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 A B S T R A C T 

Premature bearing failure is a major cause of unplanned downtime in 
industrial equipment operating under severe service conditions, where the 
interaction between wear, lubrication, and contamination accelerates 
material degradation. This study presents a multiscale failure analysis of an 
NU240 cylindrical roller bearing from the main shaft of an industrial 
pelletizer to identify the root cause of failure and reconstruct the 
degradation mechanism. Visual inspection, fractographic examination, 
optical microscopy, X-ray diffraction, and Fourier transform infrared 
spectroscopy were applied to the bearing, lubricant, and solid deposits 
recovered from the system. The damaged components exhibited abrasive 
wear, adhesive wear, cavitation, and corrosion products distributed over the 
raceways and rolling elements. Structural characterization identified 
magnetite and goethite as the predominant corrosion products, while 
spectroscopic analysis confirmed silica contamination in the lubricant and 
solid residues. The results indicate that silica particles promoted lubricant 
film breakdown, increased friction, and accelerated the generation of 
metallic wear debris, leading to a transition from abrasion-dominated wear 
to combined abrasion, adhesion, and tribocorrosion. A failure mechanism is 
proposed in which external silica contamination acts as the primary trigger 
of progressive tribological degradation. The proposed methodology provides 
a reliable approach for diagnosing bearing failures and supporting 
predictive maintenance strategies in lubricated industrial systems. 
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1. INTRODUCTION  
 
Premature bearing failures are among the 
leading causes of unplanned shutdowns in 
rotating machinery operating under severe 

service conditions [1]. Rolling bearings are 
critical mechanical components because they 
support combined loads while enabling efficient 
power transmission with minimal friction losses 
[2]. Their performance directly affects the 
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operational reliability of equipment employed in 
mining, agro-industrial, energy, and 
manufacturing sectors, where unexpected 
failures may result in substantial maintenance 
costs, production losses, and reduced equipment 
availability [3]. In industrial applications, 
inadequate lubrication and lubricant 
contamination are consistently recognized as the 
principal factors responsible for premature 
bearing degradation [2, 4]. 
 
From a tribological perspective, bearing service 
life is governed by the interaction between 
material properties, contact stresses, lubricant 
film stability, and contaminant particles 
entrapped within the rolling contacts. During 
operation, repeated rolling and sliding contacts 
promote the initiation and propagation of 
several degradation mechanisms, including 
abrasive wear, adhesive wear, surface fatigue, 
cavitation, and tribocorrosion. The evolution of 
these mechanisms depends primarily on the 
ability of the lubricant film to maintain effective 
surface separation and prevent direct metal-to-
metal contact, thereby minimizing friction and 
wear particle generation [2, 5]. 
 
Among the different contaminants affecting 
lubricated systems, silica and quartz particles 
are particularly detrimental because of their 
high hardness and angular morphology. Once 
introduced into the lubricant, these particles 
behave as abrasive third bodies, producing 
micro-cutting, localized plastic deformation, and 
progressive material removal from raceways 
and rolling elements. As surface damage 
accumulates, lubricant film stability 
deteriorates, promoting adhesive wear, 
oxidation, and the formation of corrosion 
products. Recent experimental investigations 
have demonstrated that particle size, 
concentration, and hardness significantly 
influence wear progression, vibration response, 
and bearing lifetime under lubricated operating 
conditions [6, 7]. Moreover, field inspections 
have shown that particle contamination 
generates surface indentations that alter 
lubrication conditions and accelerate rolling 
contact fatigue [8]. 
 
Despite significant advances in laboratory 
tribology, most published investigations have 
focused on isolated variables such as 
contaminant size, particle concentration, friction 

coefficient, or vibration response under 
controlled experimental conditions. 
Consequently, relatively few studies have 
integrated morphological, chemical, and 
crystallographic evidence to reconstruct the 
complete degradation sequence of industrial 
bearings operating under real service 
conditions. This limitation restricts the 
understanding of the relationship between 
lubricant contamination, wear evolution, 
corrosion development, and the final functional 
collapse of rolling bearings [5, 6]. 
 
