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Sammanfattning 
Införandet av elfordon i bilindustrin utgör en möjlighet för smörjfettproducenter. Olika 

hastigheter, belastningar och elektriska förhållanden är närvarande i de elektriska fordonens 

kullager i jämförelse med förhållandena i ett traditionellt förbränningsmotorfordon. Detta kräver 

utveckling av nya fetter som kan hantera de utmaningar som uppkommer med denna nya teknik. 

Detta projekt ämnar jämföra två fettförtjockningstekniker genom att installera, utveckla och 

validera en ny höghastighetslagermaskin (HSBT-maskin) för smörjfettstestning. Denna maskin 

möjliggör att förhållanden som finns i lagren hos ett elektriskt fordon kan efterliknas. I denna 

masteruppsats användes spårkullager med beteckningen 6208 för att jämföra smörjfettens 

mekaniska prestanda. I denna studie jämfördes litiumkomplex- och polypropenfetter genom att 

analysera friktionsmomentet och den självinducerade temperaturen för de testade kullager-

smörjfettskombinationerna. Resultatet av studien visar energibesparingspotentialen för båda 

smörjfetterna och visar möjligheten att använda HSBT-maskinen för att testa smörjfetter. Detta 

projekt är det första steget i en ambitiös plan att förbättra e-mobilitet genom smörjfettsforskning. 

Studien ger indata för framtida utveckling av elektriska maskiner och bidrar till skapandet av nya 

standarder för testning av fetter för elektriska fordon. 

Sökord: Spårkullager, Litiumkomplexfett, Polypropenfett, Energibesparingspotential, 

Höghastighetslagermaskin 
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Abstract 
The inclusion of electric vehicles in the automotive industry represents an opportunity for 

lubricating grease producers. Different speed, loads, and electric conditions are present in the 

bearings of the electric vehicles when compared with the conditions in a traditional internal 

combustion engine vehicle. Therefore, the development of new grease formulations is desired to 

overcome these, and other challenges introduced by this new technology. 

This project aims to compare two grease-thickener technologies through the installation, 

development, and validation of a novel high-speed bearing-grease test HSBT machine. This rig 

allows emulating the conditions present in the bearings of an electric vehicle. In this thesis, 6208 

deep groove ball bearings were used to compare the mechanical performance of the greases. The 

comparative study of lithium complex and polypropylene greases was performed through the 

analysis of the frictional moment and self-induced temperature of the tested grease-bearing 

combinations. The results present the energy-saving potential of both greases and show the 

feasibility of using the HSBT machine as a grease testing machine. This project is the first step 

in an ambitious plan of enhancing e-mobility through grease research. It gives the input for 

future development of the machine and the creation of new standards for testing electric vehicle 

greases.  

 

Keywords: Deep groove ball bearing, Lithium complex grease, Polypropylene grease, energy-

saving potential, High speed bearing-grease testing machine. 

 

 



 3 

FOREWORD 
First, I would like to express my gratefulness to my industrial supervisor Dr. Johan Leckner and 

my academic supervisor Professor Sergei Glavatskih for guiding me during all this process and 

giving me the proper feedback for the consecution of this project. It has been a pleasure to have 

different technical discussions with you. Additionally, I would like to thank Tomas Östberg for 

the support in the construction and redesign of the machine. Nothing would have been possible 

without your help. Additionally, I would like to acknowledge the SENESCYT, IFTH, and the 

Ecuadorian government for providing the economical means to finance my master studies. To all 

the professors of the Machine Design Department, a sincere thanks for all the knowledge shared 

within these two years. Furthermore, special gratitude to my parents, my siblings, and family. 

You have always generated a positive impact on my life, and you are always in my heart and 

mind. Finally, thanks to Katherine for being my best friend and have provided me your support, 

love, and comprehension during all these years. Thank you for motivating me to become a better 

professional and person.   

Gabriel Calderon Salmeron 

Stockholm, August 2019  



 4 

NOMENCLATURE 

Notations 

Symbol Description 

L10 Basic rating life [millions of revolutions] 

C Basic dynamic load rating [kN]  

P equivalent dynamic bearing load [kN] 

A nDm or speed factor [mm/min] 

dm Mean diameter [mm] 

D Outer bearing nominal diameter [mm] 

d  Inner ring nominal diameter [mm] 

κ Viscosity ratio  

Tfriction Frictional torque [N mm] 

µ Constant coefficient of friction 

Mload Torque caused by the load [N mm] 

Mv Torque caused by viscous losses [N mm] 

Mf Roller end flanges friction torque [N mm] 

Frm Minimum radial load [N] 

Fa Axial preload [N] 

k Bearing factor 

v Actual operating viscosity of the lubricant [mm
2
/s] 

v1 Reference viscosity of the lubricant [mm
2
/s] 

Fball Force in the most loaded ball [N] 

Z number of balls 

Fradial Axial radial force [N] 

Pm Mean contact pressure [MPa] 

E’ Effective module of elasticity [MPa] 

R’ Effective radius [mm] 

a
*
 non dimensional semi-axis in the elliptical contact 

b
*
 non dimensional semi-axis in the elliptical contact 

V Volume free space of the bearing [m
3
] 

G Bearing mass [kg] 
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Abbreviations 

EV Electric Vehicle 

STLE Society of Tribologists and Lubrication Engineers 

ICE Internal Combustion Engine 

ACI Axel Christiernsson International AB 

EHL Elasto-Hydrodynamic Lubrication 

PP Polypropylene 

HSBT High speed bearing-grease test machine 

KTH Royal Institute of Technology 

LiX Lithium Complex 

nDm Speed factor 

NVH Noise Harshness and Vibrations 

VI Viscosity index 

API American Petroleum Institute 

PAO Polyalphaolefins 

ASTM American Society for Testing and Materials 

DC Direct current 

RTV Room temperature vulcanizing 

C-DAQ Compact data acquisition chassis 

NI National Instruments 

VI Virtual Interface 

TB Test bearing 

SB Support bearing 

FEM Finite element method 

E1 Experiment 1 

I1 Speed Interval 1 
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1 INTRODUCTION 

This chapter covers an introduction of the current project. Trends in the electric vehicle field 

and challenges for greases in the upcoming e-mobility market are described in the background 

section. Thereafter, a description of the objectives and goals of the project are defined in the 

purpose section. The scope of the project is explained in the delimitations section. At the end of 

the chapter, the applied methodology used in this work is explained. 

1.1 Background and Problem Definition 

The mechanical elements that are as common as bolts and screws in machine elements are 

rolling element bearings, with more than 50 billion of bearings working in the world [1]. These 

elements enable rotational motion in shafts and axels, so their importance is crucial in most 

machinery designs.  Besides, greases are considered important elements of the machines because 

their performance plays a fundamental role in the reduction of friction and wear [2] and thus in 

the overall system efficiency. Grease is the preferred lubricant for rolling element bearings 

because of its ability to be retained, its function as a sealing mechanism against dirt and 

contamination [3], and even more important its simplicity of installation. Therefore, the study of 

the behavior of greases in rolling element bearings is extremely important for improving the 

performance of the machines because it aims to ensure their reliability with a low cost.   

Lubricant research is not new. The current world industry is demanding better lubricants to 

increase energy efficiency, sustainability and reduce costs [4] [5]. The majority of the studies in 

this field are more focused on oil development rather than grease development since grease 

composition can present a considerable amount of formulations [6] that make grease studies 

more complex. Greases are a composition of base oil, a thickener, and additives that are used in 

any place where the lubricant needs to be retained. The presence of thickener complicates grease 

studies due to its influence in the oil release, mechanical degradation making, oxidation, and 

contact replenishment. The most outstanding example of grease application is within the 

automotive industry. Grease is an lubricant that is used in many components or systems inside a 

vehicle such as in wheel bearings, U-joints, powertrain, chassis, and body [7]. Recent research 

shows that only one-fifth of the fuel consumed in a vehicle is used to move it. One-third of this 

fuel is frictional losses disregarding the braking friction. [8]. Therefore, the potential of 

developing new kinds of greases in this industry is enormous and could generate a great impact 

in terms of CO2 production, cost savings, and maintenance enhancement. 

Nowadays, grease research is not only limited to the improvement of the efficiency of different 

machines. New challenges are introduced in the grease market by the upcoming trends in the 

industrial market such as the increment of electric motors and the electrification of vehicles. 
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According to the Society of Tribologists and Lubrication Engineers STLE, there is expected to 

be 363 million electric vehicles EV in 2035 which will also need grease as a lubricant in their 

bearings [9]. The inflection point in which electric vehicles will become extremely important in 

the market is close, and it seems to happen between 2022 and 2025. By the year 2045, 95% of 

the cars will be electric if the predictions are accurate [10]. Considering the aforementioned, the 

market opportunities in the upcoming years are promising for grease producers; however, given 

the new conditions of electrical vehicles, this could represent a complicated challenge to 

overcome.  

The operating conditions of EVs are different both in the mechanical and electrical part when 

comparing them with traditional internal combustion engine ICE vehicles. In the mechanical 

side, an EV will have elements that are less radially loaded, given that there is no crank-slider 

mechanism as in ICEs. However, they will operate under much higher speeds. In ICE vehicles, 

the improvement in load-carrying capacity and durability of the elements was the goal, while the 

speed of EVs makes the noise, harshness, and vibration the point of concern [11]. Besides high 

speeds, bearing electric current is another point of concern with the introduction of electricity in 

automotive machines. This problem has been presented and studied in the industry since many 

decades ago [12]; however, with new developments such as high-frequency drive components, 

bearing failures due to electrical discharge are more common nowadays and are a challenge in 

the EV field. Two common failure modes in bearings due to induced currents are electric pitting 

and fluting which are caused by a discharge through the breakout of the elasto-hydro lubrication 

film. Electric problems have been tackled in the past by bearing isolation, grounding, or ceramic 

or hybrid bearings [13]. However, given the mass production of EVs, some of these systems can 

result complex to install or very expensive [14]. Alternatives such as conductive greases could be 

developed to defeat this problem.  

Based on the exposed previously, greases for EVs should overcome both mechanical and 

electrical challenges. The characteristics and type of lubricants that will be used in EVs is still a 

fuzzy domain. The only certain thing is that they will need to have different properties than the 

ones used in current vehicles [15]. Although conductive greases seem to be a perfect solution for 

electrical discharges in the bearings of the EV conditions, they are not completely reliable in 

terms of mechanical performance [16] such as how they behave under high speeds. Therefore, 

testing the mechanical performance is the first step in the development of novel grease for EV 

application. The current project covers this step in which mechanical properties of different 

greases are tested.  
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Mostly greases, in general, have been thickened by soaps which are combinations of metals and 

fatty acids. The most common type of grease is the lithium soap thickened [17]. These lithium 

greases have shown outstanding results in all types of industry, fulfilling the requirements that 

technological applications and machines demand. Nevertheless, lithium demand is increasing 

drastically mainly due to the use of this element in batteries of electric cars, so there is a need on 

finding new thickeners that replace lithium in the grease composition [18].  

Axel Christiernsson International AB (ACI) is one of the most important lubricating grease 

producers in Europe. The automotive industry is one of the different markets that the company 

supplies [19]. Nowadays, ACI is competing in the e-mobility market by developing new greases 

thickened with elements different than lithium soaps. New formulations of PP thickened grease 

have shown a reduction in the self-induced temperature of roller bearings and a reduction in the 

power consumption when running significantly long tests [20]. One of the advantages of this 

material is that it can be obtained from recycling processes. Additional research shows that 

recycled polypropylene has the potential of becoming a used thickener in the grease formulation 

[21]. PP greases seem to be a promising type of greases due to their performance in technical 

applications. Additionally, this type of lubricant is a potential contributor to a change in the 

environmental impact through the use of recycled materials and the replacement of lithium in 

traditional greases.  

In addition to laboratory tests, grease testing demands real application tests; for instance, in 

rolling element bearings. There are several available machines for testing grease-bearing 

combination within the market. However, lubricant grease for EV applications demands new 

tests and methods [11] that can simulate the conditions of an electric motor. ACI and a group of 

KTH Royal Institute of Technology students, in which the author of this report was member, 

designed a novel high speed bearing test (HSBT) machine that simulates these conditions in deep 

groove ball bearings which are one of the most common types of bearings in high-speed 

applications such as in EV. The machine has not been tested before and therefore there is not a 

test protocol for testing grease under the conditions that this machine allows. Appendix A shows 

the poster of the capabilities of the machine. Note that the scope of this project does not include 

all of the functionalities of the machine.  

All the exposed: EV conditions, rolling bearings, and new testing methods are combined in the 

current thesis project which helps in the development of a novel lubricating grease for EVs. A 

grease test protocol in the HSBT machine is developed and PP thickened grease is compared 

with a traditional Lithium complex grease using the novel HSBT machine. 
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1.2 Research Importance 

Participating in the development of novel grease technology has an impact because:  

1.    The novel HSBT machine could become a standard bearing test machine in the e-mobility 

field. Given the novelty of this field of study, there are no standards for the bearings that will be 

used, so the project could contribute to the improvement of the machine and determine its 

potential as a testing machine for bearings in the future. 

2.    The elaboration of a novel grease technology can create a positive environmental impact due 

to the replacement of Lithium, which is an element that will probably suffer a shortage in the 

upcoming decades. Additionally, PP greases could become the preferred ones due to their 

potential ability to reduce friction.  

3.    Grease study in the HSBT machine can allow the improvement of grease formulations by 

introducing in the market new, more efficient, and less costly trends.   

1.3 Purpose and Research Questions 

This project aims to generate high-quality electrical motor bearing data over a set of controlled 

conditions to illustrate the difference between lithium complex and polypropylene thickened 

grease technologies and continue with further improvement of grease formulations. The project 

is then divided into three main objectives:  

 Validation of the machine: The validation of the machine includes the corrective actions 

for achieving the test rig goals.  

 Development of a test protocol in the HSBT machine: The protocol must cover a wide 

range of operating conditions to assess the performance of novel lubricating greases. The 

test protocol must include the measurement of friction and self-induced temperatures in the 

bearings. The test protocol aims to solve the following research question: What are the 

variables that should be considered in experiments developed in the HSBT machine? 

 Illustrate the energy-saving potential for an electrical motor bearing using novel grease 

thickener technologies compared to traditional systems. Two greases will be tested Lithium 

Complex grease and PP thickened grease (ACI formulations). The estimated energy 

potential aims to solve the following research question: Does the novel PP thickened grease 

formulation show a better performance in terms of friction, self- induced temperature, and 

energy-saving potential than a traditional lithium complex grease formulation? 
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1.4 Delimitations 

1.4.1 Time constraint 

The estimated duration of the project was initially 20 weeks starting on January 2
nd

, 2019. 

Because of several challenges presented during the obtention of the results, the project duration 

was extended until July 30
th

. These challenges are presented and explained in chapter 3. A Gantt 

Chart of the project is shown in Appendix B with the key dates of the project. Appendix C 

details the risk assessment of this project that influenced the extension of the project.  

1.4.2 Scope limits 

To develop the current project, the existing HSBT machine was modified, validated, and used. 

The protocols were developed for the bearing SKF 6208 to compare the traditional and novel 

grease technologies. For the comparison of the two greases, the HSBT rig is used. This test rig 

currently allows measuring self-induced temperature and frictional moment. A general 

description of the machine is detailed in chapter 3.  The characteristics of this test rig currently 

allow a maximum speed factor of 400000 nDm. This project aims to validate the mechanical 

performance of the grease, so the use of electrical currents in the bearings will be omitted. This 

step will be included in the future development of the test rig.   

1.5 Methodology 

In this work, an experimental methodology was applied. When the project started, a literature 

review to understand lubrication principles of the grease was performed. This study allowed to 

determine a state-of-the-art in grease development and to develop a pre-test protocol in which 

conditions of the tests could be analyzed and predicted before the different tests. In parallel with 

this study, the installation, electronics control, and data acquisition system of the machine were 

developed. For this purpose, MATLAB and LabVIEW were used.  

Based on the pre-test protocol and with an operational machine, the first official tests were 

performed in the innovative HSBT machine.  The results from these tests were the basis to 

determine the machine general performance and challenges during long and high-speed 

experiments. Thereafter, a redesign and modifications in the machine allowed to take corrective 

actions to obtain the desired functioning of the machine.  

After gaining more expertise in the machine and grease performance behavior, several official 

one-week tests were performed to compare traditional lithium complex grease with a novel 

thickener technology based on polypropylene. Interactive and user-friendly MATLAB and Excel 

tools were developed to analyze the data obtained. Results of this comparison offer promising 
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innovations in the grease market and could set the new standards for EV grease testing 

procedures.  
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2 FRAME OF REFERENCE 

This chapter covers the concepts involved in grease lubricated rolling element bearings. The 

first section 2.1. focuses on the bearing characteristics. It includes a set of calculations that must 

be considered when designing bearing arrangements. Section 2.2. focuses strictly on the grease. 

It introduces concepts that allow understanding of the lubrication phenomena by describing the 

concepts and parameters that influence bearing lubrication.  

