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Abstract
The rolling element bearing (REB) is one of the basic mechanical parts in rotating machinery. The estimation of an REB’s remaining useful life (RUL) allows not only assessment of the timeframe for maintenance actions but also supports prevention of critical failure of the mechanical system. Thus, a complete understanding of the damage process in the REB is critical for a reliable estimation of the RUL. It is common to divide REB wear into two stages, damage initiation and damage propagation. During the initiation stage, spall is generated on the surface of the raceway as a result of rolling contact fatigue (RCF).  In the first part of this study, a finite element (FE) model for the damage initiation process is developed. The developed FE model is physics-based and produces results with scatter. The spall generation process is modeled based on continuum damage mechanics (CDM) with the representation of material grain structure. Unlike previously published studies, the emphasis of the current work is on realistic representation of microstructural features, such as grain size and intergranular and transgranular failure mechanisms. Different microstructures, with a variety of material properties and grain topologies, are constructed for simulation purposes. The geometry of the simulated spalls and the Weibull slopes of the fatigue lives achieved from the simulations are in good agreement with published theoretical and experimental data. However, after the first spall formation, the bearing might be fully operational for millions of load cycles. Thus, for estimation of the bearing’s RUL, it is important to understand not only the damage initiation but also the damage propagation process. Damage propagation is a complex stochastic process involving different wear and stress concentration mechanisms. Many aspects of the damage propagation process are still not fully understood, such as the damage driven mechanism and its stochastic nature. In the second part of this study, bearing endurance tests are conducted, and diagnostic tools are developed to monitor the bearing condition during endurance tests. Different bearing focused condition indicators (CI) are extracted from the data, based on which damage evolution curves are built. The proposed bearing focused CIs show improved fault detection compared to general CIs, like the Root Mean Square (RMS). Early defect detection reduces the amount of damage to the mechanical system. The damage curves show the two stage defect evolution process of damage initiation and damage propagation. This result is in good agreement with published experimental observations. At the end of the test, a metallurgical analysis of the tested bearing is conducted to add insights regarding the damage driven mechanism during the propagation stage. Factors such as spall edge geometry, crack location, and their directions are examined. In the third part of the study, the insights revealed in the metallurgical analysis are used for the development of a rolling element (RE) – spall edge interaction model. Several cases of the RE-spall edge interactions are simulated, and potential damage driven mechanisms are analyzed. Moreover, based on conclusions deduced from the RE-spall edge interaction model, damage evolution simulations within the spall edge are conducted. The damage simulation results show a good agreement with the published experimental observations. To the best of our knowledge, this is the first attempt to simulate damage evolution within the spall edge based on physical insights. The results of this study have been published in three peer-reviewed articles that comprise the main body of this dissertation.        
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1 Introduction
Machinery prognosis is the forecasting of the remaining operational life, future condition, or probability of reliable operation of a mechanical system. It includes using the characterization of the machine, or part of it, and its operational conditions, e.g. load estimation, in order to forecast the initiation and propagation of the defect as a function of time. A reliable prognostic tool can significantly reduce maintenance cost and workload, increase availability, and enhance safety of the machine and its components.
A Rolling Element Bearing (REB) is one of the basic mechanical parts in rotating machines. Bearings are used to allow relative motion between a shaft and its housing under conditions of mutual loading. Since bearings are widely used, their failure is a topic of great interest. A common cause of REB failure is rolling contact fatigue (RCF). Cyclic rolling contact with the rolling element (RE) produces local damage that accumulates in the raceway of the bearing, initiating subsurface microcracks. The growth and coalescence of multiple subsurface microcracks form a longer crack that propagates toward the surface. Once the crack reaches the surface, spall is generated. Generally, the existing bearing life models [1-5]  relate to the time or load cycles required for a small spall formation and do not describe the subsequent damage propagation process. However, after the first spall formation, the bearing might be fully operational for more than millions of cycles [6-10]. Therefore, it is important to understand not only the damage initiation process, i.e. first spall generation, but also the damage propagation, i.e. spall growth. This study focuses on the development of a physics-based prognostic tool for the estimation of the REB’s remaining useful life (RUL) by considering both the initiation and propagation stages.