Failure analysis supported by complementary 
characterization techniques provides an 
effective methodology for identifying the root 
cause of bearing degradation. The integration of 
visual inspection, fractographic examination, 
optical microscopy, Fourier transform infrared 
spectroscopy, and X-ray diffraction enables the 
correlation of morphological, chemical, and 
structural evidence with degradation 
mechanisms defined in ISO 15243:2017 [9] and 
described in the SKF Bearing Damage Atlas [10]. 
This multiscale approach provides a more 
comprehensive understanding of tribological 
degradation than conventional laboratory tests 
because it reconstructs the complete sequence 
of damage under actual industrial operating 
conditions. 
 
The objective of this work is to determine the 
failure mechanism of an NU240 cylindrical roller 
bearing installed on the main shaft of an 
industrial pelletizer through a multiscale 
characterization of the bearing components, 
lubricant, and degradation products generated 
during service. Whereas previous investigations 
of SiO₂-contaminated lubricated systems, such 
as those of Ikhsan et al. [6] and Ta et al. [7], have 
relied on controlled laboratory conditions to 
evaluate individual wear mechanisms 
separately, this work addresses a real in-service 
failure and proposes an integrated methodology 
capable of reconstructing the complete 
degradation sequence, from silica contamination 
to functional blockage of the bearing, directly 
from field evidence. The results demonstrate 
that external silica particles initiate lubricant 
film breakdown, promote the transition from 
abrasion-dominated wear to combined abrasion, 
adhesion, and tribocorrosion, and ultimately 
lead to functional blockage of the bearing. The 
proposed methodology contributes to predictive 
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maintenance by providing practical criteria for 
contamination control, failure diagnosis, and 
reliability improvement in lubricated industrial 
rotating machinery. 
 
2. MATERIALS AND METHODS 
 
2.1 Component Analyzed 
 
The investigated component was an NU240 
cylindrical roller bearing installed on the 
intermediate shaft of an industrial Amandus 
Kahl pelletizer used for pelletized feed 
production. The bearing operated under 
continuous industrial service conditions, 
rotating at approximately 450 rpm under 
moderate-to-high radial loading typical of this 
type of equipment. The exact magnitude of the 
applied radial load could not be retrieved from 
the available maintenance records; based on the 
equipment specifications, it is estimated to fall 
within the moderate-to-high range typical of 
main-shaft bearings of this size. Under normal 
operating conditions, the lubrication oil 
temperature was maintained at approximately 
65 °C, ensuring adequate lubricant viscosity and 
hydrodynamic film formation between the 
rolling elements and raceways. The pelletizer 
operated in a feed-production environment 
characterised by a high concentration of 
airborne mineral dust, particularly silica 
containing particles, representing a potential 
source of external contamination of the 
lubrication system. 
 
The bearing was lubricated using an ISO VG 460 
mineral oil supplied through the machine 
lubrication circuit. Although routine lubrication 
practices were performed in accordance with 
the maintenance programme, the lubrication 
circuit did not incorporate a high efficiency 
dedicated filtration system capable of 
continuously removing fine mineral particles 
from the circulating oil. Consequently, 
contaminant particles entering the system could 
remain suspended in the lubricant and 
recirculate through the bearing contacts, 
increasing the likelihood of abrasive wear under 
prolonged service conditions. 
 
The bearing was removed twelve days after 
abnormal operating conditions were detected, 
including increased operating temperature, 
higher rotational resistance, and progressive 

loss of transmission efficiency. During the final 
stage of operation, the lubricant temperature 
increased to approximately 85 °C, indicating 
deterioration of the lubrication regime and 
increased frictional losses within the bearing 
assembly. Although continuous vibration 
monitoring was not available for the 
investigated equipment, routine maintenance 
inspections reported progressive mechanical 
deterioration associated with increasing 
rotational resistance and abnormal thermal 
behaviour. 
 
