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Abstract

:

Billions of rolling bearings (RB) are in use today in a broad and diverse range of applications. In the mobility sector, RB help to reduce friction losses and increase efficiency. In rail applications, the rail wheel rolling bearing is a critical component, which requires a strict maintenance schedule. In this literature review, grease lubrication in RB is reviewed and potential ways to improve the service life of greases in RB are discussed with special emphasis on the application as rail wheel bearing. Understanding the discussed fundamental lubrication processes is the key to increase the service life of the rail wheel bearings and might provide a basis for future work that aims to make maintenance of these bearings condition-based (condition-based maintenance). This review is primarily intended for R&D professionals from rail (and related) industry and others being interested in a rather brief, but fundamental, overview of this subject.
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1. Introduction


While oil-lubricated journal bearings can be described accurately by the Reynolds equation to the point that friction [1,2,3,4] and related properties such as wear [2,5] and bearing temperature can be predicted [6], RBs are considerably more complex. In contrast to the (usually) fixed journal in a journal bearing, which gives clearly defined kinematics of the involved bodies, the rolling elements might conduct a combined sliding and rolling motion (Similar to [7], which by itself is already difficult to tackle in simulation). In addition, grease is an inhomogeneous multiphase compound that cannot fully be described by the Reynolds equation. Further, the experimentally found film thicknesses for RBs are often smaller than 100 nm [8,9]—that is one magnitude smaller than comparable film thicknesses in journal bearings. Consequently, mixed lubrication is omnipresent which is highly nonlinear and depends fundamentally on surface properties [10].



Consequently, the present work focuses heavily on the review of experimental works; for an extensive discussion of the theoretical modeling of lubrication and other related aspects in rolling element bearings, the author refers to [11]. A number of grease life estimation models (usually derived from experimental data) have been developed in the past and a detailed overview is given in [12].



As there exist vast amounts of highly interesting literature on all aspects of rolling bearing lubrication, this review does not claim to be complete by any means. Instead, it tries to present a general picture citing papers that appear to be particularly relevant for the intended application in rail wheel bearings. The list of references cited shall not be considered complete but serves only as a starting point for further literature.



While a great amount of work focuses on the rolling contact fatigue [13], most bearings fail due to failed lubrication [14,15,16]. Specifically, in the rail sector, a strict service schedule is employed where the rail wheel bearings need to be regreased for this reason in defined intervals. With rail wheels today having a longer usable lifetime than the grease in the rail wheel rolling bearings, this is a motivation to improve grease life and, ideally, to match it to the rail wheel life to reduce service costs (private communication with a major OEM of the rail industry.). Therefore, topics such as grease composition, ball bearing lubrication (lubrication in the contact, grease replenishment, etc.), which are directly linked to lubrication, will be discussed in the following.




2. Lubrication Fundamentals: Grease Composition and Bearing Lubrication


2.1. Grease Composition


Several works indicate that for severe operating conditions with temperatures above 60–70 °C, the grease becomes the service life limiting factor [17] for rolling bearings (RBs).



Greases used for the lubrication of rolling bearings are inhomogeneous multiphase compounds and consist generally of at least three components [12]:




	
base oil



	
thickener (matrix)



	
additives








The base oil can be made of mineral oil, of synthetic oils, and of mixtures of these two. Mineral oils are generally cheaper to produce than synthetic base oils; they often have a rather short lubrication life, also due to their not so good oxidation stability. Some exhibit a high evaporation rate and excessive oil separation. Finally, mineral oils can vary significantly from production lot to lot depending on the crude oil used as feedstock [18].



Synthetic base oils can be made of esters, polyalphaolefins (PAO), silicones, perfluoropolyethers (PFPE), and others. From these, only the esters and PAOs are suitable for the intended railway application as the others either have poor load carrying capacity or other undesirable properties. Esters and PAOs also have a long lubrication life [16].



Polyalphaolefins (PAO) are widely used in lubrication greases and engine oils. These base oils commonly achieve good lubrication properties and can be used over a larger temperature range than mineral oil based greases. With the exception of low viscosity grades, they are compatible with most sealing materials. PAOs are fully miscible with mineral oils and esters and can be combined with a large range of additives [18].



