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ABSTRACT 

This study analyzes the impact of surface defect on rolling ball on the bearing vibration and 
noise, in working conditions. It resorts to an experimental approach, based on the DOE. 
Artificial defects were obtained on different sets of balls, assembled in axial bearings, which 
were tested at constant spin speed, on a dedicated test rig. The test rig was expressly designed 
to detect the ball vibration, with respect to its geometric and physical characteristics, and to 
quantify the impact on bearing noise and vibration, as well as their mutual interaction.  

Keywords: ball bearing, damage, vibration, DOE, fault detection, diagnosis. 

 

INTRODUCTION 

Rolling elements play an important role on the performance of rotating machinery and in 
literature are described as the main source of non-linearity in dynamic behavior [1], [2]. Surface 
defects are responsible for those dynamic phenomena, as well as internal clearance, unbalance, 
and preloading conditions. Many parameters of the ball bearing affect that behavior as stiffness, 
damping, and number of rolling elements. Bearing vibration has been deeply investigated, in 
the literature. A wide overview on causes, monitoring techniques, and modeling is presented in 
[3]. Vibration can be assumed as a damage and failure indicator, both in machines and in 
bearing components. The vibration analysis is a well-known technique for the component 
damage detection [2], [4]-[6]. It is known that vibration in bearing generates a periodic signal, 
due the finite number of rolling bodies [7]. For instance, in [8] a balanced rotor-bearing system 
without defects, the vibration peak amplitudes are detected, and related to frequency, to 
associate the signal harmonics to the number of rolling elements undergoing the cyclic loading 
in rotation. In [9], it is stated that bearing vibration associated to the rolling elements motion is 
randomly cyclic-stationary. This property is a bright indicator of an incipient fault, and it can 
be exploited in bearing diagnosis. 

It is known that bearing contributes to the machine vibration and noise [4]. Despite a main 
characteristic behavior exhibited by the ball bearing in operation, to be associated to a certain 
radial and axial stiffness, it is known that slight differences in rolling elements and in raceways, 
zone by zone, might affect the overall dynamic response of the bearing, and lead to detect a 
vibration, referred to as conformity vibration [10]. Bearing vibration is usually increased by the 
local or distributed defects [11]. 

Distributed defects are generally due to manufacturing, assembling and to abrasive wear [1], 
[2]. Local defects include cracks, deformations, and scratches on rolling bodies. The pitting 
phenomenon is the main cause of damage in rolling bearing [5], [12]. 
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Many papers, in the literature, investigate how the vibration spectrum is related to the nature 
and position of defect. A screening on the analytical models for estimating the role of many 
factors on the bearing vibration has been even performed [13], [14], [15]. For instance, in [16] 
the internal radial clearance, surface waviness, and off-size balls are considered. In [17] and 
[18], a dynamic model predicts the vibration response of a ball bearing, due to some localized 
surface defects on races, by describing the role of defect edge topographies, when the ball hits 
them, according to theory of Hertz, on the elastic contact. A similar analysis is carried out in 
[19]. Local defects are typically detected, on the frequency spectrum, assuming that an impulse 
is generated by the rolling body passing on the defected area. Almost all papers focus on 
scratches, generally artificially obtained. More details about the defect localization in the inner 
or outer ring, or in balls through the vibration spectrum analysis are proposed in [20]. A single 
defect, i.e. a single point fault, is used, being created by means of the EDM process, having 
dimensions of 25x25 µm.  

When the rolling elements are specifically investigated, the attention of the literature is focused 
on the effect of off-sizing balls [15], [16]. Several investigations are available, based on both 
the experimental and numerical activities, to identify the most relevant characteristics of balls 
which have a brighter impact on the bearing noise and vibration. In [21], an analytical modelling 
technique investigates the nonlinear vibration analysis of a bearing system assembled on a 
rotating machine. Bearings used in those tests exhibit some off-sizing and an imperfect 
roundness, measured by a roundness measuring instrument. The proposed analysis is based on 
the spectral analysis of bearing vibration and focuses on the ball waviness, more than on the 
ovalization. 

In this paper, an experimental research activity is documented. It focuses on the effect of surface 
defects of rolling balls on the vibration frequency in association with the interaction between 
several factors, which affect the bearing dynamic response.  