Prior to failure, the lubrication system exhibited 
a continuous reduction in lubricant level, 
abnormal temperature increases, and evidence 
of contamination detected during routine 
maintenance inspections. The original lubricant 
was replaced with an ISO VG 460 oil; however, 
approximately five additional gallons were 
required during operation to restore the service 
level. Routine lubricant analyses detected wear 
metals and silicon particles within the 
manufacturer's recommended limits, although 
symptoms associated with progressive 
mechanical degradation persisted. This 
discrepancy between routine oil monitoring and 
the actual bearing deterioration constitutes one 
of the practical findings of this investigation, 
suggesting that conventional oil analyses alone 
may not always provide sufficient sensitivity to 
detect the early stages of contamination-induced 
failure. 
 
The exact cumulative operating hours of the 
bearing before failure could not be established 
from the available maintenance records because 
this investigation was conducted retrospectively 
after removal of the failed component. 
Nevertheless, under normal operating 
conditions, bearings of this type are generally 
expected to provide several years of continuous 
service when appropriate lubrication and 
contamination control are maintained. The 
premature deterioration observed in the present 
case therefore indicates the presence of an 
abnormal degradation process rather than the 
natural exhaustion of the bearing service life. 
 
To verify the consistency of the contamination 
pattern observed in the radial bearing, an axial 
bearing (89456M), removed from the same 
transmission system on 12 May 2017, was also 
examined. In addition, lubricant samples and 
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solid deposits recovered from the failed bearing 
were collected for physicochemical 
characterisation and reconstruction of the 
failure mechanism. 
 
2.2 Failure analysis methodology 
 
The failure analysis was carried out through an 
integrated multiscale methodology combining 
macroscopic inspection, morphological 
characterization, and physicochemical analyses. 
The experimental procedure consisted of visual 
inspection and photographic documentation of 
the damaged bearing, controlled disassembly of 
the bearing assembly, optical stereomicroscopy 
of the damaged surfaces, chemical 
characterization of the lubricant by Fourier 
transform infrared spectroscopy (FTIR), phase 
identification of corrosion products and 
contaminants by X-ray diffraction (XRD), and 
correlation of the experimental evidence to 
reconstruct the progressive degradation 
mechanism. This methodology enabled the 
integration of morphological, chemical, and 
crystallographic information to identify the 
sequence of degradation events responsible for 
functional blockage of the bearing. 
 
2.3 Visual inspection and optical 

characterization 
 
The failed bearing was initially subjected to 
visual inspection to identify macroscopic 
deformation, corrosion products, surface 
deposits, restricted roller movement, and other 
evidence associated with the failure process. The 
bearing was subsequently disassembled by 
controlled cutting while preserving the integrity 
of the raceways, cylindrical rollers, and bronze 
cage. Surface contaminants and corrosion 
products were carefully removed following the 
procedure described in ASTM G1-03(2017)e1, 
Standard Practice for Preparing, Cleaning, and 
Evaluating Corrosion Test Specimens [11], using 
mechanical and chemical cleaning methods 
selected to remove corrosion products without 
altering the original damage morphology of the 
base metal.  
 
The bearing components were examined by 
optical stereomicroscopy at different 
magnifications to identify abrasive wear, 
adhesive wear, cavitation, plastic deformation, 
material transfer, and material removal. 

Representative micrographs of the raceways, 
cylindrical rollers, and bronze cage were 
acquired to correlate the observed damage with 
the physicochemical characterization performed 
by FTIR and XRD. 
 
