasted for a total of 37 hours. It ended when the 
current alarm limit – which had been set for the 
frequency converter of the electric motor driving the test 
equipment – was exceeded due to an increase in the 
shaft’s friction force caused by the bearing’s ball cage 
breaking (Figure 3). 
 

glass plate 0.25 mm 
frame 0.30 mm 

  Oil sample 

glass plate 0.25 mm 



Published in 6th International Tribology Conference, Austrib ‘02. 2-5 December 2002, Perth, Western 
Australia. p. 549-553 

 
 

 
 
FIGURE 3. The damaged bearing and ball cage (up) and 

severe fatigue damage in the inner ring raceway 
(below). 

 
3. RESULTS 
 
3.1 Particle counting and types 
 
Figure 4 shows the results of particle counting in 
accordance with ISO 4406(c) standard for the different 
particle size classes as a function of the test’s duration. 
According to the standard, the particle size class is 
determined by the diameter of a circle with an area 
corresponding to that of the particle. Figure 4 shows that 
a substantial increase in the particle content of the 
samples collected took place after starting the test. Four 
hours later, the absolute quantities of particle content in 
all featured size classes were at least four times the 
initial amount. After this, the content remained quite 
constant until about four hours before the end of the 
test, when especially the larger size class counts (30 µm 
and 40 µm) increased a significant amount. 
 
Ferrography analysis revealed that after four hours from 
the start of the test there were large, rough steel platelets 
originated from metal surfaces due to fatigue. There 
were also some non-ferrous brass particles. Fourteen 
hours after the start, the amount of brass particles turned 
to moderate while the amount of steel platelets remained 
unchanged. One hour before the end of the test the 
amount and size of large brass platelets and spirals were 
increased considerably due to severe ball cage sliding. 

At the same time the amount of steel platelets increased 
only moderately. 
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FIGURE 4. Particle content, by class, counted in oil 
samples taken during the test. 

 
3.2 Oil sample photographs 
 
Figure 5 shows a sequence of photographs taken of the 
oil samples as a function of the test’s duration. Each 
photograph is 225 µm wide and 116 µm high. The 
sequence shows that the samples get darker as the test 
progresses, especially near the edges of the 
photographs. 
 

 
 0 h 8 h 14 h 

 
 22 h 28 h 30 h 

 
35 h 

 
FIGURE 5 A sequence of photographs of oil samples 
in the glass cuvette as a function of the test’s duration 

 
From the histograms in the sequence at different 
wavelengths of light (Figure 6), it can be noticed that 
the wavelength recorded most strongly with unfiltered 
light from a halogen lamp, is the shortest one (blue). 
This was also indicated by the blueness of the 
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photographs. The colour balance between the optics, the 
digital camera, and the scanning software as well as the 
settings used causes this. For this reason, what is most 
important is not the absolute colour intensity values at 
the one wavelength but the changes that occurred in 
these values during the test. 
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FIGURE 6 The histogram averages, calculated from the 
sample photographs, for blue, green, and red colour as a 

function of the test’s duration. 
 
As the test progresses, a decrease occurs in the weighed 
average of the various wavelengths, calculated from the 
histogram of the sample photographs. The change is 
visible but not particularly large until the very end of the 
test. The substantial change at the end is slightly 
intensified by the dark impurity particle (about 16 µm in 
diameter) in the middle of the last photograph, at the 
brightest point, covering about one percent of the area 
of the photograph. 
 
3.3 Vibration measurement 
 
The vibrations of the bearing were measured in vertical 
direction. The root mean square values of vibration 
acceleration, depicting the effectiveness of the vibration, 
were calculated in various bands of the frequency range 
(0–10 kHz) covered by the measurements. Figure 7 
shows the root mean square values of vibration 
acceleration in the entire frequency range (RMS) and 
the values at 0–1 kHz (RMS0-1000), 1–2 kHz (RMS1000-

2000), 2–5 kHz (RMS2000-5000), and 5–10 kHz (RMS5000-

10000). Figure 8 shows the root mean square values of 
vibration acceleration at the bearing’s computational 
fault frequencies (Table 1). As the theoretical fault 
frequencies can vary randomly to a certain extent [5], 
the root mean square values at the bearing’s fault 
frequency shown in Figure 8 have been calculated over 
a frequency band of +/- 3% around the theoretical fault 
frequency. 
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FIGURE 7 Root mean square values of vibration 
acceleration as a function of the test’s duration 
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FIGURE 8 Root mean square values of vibration 
acceleration at the bearing’s fault frequencies as a 

function of the test’s duration 
 

TABLE 1 Fault frequencies of the tested bearing 
Inner race Outer race Ball Ball cage 
371 Hz 330 Hz 408 Hz 15 Hz 
 
 
Figures 7 and 8 show that the change in vibration level 
can only be seen at the end of the test, about 31 hours 
after the test began. After this point, the root mean 
square values at the computational fault frequency of 
the bearing’s rolling body and inner race in particular 
are multiplied. 
 