Generally, ester-oil-based greases have excellent lubrication properties, are compatible with a wide range of additives, and can be used over a wide range of temperatures up to 150 °C. Under high-temperature operation, they typically have a much longer lubrication life than PAO-based greases. Ester oils are commonly only available in low to medium viscosity grades and may be incompatible with some sealing materials [18].



Another class of greases are the urea greases that have at least one urea group (-NH-CO-NH-). Commonly, there exist diurea, triurea, and tetraurea greases, and the chemical flexibility in the number of urea groups allows to cover a large range of physical properties such as dropping point, consistency, and shear stability. In comparison to other soap-based greases, the urea greases have several advantages as superior heat resistance, oxidation stability, and longer service life at high temperatures. Their drawbacks are generally poor shear stability, poor rust prevention, and a tendency for thermohardening. However, there exist several fully formulated urea greases that claim to have overcome these limitations [19].



Perfluoropolyethers (PFPE)-based greases are not so commonly used for lubrication in RBs despite their good properties. They are normally thickened with polytetrafluoroethylene (PTFE), chemically inert, fire-resistant, and show a consistent performance over a large range of operating conditions. With their high viscosity index and high thermal and oxidative resistances, they can be used over a large range of temperatures [20] and have a low volatility. They have good lubricating properties due to the fact that PFPE generates iron fluoride in the contact zone, which has antiwear properties. However, under lightly loaded conditions, PFPEs generally show only marginal lubricity. Under heavily loaded (extreme pressure) conditions, these may be subject to catalytic breakdown in the presence of steel debris (e.g., from wear). PFPEs also may suffer degradation at temperatures above 200 °C in the presence of nonpassivated metals like aluminum or titanium alloys. In that case, the degradation is accompanied by the release of small amounts of gases, which are toxic and corrosive [21]. Only few compatible additives are known and experience with these appears to be limited. PFPEs are commonly compatible with sealing materials but are not miscible with mineral oils, PAOs, and esters. Furthermore, they have a high volume resistivity, which might be useful in railway applications [21]. Currently, they are particularly used in aerospace, spacecraft, and pharmaceutical applications, which are less price-sensitive applications [18,20].



The thickener materials can be divided into organic and inorganic thickeners. Organic thickeners may or may not be soap-based, while inorganic thickeners are nonsoap-based. Simple soaps are formed by a reaction with alkali earth metals such as lithium or calcium. To obtain higher performance soaps (such as higher dropping point), a complexing agent is added to the soap thickener to convert it to a soap salt complex thickener.



Common thickeners are calcium soap, calcium complex soap, lithium-12- hydroxystearate soap, lithium complex soap, and polyurea thickener. From these, in particular, lithium complex soap appears to be suitable for the intended railway application (excellent shear stability, good oxidation stability, good water resistance, and operational temperatures up to 170 °C). In the case of PFPE as base oil, the thickener is PTFE, which has excellent oxidation stability, water resistance, and, notably, excellent sliding properties [18].



Commonly, the corresponding thickeners are chosen on the required operating temperatures of which lithium soaps generally cover the largest temperature range from −20 °C to +130 °C [22]. As expected, greases used in rail applications such as the Kajo 085.30 or the FAG L225 employ lithium soap thickeners.



While there exist RBs that do not rely on grease but, e.g., are lubricated only with oil, most RBs are sealed for life and contain a grease. To achieve this thick consistency, a solid thickener is added to the base oil. These thickener fibers have a length of about 1 to 100  μ m and generally have a length to diameter ratio of 10 to 100; for scanning electron microscope pictures showing these inhomogeneous structures, see, e.g., [23].



The base oil is kept inside the thickener structure by a combination of van der Waals and capillary forces. Despite its appearance, grease consists to about 80–90% of base oil [23].



Furthermore, additive chemistry is used to provide further enhanced functionality such as protection against corrosion, wear, and grease oxidation. Despite that additive chemistry is understood to some extend for, e.g., engine oils (e.g., see the extensive literature on ZDDP film formation in oils, e.g., [24,25,26] and many more), the working mechanisms behind additives in greases are rather unclear and there are still many fundamental open questions, even for ZDDP [27]. Nevertheless, the efficiency of some extreme pressure additives containing phosphor and sulphur as they are used in API GL5 gear oils has been shown [28].