2.4 Lubricant characterization by Fourier 

transform infrared spectroscopy 
 
Lubricant samples recovered from the failed 
transmission system were analysed using a 
Nicolet iS5 Fourier transform infrared (FTIR) 
spectrometer (Thermo Fisher Scientific Inc., 
Madison, WI, USA) operating in attenuated total 
reflectance (ATR) mode with a zinc selenide 
(ZnSe) crystal. Infrared spectra were acquired 
over the spectral range of 4000–400 cm⁻¹ with a 
spectral resolution of 4 cm⁻¹ using 32 
accumulated scans for each measurement. The 
acquired spectra were processed using OMNIC™ 
software (Thermo Fisher Scientific Inc.). 
Compound identification was performed using 
the OMNIC Spectral Library through the 
software's Search Library function, 
complemented by comparison with published 
reference spectra and a commercial silicon 
dioxide (SiO₂) reference standard (Dulling Agent 
HK 125). Silica contamination was confirmed by 
matching the characteristic Si–O–Si vibrational 
bands, including the asymmetric stretching band 
at approximately 1000–1100 cm⁻¹, the 
symmetric stretching band near 800 cm⁻¹ and 
the bending vibration around 460 cm⁻¹, with 
those of the reference material. The spectra 
were further examined to identify absorption 
bands associated with lubricant oxidation and 
degradation products. 
 
2.5 Structural characterization by X-ray 

diffraction 
 
The crystalline phases present on the bearing 
surfaces and in the solid deposits recovered 
from the lubricant were identified by X-ray 
diffraction (XRD) using an Empyrean 
diffractometer (Malvern Panalytical B.V., Almelo, 
The Netherlands) operating in θ–2θ geometry 
with Cu Kα radiation (λ = 1.5406 Å). Diffraction 
patterns were collected over the 20–120° (2θ) 
range using a step size of 0.02°, a counting time 
of 2 s per step, and operating conditions of 40 kV 
and 30 mA. Phase identification was performed 
using X'Pert HighScore software (Malvern 
Panalytical B.V., Almelo, The Netherlands) in 
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conjunction with the ICDD PDF-4+ 
crystallographic database. Semi-quantitative 
phase analysis was carried out by Rietveld 
refinement using the refinement module 
implemented in X'Pert HighScore. The 
refinement involved iterative fitting of the 
calculated diffraction pattern to the 
experimental data by adjusting structural and 
profile parameters until convergence was 
achieved. The resulting refined phase fractions 
were used to estimate the relative abundance of 
the identified crystalline phases and to 
determine the corrosion products and mineral 
contaminants associated with the tribological 
degradation of the bearing. 
 
2.6 Failure mechanism reconstruction 
 
The experimental evidence obtained from visual 
inspection, optical stereomicroscopy, Fourier 
transform infrared spectroscopy, and X-ray 
diffraction was integrated to reconstruct the 
progressive degradation sequence responsible 
for bearing failure. The correlation between 
surface morphology, lubricant chemistry, and 
crystallographic phase identification enabled the 
establishment of a degradation mechanism 
initiated by external silica contamination, 
followed by lubricant film breakdown, abrasive 
wear, adhesive wear, tribocorrosion, and 
ultimately functional blockage of the bearing. 
This integrated multiscale approach provided a 
comprehensive understanding of the 
degradation process and supported the 
identification of the root cause of failure under 
actual industrial operating conditions. 
 
3. RESULTS  

 

3.1 Macroscopic evidence of the failure 
 
Initial inspection of the NU240 bearing, carried out 
after progressive braking was detected throughout 
its rotation, revealed lubricant of abnormally high 
density and brown corrosion products deposited 
on the outer and intermediate surfaces of the 
component. After cleaning the parts following the 
procedure of ASTM G1-03(2017)e1 described in 
Section 2.3 [11] (Figure 1), the bearing showed 
severe deterioration of the contact surfaces, 
together with a substantial loss of the rolling 
elements' rotational capability. The inner and 
outer raceways exhibited dark-colored regions, 
adhered deposits, and areas of localized wear, 

while the cylindrical rollers showed surface 
deformation and accumulation of solid particles.  
 

 
Fig. 1. NU240 bearing after cleaning following the 
ASTM procedure. 
 

These observations indicate that the system 
underwent progressive degradation during 
operation, ruling out an instantaneous failure 
event and suggesting a cumulative mechanism 
associated with unfavorable tribological 
conditions. Fractographic analysis of one region 
of the bearing (Figure 2) further revealed 
anomalous plastic deformation for this type of 
component, possibly related to the assembly of 
the unit on the pelletizer shaft [12]. 
 

