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Abstract. Ball bearings are a critical component of transmission systems 
whose operation depends on efficient lubrication. Moving surfaces in ball 
bearings are typically manufactured from AISI52100 martensitic steel 
material. During operation, a critical role of the lubricant is to generate film-
pressure, which creates film thickness and separates the moving surfaces. 
There is lack of knowledge regarding abnormal film-pressure generating 
mechanisms occurring in ball bearings during pure sliding motions. In this 
study, sliding contact fatigue and wear behaviour are used to characterise 
abnormal film-pressure distribution behaviours, which reveal the 
appearance of abnormal film pressure generating mechanisms in pure sliding 
AISI5200 ball bearing contacts. A set of pure sliding experiments were 
conducted using a wear test machine with a ball bearing configuration. 
Abnormal plastic deformation and wear behaviour on the worm bearing 
surfaces indicate the appearance of an abnormal collaboration between two 
film pressure generating mechanisms i.e., the viscosity wedge effect (VWE) 
and the squeeze effect. The VWE is described where abnormal surface 
deformation is observed, and the squeeze effect, where deformation is 
influenced by the change in sliding speed. These findings reveal, for the first 
time, the domain of action of each effect in the ball bearing contact area. 

1 Introduction 
Ball bearings are critical components in transmission systems in automotives, whose 
operation depends on efficient lubrication. Moving surfaces of ball bearings are typically 
manufactured from AISI52100 martensitic steel material [1]. During operation, a critical role 
of the lubricant is to build film-pressure within itself, which increases the film thickness that 
separates the moving surfaces. To achieve this task, different lubricants employ different 
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mechanisms, which are governed by one or more fluid flow phenomena. Published research 
shows that under pure sliding motions at high speeds, the build-up of film-pressure, is 
achieved through a collaboration between two effects i.e., a thermal effect called the viscosity 
wedge effect (VWE) and a mechanical effect called the squeeze effect [2, 3]. By definition, 
the VWE is a film-pressure generating effect caused by changes in viscosity, due to changes 
in temperature within a lubricant film, in the entrainment direction [4, 5]. The temperature 
changes cause large temperature gradients in the proximity, which induce viscosity and 
velocity gradients, which then cause the pressure gradients within the lubricant film. The 
squeeze effect is defined as the rate of change of film-thickness in a bearing due to dynamic 
(non-steady state) operating conditions [2, 3]. Non-steady state conditions involve dynamic 
loads and speeds, as well as significant surface deformation which the changes in the radius 
of curvature of lubricated surfaces. Such conditions are typical in ball bearings [6] and cause 
a continuous change in the volume of lubricant entrained into the contact area, which results 
in a continuous change of film-thickness, which indicates a rate of film-pressure generation. 
As such, the squeeze effect is inevitable in ball bearings, and it is, therefore, a default 
mechanism. In literature published thus far, the appearance of the collaboration between the 
VWE and squeeze effect has been studied using optical interferometry methods (see Fig. 1), 
and has been found to cause the appearance of abnormal film shapes in the ball bearing 
contact area. Abnormal film shapes exhibit a horse-shoe shape, with a side profile showing 
a dimple shaped central plateau, and an exaggerated outlet constriction (see Fig. 2). The 
dimple-shaped central plateau indicates the appearance of the dimple phenomenon in the 
leading-edge of the contact area. The dimple phenomenon has been accepted as a 
characteristic attribute of abnormal film shapes, which are associated to the appearance of 
the VWE [7, 8].  

 

 
Fig. 1. Typical optical interferometry test apparatus (adapted from refs. [7, 9]). 
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Fig. 2. Comparison of an abnormal (pure sliding) ball bearing film-thickness profile, with the 
classical (pure rolling) ball bearing film-thickness profile. h – height of lubricant film (adapted from 
ref. [7]). 