However, few studies have investigated the presence of surface scratches and vibration 
behavior. Currently, there are no data on different kind of surface defects on balls, such as 
geometry, plastic deformation or ovality. The original aim of this research is to investigate  the 
influence of different kinds of surface defects of balls, not only scratches, and predicting the 
effect on vibration, related to the kind and the extension of defects. This paper proposes a new 
methodology by resorting to the DOE. 

The original approach consists in the analysis of the effect of different defect on vibration 
velocity, without spectral analysis. 

A preliminary identification of the main geometric properties of ball, which have a stronger 
impact on bearing noise and vibration, respectively, is performed. An evaluation of the relative 
interaction between some ball characteristics, resulting in an evident vibration, is then 
completed. A straight application of the Design of Experiment (DOE) technique to improve the 
bearing performance, and to reduce the time of experimental testing is finally promoted. 

 

SET-UP OF RELEVANT PARAMETERS FOR BEARING FAULT DETECTION 

The Design of Experiment (DOE) technique is herein applied to evaluate the effect of physical 
and geometrical characteristics of rolling spheres on bearing vibration. The paper is aimed at 
focusing on what are the most influent parameters on the bearing system vibrational response. 

Therefore, some artificial defects have been created on balls, which have been then assembled 
into a bearing. The bearing has been set-up in a test rig, and then loaded and rotated at constant 
speed to extract its vibrational response. A similar experimental procedure has been recently 
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applied in [22], but defects have been created only on the races of rings. Nevertheless, no detail 
is reported on the defect kind and about the number of tests. Moreover, the interaction between 
factors is out of that investigation, although the effect of defects is analyzed by means of the 
spectrum analysis. In some other paper, like in [23], the single taper or single ball bearing with 
a single defect obtained by means of EDM is introduced, although the effect of the defect 
dimensions is not investigated. 

In [11], a scratch on the ball is obtained by means of grinding and its dimensions vary from 20 
to 71.5 µm in extension and is up to 800 µm in circumferential width. In [24], an analytical 
model is compared with some literature data, but only single scratch defects, with given 
dimensions are investigated. 

In all the above mentioned studies, the spectral analysis identifies the effect of defect on 
vibration, but there is no specific investigation related to defect type, to its dimensions and to 
the interaction between defects. 

To proceed with the DOE, it is worth noticing that bearing noise and vibration depend on 
assembling quality, lubrication, static and dynamic loading conditions, material hardness, ball 
geometry, ball surface properties, etc. In this research activity only some of those characteristics 
are considered, while the other ones are assumed to be stable and not varying in testing. 
Particularly, investigation focuses on the following parameters: 

• geometry (ovality - VDws), measured as the difference between the diameter of the smallest 
sphere circumscribed and the largest inscribed one, for given profile; 

• dimensional scatter (VDwl), conceived as the difference between the mean diameters of the 
largest and the smallest ball, in the sample, respectively; 

• local plastic deformation;  

• scratch properties.  

The ISO 3290-1 Standard provides a significant reference for this purpose. The profile 
parameters are defined to classify the manufactured balls in quality grades: nominal ball 
diameter Dw (the diameter identifying the ball dimension), average ball diameter Dwm (the 
arithmetic average between the smallest and largest diameters of a single ball), average diameter 
of a ball sample Dwml (that is the arithmetic average between the average diameters of the largest 
and the smallest balls in the sample), ball gauge S (the allowed value of the difference between 
the average diameter of the ball sample and the nominal ball diameter). 

The bearing investigated in this study is an angular contact manufactured by FAG. Its 
characteristics are listed in Table 1. Bearings have been disassembled and washed, employing 
ultrasound systems. The balls are made with 100Cr6 steel, having nominal diameter (6 mm), 
but different dimensions. There are two different qualities, according to the ISO 3290 Standard: 
G3 (VDws = 0,05 µm) and G5 (VDws = 0,120 µm).  