In addition, many known additives interact with the thickener due to their surface active properties. As most thickeners are polar as are the common additives, they interact, which often leads to a harmful/deteriorating effect on the thickener structure and also reduces the efficiency of many additives. Due to this interaction with the thickener, it is suspected that the additive efficiency may change with the aging of the grease [23].



In contrast to engine oil whose performance is largely described by its viscosity, lubricant grease significantly alters already at the begin of the bearing operation and might also contain a significant amount of air. This makes it a multiphase compound that cannot be fully described by simply accessible grease rheological properties.



Further, the rheological properties of grease are complicated to the fact that grease shows thixotropic and non-Newtonian behavior: thixotropic means that the grease properties depend on its stress history; the most popular substance showing this behavior is tomato ketchup. Mechanically working the grease lowers its viscosity, and this effect persists for a certain time after the mechanical shearing stopped. Once shearing ends, viscosity increases again during resolidification [23].



Non-Newtonian behavior: Creeplike behavior was observed for low shear rates until the yield strength has been reached; at high shear rates, the grease rheology approaches that of the base oil. Mechanical work changes the rheological behavior of grease significantly [23].



In terms of characterization, there exist a number of grease tests: the solidlike behavior, or resistance to flow, is traditionally characterized through the consistency (or penetration) measured using a cone penetrometer (ISO 2137, ASTM D217), which is translated into an NLGI consistency number [23], see Table 1.



Finally, it is interesting to note that the properties of greases, in particular for metallic soap-based greases, depend not only on their actual composition, but also, and to nearly the same extent, on the way in which the thickeners are prepared and dispersed [29].




2.2. Lubrication in RBs


Even at present, the exact mechanisms behind RB lubrication are not completely understood. The current state of the art is briefly presented in the following; for a considerably more in-depth discussion, the author refers, e.g., to [30].



A new RB contains only fresh grease that is present also in an homogeneous form within the bearing. However, this initial situation is not representative for the actual working conditions as it does not last for long. It was shown in several experimental investigations [9] that the grease properties and the film thickness [31] undergoes large changes already during run-in of the new bearing.



Already at the beginning of the bearing operation, most of the grease is pushed away from the raceway to the seals. This is—in part—intended as this surplus grease acts an additional seal. However, this behavior also has the consequence that only a small amount of grease remains on the raceway for lubrication. Due to the grease being pushed out of the raceway caused by the rolling elements, generally, too little grease remains in the actual contact. Therefore, the lubrication conditions are starved and the bearing lubrication strongly depends on the ability of the bearing to reflow grease (or, more specifically, some of its low viscosity components) back into the contact (more on that in Section 2.3). It was shown that mechanical shear degradation during operation is able to improve this process [31].



Due to these processes, the grease is usually in different condition in different parts of the RB. Notably, differences arise for the grease on the shields, the cage pockets and the actual contact at the raceway [31,32].



2.2.1. Basic Influence of Grease Properties on RB Lubrication


It is commonly known that thick grease (grease with high viscosity at ambient pressure) causes high power losses due to churning in the bearing and is, therefore, not well suited for high speeds.



However, it as also found experimentally that a high grease viscosity earlier leads to starved lubrication conditions in the contact [9]. This can be explained by the slower lubricant replenishment of higher viscosity greases [33,34]. Therefore, starved lubrication conditions not only occur as expected for high speed working conditions but may also occur at low temperatures due to the corresponding high grease viscosity [33].



As can be seen in Figure 1, the film thickness in the contact (for speeds larger than 0.1 m/s) is actually higher for the lower base oil viscosity.




2.2.2. Lubrication in the Contact


Lubrication in the contact was investigated in detail in [9] using a ball on disc test-rig. At the start of the test, the contact is lubricated by an inhomogeneous film containing base oil and thickener (see left of Figure 2). However, it was shown that already after one minute of operation (at a speed of 0.1 m/s)l, most of the grease is pushed outside the contact and only a 200–300 nm thick film remains in the contact (see right of Figure 2).