2.1 Deep Groove Ball Bearings 

Deep groove ball bearings are the preferred type of bearing for high-speed applications. They are 

considered a versatile type of bearing that works under axial and radial loads and generates low 

noise and vibrations due to its shape and dimensions. The bearing consists of one inner raceway 

and one outer raceway located in the inner and outer ring respectively. Each of them has a 

circular arc groove that allows the rotation of the rotating element through the contact with 

several rotating balls. These balls are connected through a cage or retainer [22]. Figure 1 shows 

the basic components of a deep groove ball bearing.  

 

Figure 1. Single row deep groove ball bearing (part names modified by the author), modified from  [23]  

This type of bearing can be presented with some modifications that include grease seals in the 

sides of the bearings, an additional row of balls, or different cage models. These modifications 

will change some features of the bearing, but the important dimensions and its general concept 

will be constant.  

2.1.1 Bearings in E-vehicles 

The role of bearings is very important for determining the mileage that an EV could run because 

of its direct impact on the friction and consequently in the vehicle efficiency.  Bearing 
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manufacturers are investing a vast amount of resources in finding optimal bearing configurations 

and bearing conditioning systems that improve the efficiency and reduce the friction in EVs. 

New materials, surface roughness improvements, rotor positioning sensor-bearing units, and 

cage/retainer redesigns are some of the examples of the ongoing research within the EV bearing 

field [24, 25] to attack bearing problems. This component failure is the primary cause of failure 

in electric motors [26].  

In an electric motor, the rotor and the stator are separated by an air gap. Ball bearings are 

responsible for this gap by supporting the rotor [27]. Deep groove ball bearings are the preferred 

type of bearing in this kind of motor, especially due to their capacity to support high speeds and 

their great performance under radial and axial loads [28].  Figure 2 shows the location of grease-

lubricated deep groove ball bearings in an EV motor.  

 

Figure 2. Grease lubricated bearings in an electric motor [25]. 

2.1.2 Basic rating bearing life 

Life in bearings can be defined in terms of the number of revolutions or operating hours that the 

bearing can withstand without failure. Several failure modes determine bearing life such as 

surface fatigue or spalling, brinelling, false brinelling, corrosion, and others [29]. Most of these 

failures are not caused by the bearing fatigue, but rather by improper conditions like poor 

lubrication, improper mounting, and overload. Because the lifetime of bearings is different from 

one to another, empirical equations can only give an estimation of the life with a given reliability 

value. The standard ISO 281 allows to calculate an estimation of the bearing fatigue life (90% of 

reliability) under controlled conditions through the following equations: 
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𝐿10 = (
𝐶

𝑃
)

𝑝

       (1) 

 

Where:  

𝐿10:  Basic Rating Life [millions of revolutions] 

𝐶: Basic Dynamic Load Rating [kN]. It can be obtained from bearing catalogs and gives an 

estimation of the bearing fatigue load capacity [30].  This load is calculated in dynamically 

stressed bearings and corresponds to the load that a bearing can withstand to endure one million 

revolutions [3]. 

𝑃: Equivalent dynamic bearing load [kN].  

p: exponent based on the type of bearing, p=3 for ball bearings.  

This calculation is extremely conservative and only considers metal fatigue. Only a small 

percentage of bearings fail due to fatigue [3]. Therefore, the application of Equation 1 could be 

limited, and other failure modes such as oxidation, abrasive wear, true or false brinelling, or 

lubrication must be considered. If the criticality of the application is extreme, one could apply 

more accurate methods to calculate bearing life. For instance, there is a more advanced 

calculation method in ISO 281 which includes the type of lubricant and the environment 

conditions.  

2.1.3 Bearing speeds 

Speed factor NDm 

In general, bearings come in different sizes and types, thus a fair comparison in terms of speed is 

difficult to be presented. For instance, it is well known that a small size bearing can withstand 

higher speeds than a larger sized one. For this reason, one cannot refer in terms of rotational 

speed, e.g. revolutions per minute [rpm], when comparing two bearings of different sizes. To 

overcome this difficulty, there is one factor that relates rotational speed and bearing size and 

type: Speed factor [3].  

Equation (2) shows the formula for calculating the speed factor or nDm parameter which is a 

product of the bearing mean diameter Dm and the rotational speed. The units of these two 

parameters are always in millimeters and revolutions per minute, respectively [31]. 
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𝐴 = 𝑛 ∗ 𝑑𝑚 ∗ 𝑘𝑎        (2) 

Where:  

𝐴:  Modified Speed factor [mm/min] 

𝑛: Rotational speed [rpm] 

𝑑𝑚: Mean diameter [mm] 

𝑘𝑎: nDm correction factor that depends on the bearing type. This factor is mostly used in the 

selection of the amount of grease [32].  

Thus, in a deep groove ball bearing, the mean diameter is calculated according to Equation (3). 

Parameters D and d are shown in Figure 3. 

𝑑𝑚 =
𝐷+𝑑

2
         (3) 

Where:  

𝑑: Inner ring nominal diameter or shaft diameter [mm] 

𝐷: Outer ting nominal diameter or housing diameter [mm] 

 

Figure 3. Section view of an open type deep groove ball bearing. [33] 

 

Speed ranges for lubricated radial bearings  

There is no consensus regarding what value of speed factor could be considered as high speed. 

The only certain fact is that this categorization depends on the bearing type. Different authors 
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have several perspectives depending on their field of study either from the grease or bearing 

point of view. For instance, [32] differentiates the type of bearing by applying an nDm correction 

factor. This author considers a high speed for deep groove ball bearings when the nDm value is 

above 500000 mm/s. On the other hand, [3] contemplates that high speeds for all ball bearings 

start above 300000 mm/s of nDm value. Table 1 shows the speed ranges for grease-lubricated 

radial bearings according to the criteria of a bearing manufacturer.  

Table 1. Speed ranges for grease lubricated radial bearings [3] 

  Ball Bearings 

Needle roller, spherical 

roller, tapered roller, CARB 

toroidal roller bearings 

Cylindrical 

roller 

bearings 

 Speed Range NDm NDm NDm 

VL Very Slow - < 30000 < 30000 

L Slow < 100000 < 75000 < 75000 

M Medium < 300000 < 210000 < 270000 

H High < 500000 ≥ 210000 ≥ 270000 

VH Very High < 700000 - - 

EH Extremely High ≥ 700000 - - 

With the NDm parameter introduced, it is possible to compare the speed conditions of two 

different bearing sizes. For a better understanding, a case of two bearings with different sizes, 

rotating at the same speed is exemplified as follows: 

A shaft supported by a 6204 (mean diameter dm=33.5 mm) and a 6208 (mean diameter dm=40 

mm) is rotating at a constant speed of 6000 rpm. In the case of the first bearing, the NDm value 

will be 201000 mm/s while the second one will have a speed factor of 360000 mm/s. Therefore, 

the bearings are exposed to a medium and high speeds respectively. The speed factor parameter 

is extremely important when calculations about grease lubrication are executed. 

Speed Ratings 

Bearing catalogs commonly present two speed values that should be considered when designing 

rotational systems. These values define the maximum limits (recommended by the manufacturer) 

at which the bearings could run. The first one is defined by the bearing thermal properties and is 

called reference speed while the second one is defined by the mechanical characteristics of the 

bearing and is called limiting speed.  

The reference speed, based on the standard ISO 15312, refers to the speed at which the heat flow 

produced by the bearing is balanced with the heat flow emitted through the shaft in the standard 

bearing arrangement conditions: light radial and axial loads, controlled ambient temperature, 
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cleanness, normal bearing internal clearance, no sealings. The standard ISO 15312 considers oil-

lubricated systems, but it is also valid with grease lubricated ones [34] [3].  

The limiting speed or mechanical limiting speed is calculated according to the bearing attributes 

and dimensions which influence the bearing dynamics. In this calculation, centrifugal and 

gyratory forces, bearing cage characteristics, cage surface lubrication, sliding contact conditions, 

and contact forces between the bearing elements are considered in the analysis. When the 

reference speed exceeds the limiting speed, it is necessary to recalculate the reference speed [34] 

[35].    

When designing a new system, one must select the lower of the two speed ratings. These values 

give the maximum recommended operation values, however; it is always possible to have higher 

speeds with technical modifications in the system. These changes such as installation of cooling 

systems, selection of different bearing clearances, or housing fittings selection, aim to improve 

mainly heat transfer, lubrication conditions, and vibration response [35].  

2.1.4 Friction in bearings  

Bearings are well known by their ability to allow rotational motions with very low friction. 

Nevertheless, this friction is one of the factors that affects the most machine efficiency. Hence, it 

is crucial to have a proper understanding of how friction is affected by different tribological 

characteristics. Figure 4 shows the frictional moment caused by the rolling elements, cages, and 

raceways, as a function of speed. The changes in the frictional moment form four typical 

lubrication zones that define the performance of the lubricant [36]. Note that the curve presents a 

similar behavior than the Stribeck curve in which viscosity is included in the horizontal axis.  

In zone 1 or boundary lubrication, the speed of the system or the lubricant viscosity is too low 

for generating a hydrodynamic film. This stage is characterized by large values in friction 

coefficient because the load is taken directly by the asperities of the surface (metal-metal contact 

in the case of a common bearing).  

Zone 2 or mixed lubrication zone is characterized by the formation of a partial hydrodynamic 

film due to the increase in viscosity or speed. Therefore, the total load is carried partially by the 

lubricant film and partially by the asperities. Friction in this stage tends to reduce or to reach a 

stable value when the speed increases.  

Zone 3 or full Elasto-hydrodynamic lubrication EHL occurs when the viscosity or the speed is 

high enough to generate a hydrodynamic pressure in the film. The two surfaces are completely 

separated; therefore, all the load is just carried by the lubricant.  While increasing the speed or 
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viscosity, the film thickness is also increased. This will lead to an increment in the friction due to 

frictional loses. This can be explained by the introduction of viscosity ratio parameter κ 

(explained in section 2.2.7). 

Finally, zone 4 occurs, where thermal effects and starvation take place. These effects cause the 

friction to reach a steady state, or in some cases to decrease due to the replenishment and thermal 

effects [36] [3] [37].    

 

 

Figure 4. Bearing frictional moment as function of the speed and viscosity  [36] 

As discussed, friction study in bearings is a complex topic due to the number of factors involved. 

Bearing type, sealings, lubricant, and operating speeds are some of the many variables that could 

create an impact in the friction of a bearing arrangement system. Therefore, simplifications must 

be done for calculating friction values. The simplest method for estimating the bearing frictional 

moment assumes a constant friction coefficient that depends on the bearing type [38]. This 

method considers the radial and axial force on the bearing, and certain optimistic conditions in 

terms of lubrication and environment. Equation (4) shows the estimation of the frictional torque 

caused by the bearing rotation.   

𝑇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝑃∗𝜇∗𝑑𝑚

2
        (4) 

Where:  

𝜇: constant coefficient of friction, obtained from manufacturer tables 
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Table 2 presents a combination of two different bearing manufacturer tables of constant 

coefficient of friction. It is important to consult the bearing manufacturer about their coefficients 

of friction values before any calculation is developed.  

Table 2. Constant coefficient of friction for different bearing types. [38] [3] 

Type of Rolling 

element 
Type of bearing  Coefficient of friction 

Balls 

Deep groove ball bearings 0.0015 

Angular contact bearings 0.0020 – 0.0024 

Self-aligning ball bearings 0.0010 

Thrust ball bearings 0.0013-0.0015 

Cylindrical rollers 

Cylindrical roller bearing (cage) 0.0010-0.0011 

Cylindrical roller bearing (full complement) 0.0020 

Thrust cylindrical roller bearing  0.0050 

Spherical rollers 
Spherical roller bearings 0.0018-0.0020 

Thrust Spherical roller bearings 0.0018 

Tapered rollers 

Tapered roller bearings 0.0018-0.0020 

Thrust tapered Roller bearings (cage)  0.0020 

Thrust tapered roller bearings (full complement) 0.0050 

Needle rollers 
Needle bearings with a cage  0.0020 

Needle roller thrust bearing 0.0050 

The method described above improves its accuracy when the equivalent dynamic bearing load is 

close to one-tenth of the dynamic load rating and when the lubrication conditions are good [3].  

Although the introduced calculation gives a good approximation of the frictional moment, it does 

not include tribological factors caused by the rotational speed and lubricant properties. These 

limitations are taken into account in other methods such as in [36]. According to [17], the 

frictional torque can be defined through Equation (5).  

𝑇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑙 + 𝑀𝑣 + 𝑀𝑓       (5) 

Where:  

𝑀𝑙: Torque caused by the bearing load, function of the radial and axial load applied in the 

bearing and the bearing parameters provided by the supplier. 

𝑀𝑣: Torque caused by viscous losses. Function of speed, bearing parameters, and lubricant 

conditions. 

𝑀𝑓: Roller end-flanges friction torque (applicable for roller bearings)   

When the bearings are sealed in one or both sides, the friction torque caused by the seal 

mechanism should be included in Equation (5). Calculations of Ml and Mv are based on empirical 
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formulae that use several parameters from the bearing manufacturer. It is not defined what 

method is needed when one is estimating the frictional torque caused by bearings. The only 

certain fact is that the method of calculation will depend on the available information about the 

bearings and lubrication system, and the level of accuracy needed. It is recommended to refer to 

the bearing manufacturer in case a more accurate calculation needs to be executed. [39] presents 

a real calculation example of the total friction torque, using formulae presented in [17]. SKF [36] 

has also developed a complex model for frictional moment calculations.  

2.1.5 Minimum radial load  

Bearings always have an internal clearance that allows relative displacement between the inner 

and outer rings. It aims to compensate for the thermal expansion when the bearing is operating. 

Three stages change the clearance magnitude depending on the bearing mounting condition or its 

operation. The “initial clearance” is the existing one in the bearing itself and can be found in the 

manufacturers’ catalog. Once the bearing is mounted on the shaft and housings, this distance 

decreases due to deformation caused by interference fits, and it is called “mounted clearance”. 

Finally, the “operating clearance” is the one existing when the operation and the thermal effects 

reach a steady state. For deep groove ball bearings, the recommended operating clearance should 

be zero [40].  

Clearance creates a loaded and an unloaded zone in the bearing which can be explained by 

Figure 5. The presence of these two zones can cause changes in the speed and accelerations of 

the rolling elements and bearing rings generating different slide-roll ratios. Sliding must be 

avoided in the normal operation of the machine because it originates a breakout of the film 

thickness, increases the friction, and therefore will deepen the probability of premature failure. 

To ensure pure rolling, a radial load that generates traction between the bearing components can 

be applied [41]. A general rule of thumb can be considered for general calculations of the 

minimum radial load according to Equation (6) [42].  

𝐹𝑟𝑚 = 0.01 ∗ 𝐶,         𝑗𝑢𝑠𝑡 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑏𝑎𝑙𝑙 𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠     (6) 
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Figure 5. Deep groove ball bearing axial and radial clearances and loaded and unloaded zones. Original from [40] 

As also seen in other calculations, Equation (6) does not include the effect of the speed nor the 

lubricant in the minimum radial force which are extremely important factors especially when the 

bearing withstands high speeds and sudden changes in accelerations. A better approximation of 

the minimum radial load in a ball bearing is shown in equation (7) [3].  

𝐹𝑟𝑚 = 𝑘𝑟 ∗ (
𝜈∗𝑛

1000
)

2

3
∗ (𝑑𝑚)2,         𝑗𝑢𝑠𝑡 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑏𝑎𝑙𝑙 𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠    (7) 

Where:  

𝑘𝑟: Bearing factor supplied by the manufacturer 

𝜈: Oil viscosity at operating temperature [cSt] 

2.1.6 Bearing axial preload 

One of the main advantages of deep groove ball bearings is their capacity to support radial and 

axial forces.  For instance, according to the bearing manufacturer SKF [3], a common stainless 

steel deep groove ball bearing can withstand up to one-quarter of its basic static load rating in 

pure axial load. Although this kind of bearing is not designed specifically for this purpose, an 

axial preload is always recommended to minimize noise and vibrations in the system through the 

elimination of the backlash, increment of the bearing stiffness, improvement of the shock load 

capacity, and prevention of sliding [43]. This is especially important in high-speed applications 

such as electric motors and machine spindles.  

Axial preload values are usually obtained empirically, and one should refer to the bearing 

manufacturer to get suggested values and/or proper calculation methods. Some authors 

Unloaded zone  

Loaded zone  

Unloaded zone  

Loaded zone  
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recommend preload values as a percentage of the dynamic load rating depending on the speed 

and the shock exposition of the system. Table 3 presents a summary of the preload information 

obtained from [43]. 

Table 3. Preload types depending on bearing speed and impact loads  

Type of preload  Value % of Co When to apply 

Clearance  

0 

Cheap bearing arrangements in which alignment is not 

possible to be obtained. Very poor performance under 

shock loads 

Light  
1% 

Systems when the system is lightly loaded, and the 

bearings are rotating at very high speeds 

Medium 3% Moderate shock loads and medium speeds 

Heavy  
5% 

Heavy shock loads. Does not allow for medium and 

high speeds due to increase in the bearing temperature.  