 
Table 1 - Tested angular contact bearing characteristics 

Pitch diameter [mm] Ball diameter [mm] Contact angle [°] Number of balls 

22 6 40 9 

 

The profiles of balls have been measured by means of a MWA 160 SKF Steyr roundness meter, 
with 0.01 µm of sensitivity. Examples of measurements are shown in Figure 1. The diameter 
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of balls is measured and is classified in three sets of samples, according to dimensional scatter 
VDwl: Sample 1 (0,050 µm), Sample 2 (0,175 µm) and Sample 3 (0,300 µm). 

 

  

                     VDws = 0.05 μm VDws = 0.12 μm 

Fig. 1 - Profile measurements for two balls. Quality G3 (left) and G5 (right)  

The local plastic deformation LPD is a defect due to a collision between balls, which generally 
occurs during the manufacturing process. In this research, to generate a controlled LPD, in 
testing each ball is made colliding by falling from a defined height against another ball, thus 
obtaining a controlled energy collision. The LPD is measured by means of a laser interferometer 
[25] Trioptics μPhase 1000, with 1000×1000 px resolution and 1 nm sensitivity. The LPDs are 
classified basing on deformation depth, that is the difference between the highest peak and the 
lowest valley. The surface extension is not taken into account. Three levels of LPD are then 
obtained: Level 1, with no plastic deformation; Level 2 (LPD<0.3µm) corresponding to 700 
mm falling height; Level 3 (LPD=0.3 ÷ 0.6 µm) corresponding to 1000 mm falling height. In 
Figure 2, an example of measurement is reported. 

 

 
Fig. 2 - LPD measurements (example of the defined level 2)  

In real operation, the contact stress between balls is influenced by surface roughness and this 
effect requires to be estimated to avoid any underestimation of damage risk, noise and vibration. 
In this research, some scratches, whose roughness has been controlled, are obtained using a file, 
and then they are observed employing a microscope and measured with a roughness tester. The 
parameter Rt [µm] has been selected to quantify the factor scratch. Scratches are classified 
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according to three levels: Level 1 (Rt = 0.1 ÷ 0.39 µm, no scratch), Level 2 (Rt = 0.4 ÷ 0.59 µm), 
Level 3 (Rt = 0.6 ÷ 0.9 µm). In Figure 3, an example of observed scratch is reported. 

 
Fig. 3 - Microscope observation of a scratch on the ball surface 

 

VIBRATION MEASUREMENT IN THE BEARING 

In the last years, many instruments have been developed to measure and process in line and off-
line vibration data, to investigate on bearing vibration phenomena [26]–[31]. Noise and 
vibration in bearings can be classified in four categories: structural (related to cages, races, etc.), 
manufacturing (related to geometric imperfections of inner and outer rings and rolling bodies), 
handling related (related to local defects and contamination, generating irregular noise), other 
causes (for instance, due to lubricant). 

It is known that collisions with deformations due to surface defects in rings and in rolling 
elements generate vibration. Neglecting sliding phenomena, the frequency of vibration signal 
components allows detecting where the defect is located; in diagnostics, the so-called BPFi 
(Ball Passing Frequency i) frequencies are defined, according to position of defect. Particularly, 
the transitory impulsive signal is generated at some typical frequencies, which depend on 
bearing angular speed and geometry [25]. If the defect is located in the bearing cage, the 
corresponding frequency is defined as FTF (train or cage frequency). If it applies to the inner 
ring, it is the BPFI (Ball Pass Frequency Inner race); when it does to the outer ring, the 
corresponding frequency is BPFO (Ball Pass Frequency Outer race); while the effect on the 
rolling body is corresponding to the BSF (Ball Spin Frequency) [32]. Those frequencies are 
usually and deeply used in machinery monitoring, where bearings are sentry of occurring 
damage, as in [33]. 

Apart of spectrum analysis, measuring the vibration velocity provides useful information of 
defect kind and defect extension on rolling bearing elements, especially when bearing rotates 
at constant spin speed.  

In this activity, vibration is acquired by the Schaeffler MGG11-MC500 noise testing system, 
allowing to measure the vibration, in case of bearing rotating at constant speed. During the test, 
the inner ring rotates with shaft (i.e. at 1800 rpm), while an axial load (100 N) is applied to the 
outer ring. The SG4 inductive velocity sensor, located above the bearing, acquires the radial 
speed of vibration in μm/s; the signal is acquired and filtered through some dedicated software. 