With increasing operating times, the thickener in the contact is repeatedly overrolled by the rolling elements. This repeated mechanical working and the associated shear and thermal stress mechanically destroy the thickener on the raceway [36] and change significantly its rheological properties [37] like its viscosity. This process is irreversible due to the breakdown of the grease matrix and causes a viscosity loss of the lubricant in this part of the bearing. In [9], it was found that after 20 min operating time, the thickener was broken down to give a fairly constant film of about 20 nm. Furthermore, it was found that at the side of the contacts localized EHD film formation occurs due to improved lubricant flow (free base oil). These findings can be seen in Figure 3 where the film thickness is shown for the rolling case and after rolling has stopped (static case). The depicted results show that the actual load carrying in the middle of the contact is provided by a solid deposited layer of thickener with some base oil. In more detail, the layer is composed of small particles with associated droplets of fluid. To the sides of the contact, this is further supported by hydrodynamic film formation [9] in the rolling case. Depending on rotational speed, the solid deposited layer can reach thicknesses between 20–80 nm and is most effective for low speeds [38]. As the thickener is involved in bearing lubrication, it is not surprising that thickeners affect contact replenishment [39] and grease life [12]. Contact replenishment will be discussed in the next section.



Similar results were found in a railway field test [40], where the main mechanical degradation of the grease occurred within the first 25,000 km. After this traveling distance, the grease consistency remained largely constant.



Finally, it was also found that the bearing materials might play a bigger role than anticipated. Cann [41] invested grease degradation in RBs and found an ester contamination originating from the seal after 50 h operating time, which further increased with working time. This ester structure is similar to the product that forms during thermal degradation of the grease and was found on the raceway.





2.3. Contact Grease Replenishment


Basically, two mechanisms are under discussion to allow grease to get back into the contact:




	
side flow of base oil due to capillary action



	
intermittent flow of overrolled grease








Both processes need to be considered for grease replenishment and are shown schematically in Figure 4; however, it is interesting to note that both processes are facilitated by shear degradation of the grease [31] and increased operating temperatures.



In particular, on ball-on-disc machines the capillary action was observed in several works [34]. The process of capillary action indicates that surface properties of the raceway play an important role as they potentially could be used to improve the capillary action.



Grease replenishment is the major factors in bearing lubrication and is, unfortunately, generally worse for high aspect ratio contacts (cylinder roller bearings, etc.) as the distance from the sides to the actual contact is larger [9,33].



One of the possibilities to improve these processes for better grease replenishment into the contact is to use suitable bearing cages [42], see Figure 5.



It is interesting to note that the presence of a bearing cage leads to worse lubrication for bearings that were lubricated only by the base oil, the exact opposite behavior was found for grease-lubricated bearings [33]. In case of lubrication only with base oil, the cage acts as scraper and actually removes lubricant from the contact. This effect can be seen in measurements of the film thickness for bearings with different bearing cage clearances (see Figure 6).



On the other hand, for grease-lubricated RBs, the cage can be used to improve contact lubrication. In the case of grease, the bearing cage acts as a reservoir that helps to promote grease back into the track. This can also be seen in film thickness measurements for different clearances (see Figure 6), where reduced clearances tend to cause larger film thicknesses.



Not only does the bearing cage help to push the grease back into the track, it is further probable that the mechanical shearing of the grease due to the cage further decreases the grease viscosity, which again promotes the lubricant replenishment [33].



To summarize, the lubricant supply appears to be governed by the breakdown of the grease close to the track by repeated overrolling with the rolling element. This indicates that the grease behavior (grease structural breakdown) at relatively low shear stress levels to the side of the contact is of crucial importance for contact grease replenishment. This is also further supported by [43], that investigated the influence of the mechanical degradation on the film thickness and lubricant replenishment. It is shown that continued mechanical working of the grease lowers the yield stress of the grease significantly, as shown in Figure 7.



The lowering of the yield stress has important consequences for the RB lubrication. During the first rotations of a new bearing, the grease is repeatedly pushed outside the contact. Lubricant starvation occurs as the grease does not flow back by itself due to the required yield stress. As consequence, the film thickness in the contact declines constantly until the grease close to the contact is sufficiently degraded and its yield stress sufficiently lowered. When the yield stress decreased sufficiently, base oil is freed and flows back into the contact (supply recovery); this is shown in Figure 8.



As the grease close to the actual contact suffers this mechanical working during operation, it is indicated that this process promotes grease replenishment back into the contact. In the mentioned work, a relationship between the initial shear stress of three different greases and the shear rate and time-dependent shear stress was developed. Using this relation, it is predicted [43,44] that the grease with the lowest initial yield stress (of the three investigated) resulted in the quickest supply recovery (denoted as grease B in Figure 8) [43]. These results are supported by measurements of the film thickness for these three greases, see Figure 9.