  
(a) (b) 

Fig. 2. Regions of the bearing showing anomalous 
plastic deformation, possibly associated with 
assembly of the unit. 

 
During disassembly, a considerable amount of 
solid debris mixed with the lubricant was 
identified, together with compacted deposits on 
the cage and raceways. Once the steel raceways 
and cylindrical rollers were separated (Figure 3), 
highly deteriorated zones were observed with 
galvanic-type corrosion products, generated by the 
ionic exchange characteristic of prolonged 
immersion in the lubricant between anodic and 
cathodic regions of the metal surface [13]. 
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(a) 

 

(b) 

Fig. 3. (a) General view of the bearing’s metal 
raceway, showing galvanic corrosion and surface 
deterioration, (b) Detail of the metal raceway 
showing anodic and cathodic zones associated with 
galvanic corrosion. 

 
The simultaneous presence of metallic material 
and mineral particles in the collected solid 
debris suggests progressive degradation of the 
lubricant film, which allowed direct contact 
between the surfaces and favored the 
continuous generation of wear particles. These 
macroscopic alterations are consistent with 
patterns described for failures induced by solid 
contamination in rolling-element bearings, in 
which the loss of effective lubrication 
accelerates the transition from a moderate wear 
regime to combined mechanisms of abrasion, 
adhesion, and corrosion [14]. 
 
3.2 Morphological characterization of the 

wear mechanisms 
 
Optical microscopy identified different 
deterioration mechanisms distributed over the 
raceways and rolling elements. In the region 
shown in Figure 4, abrasive wear is observed on 
the steel raceway, with particle accumulation 
and appreciable material removal in the outer 
grooved areas, as well as particle embedding in 
the central region. This pattern is consistent 
with the ingress of external contaminant 
particles into the lubrication system. At the 
edges of the same region, particles detached 
from the bearing itself are observed, attributable 
to cavitation, most likely caused by the absence 
of an adequate filtration system in the 
lubrication circuit. 

 
Fig. 4. Raceway region showing abrasive wear, 
particle accumulation, and material detachment. 
 
In an adjacent region of the raceway (Figure 5), 
cavitation wear was identified, characterized by 
material detachment associated with the intermittent 
implosion of bubbles generated by abrupt pressure 
changes in the oil, preferentially located along the 
direction of maximum applied load. Metallographic 
magnification of this area (Figure 6) revealed regions 
of extensive surface destruction, with cavity 
formation attributable to excessive vibration, oil 
contamination with abrasive particles capable of 
promoting foam formation, and inadequate clearance 
between the shaft and the bearing [15]; the striations 
observed in the central part of these images 
correspond to superimposed abrasive wear. 
 

 
Fig. 5. Raceway region showing cavitation wear in 
the direction of maximum load. 

 

  
(a) (b) 

Fig. 6. Metallographic detail (40×) of the cavitation 
zones, with superimposed abrasive-wear striations. 

 
In another region of the steel raceway (Figure 
7), adhesive wear was identified, generated by 
direct contact between the bearing and the 
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roller following total loss of the lubricant film. 
This mechanism can be associated with cold 
starts with low oil flow due to high viscosity, 
obstructions or leaks in the lubrication circuit, 
or misalignments that promote rubbing 
between the shaft and the bearing. 
 

 
Fig. 7. Adhesive wear present on the steel raceway, 
resulting from direct contact between metal surfaces. 

 
Fractographic analysis of the cylindrical 
rollers removed from the bearing (Figure 8) 
showed a deterioration pattern similar to that 
identified on the contacting steel raceways, 
dominated by abrasive wear. The 
corresponding micrographs (Figure 9) 
confirmed extensive areas where abrasive 
wear removed a considerable fraction of the 
metal surface; at 40× (Figure 9a), adhered 
metallic material is observed on the surface, 
while at 68× (Figure 9b), bronze-type material 
transferred from the cage to the roller is 
identified, evidencing that abrasive wear 
simultaneously affected the three components 
making up the bearing [16].  
 