 

Axial preload is obtained through the relative displacement of the inner and outer rings of the 

bearings. In electric motors, this motion is commonly achieved by controlling the deformation of 

wave springs that pushes the bearing static ring. When applying this method, it is important to 

control the clearance fits between the bearing and housing.   

As aforementioned, there are other empirical methods suggested by different bearings 

manufacturers. For example, Equation (8) shows the SKF model for deep groove ball bearings 

preloaded with springs [44].  Note that the equation is totally empirical, and is more based on the 

bearing shape rather than in other considerations. 

𝐹𝑎 = 𝑘 ∗ 𝑑         (8) 

Where:  

𝑘: Bearing factor supplied by the manufacturer 

𝑑: Bearing bore diameter 

2.2 Grease Lubrication  

When referring to a machine component, the idea of rigid components such as gears, bearings, 

shafts, or other complex mechanisms come to mind. But, there is a machine component that 

works silently and has extreme importance in the lifetime of a machine: the lubricant. 

Lubrication is one of the most important, if not the most important factor that determines the life 

of mechanical components exposed to relative motion such as rolling elements and inner and 

outer raceways in any bearing. Its correct selection can also generate an impact in terms of noise, 
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harshness, and vibrations NVH [45]. A proper lubrication method and lubricant selection 

increase the life of the system and, more important, its operating performance. The following 

section describes the grease, which is one of the most used lubricants worldwide.   

2.2.1 Definition  

A machine lubricant is a solid, semi-solid or fluid that has the objective of reducing friction and 

wear in elements that have relative motion between them. The lubricant selection depends on the 

purpose and working principle of the machine. Grease, the most common lubricant used in 

rolling element bearings [46], is a non-Newtonian fluid or a semi-solid that has the property to 

remain in its solid natural state until external stress is applied on it and then it behaves as a fluid. 

Under optimal conditions, it returns to its natural state when the stress is released [47].  

The concept of grease as a thick oil is completely wrong. Grease is a thickened oil. Because 

grease formulation is based in oil, these two elements are usually compared, and debates 

between grease and oil manufacturers claiming that one governs over the other are commonly 

generated [48]. From the grease point of view, grease can be retained and is easier to use than 

oil. It does not demand complex systems that ensure continues supply, maintenance, and 

circulation [37]. Table 4 shows a comparison of grease and oil, merging several authors opinion. 

This is a general comparison, so there could be cases where the stated is not applicable.  

Table 4. Oil vs Grease lubrication. Summary from [1] [47] [37] 

Factor Oil and Grease comparison 

Cooling 

properties 

Oil is definitely better in terms of cooling properties. Its continuous 

circulation on a system allows the temperature rise reduction [1]. On the 

other hand, grease has an extremely poor heat transfer properties, so its use 

as a cooling mechanism is limited [47]. 

Temperature 

performance 

Greases are thickened base oils that are thickened by a matrix thickener. 

The last one helps in the isolation of the base oil, so therefore grease  

withstands more temperature [47].  

Load carrying 

capacity 

Higher dynamic viscosity and elasticity provided by the thickener could 

lead to higher load-carrying capacity of the greases [47]; however, the 

increase in load could lead to higher temperatures making oil more suitable 

for high loads due to its heat transfer properties [37].   

Starvation 

Given that there is not constant replenishment of the lubricant, side flow 

can occur in grease lubricated systems. Therefore, the contact could suffer 

from starvation. This phenomenon can cause a reduction of the film 

thickness. Oil lubrication does not suffer from this problem [1].  

Corrosion 

inhibiting ability 

Grease has many surface protective properties that make it more suitable 

for corrosion protection. For instance, it can generate a process of adhesion 

to the metal surfaces to protect it from reactive liquids that cause corrosion, 

or it can absorb other liquids in its matrix without changing its 

performance [47]. On the other hand, strange liquids can affect easily oil 

performance.  
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Sealing ability 

Grease consistency allows the protection against contaminants from 

outside the system [47]. Oil does not have sealing abilities, and it always 

needs extra sealing components [37].  

Other substances 

carrying ability 

Grease matrix allows carrying insoluble particles, such as the ones present 

in dry lubricants like molybdenum disulfide or graphite. The grease can act 

as a carrier of these elements which will improve the lubricating conditions 

[47].  

Installation 

Oil has the disadvantage that it commonly leaks from the installed system. 

For this reason, there is always required to install a system that provides 

continues supply or more complex sealing mechanisms [37].  

Aging process 

and maintenance 

Given that oil-lubricated systems keep the oil circulating, it is filtered 

constantly, and heat and contaminants are removed permanently. This 

helps in the aging process [1]. Grease is also able to provide a constant 

supply of lubricant to the contact without providing maintenance (better re-

lubrication intervals) due to its ability to be retained [47]. However, aging 

of the grease commonly occurs due to oxidation of the base oil and 

thickener, so periodic maintenance is needed. Commonly, grease 

pumpability could create difficulty in centralized lubrication [1]. 

 

 

2.2.2 Composition 

To manufacture a lubricating grease, two main components are required: a base oil and a 

thickener. Through a complex chemical process, the thickening agent is dispersed uniformly in 

the base oil, forming a structure of microscopic fibers. This structure, called matrix, has the 

purpose of retaining the base oil. One common analogy to represent how these two elements 

coexist is to compare them with a sponge-water system. The thickener fibers play the role of “the 

sponge” that contains the fluid (base oil) in it. Figure 6 illustrates an example of the 

photomicrograph of a common thickener in two different base oils [45]. As shown, the 

resemblance of a sponge system is notorious.  

 

Figure 6. Lithium 12-hydroxy in a mineral oil (left) and in synthetic ester (right) [45] 
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Apart from the gelled fluid composed by the base oil and thickener, grease can have extra 

supplements to improve its properties: the additives. Their role is to enhance grease 

characteristics such as load-carrying capacity, oxidation resistance, and therefore the grease life. 

The amount of each element in the composition can vary depending on the type of grease and 

will affect the final properties. 85% of base oil, 10% of thickener and 5% of additives are 

standard values for a common grease [47].    

Base Oil 

Most of the grease is composed of base oil, so its properties have a crucial influence in the grease 

performance. Among the most important ones are the resistance to flow or viscosity and the 

variation depending on the temperature. The latter is characterized by the viscosity index VI. 

Depending on the oil viscosity, the properties of the bleeding process and grease general 

performance will change. For instance, the high viscous base oil is preferred when high loads 

and low speeds are required because there is not expected increase of temperature. On the other 

hand, low viscosity oils are preferred at high speeds. Other properties such as oxidation stability, 

solubility, low temperatures must also be considered when selecting a base oil [47].   

There are several types of base oils, and their classification will depend on the process performed 

for its obtention. The most common base oils used in lubricating greases are of the mineral oil 

type. This type is obtained from crude oil derivates through a process of distillation and further 

refinement. The American Petroleum Institute API classifies mineral oils based on the 

distillation characteristics. In general, they are considered the cheapest option for manufacturing 

greases, but their use is limited to applications that do not demand extreme conditions. The 

mineral oil limitations are mostly related to oxidative stability because they are not suitable to 

work under long periods (oil life) nor high temperatures. The operational temperature of mineral 

oils is generally constrained to 130 ˚C [49]. The three chemical forms presented in mineral oil 

are paraffinic, naphthenic, and aromatic.  

Temperature limitations are a disadvantage for mineral oils. In such applications, where high 

temperatures and/or speeds are present, synthetic oils are the preferred ones due to their 

significant better performance. Their structure can be modified in a chemical synthesis process, 

so its lubrication properties are enhanced, especially the ones related to the sensibility of the 

viscosity under changes in temperature and the resistance to high temperatures. The complexity 

in the production process makes this type of oil more expensive than similar mineral oils. 
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Polyalphaolefins PAO, Perfluoropolyethers, silicones, diesters, polyesters, and alkylated 

aromatics are some of the most used synthetic oils in grease production [49].  

Thickener 

Grease is a complex case of study because its formulation can have an infinite number of 

combinations in terms of materials, quantities and production processes. According to some 

authors, the role of the thickener has not been completely studied [49]; however, it is impossible 

to deny its importance in the lubricating grease performance. It is so important that the type of 

grease is determined by the thickening agent rather than the base oil. The reason is that the size, 

quantity, and distribution of the thickener filaments will define the grease consistency which is 

one of the most important parameters in grease classification. It will also characterize the grease 

bleeding, important in the lubrication process. However, it cannot be stated that grease 

performance is only limited to the thickener nor the base oil. A more accurate definition would 

account to their combination [50]. 

Although the percentage of the thickener in the grease composition is low when compared to the 

base oil, it defines the consistency of the paste-like substance. Furthermore, the proper type and 

quantity selection of the thickener can also have a positive impact on the film thickness 

generated in the contact, in the extreme pressure resistance, water resistance, dropping point and 

anti-wear characteristics of the grease. The thickener must be compatible with other materials 

present in grease because in some cases it also acts as a mean of transportation of additives [51].  

In addition to all these qualities, the thickener is capable of creating a thin layer added to the 

surface that can help in the anti-friction properties [52]. For all of these reasons, it is not 

surprising that greases are mainly classified by its respective thickening agent.  

There are several types of thickeners which are mainly divided into soaps and no soaps types. 

The soap type, the most common, consists of the combination of a metal and a fatty acid. Fatty 

acids are obtained through a process of fat decomposition and those fats generally come from 

castor oil. There are several metals used in the soap formulation, among which lithium, calcium, 

and aluminium are the most popular ones. If a complexing acid such as a dibasic fatty acid is 

added to the metal hydroxide during the grease production, the grease is called complex and is 

characterized for enhanced lubricating properties and better thermal stability. Because of the 

extra resources used in its production, this type of grease is more expensive compared to the 

regular metal-based ones [51]. The non-soap type of thickener is mainly comprised of inorganic 

components such as silica and bentonite; however, some organic components can also be found 

in the grease formulation [50]. Inorganic thickeners are mostly insoluble in base oil and they are 
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considered as a good option for resisting high temperatures because of the lack of melting point 

[1]. Table 5 shows a comparison between different types of greases which, as discussed 

previously, are commonly classified by their thickening agent. Note that in standard tables, 

polypropylene technologies, such as the tested one in this project does not appear.  

Table 5. Comparison of different greases [1] 

Grease 

type 

Appl. 

Temp. 

Dropping 

point 

Water 

resist. 

Work 

stability 

Oxidation 

stability 

Rust 

protection 

Pumpability 

lub. system 

Oil 

separation 

Main 

application 

Ca -93 100 Good to 

excellent 

Fair to 

good 

Poor to 

excellent  

Poor to 

excellent 

Good to 

excellent 

Poor to 

good 

General use 

for economy 

Ca-

anhydrous 

-100 -

100 

140 Excellent Good to 

excellent 

Fair to 

excellent 

Poor to 

excellent 

Fair to 

excellent 

Good Military 

multiservice 

Ca-

complex 

-20 -

177 

260+ Fair to 

excellent 

Fair to 

good 

Poor to 

good 

Fair to 

excellent 

Poor to fair Good to 

excellent 

Multi service 

autom./ind. 

Na -30 -

121 

170 Poor to 

fair 

Fair Poor to 

good 

Good to 

excellent 

Poor to fair Fair to 

good 

Rolling 

bearings 

Na- 

complex 

-20 -

150 

240        

Li -30 -

150 

180 Good Good to 

excellent 

Fair to 

excellent 

Poor to 

excellent 

Fair to 

excellent 

Good to 

excellent 

Multi service 

ind. 

Li- 

complex 

-20 -

177 

260+ Good to 

excellent 

Good to 

excellent 

Fair to 

excellent 

Fair to 

excellent 

Good to 

excellent 

Good to 

excellent 

Multi service 

autom./ind. 

Al -79 110 Good to 

excellent 

Poor Excellent Good to 

excellent 

Poor Good Thread 

lubricants 

Al- 

complex 

-30 -

177 

260+ Good to 

excellent 

Good to 

excellent 

Fair to 

excellent 

Good to 

excellent 

Fair to good Good to 

excellent 

Multi service 

ind. 

Polyurea -30 -

177 

243 Good to 

excellent 

Poor to 

good 

Good to 

excellent 

Fair to 

excellent 

Good to 

excellent 

Good to 

excellent 

Multi service 

autom./ind. 

Organo 

clay 

-177 260+ Fair to 

excellent 

Fair to 

good 

Good Poor to 

excellent 

Good Good to 

excellent nt 

High temp. 

(freq. relube) 

 

Additives 

The base oil and thickener combinations are a complex matter of study. But grease complexity 

goes beyond these two parameters. According to the ASTM classical grease concept, additives 

can be defined as “other materials that impart special properties” to the base oil-thickener 

combination [45]. The number and type of additives are unlimited, and there is no clear 

understanding of which substances are the best. The complexity of the additives lies in their 

compatibility with the other two fluids and more accurate with the thickener. Research shows 

that the majority of the tested additives destroy the thickener structure, and therefore, change the 

fundamental grease properties [52]. Finding a trade-off among the three main components is 

what makes grease, in some cases, an “art” more than a science. The fact that additives can be 

present in a fluid and solid form increases the difficulty of finding the right formulation. The 

most common properties enhanced by additives are extreme pressure, corrosion inhibiting, and 

antioxidant properties. Figure 7 presents a summarizing diagram of the grease components. 
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Figure 7. Grease composition diagram 

2.2.3 Lubrication conditions in bearings  

Most of the bearing failures are attributed to wrong lubrication conditions. For instance [1] 

claims that 80% of the bearings fail due to improper lubrication while [53] ensures that the value 

oscillates between 40% to 50%. Regardless of the exact value, there is a vast amount of bearings 

failing due to improper lubrication; therefore, the study of the lubrication condition on bearings 

is extremely important.  

Grease Lubrication Phases 

Although grease lubrication has not been understood completely, several authors have proposed 

different theories about the behavior of greases in rolling element bearings. The simplest 

mechanism of lubrication is the one in which the thickener retains the oil as a reservoir, and 

through a “controlled bleeding” process provides base oil for the contact lubrication. If one 

assumes this model, lubricating abilities are only based on the base oil rather than in a thickener-

base oil combination. This basic model has been disregarded by some experiments and 

confirmed by others, and the results of them depended on the experiment conditions such as fully 

flooded or starvation conditions, short or longer tests, etc. For instance, in longer tests, thickener 

layers added to the surfaces have been found, confirming the theory that the thickener has an 

additional function as a surface separator. Conversely, standard ball on disc tests have not shown 

these results, mainly because these tests are limited to shorter durations, limited contact 

pressures, lack of spin, and lack of real conditions such as sliding and rolling combinations. 

Base oil  

•Percentage: 85-90% 

•Types:  

•Mineral Oils: Present in 
approximately  80% of the 
greases. e.g. Aromatics, 
paraffinic, naphthenic, 
aromatics.  

• Vegetable oils 

•Syntethic oils: Preferred for 
high-speed and 
temperature applications    
Polyalphaolefins, 
Perfluoropolyethers, 
silicones, diesters, 
polyesters, and alkylated 
aromatics  

Thickener 

•Percentage: 10-15% 

•Types:  

•Soaps: Combinations of a 
metal and a fatty acid. e.g. 
Lithium, Calcium, 
Aluminium and Barium   

•Complex Soaps: produced 
when a complexing agent is 
added to the soap. e.g. 
lithium complex LiX, Calcium 
complex, Aluminium 
complex 

•Non soaps: mainly 
composed by inorganic 
components. e.g. silica and 
bentonite 

 

 

Additives 

• Percentage: 5-10% 
•Types:  

•Extreme pressure 

•Corrosion inhibiting 

•Antioxidant properties 

•Antiwear properties 

•Others 
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Therefore, tests emulating real conditions are needed [54] to improve the understanding of 

grease-lubricated elements.  

Grease lubricating phases can be divided into two stages before the severe breakout of the film 

thickness occurs. Figure 8 illustrates a diagram of these stages. The initial phase, known as 

“churning” phase, is a lubricant redistribution stage which depends mainly on the grease 

rheology and bearing geometry and characteristics. It is characterized by a fully flooded 

condition in which the grease high viscosity leads to viscous losses, thicker film thickness and 

rise in temperature. As time goes by, the grease quantity in the bearing raceways will be reduced 

due to the relocation of the grease in the raceway sides or cage pocket forming a reservoir. This 

will lead to a reduction in temperature, film thickness, and frictional moment. The end of the 

churning phase is characterized by a steady state of the aforementioned factors and is likely to 

occur within the first day of operation (24 hours) [1]. The second phase, known as “bleeding” is 

the responsible of most of the lubrication during the bearing life and is described as the release of 

base oil from the thickener, so a mix of base oil and thickener enters the contact [20]. This phase 

is characterized by the starvation in the contact, replenishment, and small ruptures of the film 

thickness separation [1]. The mechanism behind bleeding is not completely understood yet [52], 

but some theories consider that the thickener structure destruction or fibers deterioration is also 

responsible for the bleeding mechanism [55]. Figure 9 (left) presents the reduction of film 

thickness at the beginning of a bearing operation caused by its churning phase. After the end of 

this phase, a steady state is achieved during the bleeding stage.  