4. DISCUSSION 
 
The results of present test show that a bearing failure 
can be predicted before it occur by wear debris, light 
transmittance changes of oil and vibration acceleration 
monitoring. The usage of these three methods and their 
different characteristic properties ensure better control 
of a bearing fault from the early to final fault level 
stage.   
 
The bearing was under heavy load for the entire 
duration of the test. This resulted in slight damage in the 
bearing right at the beginning of the test, which in turn 
caused a substantial increase in the particle content 
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(Figure 4) especially at smaller particles. Roylance and 
Hunt [6] has shown that the bearing may have initially 
reducing level of debris until bearing system settles in. 
Then comes the normal wear stage and finally the 
disaster stage. The particle count results of the present 
paper differ from that. That is because of the heavy 
load, which assumable caused the minimisation of the 
two first stages and led the wear stage right to the final 
disastrous stage. The rapid increase of wear particle 
content is also due to the reason that no oil filters were 
used in the test. This is in fair correlation with the 
results presented by Day [7].  
 
As a result of the heavy conditions, the oil’s lubricating 
qualities decreased and light transmittance in the oil 
sample changed. The change was quite small (Figure 3) 
and could be seen later here than when examining 
particle content.  
 
Although the bearing get damaged at the beginning of 
the test and the lubricating qualities had decreased, the 
dynamic changes caused by the impurity particles in the 
oil and the points of discontinuity in the bearing were 
initially so small that they could not be detected through 
vibration measurements.  The perceptual ability of the 
vibration measurements are depending on both the final 
resolution of the sensors and measurement system, the 
dynamic properties of the structure between fault 
excitation and measurement point, induced noise level 
in the used frequency range and the fault excitation 
dynamics. In [8, 9] it is also shown that the vibration 
acceleration amplitudes generated from a bearing fault 
are usually difficult to detect in the early stage of 
deterioration. 
 
At the end of the test did the points of discontinuity 
caused in the bearing by the heavy load quickly grow so 
much that the change was instantly reflected in the 
vibration measurement results. The change was evident 
with all parameters other than the fault frequency of the 
bearing’s ball cage (Figures 7 and 8). After this, the 
fairly large metal particles in increasing numbers 
coming off the bearing’s points of discontinuity were 
carried with the lubricating oil to the oil tank, on to a 
new round of circulation, and later to the oil samples 
collected, in which the amount of large-sized particles 
had quadrupled by the end of the test. This and results 
shown by Day [1] indicate that if the particle count 
techniques relies on the detection of large particles then 
it is possible that failure is already well developed. Thus 
the monitoring techniques has to be sensitive enough to 
detect smaller particles. 
 
5. CONCLUSIONS 
 
VTT carried out a bearing load test on a bearing bench, 
during which enough oil samples were collected to 
comprehensively document the development of bearing 
damage. The oil used was the type used in the 

circulation lubrication systems of paper machines. Oil 
samples were taken every two hours and analysed 
off-line. In the test system, the oil circulated from the oil 
tank to the bearing via an oil pump, and then back to the 
oil tank. No oil filters were used. During the test, 
vibration acceleration was also measured, using a sensor 
mounted on the bearing housing. The absolute particle 
content of the samples multiplied during the first few 
hours. The first changes in light transmittance were 
detected approximately 9 hours after the test began. The 
most significant changes in vibration levels were only 
seen on the last day of the test, as the damage had 
developed to a critical level. The test ended as the 
bearing’s ball cage broke down. 
 
The load test shows that changes in the bearing and its 
lubrication can be monitored using various methods, 
which can be used for monitoring a bearing’s condition 
at various stages of its service life. By combining and 
applying the three methods described here in an optimal 
way, which depends on the application, it is possible to 
react to changes in the wear process in a reliable, timely 
manner. 
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