In 2009, Sadeghi et al. [4] published a paper that reviewed and discussed the most widely used models for the estimation of the REB’s lifetime. The resulting lifetime is usually associated with the first defect formation. These models are classified into two types, probabilistic and deterministic. The probabilistic models are relatively simple and rely on empirical data, but they have some limitations: the calibration of the models requires extensive RCF endurance tests, and they cannot offer significant insight into the failure modes or the physical mechanisms of the damage evolution. Using statistical methods or data without physical understanding narrows the number of phenomena that can be represented. Small changes in the original problem conditions can result in the requirement of additional experimental data. On the other hand, deterministic models are based on various physical principles. These models also have limitations; the RCF process is stochastic in nature (instead of deterministic) due to inhomogeneous material properties, initial flaw distribution, and environmental effects, among other things. Allegedly, identical bearings operating under the same conditions can show a significant difference in fatigue lives. In addition to the above mentioned limitations, the main disadvantage of both model types is that they are based on a macroscale description of the material, where discontinuities and microscopic details are overlooked. However, in systems such as bearings, where the contact scale between the roller and the raceway are on the order of microns, the microstructure of the material is very important. Therefore, the system must be considered as discontinuous, taking into account such factors as the microstructure topology and the variety of material properties.
Many diagnostic tools have been developed in order to monitor spall propagation. However, there is lack of reliable RUL prognostic and physics-based prediction of the damage propagation in the REB. The difficulties in prognosis of the propagation stage necessitate a deeper understanding of the damage mechanisms, the stochastic nature of the spall propagation process, and its modeling. The existing prognostic methods can be classified into two main categories: data-driven and physics-based. Data-driven methods are based on statistical and learning techniques, such as pattern recognition, which utilize the collected input/output data. Physics-based methods mathematically represent the physical processes that affect the health of the machine. The data-driven methods are extensively discussed in the literature [11-14] unlike the physics-based methods. Despite the large variety, data-driven methods still have some drawbacks. They usually overlook the physical phenomenon of the damage mechanism, and they are based on large, historically collected data. Moreover, small changes in the machinery operation conditions, such as load and speed, can require additional experimental data. The physics-based method is a relatively new approach for prognosis of the damage propagation in the REB. One of the first attempts to develop a physics-based prognostic model was in 1999 [15, 16]. Since then, a few additional prognostic methods have been developed [6, 8, 17, 18]. However, those methods still have limitations: the existing models are inefficient, the damage mechanism is only partially understood, and the physical phenomena are not well represented.
The main goal of this study is the development of a prognostic tool for REB. The development of a prognostic tool is based on a combination of physics-based models, diagnostic methods, and experiments. The methodology on which this tool is developed is illustrated in
 Fig. 1. In order to develop physics-based models of the damage process in REBs, we have to understand the damage driven mechanism. In addition, it is important to learn, from existing literature and experiments, how REB features (e.g. hardness, ball mass) and operational conditions (e.g. speed, load) affect the damage process and the trend of spall growth. Evidence can be obtained by conducting and monitoring endurance tests and by analyzing the results. Such tests can add physical insights regarding the damage process and can be used to develop a physics-based model and validate the simulation results.
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Figure 1: Research flow chart describing the methodology based on which the prognostic method was developed.

The main part of this dissertation comprises three peer-reviewed articles that have been published and that describe the different steps of the methodology flow chart shown in     Fig. 1.
1. The first paper presents the development of a finite element (FE) based model for the analysis of the first spall generation during the RCF process, with an emphasis on the microstructure and the damage evolution in the material. This work suggests a method for the damage initiation model assembly, towards a realistic representation of the grain topology and microscopic failure, using standard FE software tools. 
2. The second paper describes the experimental setup that has been used for REB endurance tests. This work includes the results of the first endurance tests conducted in our lab. Different REB condition monitoring tools have been designed and described in the paper. Based on these tools, REB damage evolution curves were built. Moreover, the paper demonstrates how the knowledge regarding the REB failure process and reliable diagnostic tools can be utilized for the protection of critical rotating machines.
3. Based on the insights gained from the results of the spall initiation model and endurance tests, a spalled bearing model was developed. The third paper presents the development of the rolling element (RE)-spall edge interaction model. Based on the conclusions deduced from the RE-spall edge interaction model, damage evolution simulations within the spall edge were conducted. 
The first endurance test results were reported in the second publication. Based on these results, the following tests have been modified in order to enhance the test procedure. The following section of this dissertation presents the modified test rig and some results. This section is followed by the three peer-reviewed papers that constitute the main part of this dissertation, a short summary, and conclusions.