 

Figure 8. Grease lubrication phases [1] 
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Figure 9. Film thickness during the churning phase (left) and during churning and bleeding phase (rigth) compared 

to  its base oil  [56]. 

 

2.2.4 Challenges in grease research  

According to [52], there are several challenges that lubrication research is currently focusing on. 

The success in finding the optimal lubrication system depends on three main factors: grease 

formulation, bearing design and mathematical models. Apart from the improvement of the flow 

by enhanced bearing designs and mathematical analysis, there is a need to optimize the grease 

technologies with proper formulations that perform satisfactorily in new technologies such as 

EVs.  

The main challenge related to grease is that it is not very suitable for high-speed applications due 

to the thermal properties discussed previously. EVs and electric motors, in general, have the best 

efficiency when they are running at 90% of the maximum speed [11], so there is a need of 

developing the lubrication properties at high speeds. Apart from the base oil viscosity, 

lubrication depends on the thickening agent that should withstand high centrifugal forces 

generated by the high rotational speeds [25]. ACI is currently developing a new kind of 

technology based on polymer technology that fulfills all these and other specifications such as 

anticorrosion properties [47].  

2.2.5 Grease quantity 

The amount of grease placed in the bearing has an important impact on the performance of the 

system. This quantity should ensure that the rolling contact is fully fed by lubricant, so 

intuitively it might be thought that placing as much grease as possible is a good option. 

However, this is not completely true. Grease quantity must be controlled according to the system 

conditions.  

The lack of grease cannot provide fully flooded lubricant film, so contact between asperities 

increases the likelihood of failure in the bearing. On the other hand, grease excess leads to 

overheating in the system due to a larger churning process. The prolonged rise of temperature 

could destroy the grease lubricating properties [1]. The trade-off between grease quantity and 

performance has been obtained empirically by several authors, and what is common is that the 

amount of grease needed to lubricate a bearing depends on the speed of the system.  

[1] states that as a standard rule of thumb, 30% of the bearing free space should be filled with 

grease when the bearing is operating under standard conditions. If the bearing is operating a low 

speed, the grease quantity could be up to 100% of the bearing free space. [34] presents similar 
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values but includes the limiting speed as a reference point. For instance, 50% to 66% of the 

bearing free space must be filled with grease when the speed exceeds one half of the limiting 

speed. If the speed is below 50% of the limiting speed, 33% to 50% of grease quantity is enough. 

[57] presents a more detailed grease quantity selection method that depends on the exact value of 

speed and the type of bearing used. This method will be explained in section 3. 

2.2.6 Grease temperature and load classification 

As in bearing speeds, there is a need for categorizing the temperature and load at which greases 

are exposed. Table 6 and Table 7 introduce the different categories of temperature and load 

range. Note that the load categorization depends on the basic dynamic load rating and the 

equivalent dynamic bearing load.  

Table 6. Grease temperature ranges [3] 

Temperature range Range 

- ºC 

L Low <50 

M Medium 50 to 100 

H High 100 to 150 

VH Very High >150 

  

Table 7. Load categorization of grease [3] 

Load range Load ratio 

 C/P 

L Low >15 

M Medium >8 

H High <4 

VH Very High <2 

 

2.2.7 Lubrication quality rating 

The lubrication quality rating or viscosity ratio parameter allows having an estimation of the 

existing film thickness between the rolling elements and the raceways.  This parameter is defined 

as the quotient of the actual operating viscosity of the lubricant and the reference viscosity which 

is dependent on the bearing size and speed. Recommended values of the viscosity ratio 

parameter are between 1 and 4. Below 1, an insufficient film thickness is formed, so contact 

between the surfaces is expected. Above 4, the frictional losses in the hydrodynamic film 

produce extreme heat.   [3]. Equation (9) describes the formula to calculate the viscosity ratio κ 

parameter. The application of this formula is limited because it does not consider the thickener 

which is always present in the contact and influences the lubrication performance. 
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𝜅 =
𝜈

𝜈1
         (9) 

Where:  

ν: actual operating viscosity [mm
2
/s] 

ν1: reference viscosity of the lubricant [mm
2
/s] 

The reference viscosity is calculated through the usage of different standard tables provided by 

ISO281 or by applying Equation (10). Note that this equation can only be applied for speeds 

above 1000 rpm [1]. 

𝜈1 =  4500 ∗ 𝑛−0.5 ∗ 𝑑𝑚
−0.5        (10) 

 

2.2.8 Hertzian contact theory  

In a deep groove ball bearing, the Hertzian contact pressure must be calculated in the most 

loaded element at the outer ring. It has been demonstrated that the pressure in the outer ring is 

more critical than the inner ring. The force applied in the most loaded element can be defined by 

Equation (11) [37]. 

𝐹𝑏𝑎𝑙𝑙 =
5∗𝐹𝑟𝑎𝑑𝑖𝑎𝑙

𝑍
         (11) 

Where:  

Z: Number of balls in the deep groove ball bearing  

𝐹𝑟𝑎𝑑𝑖𝑎𝑙: radial force applied on the bearing 

For the calculations of the contact pressure, Hertzian theory of elliptical contact must be used. 

Figure 10 illustrates the representation of the elliptical contact area formed by two semi-axes a 

and b. The mean contact pressure is defined according to Equation (12) [37].  

 

Figure 10. Elliptical contact semi-axes [58] 
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𝑃𝑚 =
𝐹𝑏𝑎𝑙𝑙

1/3

𝜋𝑎∗𝑏∗ (
𝐸´

3𝑅´
)

2/3

         (12) 

Where:  

𝑎∗ and b∗:  non-dimensional semi-axes function of the ratio of the effective radii.   

𝐸´: Effective module of elasticity [MPa] 

𝑅´: Effective radius depending on the radii of the components [mm] 
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3 IMPLEMENTATION 

In this chapter, the working process and methodology used in this project are described. First, 

the requirements, and methodology are stated in section 3.1. and 3.2 respectively.  Then, the 

characteristics of the bearings and greases used in the experiments are explained in sections 3.3 

and 3.4 correspondingly. The description of the machine and the work developed on it during the 

current project is presented in section 3.5. Finally, the pre-test, test, and post-test protocols are 

defined in the sections 3.6, 3.7, and 3.8.   

3.1 Requirements 

For the implementation of this project, the high-speed bearing-grease Test Machine HSBT was 

used.  The machine, designed in 2018 by master students had not been validated before the 

beginning of this project, and it consisted in mechanical components connected to a DC motor 

allowing a maximum speed of 500 rpm in the tested bearings. The electrical/electronic 

components of the data acquisition system were not installed, and problems of the machine were 

not determined. The requirements for this project are:  

 Installation: The machine installation must be finished and should include proper alignment 

of the elements, AC motor mounting, sensors installation, and proper design of a data 

acquisition system. 

 Validation, verification, and redesign: Through testing, the machine must be validated. If 

possible, corrective actions must be taken to improve machine performance.  

 Protocols: Based on technical considerations a pre-test protocol must be developed to 

achieve predictions of the possible behavior of the machine before starting the experiments. 

Additionally, a test protocol that includes considerations of how to properly use the 

machine and conduct the experiments must be included.  

 Experimental tests: The comparison of the two thickener technologies is also an important 

objective of the current project. For the analysis of the results, a dynamic post-test protocol 

script must be developed to allow processing of the data in an optimal way. 

3.2 Implementation Methodology 

In the implementation of the current project, some of the steps in the process were executed in 

parallel. For instance, improvements in the machine design were executed based on the feedback 

obtained from the experiments. Installation of new sensors or design of new systems that helped 

in the execution of the experiments were also performed. Figure 11 shows the flow diagram 
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followed during the implementation. During the execution of the experiments, several problems 

with the testing machine were faced, so the process described in many cases was iterative.  

  

   

 

Figure 11. Implementation methodology 

3.3 Tested greases 

To determine the effect of the behavior of the thickener in the lubricant performance, no 

additives were used in any of the tested greases. Previous research has shown that most of the 

additives (around 90%) destroy thickener structure and most of the remaining percentage simply 

do not accomplish their function [52]. This is one of the reasons why grease study is still very 

experimental. The lack of additives, especially extreme pressure ones (which are mainly used in 

roller bearings), forces to have an analysis of the applied load on the bearings before the 

experiments. 

As mentioned in the introduction of this project, Lithium complex grease (LiX) and 

Polypropylene grease (PP) are compared in this study. The greases were manufactured in ACI 

under controlled conditions, following the company protocols. A description of the 

manufacturing process can be found in [20]. A summary of the LiX and PP production process is 

illustrated in Figure 12 and  Figure 13 respectively. Since the production processes of the two 

greases and material properties are different, the production aimed to keep the same consistency 

in the greases rather than same thickener concentration. Consistency is one of the most important 

parameters that should be considered in grease selection. Keeping the same consistency in both 

greases ensures that both greases resemble as much as possible. The base oil used in the 

formulations is the synthetic oil type Polyalphaolefin (PAO), the most common base oil used in 

the grease industry [51]. 
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Figure 12. Manufacturing process of the Lithium Complex grease [20] 

 

 

Figure 13. Manufacturing process of the Polypropylene grease [20] 

 

The viscosity of the lubricant is the most determining parameter in the system lubrication [51]. 

The selection of the lubricant and its viscosity depends on the conditions of the system, 

especially in the speed. An improper base oil selection will deal with an increase in frictional 

moment and temperature of the system. In the current project, two different base oils viscosities 

were used in LiX and PP grease formulations.  

Table 8. Base oil viscosities [59] [60] 

Base oil  Viscosity @ 40˚ C 

[mm/s
2
] 

Viscosity @ 100˚ C 

[mm/s
2
] 

PAO 10 66 10 

PAO 06 31 5.8 

 

The viscosity of the base oil is used in the name of the grease. For instance, PP-06 stands for a 

grease that has a base oil PAO 06 and a polypropylene thickener. LiX-10 means that the base oil 

is PAO 10 and the thickener is a complex lithium soap. Table 9 illustrates the basic theoretical 

viscosity, thickener content, and packing date of the tested greases. Additionally, it presents the 
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polypropylene 
in the base oil  

2. Rapid cooling of 
the solution 
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melting point of 
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3. Dearation of 
the grease  
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material into 
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consistency 
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tests/experiments in which the grease was used. A detailed description of the experiments will be 

included in the following sections.  

Table 9. Properties of the tested greases 

Packing 

date 

Grease 

type  

Viscosity 

@ 40˚ C 

[mm/s
2
] 

Viscosity 

@ 100˚ C 

[mm/s
2
] 

Thickener 

content 

[%wt] 

Pen60 

[10
-1

 

mm] 

Absolute 

Density 

[g/cm
3
] 

Test in 

which it 

was used 

28-11-2018 
PP-10 61.4 9.4 12.5 280 

0.838 E1 

18-03-2019 0.838 E3 E5 

28-11-2018 
LiX-10 61.3 9.4 18.2 275 

0.862 E2  

18-03-2019 0.862 E4 

29-03-2019 PP-06 30.4 5.9 15.01 281 0.828 E7 E8 E10 

03-04-2019 LiX-06 30.4 5.9 17.36 286 0.847 E6 E9 E11 

 

Because of the duration of this project, the storage process of the greases is important to keep the 

greases in optimal conditions. While waiting for being tested, the greases were stored in closed 

50 ml tubes placed in a controlled environment room with average temperature 22˚C and an 

average relative humidity 30%. Figure 14 illustrates PP greases inside the 50 ml tubes.  

 

Figure 14. 50 ml tubes of PP greases 

3.4 Test bearing  

3.4.1 Characteristics 
 

In the current project, SKF Explorer 6208 bearings were used for testing the different greases. 

The explorer bearing type is a high-performance class of bearing designed by SKF. It is 

characterized by its ability to perform better than traditional classes of bearings when exposed to 
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extreme conditions such as high speeds and high loads. The improved performance in terms of 

vibration, noise, bearing life, and frictional heat, is due to a redesign of the internal geometry, 

improved quality of the materials, and surface roughness [3]. Table 10 presents some of the 

technical characteristics of the test bearings that were used in some calculations inside the 

current report.  

Table 10. 6208 bearing technical data 

 

3.4.2 Measurements of the raceway and ball profile 

In deep groove ball bearings, the diameter of the raceways is slightly larger than the rolling 

element (balls) diameter, so measurements of the surface roughness, ball diameter, and raceways 

diameter were conducted. The results allow calculations related to Hertzian contact theory and 

comparison of the changes in the surface topography before and after the tests. For this reason, a 

6208 bearing was disassembled and analyzed in the Stylus profiler PGI- 800 Ultra Precision 

Measurement System from Taylor Hobson Precision. This system consists of a small tip/stylus 

that moves up and down following the surface roughness of the measured surface. This method 

is, together with interferometers, one of the most common methods for surface evaluation [50]. 

Figure 15 depicts the disassembled bearing and the moment when the bearing profile and surface 

roughness were measured.   

   

Figure 15. Disassembled bearing (left) and measurement of the surface topography of the outer raceway (right) 

Bearing 

name 

Shaft 

diameter 

d [mm] 

Outer 

diameter 

D [mm]  

Dynamic 

load 

rating 

[kN] 

Basic 

Static 

load 

rating 

[kN] 

Reference 

speed 

[rpm] 

Limiting 

speed 

[rpm] 

Mass 

[kg] 

Calc. 

factor kr 

6208 40 80 32.5 19 18000 11000 0.37 0.025 
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Figure 16 shows an example of the data obtained in the measurement, and Table 11 shows the 

values obtained in the measurement. As expected, the raceways diameters are larger than the ball 

diameter.  

  

Figure 16. Surface roughness in the central zone of the profile (left) and raceway profile (right) 

Table 11. Results from the surface and profile measurement of a new 6208 deep groove ball bearing  

 Inner Raceway Outer Raceway Ball 

Measurement 

No. 

Diameter 

[mm] 

Ra 

[µm] 

Diameter 

[mm] 

Ra 

[µm] 

Diameter 

[mm] 

1 12.5897 0.0675 12.9612 0.0240 12.27 

2 12.607 0.0444 13.0269 0.0248 12.28 

3 12.6038 0.0394 13.0178 0.0254 12.30 

Mean  12.600167 0.05043 13.001967 0.02473 12.283 

Std. deviation  0.0092045 0.01499 0.003597 0.00070 0.015 

3.5 The HSBT machine 

The HSBT machine diagram is shown in Figure 17. The system is driven by a motor that is 

connected to an intermediate shaft through a timing belt. The transmission ratio between the 

motor and intermediate shaft pulleys is 2.8. The intermediate shaft is coupled to the main shaft 

which is supported by two fixed support bearings (SB1 and SB2). These two deep groove ball 

bearings are located in an in-house designed split housing. The middle of the main shaft has four 

test deep groove ball bearings (TB1, TB2, TB3, and TB4) where the grease is tested. Testing 

four bearings simultaneously improves the statistics in the data acquired during the experiments. 

All these bearings are installed in a floating housing which its rotation is limited by an external 

metal arm that is in contact with a static surface. Due to this arm, it is possible to measure 

frictional moment caused by the four tested deep groove ball bearings. Finally, the system 

configuration allows applying equal radial and axial forces in the four test bearings.  
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Figure 17. General layout of the HSBT machine  

3.5.1 Machine installation 
 

Motor description and connections  

A motor DRE90L4/FL/TF/V was used in the current project. The motor and drive installation 

and connections were developed in a previous project. Characteristics described in the motor 

nameplate are detailed in Table 12. 

Table 12. Motor plate 

Type 3 ~ IEC 80034 

Frequency [Hz] 50 

Maximum speed [rpm] 1430 

Power [kW] 1.5 

Cos ϕ 0.77 

Voltage [V] 220-242 Δ 380-420 Υ 

Current [A] 6 3.45 

Efficiency [%] 84.5 

IP 55 

 

As previously shown, the nominal characteristics of the motor allow it to achieve a maximum 

speed of 1430 rpm. However; if the connections are changed from “Y” to “Delta”, the maximum 

speed could be increased to 2900 rpm [61]. Changes of these features will lead to a reduction of 

the available torque. It is recommended that the maximum speed with delta connection does not 
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exceed 2477 rpm. Above this value, the motor is weakened and could lead to its failure. 

Connections and programing of the inverter were developed with the use of the Movitool 

software, and a maximum speed of 2500 rpm was set. The speed was initially controlled by 

manually interacting with a knob located in the motor inverter.  

Mechanical installation  

The intermediate shaft arrangement, consisting of a rotating shaft, pulleys, and support bearings 

was mounted. Two non-split housings serve to allocate the bearings. The housings were mounted 

on an existing table with a stainless-steel plate of 4 mm thickness. Additionally, the motor was 

mounted in a tilting plate. This system allowed to increase or decrease the tension in the timing 

belt by adjusting two bolts that change the plate angle. The motor pulley and the intermediate 

shaft pulley were aligned properly, and misalignment of 1 mm, between the pulley faces, was 

measured with a feeler gauge. For safety reasons, a belt guard was also designed and installed. 