Finally, it was shown by [32] that grease replenishment can be different for similar RBs that, however, employ different cage designs. While the asymmetrical plastic cage of the 6204 deep groove ball bearing of the R2F test promotes grease replenishment, the symmetrical steel cage of the 6305 deep groove ball bearing of the R0F test apparently does not promote the available grease for replenishment well. While in the former case, also in the cage pockets, low-viscosity mobile lubricant is found, such lubricant is found in the R0F-test only in the middle of the racetrack although sufficient grease was still present on the shields [32].



However, changes directly to the RB are not intended, as this would lead to bearings optimized for this specific application and a loss of the usability of many different bearings from different manufacturers.



Alternatively, an interesting work conducted from the Japanese railway research institute in collaboration with Toshiba [45] shows that optimizing the grease pockets (volume below the bearing covers) around the RB can be optimized such that the grease service life is significantly prolonged. However, in the mentioned work, the wheel bearings were not investigated, but the ball and rolling bearings of the traction motors were investigated (see Figure 10).



Increased running times of up to 3.6 Mio km in comparison to the previous 2.6 Mio km could be obtained for the rolling bearings (even more for the ball bearings) by changes to the grease pockets to promote grease replenishment (see Figure 11).



The general finding of [45] was that it is advantageous to enclose as much grease as possible into the grease pockets. Refilling the bearing would be consequently also advantageous but may cause problems with the already filled volume. Furthermore, not only does the enclosed volume of grease in the grease pockets itself matter, but their shape also matters. However, this leads to higher bearing temperatures due to increased churning losses and needs to be taken into account. In the mentioned work, the temperature rise in the bearing was acceptable as the cooling during normal operation was sufficient to cope with the additional heat.




2.4. Grease Induced RB Failure


When a lubrication failure occurs in RBs, the mechanism behind the film generation failed, and this may have one or more of the following causes:




	
Insufficient lubricant is available



	
Failure due to grease degradation








Insufficient lubricant can be either the result of base oil evaporation, which means that base oil is essentially lost for lubrication. It might alternatively also mean that too little grease replenishment occurs in the RB, so while there actually might be sufficient grease in the bearing, it cannot be effectively used. These two processes also can interact, as, e.g., an increased base oil viscosity resulting from oxidation ha worse grease replenishment properties; the same is true if evaporation leads to a significant loss of base oil [32]. Generally, it has been observed that the amount of grease in the RB decreases with increased running time and increased severity of the operating conditions [32].



2.4.1. Grease Degradation in Bearings


To assess the reasons for bearing failure due to insufficient lubrication, the degradation of the grease plays a key role.



Mechanical working of the grease during operation, which leads to shear degradation of the grease thickener and was shown to be even able to improve lubrication [31], was already mentioned previously. Major progress was made in the last years in particular by Zhou et al. [46,47,48] to better understand this phenomenon. Notably, a master curve was presented that describes yield stress as a function of imposed energy; this master curve is capable to describe the mechanical aging process for grease in some parts of a roller bearing [47] and provides the basis for developing a remaining grease life model within certain limits [47].



Commonly, it is accepted that the operating temperature is the most significant factor that reduces grease life. It can be quite conveniently measured and can serve as a parameter for condition-based maintenance in railway applications [49].



Temperature-induced oxidation is a key process in the degradation of the grease. The oxidation rate doubles with each temperature increase of 10 °C for common hydrocarbon-based lubricants [50]. Oxidation not only affects the lubrication properties of the base oil and the thickener but it is also accompanied (at least at high temperatures) with increased evaporation. Oxidation leads to increased volatility and consequent weight loss of the grease as can be seen in Figure 12.



It was shown [32] that grease degradation due to oxidation in bearings is a complex process that depends on a large number of factors for a given bearing. Basically, this kind of grease degradation can be separated in thickener and base oil degradation. As both ingredients play a role in the lubrication process (see Section 2.2.2), both are discussed in the following.



As was noted earlier, the condition of the grease is different and depends on the position in the RB; notably, the grease on the shield, in the cage pockets, and on the actual raceway are different; therefore, they are discussed separately.