2 Experimental Setup and Test Results
One goal of the endurance experiments is an investigation of the damage mechanism governing the process of spall propagation in bearing. The following subjects are studied: the geometry of the defect, the material’s hardness in the defect zone, and the source of the crack formation. The insights gained from this study are important for development of a reliable model and can be used to validate the simulation results. This section describes the test rig and test procedure and presents metallurgical analysis of the tested REB.
2.1. Experimental setup
The test-rig consists of an AC motor, a shaft, two support bearings, and a tested bearing loaded radially by a pneumatic cylinder, as shown in Fig. 2. The components of the test rig are listed in Table 1. The type of tested REB is ETN9, with a polymer snap-type cage which allows easy REB dismantling, as shown in Fig. 3. This feature is very useful since it allows the seeding of an artificial defect at the raceways. In order to accelerate the damage evolution in the tested REB, an initial defect is seeded in the outer raceway, as shown in Fig. 3. The defect is located in the maximum loading zone. To allow smooth operation and to avoid failures due to overheating, the tested REB is lubricated with grease.
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Figure 2: The test rig and its CAD assembly. The components of the rig are listed in Table 1.
Table 1: Experimental setup components.

	Description
	Component num.

	Supporting REB SKF 22207 EK
	1, 2

	Coupling
	3

	Shaft 30 mm diameter
	4

	Bearing house + tested REB SKF 6206 ETN9
	5

	Pneumatic piston
	6

	Three-phase electric motor 4 kW
	7
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Figure 3: Tested REB with initial defect.
The first tests were conducted under the following conditions: initial defect size ~1.5 mm, radial load of ~5 kN, and rotation speed of 3,000 rpm (50 Hz). However, these experimental conditions led to the development of severe damage in the tested bearings, Fig. 4. Based on the results of the first tests, subsequent tests were conducted under the following conditions: initial defect size ~0.7 mm, radial load of ~3.3 kN, and rotation speed of 2,100 rpm (35 Hz). The modified test conditions ensured the development of typical fatigue damage, i.e. spall, Fig. 5.
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Figure 4: Tested REB after 55 hours of operation under the following test conditions: initial defect size ~1.5 mm, radial load of ~5 kN and rotation speed of 3,000 rpm.
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Figure 5: Tested REBs from two different endurance tests. The developed defects are similar to the typical fatigue damage, i.e. spall.

2.2. Metallurgical investigation

For the metallurgical analysis, only the spalled area is examined. The raceway segment that contains the defect is cut using an Electrical Discharge Machine (EDM), Fig. 6. After exposing the spall and its profile, it is taken for a first visual examination in a Stereo-Microscope, Fig. 7. Later, for more in-depth analysis, it is taken for a visual examination in SEM with a high-magnification optical microscope, Fig. 8. Moreover, the hardness of the spall profile close to the surface is measured in order to evaluate the existence of residual stress.
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Figure 6: Segment of the spalled raceway after it is cut.
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Figure 7: Stereo-Microscope picture of the spall.
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Figure 8: SEM Image of the spall trailing edge. Left – general observation. Right – close-up of the area surrounded by a white circle.

Figure 7 presents the general look of the spall. In the vicinity of the spall, impressions of metal chips on the raceway surface are observed. These impressions form as a result of detached metal chips from the spall, which roll over the surface with the RE motion. In Fig. 8, examples of micro-cracks form in front of the spall edge. Note that along the spall edge, there are thousands of micro-cracks of varying sizes, from a few to several hundreds of microns. The trailing edge of the spall is sharp with unsmooth corners. The presence of microcracks and the sharp edge suggest that the material removal is due to brittle fractures.
Figure 9 shows two different profiles cuts of the spall edge. It can be seen that the profile has step-like patterns. Figure 10 presents a magnified view of the trailing edge. The slope of the edge is 45° relative to the raceway surface. Moreover, there are many cracks that are parallel to each other. The slope of these cracks is ~30° relative to the surface. Beneath the surface, there is a change in the direction of the cracks, where they propagate parallel to the surface. The propagation of these cracks might be one of the causes of the material chips detaching from the spall edge.
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Figure 9: Profiles cuts of the spall edge.
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Figure 10: Close-up of the spall edge.
The micro-hardness is measured at different depths below the raceway surface, close to is the spall edge. The resulting average hardness near-surface is 57.7 HRC and below-surface 55.7 HRC, Fig. 11. These values are in the range of typical quenched steel hardness values, 56.5-58.5 HRC. We assume that the difference between the near-surface and below-surface hardness is due to a significant amount of accumulated residual stress. Moreover, it can be seen in Fig. 11 that the near-surface area is brighter than below-surface. This suggests a change in the original microstructure due to local heating. In future research, a more in-depth analysis of the residual stresses should be conducted.
[image: image11.png]Raceway surface