Figure 18 shows the motor tilting mechanism, belt transmission system and installed belt guard.   

   

Figure 18. Motor, pulley, and intermediate shaft mounting  

    

After installing the two pulleys and the belt transmission system, an alignment between the 

intermediate shaft and the main shaft was needed. The vertical and horizontal alignment was 

executed with a Mitutoyo dial indicator while the angular misalignment was performed with the 

use of a Mitutoyo dial test indicator. Both dial gauges had an accuracy of 0.01 mm.  Table 13 

shows a comparison between the obtained and the permissible misalignments. These values are 

provided by the coupling WKE/S Starflex characteristics [62].  

Table 13. Obtained misalignment and permissible misalignment  

 Type of misalignment Perm. Value [mm] Obtained Value [mm] 

Vertical  
kr = 0.21 

0.10  

Horizontal 0.14 

Angular ka = 1  0.8 

Tilting plate  

Inverter 
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Additionally, Figure 19 illustrates the alignment process of the main and intermediate shaft. Note 

that the dial gauge or dial indicator is mounted on the main shaft.  

 

Figure 19. Alignment of the main and intermediate shaft  

 

3.5.2 Sensors and data acquisition system 

Temperature sensors 

Grease is commonly denominated as a lubricant not suitable for high speeds due to its poor 

ability in heat transfer properties [50]. For this reason, measurements of the self-induced 

temperature of the grease-lubricated bearings were done for understanding the grease behavior. 

In the current project, eight temperature sensors were used for monitoring and acquiring the data 

of temperature in all the test and support bearings. Additionally, one extra temperature sensor 

was installed for measuring the room temperature. As it will be explained in the next sections, 

eleven one-week tests were executed in total. In the first stages of the project (Experiments 1 to 

3), non-industrial thermocouples were used. These thermocouples were elaborated by welding 

the tips of two twisted cables. This type of thermocouple did not ensure the measurement in the 

tip of the connection, so it led to a problem in the data acquisition. Therefore, Standard T-types 

thermocouples were installed from experiment 4 onwards. The temperature was measured in the 

outer ring of the bearing. For ensuring the contact during all the experiment, a thermally 

conductive RTV paste with very high heat conductivity was applied in the thermocouple-outer 

ring contact. 

Load sensors 

The current project used two load sensors for measuring the radial load applied on the bearings 

and the force generated by the friction torque. The radial load was measured with a load cell with 



 52 

a maximum load of 2000 N while the friction torque was measured with a panel mount load cell 

with a maximum load of 10 N.  

In the initial design, the load arm mechanism was located in a horizontal position and the load 

cell measured the vertical force needed for restricting the housing rotation. When the greases 

finish their churning phase, they reach a steady state in which the friction can achieve very small 

values. With the explained configuration, the load cell was also measuring the inertial forces 

caused by the load arm and housing unbalances. For this reason, a change in the installation or in 

the friction measurement system was needed. The adopted solution was to change the position of 

the load arm below the floating housing and install the sensor holder needed in this position. 

Figure 20 depicts the sketch of how the friction force was measured in the first project stages and 

at the end of the project.  

 

Figure 20. Friction load cell positions at the beginning (left) at the end of the project (right) 

Development of the data acquisition system  

National Instruments NI software and hardware was used for the data acquisition of the different 

sensors of the project. A four-module compact data acquisition chassis C-DAQ 9174, connected 

to the computer through a USB cable, housed four NI modules with different characteristics. The 

three first module slots were used for the data acquisition of the aforementioned sensors. Figure 

21 illustrates the diagram of connections of the sensors, NI modules, and chassis.  

Two modules NI 9210 of four channels each were used for the bearing’s thermocouples, and one 

module NI 9219 was used for the load cells and room temperature acquisition. These two types 

of modules allow having small sampling rates of 14 and 100 samples/second respectively. They 

differ in their internal configuration for different types of sensors.  
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Figure 21. Physical connections (hardware) diagram  

A user-friendly virtual interface VI and a bloc diagram code were developed in the NI software 

Labview 2017. The VI allows to sore the real-time conditions of the machine to graphically 

visualize them through interactive plots. Additionally, it allows selecting the sampling rate and 

the location of the folder in which a TDMS file would be saved with the information of the 

experiment. Figure 22 illustrates the VI user interface. After the installation and connection of 

the sensors and the data acquisition system, all the sensors were calibrated following the NI 

calibration procedure existing in LabVIEW. 

 

Figure 22. VI of the data acquisition system 
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3.5.3 Motor control  

During the first stages of the project, the speed control of the motor was achieved by a manual 

control knob located in the motor driver/inverter. The process for adjusting the motor speed to an 

exact value was difficult to achieve, and it was even inaccurate. Additionally, as it will be 

presented in the following sections, the grease testing procedure demanded changes in the speed 

daily. To avoid the user to be present every day for developing a manual change of speed and to 

have exact values of it, a motor control system was developed. The selected speed control is 

achieved through the driver analog input which allows the setting of different speeds throughout 

the duration of the experiments. The generation of the analog signal is done in Labview with the 

help of an NI analog output module.  

The first step in the motor control configuration is to disable the manual operation mode. This 

can be done by accessing the inverter configurations via MOVITOOLS, the software developed 

for this purpose by the motor manufacturer SEW.  Inside MOVITOOLS, the Parameter Tree 

needs to be modified by setting the “Setpoint Source” to analog voltage input “Unipolar” type to 

process the unsigned value of analog input 1. This means that the direction of rotation is not 

controlled by the sign of the analog voltage. Other system limits such us the minimum speed, 

maximum speed, and speed ramps were also be modified. In the second step, the analog and 

digital inputs were configured through the terminal assignment. The configuration must be done 

following the truth table described in Table 14. Note that according to this table the input voltage 

has a linear relation with the speed. Figure 23 shows the terminal assignment recommended by 

the manufacturer. Note that CW/stop corresponding to terminal DI01 is permanently assigned. 
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Figure 23. Terminal assignment [63] 

Table 14. Truth table for the motor terminal assignments [63] 

Function X11:2 

(AI11) 

Analog 

input n1 

X12:1 

(DI00) 

/Controller 

inhibit 

X12:2 

(DI01) 

CW/ 

stop 

X12:3 

(DI02) 

CCW/ 

stop 

X12:4 

(DI03) 

Enable

/ stop 

X12:5 

(DI04) 

n11/ 

n21 

X12:6 

(DI05) 

n12/n2

2 

Controller 

inhibit 
X 0 X X X 0 0 

Stop X 1 X X 0 0 0 

Enable and 

stop 
X 1 0 0 1 0 0 

Clockwise at 

50% 𝑛𝑚𝑎𝑥 
5 V 1 1 0 1 0 0 

Clockwise at 

𝑛𝑚𝑎𝑥 
10 V 1 1 0 1 0 0 

Counterclock

wise at 50% 

𝑛𝑚𝑎𝑥 

5 V 1 0 1 1 0 0 

Counterclock

wise at 𝑛𝑚𝑎𝑥 
10 V 1 0 1 1 0 0 
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The fourth slot available in the c-DAQ chassis was used for the installation of a NI 9269 module.  

which has the capability of providing a preset analog DC voltage. The first channel of this 

module provided a 10 V signal that enables the inverter to have an external control. The second 

channel provided the controlling signal that fluctuates between 0-10 V in which 0 V represents 

no speed and 10 V the maximum motor speed of 2500 rpm.  

The LabVIEW VI and the built block diagram allowed to have manual control and automatic 

control modes. In the manual control mode, the user can provide the desired speed in the main 

shaft by typing the values in the text box. In the automated control mode, an experiment of seven 

steps was assumed in which the user can select the interval time lengths and the main shaft speed 

of every interval. The speed and voltage were calibrated by using the motor encoder signal. 

Figure 24 illustrates the user interface used in the motor control.  

 

Figure 24. VI of the motor control 

 

3.5.4 Challenges during tests and modifications of the machine 

Challenges related to speed control, friction load cell position, and temperature acquisition with 

the non-industrial thermocouples during the machine validation were described and solved in 

previous sections. However, other challenges appeared during the validation of the machine and 

will be discussed in the following paragraphs.   

Vibration challenges due to the installation 

Bearing vibrations at high speeds are likely to happen, however; at the beginning of this project, 

vibrations were present even at low speeds. The vibration was not noticed at the beginning of 

each test due to the good alignment and precautions during the installation, but they were 
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affecting the system towards the end of the tests. Due to the lack of vibration sensors in the 

system and in order to achieve a quantitative estimation of vibration, noise measurements were 

used to see differences between the beginning and at the end the experiments. An average value 

of 62 dB was obtained at the beginning of each experiment and 87 dB at the end. This showed a 

degradation of the system over a one week. In addition to the noise problems, dirt and 

contamination produced by the belt and the support bearings seals were noticed. The vibrations 

also caused a fluctuation in the radial load which creates problems in the acquired data. Finally, 

the intermediate shaft was worn out around 0.5 millimeters in its diameter, so it needed to be 

replaced in every experiment, implying that alignment and installation procedures had to be 

repeated every time. A similar problem due to fretting corrosion was observed in the support 

bearings outer rings. Figure 25 shows the described problem generated at the end of every 

experiment.  

 

Figure 25. Shaft and bearing fretting corrosion. Dirt caused by the bearing seals and rubber belt. 

A root cause analysis based on an Ishikawa diagram was used to determine the possible sources 

of vibration and take corrective actions. Figure 26 illustrates the diagram of the analysis and 

possible sources of vibrations considered.  
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Figure 26.Ishikawa diagram for finding the root cause of vibrations 

As described previously, most of the problems occurred around the transmission system, so most 

of the taken actions were developed in this system. First, a new motor arrangement was designed 

to overcome the problem of the weak structure. This system kept the same bolts diameter, but it 

reduced their length, therefore their buckling. The main supporting plates were built on a 20 mm 

thickness and the tilting mechanism was also redesigned and changed. With this new system, a 

better alignment between the pulleys was obtained (0.5 mm). Second, in the intermediate shaft 

arrangement, the support housings were split. Same tolerances of the original design were kept. 

Finally, the main table plate was changed to one with 20 millimeters thickness. Between the 

plate and the main structural frame, rubber pieces were installed to act as dampers for the 

system.  Figure 27 depicts the installation of the new motors support arrangement and main table 

plate. The results of these changes in the system are presented in chapter 4: Results and 

discussion.  
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Figure 27. installation of the new support motor arrangement and table plate  

Temperature challenges 

Logging of the self-induced temperature of the lubricating greases was done in the experiments 

in the HSBT machine. Temperature is dependent on many factors such as grease type, speeds, 

applied force, bearing arrangement, etc.  Due to the geometry of the machine, different 

temperatures of the inner bearings (TB2 and TB3) and the outer bearings (TB1 and TB4) were 

found in the first experiments. Each bearing produces the same amount of heat, but due to the 

location of the inner bearings, these two bearings raise their temperature. To improve the heat 

transfer properties, a redesign of the bearings housing was developed.  

In the new design, the convection of the system increased by the exposure the bearings to the 

ambient temperature, so material from the housing was removed. Material removal leads to 

weakening of the structure, so a static structural FEM analysis was developed for ensuring that 

the new housing performs its mechanical function correctly in terms of stresses, but more 

important deformation. A load of 2000 N was applied in the loading region. This load represents 

the worst-case scenario for the design of the machine. Results of the redesign are illustrated and 

compared in Figure 28 and Figure 29. Table 15 summarizes the results in terms of stresses and 

deformations. Note that although some material was removed, the housing deformation is still 

acceptable.    

Table 15. FEM analysis results 

Analysis Old Design New design 

VM stress (MPa) 22.77 32.65 

Deformation (µm) 3.77 7.85 

 

   

Figure 28. Deformation of old vs new housing  
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Figure 29. VM stress of old and new housing 

3.6 Pre-test  

3.6.1 MATLAB or Excel script for calculating conditions  

A MATLAB script for calculating the contact conditions and the minimum requirements for the 

experiments was developed. This system allows the user to have feedback and validation of the 

user’s selected values for the HSBT machine. This test also uses Hertzian contact theory for 

calculating conditions that replicate the bearing conditions in standard machines such as EHD2. 

Calculations are based on the base oil used in the grease formulation, so the results are based on 

a prediction of the behavior of the oil. Figure 1 Figure 30 presents a summarizing diagram of the 

input and output parameters of this program.  

 

Figure 30. Diagram of the use of the pre-test MATLAB script 

User Input  

•Bearing geometry and 
calculation data  

•Fluid viscosity  

•Desired test conditions like 
speed, radial force 

 

Script Output 

•Minimum radial load 

•Axial preload 

•Equivalent dynamic bearing 
load 

•NDm 

• Basic rating life 

•Grease quantity 

•Viscosity ratio κ 

•Hertzian contact pressure in 
the most loaded element 

•Conditions for replicate the 
experiments in EHD2 and/or 
ETM 

•Frictional Moment 
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Additionally, Table 16 presents some of the values obtained with the pre-test MATLAB script 

for the greases tested in this project. These greases were formulated with PAO10 and PAO06. 

Given that at the beginning of the project, certain parameters were unknown, assumptions of the 

operating temperature were considered. For the PAO10 grease, an operating temperature of 65 

˚C was assumed, while 50 ˚C was assumed for the calculations of PAO06. The machine 

maximum allowed speed of 6666 rpm was used for the calculations.  

Table 16. Recommended and selected values for the HSBT machine tests  

Output Parameter PAO6 PAO10 
Chosen values for 

the experiments 

Axial Preload [N] From 200 to 400 From 200 to 400 200 

Maximum nDm speed 

factor 
400000 400000 400000 

*Minimum radial load 

[N] 
257.81 286.89 300 (target) 

Force in the most loaded 

element [N] 
143.22 159.38 166.66 

Equivalent dynamic 

bearing load [N] 
604.37 620.66 628 

Basic life rating [hours] 155500 143580 138600 

Basic life rating 

[revolutions] 
388780 358980 346540 

*Viscosity ratio κ 3.23 3.79 To be determined 

Hertzian contact pressure 

[MPa] 
654.43 678.16 688 

*Depends on the assumed operating temperature 

3.7 Test Methodology 

As important as the operating conditions, analyzed in the pre-test MATLAB script,  that affects 

the system behavior in terms of frictional moment and operating temperatures, three other 

parameters must be considered: the cleaning process, lubricant quantity, and the start-up of the 

machine operation.     

3.7.1 Cleaning process  

Bearings manufacturers usually place an anticorrosive oil that preserves the bearing surfaces 

during long periods. This preservative is usually compatible with many types of lubricants; 

however, it is recommended to remove it. In some cases, the preservative can avoid the adhesion 

of the thickener to the surfaces, making the grease to not perform as expected. In high-speeds 

and temperature applications, the cleaning process and preservative removal are as important as 

the mounting and lubricating procedure  to avoid premature bearing failure [57] [64]. In 

laboratory tests in which grease needs to be compared, this process becomes even more 
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important. The current project used the following cleaning process before the lubricating 

procedure:  

1. Soak the bearings in heptane using a glass container larger enough to allocate the full 

bearing volume. This process lasts 3 hours. To prevent sediments contamination, avoid the 

bearings to rest in the bottom of the container [65]. Use gloves for the bearing and solvents 

manipulation. 

2. Ultrasonicate the bearings for 30 minutes.  

3. Rinse the bearings with acetone to remove the heptane.  

4. Use a clean light-duty tissue to dry the external parts of the bearing.  

5. Dry in the oven at 80˚ C for 1 hour. This process allows the solvent to evaporate. The 

maximum allowed temperature for the bearing prior mounting is 121˚C [64].  

6. Wait for the bearing to cool down and proceed to the lubrication procedure.   

 

3.7.2 Grease quantity 

To determine the grease quantity, the lubrication procedure of a grease manufacturer [57] was 

used. This procedure considers the type of bearing and rotational speeds. Based on the motor 

constraints a maximum speed of 400000 nDm or 6666 rpm was used for determining the 

lubricant quantity. As presented in  Figure 31, the amount of lubricant is measured in percentage 

of the bearing free space. A range of 20% to 40% was obtained by using this graph. The type of 

bearing is considered in the nDm correction factor and for deep groove ball bearings corresponds 

to 1.  

 

Figure 31. Grease fill quantity as function of the speed factor [57] 

The bearing free space can be obtained from Equation (9) [1]. For the case of a 6208 bearing, the 

bearing free space volume is around 20 cm
3
.  

𝑉 ≈
1

4
∗ 𝜋 ∗ 𝐵 ∗ (𝐷2 − 𝑑2) ∗ 10−9 −

𝐺

7800
     (13) 

Where:  

𝑉:  Volume free space [m
3
] 
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𝐺: bearing mass [kg] 

 The selected grease quantity target was 6 cm
3 

corresponding to approximately 30% of the 

bearing free space. The grease was filled into the bearings by using laboratory syringes trying to 

place the grease as close as possible to the rolling balls.  The syringes were weighed before and 

after the lubrication procedure for determining the mass of grease used in each bearing and 

therefore the bearing free space filled with grease. Figure 32 illustrates the lubrication procedure 

used in this project. Furthermore, Table 17 details as an example, the grease quantity used in the 

bearings of one of the experiments developed during the current project. Complete information 

about the grease quantity in all the developed experiments can be found in Appendix D.  