To detect the defect, the vibration of a commercial radial axial ball bearing is here investigated. 
The relative sliding between races and balls is not taken into account. The main parameters 
affecting the frequency of collisions are the relative rotational speed of rings and the number of 
rolling bodies. The signal generated by a defect present in the bearing cannot be assumed as 
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periodic, with ring revolution, if the sliding value is high. If the sliding value is low, the signal 
can be recognized as stationary. 

 

BEARINGS TESTS AND ANALYSIS 

The implementation of the DOE has been performed through a testing activity. Bearings 
assembled with defected samples of balls underwent axial load and shaft rotation and vibration 
velocity in radial direction was acquired. Each acquisition lasted 2 seconds, with 3 repetitions 
for each sample. The acquisition has been performed with the same pair of rings. The input 
parameters are ovality (VDws), scratch, plastic deformation (LPD), dimensional scatter (VDwl). 
Each parameter has 3 levels, except for VDws which has only 2. Up to 36 tests have been 
performed, and 9 balls for each test have been used, up to 324 balls tested. The output parameter 
of this activity is the amplitude of vibration velocity wave, at BSF. The DOE variation list is 
described in Table 2. 

Table 2 - DOE variation list 

Test number (VDws) [µm] Scratch (Rt) [µm] LPD [µm] VDwl [µm] Vibration velocity [µm/s] 

T 1 0,05 0,05 0 0,05 2,3 

T 2 0,05 0,05 0,265 0,175 3,2 

T 3 0,05 0,05 0,413 0,3 3,2 

T 4 0,05 0,05 0 0,05 2,1 

T 5 0,05 0,05 0,282 0,175 4,1 

T 6 0,05 0,05 0,402 0,3 4,1 

T 7 0,05 0,05 0 0,05 1,8 

T 8 0,05 0,05 0,316 0,175 3,7 

T 9 0,05 0,05 0,407 0,3 3,2 

T 10 0,05 0,43 0 0,05 3,2 

T 11 0,05 0,84 0,139 0,175 3,8 

T 12 0,05 0,64 0,474 0,3 4,9 

T 13 0,05 0,6 0 0,05 3,0 

T 14 0,05 0,85 0,259 0,175 4,0 

T 15 0,05 0,6 0,325 0,3 3,6 

T 16 0,05 0,5 0 0,05 4,2 

T 17 0,05 0,76 0,219 0,175 2,8 

T 18 0,05 0,85 0,416 0,3 3,7 

T 19 0,12 0,05 0 0,05 3,5 

T 20 0,12 0,05 0,289 0,175 4,2 

T 21 0,12 0,05 0,447 0,3 3,0 

T 22 0,12 0,05 0 0,05 3,2 

T 23 0,12 0,05 0,223 0,175 4,2 

T 24 0,12 0,05 0,547 0,3 4,3 

T 25 0,12 0,05 0 0,05 3,6 

T 26 0,12 0,05 0,288 0,175 3,7 
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T 27 0,12 0,05 0,461 0,3 4,2 

T 28 0,12 0,77 0 0,05 4,7 

T 29 0,12 0,81 0,359 0,175 4,3 

T 30 0,12 0,89 0,42 0,3 5,1 

T 31 0,12 0,47 0 0,05 4,7 

T 32 0,12 0,71 0,296 0,175 5,2 

T 33 0,12 0,52 0,322 0,3 4,5 

T 34 0,12 0,55 0 0,05 3,6 

T 35 0,12 0,6 0,259 0,175 4,6 

T 36 0,12 0,66 0,331 0,3 5,0 

 

In Table 2, the measured vibration velocities are reported in column 6. Each value is the average 
of three repetitions. These results are processed by means of ANOVA with four factors, three 
levels and with repetitions. A preliminary test to determine if the association between the output 
(vibration velocity) and each factor in the model was statistically significant, by comparing the 
P-value of each factor with the level of significance to evaluate the null hypothesis. The selected 
level of significance is 0.05 and the resulting P-values are reported in Table 3; they show that 
the factors can be significant. 
 

Table 3 - P-values for the investigated factors 

 VDws Scratch LPD VDwl 

P-value 0.000 0.000 0.001 0.043 

 
A further confirmation of the models comes from the so-called residual plot reported in Figure 
4. The points are randomly distributed, meaning that the proposed model is adequate. 