 
The appearance of abnormal film shapes has also been found to be accompanied by 

solidification of the lubricant [10], as well as the interfacial slip phenomenon [10-12], which 
indicate non-Newtonian behaviour by the lubricant. Due to this, conventional lubrication 
theory, which is derived on the basis on the Newtonian behaviour of the lubricant, cannot 
predict the appearance of abnormal film shapes. Conventional lubrication theory predicts a 
film distribution profile with a horse-shoe shape, however, with a side profile showing a flat 
central plateau and a small constriction at the exit (see Fig. 2). This is regarded as the 
conventional (normal) film shape in ball bearings, and it is governed solely by the squeeze 
effect. This film shape is typical in pure rolling contacts or under low slide-roll ratios, where 
thermal effects are low [7]. Although optical interferometry has enabled significant progress 
in the study of film shapes and film pressure generation in ball bearing contacts, it has its 
limitations. The requirement of a transparent material in optical interferometry limits the 
experimentation, and the evidence obtained, to contacts between dissimilar materials (i.e., 
steel ball sliding on a chromium coated glass disc). Due to this limitation, there is a lack of 
knowledge regarding the appearance and effects of the VWE and squeeze effect in industrial 
ball bearing contacts which use similar sliding materials. This is specifically referring to ball 
bearings manufactured from the martensitic AISI52100 steel material, since this type of steel 
is a common choice of material for automotive and industrial ball bearings. This necessitates 
an investigation which will close this knowledge gap, and as such, this forms a basis for the 
current investigation. The aim of this investigation is to demonstrate and characterise, for the 
first time, the appearance and the effects of the abnormal film-pressure distribution behaviour 
caused by the collaboration between the VWE and the squeeze effect in pure sliding 
AISI5200 ball bearing contacts, under controlled laboratory conditions. This is achieved 
through assessment of sliding contact fatigue behaviour, and the wear behaviour, on the ball 
bearing surfaces. Experimental conditions for the ball bearing operation were selected to 
ensure the occurrence of sliding contact fatigue and wear on the sliding surfaces of the 
bearing. Results from this investigation provide experimental evidence for an extension of 
lubrication theory, which is required to advance bearing designs and the modelling and 
prediction of film-pressure distribution, surface deformation and wear behaviour in ball 
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bearing contacts. Furthermore, since martensitic type steel balls are used as grinding media 
in grinding mills in the mineral processing sector, the knowledge from this study enables 
advancement in the modelling and prediction grinding media wear and shear energy 
distribution in ball mills. 

2 Experimental details 

2.1 Materials and testing machine 

The SRV4 wear test machine, with an oscillatory sliding ball on a stationery disc 
configuration, was used (SRV4, Optimol Instruments, Germany). The test chamber of the 
machine is shown in Fig. 3. The ball and disc specimens were purchased from Optimol 
Instruments, are AISI52100 bearing steel material, with a Vickers hardness of 600 HV, bulk 
modulus of 140 GPa, modulus of elasticity of 210 GPa, shear modulus of 80 GPa and thermal 
conductivity of 46.6 W/mK. The ball specimens are 10 mm in diameter, with a polished 
surface with roughness of 0.025 μm (Ra). The disc specimen has a 
24 mm diameter and 7.9 mm height, and a lapped surface with roughness ranging between 
0.45 to 0.65 μm (Rz). A commercial hydroprocessed Group III base oil, with a 100 oC 
kinematic viscosity (KV100°C) of 4 cSt, was selected as a lubricant for the experiments. The 
classification (grouping) of the selected lubricant is based on its method of production, as per 
the American petroleum institute (API) [13, 14]. Table 1 lists the respective rheological 
properties. The rheological properties were measured at atmospheric pressure, using a 
Stabinger Viscometer (SVM 3001, Anton Paar GmbH, Austria). The lubricant is a neat 
hydrocarbon (contains no additive package) and is produced by hydroprocessing of crude oil 
with mild hydrocracking. The producer (supplier) cannot be disclosed (protected by non-
disclosure agreement), however, the method of production was made known and permission 
for chemical analysis was given. 
 

 
Fig. 3. Oscillatory sliding wear test machine. (a) Camera image, (b) detailed schematic. 

Table 1. Lubricant selection and respective rheological properties. 