Shield lubricant: In short-term tests (40 h running time) the grease on the side shields is almost identical to fresh grease. However, the thickener concentration increases with increased running time due to base oil evaporation. Depending on the cage geometry and actual working condition, the grease is not symmetrically distributed on the left and right shields and also degrades differently [32,41]. Oxidation of the base oil is the main degradation mechanism, and even after failure, there is no severe thickener degradation. This is in contrast to the severe oxidation of the thickener on the raceway and suggests that the oxidation of the thickener is accelerated on the raceway for some reason. This reason could either be the higher temperatures, the occurrence of mechanical shearing, or the presence of metallic debris [32].



Cage pocket lubricant: In the first hours of operation (40 h), the grease in the cage pocket is similar to fresh grease but with an increased thickener concentration. After longer running times (240 h), the grease in the cage pockets is no longer homogeneous; it varies from grease that is similar to fresh grease (albeit with increased thickener concentration) to grease where mostly the base oil is heavily oxidized. The latter is only fluid at the elevated bearing operation temperatures and forms deposits when the bearing is stopped. As this degraded grease also suffers heavy mechanical degradation due to shearing, it represents the active lubricant in the cage pockets. Summarizing, the active lubricant in the cage pockets is heavily degraded lubricant that is both heavily oxidized and mechanically degraded and contains a high proportion of thickener [32].



Raceway lubricant: Usually, the raceway films are transparent with isolated areas of thicker film; in short-term tests (40 h), it was found that the lubricating films on the raceway contained thickener and base oil in similar proportions as fresh grease. After longer running times (240 h), the lubricant on the raceway formed a thin transparent film with transversal ridges of darker material. These ridges have a much higher thickener content, about 25% more than fresh grease. It was also found that the amount of thickener found on the raceway depends on the rotational speed of the bearing. For higher speeds, a lower amount of thickener was found, which led to the assumption that at higher speeds, the thickener is either ejected from the track or more severe shear degraded [32]. Severe chemical degradation took place as oxidized thickener and oxidized base oil was found on the raceway.



Comparing failed and nonfailed RB, it is necessary to distinguish between short-term failure, which originates in poor boundary lubrication or cage failure, and long-term failure. For the long-term failure, which is of particular interest, it was found that in both cases (failed and nonfailed RB) severely oxidized base oil is found on the raceway and the cage pockets. It appears that the oxidation of the base oil, therefore, determines the absolute grease life [32]. Some oxidation of the thickener was also present, but this is ascribed to the presence of metallic debris, which is known to accelerate thickener oxidation [32].



Conclusions: As the grease in the cage pockets and on the raceway suffers far more extensive oxidation than the shield grease, the condition of the shield grease is not suitable as guide for the degradation of the lubricant in the bearing. The lubricant in the cage pockets is inhomogeneous; the grease actively involved in the cage lubrication is both chemically and mechanically heavily degraded. For the raceway, it was found that it is not homogeneous and consists of base oil and thickener and their oxidized forms.



It is interesting to compare these results to the findings of a railway field test [40]. In the field test, no oxidation at all was found after 25,000 km and 57,000 km. Unfortunately, oxidation tests were not carried out after more prolonged traveling distances. However, as the railway field test was conducted in a cold climate with an average summer temperature of 15 °C, this might be attributed to the correspondingly low bearing temperatures. The bearing temperatures in test did not exceed 65 °, which is significantly below the 93 °C threshold that is typically denoted as begin of the main oxidation process. Below this threshold temperatures, oxidation is slow and inhibitors are effective [40]. The bearing temperatures measured (Data provided by a major rail OEM to the author.) on a rail wheel bearing in an EN 12082 endurance test (The EN 12082 test is a performance test for axle boxes in railway applications, which shall represent a traveling distance of more than 500,000 km.) reach a maximum of less than 90 °C for an ambient temperature of 20 °C, which suggest that oxidation—at least in summer—might not be dominant but still be relevant for this application.



Finally, as grease degradation causes increased wear of the rolling elements, this wear not only causes increased operating temperature of the bearing but also yields wear debris in the grease [15]. As the wear debris stays within the bearing, it is typically rolled over many times, which can lead to further damage to the rolling elements, as well as to lubricant degradation. It was also found that wear debris can catalyze the grease oxidation process [52,53]. Consequently, the monitoring of wear debris in the grease can be used to determine the state of health of the grease [15,54].