   

Figure 32. Lubricating procedure 

  

Table 17. Grease fill quantity of Experiment 6 

Grease Experiment Bearing  Density 

Mass 

syringe 

before 

[g] 

Mass 

syringe 

after 

[g] 

Mass 

real 

[g] 

Volume 

real 

[cm3] 

Bearing free 

space 

percentage% 

LiX 06 E6 

1 

0.847 

11.544 6.381 5.163 6.10 30.48% 

2 11.602 6.408 5.194 6.13 30.66% 

3 11.715 6.377 5.338 6.30 31.51% 

4 11.625 6.417 5.208 6.15 30.74% 

 

3.7.3 Test plan  

As explained at the beginning of this report, one of the aims of the current project is to compare 

two different types of grease thickener in high-speeds applications. When operating at high 

speeds, a high temperature is expected, especially during the churning process that occurs in the 

first hours of operation. The maximum allowed temperature for the tested greases in this project 
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was 130 ˚C. Above this temperature, the greases lose their properties and comparisons would not 

be useful.   

In order to avoid high peaks of temperatures during the churning phase, a variable-speed run-in 

procedure was applied. According to [57], the recommended start speed should be one-fifth of 

the objective speed. The duration of the experiments executed during this project was 168 hours.  

The initial speed of the main shaft was 1666 rpm which is incremented every 24 hours up to a 

speed of 6666 rpm that corresponds to 400000 nDm. After 24 hours at the highest speed, the 

same procedure is applied inversely to analyze changes due to grease relocation. The speed test 

plan used in this project is presented in Figure 33 and Table 18.   

 

Figure 33. Variable- speed run-in procedure used in the experiments 

Table 18. Variable- speed run-in procedure used in the experiments and speed range 

Step Main 

shaft 

Speed 

[rpm] 

Shaft 

Speed  

[rpm] 

NDm  

(mm/min) 

Load  

[N] 

Motor 

Speed 

[rpm] 

Start  

[hours] 

End 

[hours] 

Speed 

Range 

1 1667 1667 100000 300 595 0 24 Slow  

2 3333 3333 200000 300 1190 24 48 Medium  

3 5000 5000 300000 300 1786 48 72 Medium  

4 6667 6667 400000 300 2381 72 96 High  

5 5000 5000 300000 300 1786 96 120 Medium  

6 3333 3333 200000 300 1190 120 144 Medium  

7 1667 1667 100000 300 595 144 168 Slow  

 

3.7.4 Execution of experiments  
 

In total, 11 tests were run during the execution of this project. With exception of experiments 

number 1 and 2, all the experiments were executed according to the plan shown in Table 16 and 

Table 18. Experiment 1 to 5 tested PAO 10 greases, and the remaining experiments tested PAO 

06 greases. Several challenges were faced during the tests, and their description can be found in 
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the experiment’s binnacle in Appendix E. Table 19 shows a summary of the experiments 

executed in the current project and the grease tested on them.  

Note that from experiment 1 to experiment 6, the mean time between the experiments was longer 

than the rest of experiments. This was caused by the problems that the machine faced in the 

initial stages of this project. These problems were fixed with the redesign explained in previous 

sections which improved the machine operating performance.  

Table 19. Summary of executed experiments 

 

Experiment 

Tested 

grease 

Start Date End Date 

E1 PP10 07/03/2019 14/03/2019 

E2 LiX10 19/03/2019 22/03/2019 

E3 PP10 27/03/2019 03/04/2019 

E4 LiX10 12/04/2019 19/04/2019 

E5 PP10 25/04/2019 02/05/2019 

E6 Lix06 13/05/2019 20/05/2019 

E7 PP06 01/06/2019 08/06/2019 

E8 PP06 10/06/2019 17/06/2019 

E9 LiX06 19/06/2019 26/06/2019 

E10 PP06 27/06/2019 04/07/2019 

E11 LiX06 05/07/2019 12/07/2019 

3.8 Post-processing protocol 

3.8.1 Matlab script  

The data obtained with the data acquisition system detailed in section 3.5.2. was post-processed 

with a versatile MATLAB script which allowed to select different intervals to analyze during the 

steady-state regions in each experiment.  In total eight plots are obtained with information 

regarding radial force, frictional moment, self-induced temperature, power loss, energy 

consumed by the test bearings in each experiment, support bearing temperatures, speeds, and 

friction values. Examples of how the software allows selecting intervals of study are presented in 

Figure 34. The blue shaded sections represent the selected intervals for analysis in every speed 

step. The steady state is considered when the friction, temperature and radial forces reach steady 

value and their variation is minimum. In addition to the plots, summarizing tables of each 

experiment are generated, making the post-processing stage simpler and more compatible with 

other tools such as Microsoft Excel. Results of the summary tables were executed in Excel with 

the help of dynamic pivot tables and graphs.    
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Figure 34. Example of the post-processing of the data with the selection of intervals of analysis 
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4 RESULTS AND DISCUSSION 

Results of the work developed during the project are presented in this chapter. First, the 

validation of the machine is showed in section 4.1. Then, the comparison of two different grease 

thickening technologies through experiments developed in the HSBT machine is presented in 

section 4.2. Finally, section 2.3 describes the post-analysis performed in the grease after the 

experiments.  

The results of the project can be divided into two stages. First, the validation stage determined 

several parameters that must be considered during the HSBT machine operation. Several 

challenges were faced and discussed in previous sections, and some actions were performed to 

enhance machine performance. The results of these actions are evaluated in section 4.1. Second, 

a comparative analysis of the two different thickener technologies was performed through eleven 

tests. The experiments results are a valuable input for the continuous development of more 

efficient e-mobility through finding the most optimum grease formulation. Results of this 

comparison are analyzed in section 4.2. 

4.1 Validation of the machine  

4.1.1 Maintenance improvement 

Given that grease demands long experiments, the HSBT machine was designed for constant 

operation during long periods. Reliability of the machine is an important aspect that must be 

considered when generating high-quality electric motor bearing data. Firstly, it ensures that the 

experiments are run under the same conditions, and second, it allows to generate more data in 

shorter periods. Figure 35 presents the timeline of the interventions and experiments executed in 

the machine. As observed since week 10 (first official experiment performed) up to week 21 (last 

modification of the machine developed), a total of 6 experiments were run. In this stage of the 

project, reparation and maintenance of the machine were needed after every experiment. The 

mean time between failure MTBF during this period of time was determined as 159,6 hours. The 

reasons for failures were mainly related to vibration issues and motor sudden stops. The last 

modification in the machine was developed in week 22. Changes in the structure and motor 

control mechanisms allowed the machine to work without failures from experiment 7 onwards. 

Until the end of this project, the machine reported 1008 hours of constant operation.  
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Figure 35. Timeline of the machine operation  

4.1.2 Steady Radial load application 

Improvements in the machine in terms of vibrations can be also noticed in the variation of the 

load applied on the bearings. In the first stage of the project, this variation was higher compared 

to the one obtained in the final experiments. Figure 36 illustrates a comparison of the variation in 

load in one experiment of the initial stages (left) and in the final experiment. In the last 

experiment, the radial load is constant, and less variation is produced. Peaks of the radial force 

are produced due to thermal expansion of the components when controlled changes in the speed 

are produced.  

   

Figure 36. Radial load in E4 (left) and E11 (right)  

4.1.3 Temperature  

The redesign of the bearing housing and the proper selection of the grease base oil viscosity 

allowed to reduce the temperature in the test rig, but more important the difference between the 
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inner and outer bearings temperature. In the first stage of the project, a difference of temperature 

of 10 ˚C between bearing was noticed, while in the last experiment this gap reduced to a value of 

maximum 5 ˚C. Figure 37 illustrates the reduction in the temperature gap at the beginning and 

the end of the project due to the proper base oil selection and redesign of the housing.  

  

Figure 37. Test bearing temperatures in two different experiments. E4(left) and E10(right) 

4.2 Comparison between two different thickener 
technologies 

In this section, two different thickeners technologies are compared through the analysis of the 

tests. In total, eleven randomized experiments were run; however, some of them, especially the 

first ones, were not considered due to the irregularities and variation of the data. In the first stage 

of the project (E1 to E5), PAO 10 greases were tested. Although the base oil of this grease is too 

viscous for high-speeds applications, tests were executed due to grease availability. Besides, 

these initial tests allowed to perform the validation and design modifications of the machine that 

has been explained in previous sections.  The second stage (E6 to E11) of the project was 

developed after all the machine modifications and improvements were executed, and PAO-06 

base oil was used. This type of oil has a lower viscosity, and therefore a better performance at 

high speeds was expected before the execution of the tests. The last modification of the machine 

was executed after E6. After E7, the main shaft was replaced with a new one. Results of this 

stage do not consider E6 and E7 because the conditions of the machine were different; however, 

results including these two experiments can be found in appendix F.  

Although the experiments were performed in a controlled environment, increments in the room 

temperature due to the heat produced by the machine occurred during the experiments. 

Temperatures between 24 to 28 degrees were registered during the execution of the tests. The 

room temperature sensor was installed after E7 and the variation of room temperature can be 

found in appendix G.  
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4.2.1 LiX-10 vs PP-10 

E4 and E5 were the experiments used for the comparison of the PAO10 greases. During these 

stages of the project, the control over the radial force was still fuzzy. Figure 38 presents the 

radial force applied during the steady state in E4 and E5. LiX-10 and PP-10 greases were tested 

respectively. Note that during the steady state, the deviation in the radial force is minimum. 

Additionally, PP10 test was slightly more loaded than the LIX10 test. Additionally, Table 20 

describes the values of the radial force and standard deviation during these intervals. The 

obtained standard deviation is small enough compared to the force values. Mean Hertzian 

contact pressure was also calculated during these intervals. Note that only radial force was 

included in this calculation. As observed, there is a fluctuation on it between the experiments 

because the control of the load application was difficult prior to the machine modifications.   

 

Figure 38. Radial force applied in E4 LiX-10 and E5 PP-10 

Table 20. Radial force and mean contact pressure during the steady-state interval in E4 LiX-10 and E5 PP-10 

Grease Experiment Interval 
Radial 

Force 

STD Radial 

Force 

Hertzian 

contact 

pressure 

[MPa] 

LiX-10 Experiment 04 

I1_1666 291.19 1.77 681.53 

I2_3333 280.38 0.93 672.99 

I3_5000 276.67 1.26 670.01 

I4_6666 244.80 2.96 643.23 

I5_5000 260.34 0.45 656.56 

I6_3333 262.16 0.42 658.09 

I7_1666 247.70 0.73 645.76 

PP-10 Experiment 05 

I1_1666 307.13 0.66 693.75 

I2_3333 292.77 0.43 682.76 

I3_5000 280.87 1.11 673.38 

I4_6666 271.14 0.37 665.52 
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I5_5000 285.35 0.15 676.95 

I6_3333 290.56 0.17 681.04 

I7_1666 295.68 0.34 685.02 

 

Frictional moment and Power losses 

Figure 39 shows the frictional moment of the two experiments compared in this section. Note 

that the frictional moment and its respective analysis is executed in four 6208 bearings. As 

expected, the torque created by the friction generated in the rolling contact is higher during the 

churning phase at the beginning of the experiment. After the grease redistributes in the bearing 

and polishing of the surfaces occurs, the frictional moment reaches a steady state. Additionally, a 

sudden increment in the torque is also noticed when the speed is increased; however, when a 

steady-state value is reached, this torque shows the tendency to be lower at higher speeds. This 

can be explained by the starvation and EHL lubrication regime theory causing the bearing to 

have the exact amount of lubricant that needs, and viscous losses are minimum.  

 

Figure 39. Frictional moment of E4 LiX-10 and E5 PP-10 

 

Frictional moment and speed allow calculating the power loss of the system. Figure 40 presents 

the power loss of E4 and E5 calculated during the steady-state intervals. Note that in general, the 

power loss is lower in the second part of the experiment when the speed is decreasing. This is 

something expected due to grease relocation and starvation presented in the contact. In general, it 

can be observed that PP-10 grease has lower losses than LiX-10 grease. This difference is more 

notorious at high speeds (Interval 4 or I4) and at low speeds (I1 and I7). However, the behavior 

at medium speeds is still chaotic (I2 I3 I4 and I5). There could be many reasons that can explain 

this behavior such as the influence of the viscosity of the base oil. As stated before, this base oil 

was not the appropriate one for high speeds due to its high viscosity.  More experiments are 

necessary in order to have statistics and a better understanding of the power losses.  
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Figure 40. Power loss during the steady-state in experiment E4 LiX-10 and E5 PP-10 

Consumed energy 

The previous analysis only considered the steady-state regions and could determine the energy-

saving potential of the greases in a normal operating condition such as in an EV. Transient 

behavior was also considered through the analysis of the consumed energy in each experiment. 

This energy can be obtained by integrating the power losses during the experiment time. Figure 

41 exemplifies the representation of the consumed energy in an experiment.  

 

Figure 41. Representation of the consumed energy during an experiment 

 

Additionally, Figure 42 compares the two greases in the different speed intervals. Note that at 

low and high speeds, the performance of PP grease is better than the LiX one, while at medium 

speeds the performance seems to be similar. As expected, the energy consumed at high speeds is 

higher than the one consumed at low and medium speeds. Figure 43 illustrates the total 
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consumed energy in the two experiments, and it presents a better performance of PP greases over 

LiX.  

 

Figure 42. Energy consumption per intervals E4 LiX-10 and E5 PP-10 

 

Figure 43. Total energy consumption per experiment in E4 LiX-10 and E5 PP-10 

Self-induced temperature  

Analysis of the bearing self-induced temperature allowed to understand the grease behavior in 

the contact and the bleeding process during the experiment. This analysis was performed for all 

the compared greases.  First, an analysis of the steady-state temperature was developed for 

comparing the two greases, and second, the highest temperature peak in each experiment was 

registered. During the steady-state analysis, the temperature plays a fundamental role in the 

bleeding process because higher temperatures decrease the viscosity. On the other hand, the 

analysis of the maximum temperature predicts grease degradation due to high temperatures and 

exposure in extended periods. Figure 44 introduces a plot of a common temperature profile 
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obtained by the HSBT machine during the described experiments. In this figure, the two 

temperature parameters analyzed in this project are shown.  

 

Figure 44. Representative plot of self-induced temperature  

Furthermore, Figure 45 and Figure 46 present a comparison of the two analyzed greases in terms 

of the average temperature of the bearings located in the center of the shaft (TB2 and TB3), and 

the bearings located away from the center (TB1 and TB4) respectively. As expected, the 

temperature in the center bearings is higher than the temperature of the other two. This problem 

persisted before the modifications of the machine were developed. Moreover, in the comparison 

of the two greases, there is a trend that shows that the temperature of the PP-10 grease is lower 

than the LiX-10 grease at low and high speeds. In medium speeds, the PP-10 grease presents a 

higher temperature than the LiX-10 grease. During the steady-state of the greases, both greases 

registered medium temperature ranges when referring to Table 6. Note that these specific 

experiments do not have other experiments to be compared with, so more experiments are 

needed in order to have statistics in the behavior of the greases.  
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Figure 45. TB2 and TB3 temperatures of E4 LiX-10 and E5 PP-10 

 

Figure 46. TB1 and TB4 temperatures of E4 LiX-10 and E5 PP-10 

The temperature of the main shaft support bearings was also acquired during the experiments.  In 

the PP-10 experiment, the temperature of the support bearings was higher than the temperature 

of the LiX-10 temperature. Figure 47 presents the acquired temperature of the support bearings 

during the analyzed steady-state intervals.  
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Figure 47. SB1 and SB2 average temperatures in E4 LiX-10 and E5 PP-10 

The maximum temperature during each experiment was also registered. Figure 48 presents the 

maximum temperatures registered during the comparison of these two greases. As presented, 

LiX-10 grease shows a higher maximum temperature than the PP-10 grease. However, any of the 

grease’s temperatures reached oxidation levels, so degradation was not expected.   

 

Figure 48. Maximum temperatures registered in E4 LiX-10 and E5 PP-10 

4.2.2 LiX-06 vs PP-06 
 

Previous experiments were executed with PAO10 greases because of the availability of this 

grease when the current project started. However; a better analysis and calculation of the 

viscosity parameter κ suggested the use of less viscous base oil. For this reason, LiX-06 and PP-

06, greases with PAO06 base oil, were tested in six randomly executed experiments (E6 to E11).  
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An improvement in the radial force control was observed in these tests due to the modifications 

executed in the machine. As stated earlier, the last modification occurred after E6, so this 

experiment is not considered in the current analysis. From E8 onwards, a new main shaft was 

used, so E7 was not considered in this analysis either. Figure 49 presents the radial force applied 

during the steady state in E8, E9, E10, and E11. Additionally, Table 20 shows the values of the 

radial force and its standard deviation, and the mean contact pressure produced. Note that during 

the steady state, the deviation in the radial force is minimum. 