Figure 11: Trailing edge of the spall. The bright area near-surface suggests local heating.
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4 Conclusions and Summary
Throughout this study, the mechanisms that govern the damage evolution in the REB have been investigated. A spall initiation model and an RE-spall edge interaction model have been developed. Moreover, a test rig has been designed and built, and REB endurance tests have been conducted. The tools developed throughout this thesis provide new physical insights for a better understanding of the damage mechanism in REBs.
The first part of this study has presented an RCF model that was developed to simulate first spall generation in a bearing. The model is based on physical principals, with the capability of producing results with scatter. The model development comprises three stages: contact, microstructure, and damage modeling. The contact has been modeled using the Hertz solution. The material microstructure is represented by a Poison Voronoi tessellation, with an emphasis on the realistic features of the microstructure, e.g. grain size, material properties, etc. A Continuum Damage Mechanics (CDM) approach has been used for the representation of accumulated microscopic failures, assuming transgranular failure mechanism. Different microstructures, with a variety of material properties and grain topologies, have been constructed for simulation purposes. The model has been used to simulate the generation, growth, and coalescence of multiple subsurface microcracks. These microcracks grow and propagate towards the surface of the race and form the first spall. The spall patterns achieved from the simulations and the Weibull slopes of the fatigue lives are in a good agreement with previously published works and what has been observed experimentally. It can be concluded, that the assumptions and the simplifications of the RCF model yield a sufficiently accurate tool that agrees well with previous data. The results of this section have been published in the journal of Fatigue & Fracture of Engineering Materials & Structures [19].

In the second part of this thesis, we have demonstrated how knowledge regarding the damage evolution in the REB can be used for critical rotating machine protection. In this work, we have developed and examined different condition indicators (CI) for a bearing defect diagnosis. For this study, we have designed and built a test rig in our lab, and several endurance tests have been conducted and reported. To monitor the condition, accelerometers have been used to measure the vibration levels of the rig. Different CIs, extracted from the vibration data, have been used to build damage evolution curves, examined by the following criteria: data isolation, early defect detection, and trend noisiness. The trends based on isolated data, i.e. bearing focused, and the envelope spectrum show the earliest fault detection. The trends composed of inner and outer ring energy patterns have been found to be the smoothest CIs. The results of this section have been published in the International Journal of Critical Infrastructure Protection [20].
The third section of this thesis has presented the development of a spalled bearing model for simulating the RE-spall edge interaction. The model combines non-linear, dynamic and FE models which have been developed based on experimental observations and physical insights. The results of the dynamic model have been used as load parameters and boundary conditions for the FE model. The material response, stress/strain fields due to the interactions, have subsequently been estimated using the FE model. The integration of the two models, dynamic and FE, provides efficient and reliable results. Several cases of the RE-spall edge interactions have been simulated, and potential damage driven mechanisms, such as maximum principle stress, have been analyzed. Based on the conclusion deduced from the RE-spall edge interaction model, damage evolution simulation within the spall edge has been conducted. In these simulations, multiple cracks generated on the surface, and they propagated downward into the spall edge. The results of damage simulations show a good agreement with the experimental observations. As far as we know, this is the first attempt to simulate damage evolution within the spall edge based on physical insights. These results can add new understanding regarding the damage evolution within the spall edge as a result of impact with the RE. The results of this section have been published in the International Journal of Fatigue [21].
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העבודה נעשתה בהדרכת פרופסור יעקוב בורטמן
במחלקה הנדסת מכונות
בפקולטה למדעי ההנדסה 
אוניברסיטת בן גוריון בנגב
הצהרת תלמיד המחקר עם הגשת עבודת הדוקטור לשיפוט
אני החתום מטה מצהיר/ה בזאת: (אנא סמן):

___  חיברתי את חיבורי בעצמי, להוציא עזרת ההדרכה שקיבלתי מאת מנחה/ים.

___  החומר המדעי הנכלל בעבודה זו הינו פרי מחקרי מתקופת היותי תלמיד/ת מחקר.

___  בעבודה נכלל חומר מחקרי שהוא פרי שיתוף עם אחרים, למעט עזרה טכנית הנהוגה בעבודה ניסיונית. לפי כך מצורפת בזאת הצהרה על תרומתי ותרומת שותפי   למחקר, שאושרה על ידם ומוגשת בהסכמתם.