2.5. Role of Additives and Base Oil Quality


While the role of additives is at present still not known in detail, there are a number of works indicating that suitably chosen additives significantly prolong the grease service life. As oxidation is an important process in grease degradation (as described in Section 2.4.1), oxidation inhibitors help to improve grease service life [32,55]. For one, case improvements of 30–80% were found, and in another work [32], the comprehensive additive package (The additive package contained antiwear and antioxidant additives, rust inhibitor, friction modifier, extreme pressure additives, and a copper passivator. In total, the additive package constituted 4.6 weight-% of the grease.) prolonged the grease service life between 100–700%, in particular, for high speed applications. This is also seen in an earlier work [55] on high-speed bearings (7008 angular contact ball bearings at a rotational speed of 24,000   1 min  ), where both increased thickener concentration and added antioxidant additives helped to prolong the grease service life. In a railway field test [40] (More details on the railway field test can be found in the following paragraphs on the base oil influence.), increased thickener concentration (8 weight-% vs. 12 weight-%) prolonged grease service life significantly. Adding antioxidants improved in one case the grease service life from 1000 h to 1600 h and in combination with an increased thickener concentration the grease service life was improved from 1700 h to more than 3500 h [55] (see also Figure 13).



It is interesting to note that extreme pressure additives can increase grease life. These reduce the severity of the contact and, therefore, lead to both lower operating temperatures and less metallic debris, which accelerates thickener oxidation [32].



Base oil: The quality of the base oil has a significant effect on grease service life. Without additives, it was shown for one case [55] that synthetic PAO base oil has the longest service life for the base oils investigated (mineral oil, PAO, ester). It is not fully clear which properties of PAO determine that PAO is better suited for RB lubrication in comparison to mineral oils. From experimental works [40,55], the better lubrication is not linked to a higher base oil viscosity. From the findings of [32], indeed, the grease viscosity at low shear rates is expected to play an important role, but this property was not investigated in [40,55].



In field tests conducted with railway ore wagons [40], nine different, fully formulated greases recommended for this application were tested and compared in terms of their performance. These nine different greases were used to lubricated RB of ore wagons for a traveling distance of about 300,000 km. In the cited work, four greases were found to deliver satisfactory performance in terms of wear protection, consistency, rust, and friction. From these four greases, only one consisted of synthetic PAO base oil, while the remaining three were composed of mineral base oil. While the NLGI consistency was quite similar for all four greases (1.5–2), the base oil viscosity at 40 °C was remarkably different, ranging from 100     mm  2  s   to 460     mm  2  s  . The thickener type was not consistently the same but included lithium complex as well as Li-12-Oh.



Among the other five greases that did not fulfill the requirements, there were also two greases made of synthetic base oil (one PAO-based, one ester-based). While these two offer the same good mechanical stability and low bearing temperatures that the four suitable greases also exhibit, these caused either increased bearing wear or increased bearing damage due to electrical currents. A third grease contained synthetic PAO base oil, but it was combined with calcium thickener, and this combination already failed early in the field test.



It was also found in [55] that fully formulated greases can reach significantly prolonged service lives than simple combinations of base oil and antioxidant additives.





3. Potential Ways to Improve Bearing Service Life by Enhancing Lubrication


Figure 14 summarizes the various relevant factors influencing grease service life for the intended application. Given the working conditions and used bearing types, it appears that a number of promising possibilities remain to prolong grease service life significantly.



Optimally, one would start directly at the heart of the lubrication problem and investigate means to directly improve contact lubrication and grease replenishment back into the contact. Of particular interest in this regard is the construction of the bearing cage. The choice of geometry, clearance, and material dictates whether the combination harms bearing lubrication by scraping lubricant from the rolling elements and further supports the aging of the grease by releasing similar molecules into the grease or, alternatively, improves RB lubrication by supporting lubricant replenishment.



Despite the fact that such bearing optimizations are not the intended methods, for other reasons, a number of promising levers remain. Notably, the development of more refined grease pockets in the bearing housing has been proved to be able to obtain much longer grease service lives. However, the corresponding increased heating in the bearing needs to be kept in mind and a balance needs to be found. A compromise in this regard appears to be the possibility of lubricant refills; however, these come with their own drawbacks.