  

(a) (b) 

Fig. 8. Cylindrical rollers removed from the bearing, 
showing deterioration consistent with that observed 
on the steel raceways. 

 
Finally, analysis of the bronze cage (Figure 10) 
revealed advanced adhesive wear, with transfer 
of metallic material from the steel roller, a direct 

consequence of insufficient lubrication between 
the parts [17]. Micrographs of two different 
regions of the cage (Figure 11) confirm zones of 
severe adhesive wear and appreciable metallic 
mass loss, evidencing that the degradation 
phenomenon affected the three main bearing 
components in a generalized manner. 
 

  
(a) (b) 

Fig. 9. Micrographs of the roller surface: (a) 40×, 
adhered metallic material; (b) 68×, transfer of 
bronze-type material onto the roller. 

 

 
Fig. 10. Wear present on the bronze cage, resulting 
from contact between metal parts and deficient 
lubrication. 

 

  
(a) (b) 

Fig. 11. Cage regions in direct contact with the 
rollers, showing accelerated wear due to part 
deformation. 

 
3.3 Physicochemical characterization of the 

lubricant by FTIR 
 
The FTIR spectra obtained for the lubricant 
samples (Figures 12 and 13) showed, in 
addition to the characteristic bands of the 
organic oil matrix, signals corresponding to 
inorganic substances foreign to the original 
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composition of the lubricant [18]. It should be 
noted that FTIR is primarily a qualitative 
technique: it does not allow direct 
quantification of the concentration of the 
identified contaminant, since the obtained 
signal depends on multiple factors, including 
particle size, distribution within the matrix, 
and spectral overlap with the organic bands of 
the oil; nonetheless, it enables the 
unambiguous molecular identification of the 
species present through their characteristic 
vibrational bands. In both spectra, the signals 
matched the SiO₂ reference patterns closely 
and consistently between the two samples 
analyzed, confirming the ingress of silica 
particles (sand or quartz) into the lubrication 
system.  
 

 
Fig. 12. FTIR spectrum of oil sample 1, showing the 
presence of SiO₂ particles. 

 

 
Fig. 13. FTIR spectrum of oil sample 2, confirming the 
presence of SiO₂ together with the other lubricant 
constituents. 

 
Owing to their high hardness and angular 
morphology, these ceramic particles promote 
micro-cutting processes and abrasive wear, 
progressively increasing the surface roughness 
of the raceways. The FTIR results thus constitute 
a first, chemical line of evidence of external 
contamination of the lubrication system, 
consistent with the morphological evidence 
described in Section 3.2. 

3.4 Identification of corrosion products and 
contaminants by XRD 

 

The diffractogram obtained for the metal surface 
of the radial bearing (Figure 14) identified 
magnetite and goethite as the main corrosion 
products, together accounting for 88.2%, along 
with a SiO₂ fraction close to 12%. This result is 
consistent with the severe wear observed on the 
metal parts and confirms the simultaneous 
presence of oxidation phenomena and mineral 
contamination. 
 

 
Fig. 14. Diffractogram of the metal surface of the 
NU240 radial bearing. 
 

Analysis of the solid debris collected between the 
bearing parts (Figure 15), with an appearance 
corresponding to solidified lubricant, likewise 
showed corrosion products (magnetite and 
goethite) totaling 82%, together with 18% SiO₂ 
[19]. Based on this evidence, it was established 
that the contaminant responsible for the wear of 
the parts is of external origin, resides within the 
lubricant, and, due to the continuous movement of 
the components, tends to deposit on previously 
worn metal areas.  
 