Lubricant 
ID 

KV100°C ρ25°C DV25°C SR25°C SS25°C 
VI (-) (cSt) (g/cm³) (mPa.s) (1/s) (Pa) 

G3 S2 4.33 0.83 30.55 271.99 8.31 127.91 
S2 – Supplier 2, ρ – density, DV – dynamic viscosity, SR - Shear Rate, SS - Shear Stress 
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2.2 Experimental procedure  

The experiment was conducted for 2 hours, at 25 ± 0.5 oC and 20 ± 5 % relative humidity 
(RH). The controlled humidity atmosphere was to diminish the effect of atmospheric water 
on the wear process. The effect of atmospheric water is demonstrated by [15]. The sliding 
speed was set at 0.2 m.s-1. This was achieved by setting a stroke length of 2 mm and 
oscillating frequency of 50 Hz. Due to the oscillatory motion, the sliding speed is not 
constant. The speed is maximum (0.2 m.s-1) at the mid-stroke position (i.e., at mid-length, 
based on the sliding length on the flat surface), and reaches a minimum at full-stroke, where 
change in sliding direction occurs. There are two load stages to the experiments. The first 
stage is the run-in stage, where the normal load (FN) is held at 30 N for 30 s. This is followed 
by a 30 s gradual load increase (at 4 N.s-1) to a final load of 150 N. The normal load is kept 
constant at 150 N for the remainder of the test duration. The normal load is applied vertically 
on the ball specimen through a programmable spring loading system, and the sliding speed 
is achieved by application of a horizontal reciprocating sliding force (FR). Both the normal 
load and oscillating speed are maintained through a programmable feedback system.  

The steel specimens were cleaned by submerging in hexane, followed by acetone, under 
ultrasonic vibration for 10 minutes each using an ultrasonic bath. Specimens were oven dried 
at 90 oC for 5 minutes after ultrasonication. Cooling was conducted in a desiccator containing 
silica (SiO2) granules. After assembling, 2 mL of lubricant was injected onto the flat surface 
before the ball was allowed to make contact, and the test chamber was conditioned at 25 oC 
for 10 minutes prior to the start of the experiment. After the sliding experiment, specimens 
were ultrasonically cleaned in hexane and acetone. Optical micrographs of worn surfaces 
were analysed using a Zeiss axio scope A1 optical microscope (Carl Zeiss microscopy 
GmbH, Germany). To obtain the physical details of the worn surfaces, 3-dimensional (3D) 
surface profiles were generated using a Nanovea PS50 optical profilometer (Nanovea 
Instruments Inc., USA).  

3 Results and discussions 

3.1 Surface deformation and film-pressure distribution 

Optical microscope images in Fig. 4 shows the appearance of the Hertzian zones on the ball 
and flat surface. The Hertzian zone on the ball is slightly larger, in diameter (445 μm), than 
that of the flat surface (431 μm). This is due to the elastic deformation of the ball which was 
pressed against the flat surface by the Hertzian pressure. The ball surface shows a grey 
surface colour distribution across the center on the Hertzian zone, perpendicular to the sliding 
direction, and a mixture of blue and red surface colours are distributed at the top and bottom 
edges. On the flat surface, the grey colour is dominant in the center of the Hertzian zone, in 
the sliding direction, and the blue colour dominates the side edges, with small patches of red. 
The appearance of surface colours indicates oxidational wear. However, the colour 
distribution is unusual and appears to be caused by the appearance of abnormal contact 
conditions during the sliding process. To begin uncovering these abnormal contact 
conditions, the deformation behaviour is analysed through 3D analysis.  
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Fig. 4. Optical properties of worn ball and flat surfaces. 
Fig. 5 shows the 3D surface profiles of the deformed surfaces. The 3D profile of the 