 

 

Fig. 4 - Residual fitted value obtained by the DOE 

A more detailed analysis can give indications on what are the factors affecting the vibrations 
and the possible effect of their interactions. 

In Figure 5 the main effect plots are reported, that is the variation of the output in function of 
the variation of each factor. It shows that scratch, ovality (VDws) and LPD have a relevant 
influence on vibration, while the dimension scatter (VDwl) appears to be less influent on the 
system dynamic response.  
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Fig. 5 - Main effects plot obtained by the DOE 

In Figure 6, the effect of combination of the analyzed factors on vibration is reported. An 
interesting result is related to the case of combination of dimension scatter VDwl and LPD. For 
a bearing without LPD, increasing the dimension scatter, the vibration velocity remains 
constant. By converse, when balls have a maximum level of LPD, the increment of VDwl 
causes an increasing vibration. The interaction between scratch and LPD shows a similar effect. 
For ball without scratches, increasing LPD, the vibration increment is steep, while if balls have 
the highest level of scratch, the increment of vibration is less steep with the LPD depth. 

An additional result can be appreciated. The DOE analysis allows to identify a suitable 
combination of optimal factors to limit the noise and vibration, for what concerns geometry, 
scratch, plastic deformation, and VDwl. As an example, the top 5 combinations which minimize 
and maximize vibration are reported in Table 4. 

This result agrees with those found in [9], where it is demonstrated that not only the presence, 
but also the severity of  damage can be detected, by means of the vibration spectrum analysis. 
In [22] the experimental investigation and vibration spectrum analysis show that for constant 
speed and constant load, defects located on inner and outer rings generate amplitudes of 
vibration and of accelerations which increase with increasing defect sizes. The FFT analyzers 
result as a powerful tool for health monitoring for rolling bearings.  

 

Fig. 6 - Interaction between factors according to the DOE 
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Table 4 - predicted vibration velocities for optimal and worst factors combinations  

 VDws [µm] Scratch [µm] LPD [µm] VDwl [µm] 
Predicted vibration 

velocity [µm/s] 

vibration 
minimizing 

combinations 

0,05 0,43 0 0,050 2,86931 

0,05 0,05 0,265 0,175 3,11717 

0,05 0,05 0,282 0,175 3,14752 

0,05 0,50 0 0,175 3,17514 

0,05 0,05 0,316 0,175 3,20822 

vibration 
maximizing 

combinations 

0,12 0,89 0,420 0,175 5,15645 

0,12 0,81 0,359 0,050 4,72992 

0,12 0,66 0,331 0,175 4,72613 

0,12 0,52 0,322 0,175 4,54484 

0,12 0,71 0,296 0,050 4,49943 

 

CONCLUSIONS 

The research aims to point out which kind and level of the surface damage in balls, in a bearing, 
have a higher impact on noise and vibrations by analyzing the vibration speed amplitude 
variation.  The findings reported here shed new light on finding the best combination between 
the input factors (ovality, scratch, local plastic deformation, dimensional scatter) and the 
measured output, that is the vibration velocity and then the noise, by means of Design Of 
Experiment and experimental testing. In particular an ANOVA, with 4 factors, 3 levels and 
repetitions, was performed. 

Artificial defects were obtained on one ball per sample and the samples including one defected 
ball were assembled in radial axial bearings. The bearings were tested on a test ring, under axial 
loading, constant rotational speed and radial vibrations were measured. 

This new approach should help to improve predictions of the impact of surface defects on balls. 

The scratch, the geometry, and the plastic deformation resulted the most influencing factors, 
while the dimension scatters affect less the noise and the vibration phenomena. 

Moreover, the analyses showed that despite the dimension scatter influence seems to be low if 
considered alone, it results to be more effective if in combination with other factors. 

The best and worst combinations of the factors affecting baring vibrations were simulated. 

An original approach, different from traditional spectral analysis of vibration, was implemented 
to investigate the effect of different kind of defects and the possible interactions. In particular 
the contribution of the different kind of defects and the influence of the extension of the defects 
is highlighted by means of this approach.  
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