 
Fig. 15. Diffractogram of the solid debris recovered from 
the lubricant, showing corrosion products and SiO₂. 
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As a complementary sample, the roller surface of 
the 89456M axial bearing (Figure 16), which had 
been exposed to the environment, was also 
analyzed. In this case, magnetite was identified 
as the sole corrosion product, at a high 
proportion (71%) associated with sediments 
formed in an aqueous medium [20], together 
with a SiO₂ fraction of 29%. This result confirms 
that both the parts removed from the axial 
bearing and those from the radial bearing show 
an appreciable content of contaminant particles, 
and suggests that the higher relative proportion 
of silica in the axial roller may be related to its 
greater density relative to the lubricant, which 
favors its progressive sedimentation compared 
with particles suspended in the circulating oil.  
 
Table 1 summarizes the phase composition 
identified by XRD at the three sampling points 
analyzed, evidencing a consistent pattern of 
silica contamination throughout the 
tribological system. 

 
Fig. 16. Composition spectrum of the contaminants 
identified on the roller of the 89456M axial bearing. 

 
It should be noted that the phase percentages 
reported in Table 1 correspond to semi-quantitative 
estimations obtained with the X’Pert HighScore 
software described in Section 2.5, and should 
therefore be interpreted as indicative of the relative 
proportion between corrosion products and SiO₂ 
rather than as absolute quantitative values. 

 
Table 1. Phase composition identified by XRD at the different sampling points. 

Sampling point Iron oxides (magnetite + goethite) [%] SiO₂ [%] 

Metal surface of the NU240 radial bearing (Fig. 14) 88.2 12.0 

Solid debris from the lubricant, radial bearing (Fig. 15) 82.0 18.0 

Roller surface, 89456M axial bearing (Fig. 16) 71.0 29.0 

 
3.5 Integration of the failure mechanism 
 
The integration of the evidence obtained from 
visual inspection, microscopy, FTIR, and XRD 
allowed a progressive bearing-degradation 
mechanism to be established, summarized 
schematically in Figure 17. Initially, the ingress 
of silica particles contaminated the lubricant and 
altered the tribological conditions of the contact; 
these particles acted as an abrasive third body, 
generating micro-cutting on the raceways and 
promoting increased surface roughness. 
 
As abrasive wear progressed, the lubricant film 
lost continuity, allowing direct contact between 
the metal surfaces and promoting adhesive wear 
mechanisms. The continuous generation of 
metallic particles further increased lubricant 
contamination, while the rise in temperature 
and exposure of the base material favored the 
formation of magnetite and goethite as 
corrosion products. Finally, the combined action 
of abrasion, adhesion, and tribocorrosion 
produced a progressive increase in the 

resistance to motion of the rolling elements, 
culminating in functional blockage of the bearing 
and loss of system operability. 
 

 
Fig. 17. Schematic of the proposed failure mechanism 
for the NU240 bearing, from external silica 
contamination to functional blockage of the 
component. 

 
4. DISCUSSION 
 
The evidence obtained in this work, derived 
from a real case of industrial operation, is 
consistent with findings reported in controlled 
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laboratory tests on grease and oil contamination 
with SiO₂ particles. Ta et al. [7] demonstrated 
that the presence of environmental particles and 
water in lubricating greases measurably 
increases friction, wear, and pitting formation, 
while Ikhsan et al. [6] reported wear patterns 
directly attributable to the concentration and 
size of solid contaminant particles in ball 
bearings. The present analysis extends these 
laboratory observations to an in-service failure 
case, showing that the same causal chain (silica 
contamination, lubricant film loss, abrasion, 
adhesion, and corrosion) can be reconstructed 
from morphological and physicochemical 
evidence in a real industrial component, 
reinforcing the diagnostic value of the 
methodology employed. 
 
The failure sequence identified here is also 
consistent with previously reported industrial 
and field investigations of rolling-element 
bearings. Gurumoorthy and Ghosh [12] similarly 
traced the failure of a taper roller bearing to the 
combined action of contamination and 
inadequate lubrication, while Maru et al. [14] 
showed, through vibration and wear analysis, 
that solid contamination progressively degrades 
bearing performance even when it is not 
immediately detected by routine monitoring. 
Morales-Espejel and Zhou [8] further 
emphasized that visual and morphological 
inspection remains an effective diagnostic route 
for particle-contamination damage, in 
agreement with the multiscale approach 
adopted in the present work. Taken together, 
these studies support the generality of the 
degradation sequence (contamination, lubricant 
film breakdown, abrasion, adhesion, and 
corrosion) identified in the NU240 bearing, and 
reinforce the relevance of the proposed 
methodology beyond this single case. 
 