flat surface shows permanent indentations on the side-edges of the Hertzian zone. The 
indentations are deeper at the top and bottom tips. The increase in width and depth of the 
indentations at the tips of the side edges is associated to the decrease in sliding speed during 
change of sliding direction. From the depth profiles, the depth at maximum sliding speed 
(mid-stroke depth) is approximately 1 µm, and depth at minimum sliding speed (depth at the 
tips) is approximately 1.5 µm. This deformation behaviour indicates that the Hertzian 
pressure was carried by the side edges during the sliding process. The middle section shows 
essentially no deformation, indicated by presence of prominent surface roughness across the 
length of the Hertzian zone. This indicates minimal Hertzian pressure in the middle section, 
and no visible effect of the change in sliding speed. The sporadic presence of indents in the 
middle section is associated to the breaking  of prominent surface asperities by shear stress 
resulting from the oscillatory sliding action. In the area marked “GWE”, the indentation and 
widening of the approximately 1.5 µm deep scratch (which was present before the onset of 
sliding as a surface defect) is associated with the appearance of the geometry wedge effect 
(GWE), which causes the VWE on the flat surface due to surface defects, as was observed 
by [16]. This effect is discussed in later works by the authors of this work. The 3D profile of 
the ball shows significant deformation around the edges of the Hertzian zone, i.e., the leading 
edge and side edges, and minimal deformation in the center of the Hertzian zone. This 
indicates that the Hertzian pressure was maximum in the edges, and was minimal at the 
center, during the sliding process. Therefore, the Hertzian zone can be partitioned into three 
regions, i.e., leading-edge, center (outlet), and side-edges. Similarly with the flat surface, the 
side-edges, top and bottom edges, and middle section.  
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Fig. 5. Post sliding surface topography of ball and flat surfaces. SLF - Solid lubricant flow. 𝐖𝐖𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦 - 
width at maximum speed. 𝐖𝐖𝐮𝐮<𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦 - width at minimum speed. 𝐖𝐖𝐁𝐁 - width of middle section. GWE – 
Geometry wedge effect. 

The transfer of Hertzian pressure between the ball and flat surface occurs through the 
lubricant film. Therefore, the distribution of Hertzian pressure in the Hertzian zone is 
controlled by the lubricants flow behaviour. The lubricant carries the Hertzian pressure, 
which acts vertically on the ball surface, by generating film pressure within itself, around the 
edges of the ball Hertzian zone. The build-up of film pressure enables the transmission of 
Hertzian pressure from the deformed ball-lubricant interfaces, through the high-pressure 
lubricant film, and to the side edges on the flat surface. Likewise, the high film pressure 
enables the backwards transmission of the reaction pressure exerted by the flat surface, to the 
ball. The reaction pressure is the pressure that indirectly supports the Hertzian pressure. A 
schematic of the reaction pressure is shown in Fig. 8, which is discussed in later sections of 
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this work. Therefore, during the sliding process, each surface interacts and reacts to the film 
pressure generated by the lubricant at the deformed metal-to-lubricants interfaces, which 
implies that the film pressure was maximum at the deformed regions. The observed 
deformation is caused by the repetitive action of the lubricant film pressure on the steel 
surfaces, during each of the approximately 360000 sliding cycles. From the flat surface, it is 
clear that the film pressure was distributed sideways to the side edges. However, the 
deformation on the ball is quite complex, especially with maximum deformation being in the 
leading edge (dimpled zone). This indicates that the film pressure distribution mechanism 
which supports and transfers the Hertzian pressure from the ball surface to the flat surface is 
complex, and requires thorough probing. Fig. 6 shows a flattened 3D height profile of the 
ball.  
 

 
Fig. 6. Flattened 3D height profile of deformed ball and extrapolation of abnormal Hertzian pressure 
distribution in a point contact. FPP – Film pressure profile. DP – Depth profile. 