Also an investigation of the thermal conditions in the bearing housing (e.g., by means of simulation) would provide valuable information on the actual occurring temperatures in the RB that can be used consequently to investigate the benefits of increased cooling or other means of thermal management.



Aside from such constructive optimizations literature shows that there is still room left for significant optimizations related to the choice of the grease itself. The experimental data in the literature clearly shows that there are a large range of superior greases available that offer significantly increased performance levels in comparison to common Li-based greases. Therefore, it appears promising to investigate the suitability of such greases for rail road applications that consist of more recently developed base oil and thickener materials like polyurea or PFPE.



From a theory point of view, it would be an interesting approach to relate grease properties to lubrication performance was discussed in Section 2.3. The discussed approach of relating the initial yield stress of the grease to its mechanical degradation and film thickness could be investigated and used consequently to find better performing greases even more efficiently.



Summarizing, it appears that the the combination of constructive optimizations of the bearing housing (optimized grease pockets and thermal conditions) in combination with choosing a higher-performing grease might be a promising approach to significantly prolonged grease service life for rail wheel bearings.
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Figure 1. Influence of the base oil viscosity on the film thickness in the contact for different rolling speeds (data from [35]). Due to the strong temperature dependence of the base oil, the higher temperature (58 °C) corresponds to a much lower viscosity than the lower temperature case (30 °C). 
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Figure 2. Film thicknesses in the rolling contact for different running times: the left picture shows the inhomogeneous film consisting of base oil and thickener right at the start of the test. The right picture was taken after only one minute of operation (pictures reproduced from [9]). 
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Figure 3. Film thicknesses in the rolling contact during rolling and after rolling stopped (static case). It can be seen that in the middle of the contact (0  μ m) the film thickness is unchanged, while it increases at the sides during rolling (data from [9]). 
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Figure 4. Schematical overview of the grease lubrication in the contact (reproduced from [9]). 
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Figure 5. Influence of the cage on the film thickness in the contact for different rolling speeds (data from [35]). For reference, fully flooded conditions are shown. 
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Figure 6. Influence of the cage on the film thickness of a grease lubricated contact for different rolling speeds and for different cage clearances. The straight line denotes fully flooded lubrication as reference; as illustrated, decreasing cage clearance has a strong effect on film thickness (data from [33]). 
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Figure 7. Shear stress measured for grease B from Figure 8 after different periods of mechanical working (after 0 s, 10 s, 1000 s working the grease at shear rate of 1000   1 s   (reproduced from [43]). For comparison, the shear stress of the base oil is shown. 
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Figure 8. Plot of the calculated relative film thickness over time (number of disc revolutions in a ball on disc test-rig) for three different greases (reproduced from [43]). 
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Figure 9. Measured film thicknesses for the same three different greases as in Figure 8 (reproduced from [43]). 
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Figure 10. Rolling element bearings of the railway traction motor as investigated by Hibino et al. [45]. The lower figure denotes the position of the grease pockets GP. (reproduced from [45]). 
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Figure 11. Obtained prolongation of the grease service life for standard (conventional) and improved grease pockets (reproduced from [45]). 
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Figure 12. Base oil weight loss for an ester oil due to evaporation at a temperature of 120 °C with and without antioxidant additives (data from [51]). 
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Figure 13. Measured service lifes for different greases: as denoted, greases VI and VII are identical to greases I and V but include antioxidant additives (reproduced from [55]). 
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Figure 14. Overview of the processes relevant for the intended application related to grease service life: for given operating conditions and without resorting to special RBs optimized for this application, the optimization of the grease and of the bearing housing (grease pockets) offer possibilities to prolong grease service life. 
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Table 1. Overview of the NLGI consistency scheme [29].
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	NLGI Number
	Appearance
	ASTM Worked Penetration

(1/10 mm)
	Application





	000
	
	445–475
	gear greases



	00
	Semifluid
	400–430
	



	0
	
	355–385
	



	1
	Soft
	310–340
	



	2
	Creamy
	265–295
	greases for bearings



	3
	
	220–250
	



	4
	
	175–205
	



	5
	
	130–160
	



	6
	Soaplike
	85–115
	block greases
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