A particularly relevant finding for maintenance 
practice is the discrepancy observed between 
routine lubricant monitoring reports, which 
indicated wear-metal and silicon concentrations 
within the manufacturer's established limits, 
and the actual evolution of the failure, which 
culminated in functional blockage of the bearing. 
This discrepancy suggests that the alert 
thresholds used in conventional oil-analysis 
programs may not be sufficiently sensitive to 
detect progressive ceramic-particle 
contamination at early stages, particularly in 

systems with low sampling frequency or 
inadequate filtration [21]. Consequently, it is 
recommended that routine monitoring be 
complemented with techniques of greater 
structural specificity, such as FTIR or XRD, when 
operational symptoms of deterioration are not 
explained by conventional reports.  
 
From a normative classification standpoint, the 
mechanisms identified (abrasion, adhesion, 
cavitation, and corrosion) correspond to 
recognized damage categories in ISO 
15243:2017 [9] and the SKF Bearing Damage 
Atlas [10], allowing the findings of this case to be 
situated within a reference framework widely 
accepted in industry and facilitating their 
transfer to other predictive-maintenance 
contexts. 
 
This work presents limitations inherent to a 
field failure analysis: because it involves a single 
case of industrial operation, it was not possible 
to isolate variables such as the exact particle 
concentration, the contaminant ingress rate, or 
the temporal evolution of the friction coefficient, 
as can be done in laboratory tests under 
controlled conditions. As future work, it is 
recommended that this type of analysis be 
complemented with controlled tribological tests, 
following protocols similar to those of Ta et al. 
[7] and Ikhsan et al. [6], to quantify the wear 
rate as a function of silica concentration, as well 
as incorporating scanning electron microscopy 
(SEM) and energy-dispersive spectroscopy 
(EDS) for a more detailed characterization of the 
morphology and elemental composition of the 
wear particles. 
 
5. CONCLUSION 
 
The comprehensive analysis of the NU240 radial 
bearing removed from an industrial pelletizer 
established that the root cause of its failure was 
external contamination of the lubrication system 
by silica (SiO₂) particles, consistently identified 
by FTIR in the lubricant and by XRD on the 
bearing’s metal surface, in the recovered solid 
debris, and in a complementary axial bearing. 
 
The morphological and structural evidence 
allowed a progressive degradation sequence to 
be reconstructed: the ingress of silica particles 
generated third-body abrasive wear, which 
progressively reduced the continuity of the 
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lubricant film and promoted metal-to-metal 
contact and the development of adhesive wear; 
the combination of both mechanisms, together 
with the formation of magnetite and goethite as 
corrosion products, ultimately led to functional 
blockage of the bearing. 
 
The absence of an effective filtration system in 
the lubrication circuit was identified as the 
operational factor that allowed the ingress and 
persistence of contaminant particles in the 
system, while the persistence of deterioration 
symptoms despite routine lubricant readings 
within the manufacturer’s limits highlights the 
need to review the sensitivity of the monitoring 
criteria used in predictive maintenance 
programs. 
 
The integrated methodology of visual inspection, 
fractography, optical microscopy, FTIR, and XRD 
proved effective in establishing the root cause of 
the failure and is replicable for diagnosing other 
lubricated transmission systems subjected to 
severe industrial conditions. It is recommended 
to incorporate higher-efficiency filtration 
systems, adjust the frequency and sensitivity of 
lubricant-contamination monitoring, and 
validate, through controlled laboratory tests, the 
quantitative relationship between silica 
concentration and wear rate, in order to 
strengthen predictive-maintenance strategies 
and extend the service life of industrial bearings. 
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