By flattening the profile, a severe condition of both elastic and plastic deformation can 
be illustrated, and since surface deformation is caused by the lubricant film pressure, where 
Hertzian-pressure is carried, the shape of the film-pressure distribution profile can be 
extrapolated. Therefore, a depth profile (DP) is obtained across the center, perpendicular to 
the sliding direction, as illustrated by the dotted black line, and the shape of the film-pressure 
distribution profiles (FPP) is obtained by taking the inverse of the depth profiles (i.e., FPP = 
1/DP), as illustrated by the dotted red line. The shape of the FPP shows two peaks, with each 
peak positioned on each side-edge, and goes through a minimum near the center. The film-
pressure distribution profile has the shape of a fourth-degree polynomial. This indicates a 
sideways film-pressure distribution behaviour across the center of the Hertzian zone and 
perpendicular to the sliding direction. The flattened ball profile shows significant dimple 
shaped deformation in the leading-edge, indicating that film pressure is the highest in the 
leading edge. In the sliding direction, the dimple shaped deformation creates an exaggerated 
constriction which appears to constrict the flow of the lubricant towards the center of the 
Hertzian zone. This deformation behaviour indicates the appearance of the inlet dimple 
phenomenon, which is characteristic of abnormal film shapes and indicates appearance of the 
VWE [7, 8]. This deformation behaviour shows that the film pressure distribution has a 
horseshoe shape, and the pressure peaks in the leading edge. This film pressure distribution 
is abnormal, since pressure is expected to be maximum at the center of the Hertzian zone on 
both the ball and flat surface, because by convention in Hertzian (point) contacts, the Hertzian 
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pressure and film pressure are maximum at the center, and minimum at the edges of the 
Hertzian zone [17, 18]. This indicates that the film pressure generated by the VWE in the 
leading-edge is larger than that caused by the side flows. Therefore, the VWE carried a largest 
magnitude of the Hertzian pressure in the bearing, during the sliding process. The lubricant 
generated a high enough film pressure to induce plastic deformation in the permanently 
deformed edges of the Hertzian zone. This finding suggests that in the deformed regions of 
the Hertzian zone, the film-pressure, which also acts as shear stress, exceeded the yield stress 
of the steel material [1] and resulted in plastic flow of surface material [19]. Plastic flow is a 
form of shear stress induced material failure or fatigue mechanism, which leads to the 
observed permanent (plastic) deformation on the surface [19]. For the AISI52100 steel 
material with a Vickers hardness of 600 HV, this suggests that the lubricant must be in a solid 
state to induce plastic deformation on the steel surfaces. Solidification of the lubricant occurs 
when the local film pressure exceeds the glass transition pressure of the lubricant as was 
observed by [10]. In the solid state, the lubricant is immobile, and shears like an elastic 
amorphous solid with a yield strength [20]. 

3.2 Analysis of lubricant flow behaviour 

In the previous section, it was established that the lubricant must be in a solid state to induce 
plastic deformation on the steel surfaces. Therefore, in Fig. 4, based on the plastic 
deformation behaviour on the ball surface, the shape of the solidified portion of the lubricant 
film is extrapolated, as illustrated in yellow. The solidified lubricant film (SLF) has a 
horseshoe shape. The SLF shape is then superimposed over the Hertzian zone of the flat 
surface, for the downwards sliding motion, at three positions i.e., top edge, mid-stroke, and 
bottom edge, respectively.  

3.2.1 Role of the viscosity wedge effect 

The superimposed SLF shape shows that the leading-edge of the ball Hertzian zone is 
positioned directly above the middle section of the flat Hertzian zone. This indicates that 
solid-to-solid contact conditions occurred only in the leading-edge on the ball surface, while 
on the flat surface, which lies directly beneath, fluid-to-solid contact conditions occurred. 
This also indicates that the film-pressure, as well as viscosity of the lubricant, varied 
significantly across the film-thickness (height), since the lubricant was in a solid state at the 
ball-lubricant interface and was in the fluid state on the disc-lubricant interface. This 
behaviour is associated to the action of the VWE in the leading-edge. From the microscope 
image in Fig. 4, the center of the ball Hertzian zone shows a grey surface colour similar to 
that observed in the middle section of the flat surface. This is associated to fluid-to-solid 
contact conditions. This indicates a negative viscosity gradient at the lubricant-ball surface, 
between the leading-edge and the center. Between the center of the ball surface and the 
middle section of the flat surface, the lubricant was in a fluid state and this indicates the 
absence of a significant pressure and viscosity gradient across the film-thickness (height) in 
this region. Therefore, the VWE is trivial in this region. The side-edges of both the ball and 
flat surfaces show attributes of solid-to-solid contact conditions. This suggests complete 
solidification across the film-thickness, and also indicates a more direct transfer of the 
Hertzian pressure from the ball, through the solid lubricant film, to the flat surface.  