 

Figure 49. Radial force applied during experiments E8 to E11. LiX-06 vs PP-06 greases 

Table 21.Radial load and mean contact pressure applied on the bearings E8 to E11 

Grease Experiment Interval 
Radial 

Force 

STD Radial 

Force 

Hertzian contact 

pressure [MPa] 

PP-06 Experiment 08 

I1_1666 312.10 0.49 697.48 

I2_3333 304.82 0.73 692.01 

I3_5000 299.61 0.46 688.04 

I4_6666 301.52 1.12 698.50 

I5_5000 306.62 0.34 693.37 

I6_3333 308.19 0.15 694.55 

I7_1666 310.25 0.19 696.09 

LiX-06 Experiment 09 

I1_1666 304.61 1.00 691.85 

I2_3333 303.18 0.44 690.77 

I3_5000 294.29 0.14 683.95 

I4_6666 288.14 0.80 679.15 

I5_5000 291.32 0.34 681.64 

I6_3333 291.17 0.27 681.52 

I7_1666 293.42 0.18 683.27 

PP-06 Experiment 10 

I1_1666 296.78 0.61 685.87 

I2_3333 292.24 1.02 682.36 

I3_5000 285.24 0.57 676.86 

I4_6666 279.15 0.23 672.01 
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I5_5000 281.93 0.23 674.23 

I6_3333 284.61 0.23 676.36 

I7_1666 284.62 0.17 676.37 

LiX-06 Experiment 11 

I1_1666 306.11 0.64 692.98 

I2_3333 301.27 0.26 689.31 

I3_5000 291.69 0.28 681.93 

I4_6666 290.98 0.40 681.37 

I5_5000 295.88 0.30 685.18 

I6_3333 298.69 0.11 687.34 

I7_1666 299.25 0.21 687.77 

 

Frictional Moment  

The frictional moment can be calculated with the length of the load arm shown in Figure 20 and 

the acquired frictional force. The behavior of this moment has been explained in Chapter 2 and 

summarized in Figure 4. Tested PAO06 greases present the expected behavior according to the 

theory. Then, Figure 50 presents the frictional moment acquired during the steady-state intervals. 

As anticipated, the maximum frictional torque is produced at low speeds. At low speeds, the 

rheological properties of the grease play an important role, and viscosity is higher than at higher 

speeds and temperatures. Therefore, higher frictional moment is more likely to occur. At 

medium and high speeds, full film lubrication is foreseen, so the frictional moment increases 

with the speed increment. It is important to notice that generally, values of the frictional moment 

are lower in the second stage of the experiments when the speed is decreasing. This is caused 

due to the relocation of the grease and possible starvation in the contact.  

It is clear that the frictional moment is dependent on the speed, so Equation (4) could be only 

applied if a rough approximation is desired. This calculation is very conservative and does not 

consider the speed nor lubricant factors. According to this equation, the expected frictional 

torque, with a 300 N pure radial load, should be 54 N mm for the four tested bearings. As seen in 

Figure 50, the torque produced by the four bearings corresponds to the same magnitude of the 

calculated one; however, the influence of the speed is extremely notorious and should be 

considered when analyzing the energy-saving potential of novel grease technologies.   
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Figure 50. Frictional moment E8 to E11. LiX-06 vs PP-06 

Power losses 

From the frictional moment and speed, the power losses of the system were calculated. Figure 51 

presents the power loss from E8 to E11 calculated during the steady-state intervals. The behavior 

in terms of power losses is chaotic. At medium and high speeds (300000 nDm) the power losses 

are always larger in the stage when the speed is being increased (interval I3), but at medium-low 

speeds (200000 nDm), this behavior is messy and no pattern can be found. The most reasonable 

explanation is that the system is under a mixed lubrication regime or boundary condition. This is 

expected due to the reduction in the viscosity of the base oil compared to E4 and E5. 

Additionally, it is commonly found that at low speeds (100000 nDm) the power losses are lower 

at the beginning of the experiments (Interval I1) than at the end (Interval I7). This behavior could 

be caused by the relocation of the grease and starvation caused by the high speeds in Interval I4. 

Finally, the analysis of high speeds shows that PP-06 grease has a better performance than LiX-

06 grease in terms of power losses. This find can be considered a disrupting fact for the thickener 

technologies. Nevertheless, more experiments are needed in order to have more reliable data, and 

other characteristics of the greases such as their rheology and electric properties must be 

evaluated.  
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Figure 51. Power losses steady-state interval in E8 to E11. LiX-06 vs PP-06 

The average of the power losses during the steady state was calculated for individual 

experiments. The average values of these experiments are classified by the tested type of grease. 

Figure 52 shows the average power losses in the respective type of greases with their standard 

deviation. Although in all the different speed intervals, the PP-06 grease outperforms the LiX-06 

in power loss average, the standard deviations only confirm this hypothesis for I1, I2, I4, and I6. 

In intervals I3, I5 and I7 there is a large scatter in the values, especially in the PP-06 greases, so 

more experiments are recommended to build an appropriate set of data. In the appendix F a 

larger scatter can be seen when E6 and E7 are considered.  
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Figure 52. Average power losses per grease. LiX-06 vs PP-06 

Consumed Energy  

The previous analysis only considered the steady-state regions and could determine the energy-

saving potential of the greases in a normal operating condition such as in an EV. In this section, 

transient behavior was also considered through the analysis of the consumed energy in each 

experiment. Figure 53 presents the comparison of LiX-06 and PP-06 greases in terms of 

consumed energy during the different experiments’ intervals. Although in average the PP-06 

grease shows a better energy consumption, the scatter in the values do not have statistical 

significance and more tests are needed to confirm or deny this hypothesis. At high speeds, both 

greases show a similar performance. Note that the transient behavior is supposed to happen only 

at the beginning of the bearing operation during the running-in period. After this period the 

grease is relocated in the sides of the raceways and in the bearing components such as the cage, 

and the amount of grease that participates in the lubrication procedure is minimum. 
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Figure 53. Average consumed energy in E8 to E11. LiX-06 vs PP-06 

The total energy consumption in the bearings can be calculated through the addition of the 

consumed energy in all the different intervals. PP-06 grease shows better total energy 

consumption compared to LiX-06 grease. Figure 54 exemplifies the values of the average energy 

consumed in one experiment for the two greases. 

 

Figure 54. Average total consumed energy E8 to E11. LiX-06 vs PP-06 

Self-induced temperatures  

The same analysis executed in section 4.2.2. for LiX-10 and PP-10 was performed for the two 

PAO-06 greases. Steady-state and maximum temperatures during the experiments were 

registered. Aversely to the findings in PAO-10 greases, LiX-06 grease shows in average lower 

self-induced temperatures than PP-06 grease. However, the standard deviation has a large scatter 

in the values, and it is not possible to claim that one grease is better than the other in terms of 

self-induced temperature.   
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The higher average temperature of the PP-06 greases is something that is not expected and does 

not match with the results obtained in power losses and energy consumption. The reason behind 

this inconsistency could be attributed to the overheating of the support bearings. Although 

support bearings are smaller bearings than the test bearings and are supposed to produce less 

amount of heat than the test bearings, they have external seals that can increase the amount of 

heat in the system due to friction generated and viscous losses. Therefore, they could have an 

influence on the test bearings temperature. In addition to this, tolerances in the support bearings 

are controlled by the clamping force of the split housing. If the clamping force causes an extreme 

deformation in the bearing, the raceways and balls will be loaded under extreme pressures, 

causing an increment of the heat generated. This was something noticed in E8 in which the 

temperature of one support bearing was extremely high, so readjustment of the clamping force in 

the housing was needed. As expected, this procedure decreased the temperature of the support 

bearing, but also the system temperature (See Appendix H for reference). Therefore, there is 

definitely an influence of the support bearings heat in the system that can be mainly observed 

when low viscosity greases are tested. Thus, a bolt tightening procedure for the support bearings 

and a redesign with proper tolerances of the support housings are recommended actions for 

future tests.  Figure 55 and Figure 56 present the self-induced temperatures in the test bearings 

while Figure 57 describes the self-induced temperature of the sealed-for-life support bearings. 

Note that the difference in temperature between the two greases is similar in support and test 

bearings. During the steady state of the greases, both greases registered low-temperature ranges 

when referring to Table 6. 

 

Figure 55. Average temperature TB2 and TB3 in E8 to E11. LiX-06 vs PP-06 
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Figure 56. Average temperature TB1 and TB4 in E8 to E11. LiX-06 vs PP-06 

 

Figure 57. Average temperature support bearings in E8 to E11. LiX-06 vs PP-06 

The maximum temperature of the PP-06 grease increased compared to PP-10 greases. This is 

something expected according to previous research presented in [20] in which two viscous 

greases of polypropylene were tested. Although the temperatures presented are classified as high, 

there is no expected degradation on the greases.  
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Figure 58. Maximum temperatures in E8 to E11. LiX-06 vs PP-06 

 

4.3 Post-test analysis  

Bearings and greases from E8 to E11 based on PAO06 oil were analyzed after the tests. The 

results of these analyses are presented in the following sections.  

4.3.1 Grease  

For the post-analysis of the greases, the collection method plays a fundamental role. This method 

consisted of dissolving the existing grease in each bearing in a container with solvents that can 

be evaporated easily. Several solvents were tested for the grease collection. For the LiX grease, 

acetone, isopropanol, and heptane showed an efficient dissolution of the grease. On the other 

hand, for PP grease only isopropanol and heptane worked satisfactorily, being Heptane the most 

efficient one. However; due to availability, isopropanol was used for the grease collection.  

IR analysis of the greases was performed in order to examine the degradation of the grease. First, 

grease from each bearing was homogenized using a 3-roller mill. This procedure was performed 

by ACI.  Due to the poor evaporation of isopropanol, alcohol was encountered in the samples, 

making the IR analysis more difficult. Therefore, another solvent is recommended for future 

grease collections.  

The analysis showed that there was no oxidation in any of the tested greased. This is something 

expected based on the temperatures and the duration of the tests. As shown in Figure 59, the 

color of the greases differs from bearing to bearing, so wear debris or contamination are possibly 

present in the greases. In the right part of the figure correspondent to each experiment, the initial 

fresh grease is compared to the tested greased in TB1 to TB4 from left to right respectively. In 
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order to have a better analysis of the change of the grease color, the use of micro-filters is 

recommended for future experiments.  

 

Figure 59. Experiments E8 to E11 post-test greases. Courtesy of ACI 

4.3.2 Bearings raceways 

Inspection of the bearings’ raceways was performed after the experiments. This inspection has 

the objective to identify the wear scars present in the bearings after the one-week tests. The 

procedure was performed in the outer raceways because according to Hertzian contact 

calculations, this is the raceway that is more loaded.  

For the analysis of the surface, first, the bearing needs to be disassembled. To accomplish this, 

the rivets of the bearing cage were destroyed by a milling process and the cage was removed. 

Thereafter, a radial load was applied on the outer raceway to deform it and disassembly the balls-

raceways arrangement. Finally, the outer raceway was cut in two halves, cleaned wit 

Isopropanol, and taken to the microscope. For the analysis, a DINO-LITE high-speed real-time 

digital microscope was used. This microscope has an interactive software that allows measuring 

referential distances that were used in this analysis. Figure 60 depicts the comparison of a new 

raceway profile with the one in a used bearing. Note that the wear scar is visible along the 

raceway path. This wear scar is produced due to the polishment of the surfaces and is expected to 

happen in the first hours of operation. However, it does not represent a type of failure in the 

bearing. In many cases, the scar was observable by the human eye, but in some cases this task 

was very difficult to accomplish. Table 22 presents the description of the analysis of the bearings 

and the width of the wear scar obtained with the help of the microscope software. Note that this 

measurement is referential, and its accuracy is limited to the user’s perception. The use of a 

stylus or optical interferometer is recommended for future experiments.  

    

E8 E9 E10 E11 

Wear scar 
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Figure 60. Outer raceway of a new bearing (left) and outer raceway of a used bearing from E11 

 

Table 22. Wear scar description in the bearing raceways.  

Experiment 

Bearing 

Width wear scar 

[mm] 

Visible 

to the 

human 

eye 

E8 

TB1 0.933619741 Yes 

TB2 1.195195507 Yes 

TB3 0.89633108 Yes 

TB4 1.38211466 Yes 

E9 

TB1 1.00807601 Yes 

TB2 0.671733967 Partially 

TB3 0.93406822 Yes 

TB4 0.620121951 Partially 

E10 

TB1 0.634567388 Yes 

TB2 0.5229372 Partially 

TB3 0.523392885 Yes 

TB4 0.3734401 No 

E11 

TB1 1.04584272 Yes 

TB2 1.08262168 Yes 

TB3 0.896630616 Yes 

TB4 1.008067896 Yes 

4.4 Discussion 

In the current project, eleven one-week experiments have been performed, and their results allow 

to comprehend better grease general behavior. Grease behavior is well known for being a chaotic 

process in which each test presents a different behavior than the previous one, so understanding 

of its behavior during each of the experiments allows improving future tests and the HSBT 

machine design. This discussion presents some of the observed parameters that were encountered 

in the different tests that could be useful for future tests at higher speeds.  

According to the experiments, operational viscosity is the factor that affects the most grease-

bearing performance and some patterns can be found in general for both greases. First, it is 

extremely important to select properly the grease viscosity (which is mainly determined by the 

base oil) because it determines the expected ranges of frictional moment, and self-induced 

temperature that the system will have during the experiments. In the first five experiments, 

greases with PAO-10 base oil were tested while in the remaining ones PAO-06 was used. The 

usage of PAO-06 showed a reduction of the energy consumption of approximately 50% which 

shows the importance of this parameter.  
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While running the experiments, the speed factor is the parameter that influences the most the 

greases behavior. In terms of speed, the performed experiments can be divided into two stages of 

analysis based on the speed changes. The first stage happens when the speed is increased, and 

the second one when the speed is decreased. In total seven intervals of 24 hours were created. In 

the first stage, the speed is increased from 100000 nDm to 400000 nDm in steps of 100000 nDm. 

This process is repeated going backwards to analyze the behavior after the churning process and 

grease relocation.   

Before reaching the maximum testing speed in the first stage, grease usually presents several 

peaks of high temperatures that occur when the speed is increased. These peaks occur randomly, 

but mostly they are present during intervals I2 and I3. However, in some uncommon cases, such 

as in E8, the peaks only occurred during I2 and I4. The highest temperature does not always 

occur in the highest speed interval, but it mostly occurs during I2 or I3. Plots for reference from 

E6 to E11 can be analyzed in Appendix H. These peaks are expected to happen due to churning, 

grease redistribution, and polishing of the initial surfaces. The high temperatures produced by the 

asperities interaction only last until these have been removed due to a polishing process. One 

should be very careful about this process because the duration of these peaks can be up to several 

hours, so they could cause degradation of the grease due to time exposure. The maximum 

registered temperature occurred with the PP grease and reached a temperature of 107 degrees. 

Although this value is below the allowed limit of 130 degrees, there is a point of concern of what 

will happen in experiments at higher speeds such as 600000 and 800000 nDm. Future tests will 

allow answering this uncertainty.  

In the second stage, when the speed is decreased, the steady-state temperature is reached quickly 

because grease redistribution has been completed, and the surfaces have been polished. This 

redistribution process is expected to happen just once in the machine operation; however, the 

uncertainty regarding what happens if the speed is increased again arises. Although changes in 

the test plan for testing these conditions will lead to longer experiments, this approach will 

exemplify more the conditions in a standard motor because of the turn-on and turn-off 

conditions. The results from this approach could also be an interesting approach for grease 

development.  

In terms of the frictional moment, a similar behavior than the one seen with the temperature is 

present.  Usually, the peaks happen at the same intervals that temperature peaks. This is 

reasonable because the temperature and friction are interacting, and one is the result of the other. 

Usually, the highest friction peak is registered at the beginning of the experiment at the lowest 
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speed, but will this change at higher speeds when extreme starvation is expected to appear? Will 

the same sensors of the machine be useful for measuring friction torque? These questions arise 

and can be only answered with more tests.  

Regarding the general behavior of the friction in the system, one can assume it to be extremely 

chaotic. Sometimes, it is difficult to predict what will happen with the variation of the speed, 

especially when the speed is decreased. According to the observed experiments, in the second 

stage, starvation due to grease redistribution plays a very fundamental role at low and medium 

speeds. In these intervals is difficult to predict if speed will increase or decrease the friction. 

Observations generally state that decreasing from 400000 dDm to 300000 will decrease the 

friction, but from 300000 to 200000 nDm will increase the friction. Appendix I shows the 

frictional moment of the experiments developed with PAO06 greases.  