תאריך   11/2019    שם התלמיד/ה   דמיטרי גזיזולין     חתימה ___________
תקציר
אחד מחלקי מכונה הבסיסיים במערכות מכניות סובבות הוא מסב. חיזוי אורך חיים של מסב מאפשר לא רק לבצע פעולות אחזקה מתוכננות, אלה גם יכול למנוע כשל קריטי של מערכת מכנית. לפיכך, הבנה מלאה של מנגנון הנזק במסבים חיונית לחיזוי מהימן של אורך חיים. נהוג לחלק את שחיקת המסב לשני שלבים, התפתחות והתקדמות הנזק. בשלב ההתפתחות, מתפתח נזק מסוג ספול כתוצאה מהתעייפות מגע בגלגול. בחלק הראשון של עבודה זו, פותח מודל אלמנט סופי להתפתחות הספול הראשון. המודל מבוסס על עקרונות פיזיקליות ומניב תוצאות עם התפלגות. מודל זה מבוסס על מכניקת הכשל, המייחסת כשלים מיקרוסקופיים לפרמטר מצב הנזק, וכולל ייצוג למיקרו-מבנה של החומר. בניגוד לעבודות שפורסמו עד כה, במודל המוצע ישנו דגש על ייצוג פיזיקלי של מבנה החומר: גודל גרעינים, כשל בגבולות ובתוך הגרעין וכו'. מבנים שונים, עם מגוון תכונות חומר וטופולוגיות, נבנו לצורכי הסימולציה. הגאומטריה של הספולים השונים ושיפועי וויבול של אורכי החיים שהתקבלו מהסימולציות, תאמו בצורה טובה את הנתונים תיאורטיים וניסיוניים מהספרות. אולם, לאחר היווצרות ספול ראשונה, המסב יכול לתפקד במשך מיליוני מחזורים נוספים. לפיכך, להערכת הזמן לכשל של מסב חשוב להבין לא רק את תהליך ההתפתחות אלה גם את תהליך התקדמות הנזק/ספול. התקדמות הנזק הוא תהליך אקראי ומורכב, הכולל מנגנוני שחיקה וריכוזי מאמצים מורכבים. הרבה מההיבטים הקשורים למנגנון התקדמות הנזק עדיין אינם ידועים. בחלק השני של עבודה זו, על מנת להשלים את פערי הידע בנושא התקדמות הנזק, בוצעו ניסויי התעייפות ופותחו כלים דיאגנוסטיים לניטור בריאות המסב. בעזרת כלים אלו חולצו מדדים שונים מהנתונים. מדדים אלו שימשו לבניית עקומות נזק שונות. בכל העקומות שנבחנו ניתן היה להבחין בשני השלבים של תהליך הנזק, התפתחות והתקדמות. תוצאה זו תאמה את מה שמתואר בספרות המדעית. בסוף כל ניסוי בוצע אנליזה מטלורגית של המסב הנבדק. מטרת האנליזה היתה חקר מנגנון הנזק בשלב התקדמות הפגם. באנליזה זו נבחנו פרמטרים כגון גאומטריית קצה הספול, הימצאות סדקים וכיוונם, וכו'. בחלק השלישי של המחקר, בהתבסס על התובנות מאנליזות מטלורגיות, פותח מודל לאינטרקציה של גוף הגלגול עם קצה הספול. בוצעו מספר סימולציות בעזרת המודל ונבחנו מנגנוני נזק פוטנציאליים. בוצע ניתוח מעמיק של התוצאות ועלו מספר הנחות שיכולות להסביר את שלב התקדמות הנזק. על מנת לבחון את ההנחות שעלו מהניתוח, בוצעו מספר סימולציות להיווצרות הנזק בקצה הספול. התוצאות מסימלציות הנזק הראו התאמה טובה למה שניתן היה לראות בניסויי ההתעייפות שבוצעו במעבדה והניסויים המתוארים בספרות המדעית. למיטב ידיעתנו, זהו ניסיון ראשון לבצע סימולציות, מבוססות על עקרונות פיזקליים, להתפתחות הנזק בקצה הספול. עבודה זו בנוייה כאסופה של שלושה מאמרים שהתפרסמו בכתבי עת.  כל אחד מהמארים מתאר את תוצאות אחד מחלקי המחקר כאשר יחדיו הם מהווים את גוף העבודה.
�something feels wrong with this sentence, maybe because  "...is...is..." very close to each other, is it ok? Do you have an idea how to improve it?





1