In summary, the novel HSBT machine has shown a potential of becoming a testing device for 

future experiments in which the chaotic behavior of grease will be analyzed. The results and 

general behavior have been useful to determine appropriate experiment plans and considerations 

in future research with the machine. The experiments and results of the machine will be more 

attractive with the inclusion of electric currents. With the addition of electrical currents, the 

emulation of the conditions in EVs will be fully completed. Finally, the influence of the 

thickener has been demonstrated and corroborated with the use of this equipment, so more 

experimentation is still needed to find a proper grease formulation for electric machinery 

application.  
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5  CONCLUSIONS 

In general, electric machines and electric vehicles are disturbing the economic markets in the 

world. Grease and oil industries are especially affected by the conditions presented in this type of 

machines. These conditions are completely different than technologies used in previous and 

current decades such as internal combustion engines/vehicles. For this reason, new lubricating 

technologies have been realized and tested in this work through the development and 

improvement of an innovative high-speed bearing testing HSBT machine. The current project 

allowed to validate the new machine, improve it, and compare a traditional thickener technology 

with novel technology. Although these technologies have been compared in previous studies, the 

comparison with similar conditions to the existing ones in EVs is new.  Grease-deep groove ball 

bearing combinations have been tested in the HSBT machine and the results have given an 

important input for continuing with the design/construction of the next generation of the machine 

and the development of novel grease technologies. At the end of this project, the machine was 

fully operational, and several experiments have been performed without failures. The potential of 

the machine is vast, and its working principle could become a standard for testing greases for 

EVs.  

The first objective of the project aimed to answer the research question related to the parameters 

that must be considered when testing greases in the HSBT machine. To accomplish this 

objective, a study of grease behavior and initial tests were performed. Besides, a pre-processor 

tool was developed to calculate conditions needed in the experiments of the machine. 

Calculations of the viscosity ratio in the pre-processor showed that for high speeds, the grease 

viscosity is extremely important in the lubrication. At high speeds, it is not useful to test high 

viscous greases, such as the based ones in PAO 10, because they cause higher self-induced 

temperatures and higher power losses, making the system inefficient. This prediction was 

confirmed by the experiments developed with PAO 10 and PAO 06 greases. Just by changing the 

base oil to a PAO 06, the power losses reduced to approximately one-third of the power losses 

produced with PAO10 greases. Similar behavior occurred with the self-induced temperature 

where a reduction of 15 to 20 ˚C was obtained. Additionally, the minimum radial force and axial 

preload applied are other of the calculated parameters that must be controlled during the 

experiments because lower values of these forces could cause sliding and therefore heat 

production. Furthermore, grease quantity depends on the speeds that will be tested, and its 

amount affects the temperature of the system. As a general rule of thumb when the speed is 

increased, the amount of grease needed should be less. Parameters of the machine itself must 

also be considered because they influence the results. Self-induced temperature of the support 
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bearings, design of the test bearing housings, design of the friction measurement system, and 

structure stiffness are some of the physical parameters that generated challenges in the first 

stages of the project, but fortunately these challenges were solved with several machine 

modifications. It is important to consider these parameters in future projects in which tests at 

higher speeds will be performed. Finally, a proper alignment and a calibrated sensors and data 

acquisition system are required to obtain reliable data during the experiments.  

The second objective aimed to resolve the research question related to the comparison of the 

high-speed performance of traditional lithium complex greases and a novel grease technology 

that uses polypropylene as thickener.  The first comparison was performed by comparing two 

one-week experiments of PP-10 and LiX-10 greases. Although greases with PAO 10 as base oil 

are not the optimum ones for high speeds, these comparisons allowed to establish different 

pattern in the grease behavior and operation of the machine.  In this comparison, PP-10 grease 

outperformed LiX-10 grease by showing an energy-saving potential of 11.51% at high speeds 

(400000 nDm). Similar results were obtained in terms of self-induced temperature in which PP-

10 greases showed a reduction of 1.7% to 4% in the tested bearings. This reduction represents 

0.9 to 2.7 ˚C.  

A second comparison of greases was performed through six one-week experiments with 

appropriate high-speed greases, LiX-06 and PP-06. Because the project aimed to compare the 

results in the same conditions, the analysis of results only included the four last experiments (E8 

to E11) because modifications of the machine were developed after the two first experiments. 

The results of these experiments are promising and highlighted the potential of PP greases over 

LiX greases. In terms of energy-saving potential, PP-06 grease show in average a 38% of 

reduction of the friction losses at high speeds (400000 nDm). However, a large scatter in the 

values demand more tests to determine the statistically significance of this claim. On the other 

hand, regarding to the self-induced temperature, PP-06 grease shows a slightly higher 

temperature than LiX-06. In average, PP grease presented a 5% increment of the self-induced 

temperature, corresponding to approximately 2 ˚C when compared to LiX greases. 

In summary, the results showed the feasibility of using the HSBT machine as a grease testing 

machine. Although, there is always room for improvement, the machine is operating 

continuously, and important results are being obtained. During the operation of the machine 

there are calculation, installation, and machine parameters that must be considered to have 

successful tests. In addition, because the different tests were performed in similar conditions of 

the machine, and the only varied parameter was the type of greases, it can be concluded that 
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there is an influence of the thickener technology during the different speed intervals. The results 

showed a potential better performance of the PP greases over the traditional LiX technology. 

Nevertheless, this potential needs to be confirmed by collecting more data via new experiments 

due to a large scatter in the values.   
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6 RECOMMENDATIONS AND FUTURE WORK 

6.1  Recommendations  

The conclusions of the current work led to the following recommendations:  

 Manufacture new support housings with proper tolerances and develop a tightening 

procedure that ensures that the condition of the support housings is exactly the same in all 

the experiments. It has been demonstrated that these bearings influence over the system 

temperature.  

 Calibrate the force sensor before each experiment. This sensor is extremely sensitive, and 

small disturbances affect its measurements. 

 Put together the motor control and the data acquisition block diagram, so their 

interconnection allows to have automatic safety mechanisms.  

 Use micro filters for the analysis of the grease after the experiment. This process will help 

in finding the sources of changes in the grease color.  

 Include monitoring of the room humidity in the room. This variable can affect the grease 

performance.  

 Increase the amount of data through experiments of polypropylene and lithium complex 

greases to develop a reliable statistical analysis of the grease comparisons. A t-test is 

recommended.  

 Develop tests with higher radial forces applied on the bearings. These tests will allow to 

find the influence of this parameter in the grease lubrication 

 For the grease collection after the experiments, the use heptane is recommended due to its 

favorable evaporation conditions. 

6.2 Future work 

To continue researching and developing novel technologies of lubricating greases, the following 

work has been planned. 

 Test the same greases at very high speeds (600000 nDm). For these tests, an appropriate 

selection of the friction force sensors must be developed. The behavior of the friction at 

these speeds is unknown. There is a probability that the frictional moment at very high 
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speeds (more than 700000 nDm) will be much higher than the one produced in the 

developed experiments. 

 Perform new tests with changes in the test plan. This test plan will include several ramps 

that emulate the conditions in EV.  

 Correlate the results with other laboratory equipment such as the EHD2 film thickness 

machine and the ETM extreme pressure machine to see if the obtained results of the 

machine are consistent with other analysis. 

 Study the rheology of the tested greases. This study will allow to understand the behavior 

of the greases in the first stages during the running in period.  

 Develop a real time condition monitoring system that includes the measurement of 

vibrations in the system.  

 Electrification of the bearings in order to analyze the response of the greases under induced 

currents through the bearing contacts.  

 Test greases in other common EV bearings such as in angular contact bearings to see the 

influence of the type of bearing in the application. 

 Installation of the next generation of the HSBT machine. This machine, with improved 

features and sensing mechanisms, has been designed and built in parallel with the current 

project. All the recommendations previously presented have been taken into account for the 

development of this equipment.   
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APPENDIX A: HTBM POSTER 
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APPENDIX B: GANTT CHART 

Phase 1 and 2: Installation of the machine and literature review 

 

Phase 3 and 4: Implementation and experiments 
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Phase 5: Analysis of Results 
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APPENDIX C: RISK ANALYSIS  
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APPENDIX D: EXPERIMENTS AND GREASE 
QUANTITY  

Grease Experiment Bearing  Densitiy 
Volume 
Desired  

Mass 
desired 

[g] 

Mass 
syringe 
before [g] 

Mass 
syringe 
after 
[g] 

Mass 
real [g] 

Volume 
real 

[cm3] 

Bearing 
free space 
percentage 

PP10 E1 1 

0.838 

6 5.028 16.027 10.782 5.245 6.26 31.29% 

PP10 E1 2 6 5.028 16.632 11.388 5.244 6.26 31.29% 

PP10 E1 3 6 5.028 19.178 13.558 5.62 6.71 33.53% 

PP10 E1 4 6 5.028 17.35 11.405 5.945 7.09 35.47% 

LiX10 E2 1 

0.862 

6 5.172 12.304 7.189 5.115 5.93 29.67% 

LiX10 E2 2 6 5.172 13.081 7.366 5.715 6.63 33.15% 

LiX10 E2 3 6 5.172 12.36 7.506 4.854 5.63 28.16% 

LiX10 E2 4 6 5.172 12.25 6.835 5.415 6.28 31.41% 

PP10 E3 1 

0.838 

6 5.028 12.102 6.44 5.662 6.76 33.78% 

PP10 E3 2 6 5.028 12.327 6.402 5.925 7.07 35.35% 

PP10 E3 3 6 5.028 12.003 6.33 5.673 6.77 33.85% 

PP10 E3 4 6 5.028 12.178 6.409 5.769 6.88 34.42% 

LiX10 E4 1 

0.862 

6 5.172 9.6 4.181 5.419 6.29 31.43% 

LiX10 E4 2 6 5.172 11.96 6.381 5.579 6.47 32.36% 

LiX10 E4 3 6 5.172 11.87 6.414 5.456 6.33 31.65% 

LiX10 E4 4 6 5.172 9.607 4.137 5.47 6.35 31.73% 

PP10 E5 1 

0.838 

6 5.028 12.005 6.434 5.571 6.65 33.24% 

PP10 E5 2 6 5.028 12.04 6.387 5.653 6.75 33.73% 

PP10 E5 3 6 5.028 12.18 6.384 5.796 6.92 34.58% 

PP10 E5 4 6 5.028 12.166 6.392 5.774 6.89 34.45% 

LiX6 E6 1 

0.847 

6 5.082 11.544 6.381 5.163 6.10 30.48% 

LiX6 E6 2 6 5.082 11.602 6.408 5.194 6.13 30.66% 

LiX6 E6 3 6 5.082 11.715 6.377 5.338 6.30 31.51% 

LiX6 E6 4 6 5.082 11.625 6.417 5.208 6.15 30.74% 

PP6 E7 1 

0.828 

6 4.968 11.64 6.381 5.259 6.35 31.76% 

PP6 E7 2 6 4.968 11.834 6.378 5.456 6.59 32.95% 

PP6 E7 3 6 4.968 11.504 6.396 5.108 6.17 30.85% 

PP6 E7 4 6 4.968 11.638 6.399 5.239 6.33 31.64% 

PP6 E8 1 

0.828 

6 4.968 11.84 6.414 5.426 6.55 32.77% 

PP6 E8 2 6 4.968 11.597 6.391 5.206 6.29 31.44% 

PP6 E8 3 6 4.968 11.542 6.399 5.143 6.21 31.06% 

PP6 E8 4 6 4.968 11.62 6.402 5.218 6.30 31.51% 

LiX6 E9 1 

0.847 

6 5.082 11.952 6.393 5.559 6.56 32.82% 

LiX6 E9 2 6 5.082 11.775 6.416 5.359 6.33 31.64% 

LiX6 E9 3 6 5.082 11.953 6.342 5.611 6.62 33.12% 

LiX6 E9 4 6 5.082 11.812 6.377 5.435 6.42 32.08% 

PP6 E10 1 

0.828 

6 4.968 11.917 6.409 5.508 6.65 33.26% 

PP6 E10 2 6 4.968 11.606 6.422 5.184 6.26 31.30% 

PP6 E10 3 6 4.968 11.773 6.401 5.372 6.49 32.44% 

PP6 E10 4 6 4.968 11.694 6.357 5.337 6.45 32.23% 
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LiX6 E11 1 

0.847 

6 5.082 12.06 6.471 5.589 6.75 33.75% 

LiX6 E11 2 6 5.082 11.862 6.43 5.432 6.56 32.80% 

LiX6 E11 3 6 5.082 11.998 6.41 5.588 6.75 33.74% 

LiX6 E11 4 6 5.082 12.03 6.344 5.686 6.87 34.34% 

PP6 E12 1 

0.828 

6 4.968 11.852 6.417 5.435 6.56 32.82% 

PP6 E12 2 6 4.968 11.885   11.885 14.35 71.77% 

PP6 E12 3 6 4.968 11.927 6.428 5.499 6.64 33.21% 

PP6 E12 4 6 4.968 11.853   11.853 14.32 71.58% 
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APPENDIX E: EXPERIMENTS BINNACLE  

Exp. Grease Start Date End Date Observations 

E1 PP10 07/03/2019 14/03/2019 Excessive contamination, vibration and noise is 

noticed during the experiment. Possible reasons: 

wrong alignment method. Control of the speed is 

developed trough a knob located in the driver. It is 

difficult to control the desired speed. 

Position of the load arm includes inertial forces of 

the arm. Change of the position is suggested. Wear 

in the intermediate coupling is observed. 

Homemade thermocouples were used.  

E2 LiX10 19/03/2019 22/03/2019 Alignment seems to work. However, motor 

sudden stop at interval 3 suggests more 

experiments for corroborating this. Revision of the 

connections is suggested. Large difference in 

temperature of TB1 and TB2. Large difference in 

temperature of TB3 and TB4. Signs of 

contamination are presented.  

Homemade thermocouples were used 

E3 PP10 27/03/2019 03/04/2019 Manual control of the speed is done from the 

computer and a serial cable. The motor works fine. 

Operation is normal during the 168 hours of the 

test. New position of the load arm works better. 

There is still a lot of contamination around the 

intermediate shaft area at the end of the 

experiment. Wear in the intermediate coupling is 

also noticed. It suggests misalignment. The 

alignment at the beginning of the experiment was 

totally different than the alignment at the end. 

Vibration and noise are observed. Reinstallation is 

needed. 

Homemade thermocouples were used 

E4 LiX10 12/04/2019 19/04/2019 New thermocouples were installed 

Analysis of the vibration sources was executed. 

Degradation of the system during the time 

suggests that more changes need to be done. Main 

source of vibrations are the motor arrangement 

and the intermediate shaft. Fretting corrosion is 

noticed in the intermediate shaft. The shaft lost its 

tolerances during the experiments. Replacement of 

the shaft is needed. The motor tilting mechanism 

has long bolts that present signs of buckling. Wear 

in the intermediate coupling is also noticed. Large 

difference in temperature between the bearings is 

noticed.  

E5 PP10 25/04/2019 02/05/2019 The intermediate housings have lost their 

tolerances during the experiment. Fretting 

corrosion and tolerance problems are noticed in 
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the intermediate shaft. Wear is 1 mm in the shaft 

diameter. Excessive deterioration and 

contamination. Manufacture of new shafts is 

needed. Split housings are suggested.  

E6 Lix06 13/05/2019 20/05/2019 Shafts recently aligned after intermediate shaft 

fretting problem.  

1st Shaft is used. Humidifier circulates air close to 

the rig  

First experiment with split housings in the 

intermediate shaft. It worked! 

Slow increase of speed was tested between 

interval 1 and 2. There are still vibrations on the 

table 

E7 PP06 01/06/2019 08/06/2019 Shafts alignment before the test due to 

replacement of support bearings. 

During all the experiment the temperature of the 

SB2 was up to 25 deg higher than SB1, so very 

high temperature was noticed during all the test. 

Wear of the main shaft is noticed.  

Automatic speed control is installed.  

Installation of the new table plate is tested for the 

first time. It worked! Additionally, new motor 

tensioning system is installed. Vibrations are gone, 

but wear of the shaft is noticed after the 

experiment 

E8 PP06 10/06/2019 17/06/2019 New main shaft (2nd) is used for the first time. 

Vibrations problems seem to be solved with 

modifications in the machine. A high temperature 

was noticed in SB2. The problem was noticed at 

hour 40, and fixed. Data before it, is not reliable. 

An influence of the temperature of the support 

bearing is noticed. The contact between the 

friction load cell and the friction arm was lost. 

Relocation of the load cell is needed. End of the 

experiment is successful. 

E9 LiX06 19/06/2019 26/06/2019 2nd shaft is used. A high temperature was noticed 

in SB2 and fixed at hour 44. No influence of the 

test bearings is noticed. Reduction in the 

temperature of TB1 is noticed. (Unknown reasons 

hour 54). 

E10 PP06 27/06/2019 04/07/2019 Good experiment. A method for tightening the 

bolts is tested. It seems to work. More tests are 

needed. Low friction is noticed during all the test. 

E11 LiX06 05/07/2019 12/07/2019 Good experiment. A method for tightening the 

bolts is tested. It seems to work. More tests are 

needed. Low friction is noticed during all the test 
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APPENDIX F: POWER LOSSES IN PAO-06 INCLUDING 
E6 AND E7 
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APPENDIX G: ROOM TEMPERATURE IN E8 TO E11 
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APPENDIX H: PLOTS E8 TO E11 
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