It appears that the high pressure created by the VWE creates a flow stagnation zone in the 
leading-edge, which carries the Hertzian pressure (normal load) but also causes the sideways 
divergence of the incoming lubricant flow. The diverted flows combine with direct in-flows 

https://doi.org/10.1051/matecconf/202541703016MATEC Web of Conferences 417, 03016 (2025)

2025 RAPDASA-RobMech-PRASA-AMI Conference

9



 
 

in the side-edges, and this increases the volume of lubricant in the side-edges, and reduces 
the volume of lubricant reaching the center. This sideways flow diversion was also observed 
by Tošić et al. [21], where a strong VWE was thought to be responsible for the diversion of 
lubricant flow to the contact sides, which limited the volume of fluid lubricant maintaining 
the film in the central region of the Hertzian zone. The increase in volume in the side-edges 
causes flow constrictions, which generate positive film-pressure which forces an increase in 
film thickness. In this way, the load carrying capacity of the side edges increases. Since the 
sliding speed is not constant, the increase in film thickness occurs at a rate that changes with 
the sliding speed. This indicates a rate of change of film-pressure generation, which defines 
the appearance of the squeeze effect in the side edges [2]. The build-up of film-thickness 
(squeeze effect) competes with the compressive Hertzian pressure from the ball surface, 
which increases the constrictions, the viscosity and the pressure within the fluid film. The 
film pressure increases such that the glass transition pressure (Pg) of the lubricant is reached, 
and as such, glass transition (solidification) is induced [20]. This causes appearance of solid-
to-solid contact conditions, which allow direct Hertzian pressure transfer through the 
solidified film, and also causes plastic deformation on both surfaces when the film-pressure, 
and its resulting shear stress, exceeds fatigue stress limit (yield stress) of the surface. Most 
importantly, the solid lubricant film barricades the side-edges, which prevents side leakages 
or the lubricant being pumped out of the Hertzian zone. As a result, the film-thickness and 
mass conservation are conserved in the Hertzian zone. This behaviour also depressurizes the 
center of the ball and middle section of the flat surface, and as such, the lubricant retains its 
fluidity in this region. It appears that the mechanism employed by the lubricant to separate 
of the sliding surfaces is such that the Hertzian pressure is first carried in the leading-edge, 
by the action of the VWE. This causes separation of the leading-edge and the flat surface, 
and allows continuous lubricant entry into the Hertzian zone, as well as the sideways flow 
divergence into the side-edges. With the increase in film-thickness due to the squeeze effect, 
and ultimately, solidification, in the side-edges, the load carrying duty is transferred to the 
side-edges. This ensures continued lubricant flow and separation of the ball and flat surface, 
until the lubricant exits the Hertzian zone, through the center and both side edges. This 
behaviour results in the horseshoe shaped deformation observed on the ball Hertzian zone, 
and on the disc, deformation occurs on the side-edges. The 150 N normal load is shared 
between the VWE and squeeze effect, and the VWE, being the dominant effect, carries a 
larger bulk of the normal load.  

3.2.2 Role of the squeeze effect 

Since the effect of sliding speed on plastic deformation on the ball surface cannot be 
determined post the sliding process, from Fig. 4, it is assumed that during the downwards 
sliding motion of the ball surface, the change in sliding speed has negligible effect on the 
effective size of the ball Hertzian zone. Therefore, the width of the superimposed SLF shape 
does not change. On the contrary, the width of the Hertzian zone on flat surface, as observed 
previously, decreases at mid-stroke where the sliding speed is maximum (Wumax) and 
increases at the top and bottom edges, where change in the sliding direction occurs and the 
sliding speed reaches a minimum (Wumin). However, the width of the middle section (WB) 
remains constant. Therefore, WB is not affected by the change in sliding speed, which 
indicates that the change in sliding speed only affects the flow behaviour on the side-edges. 
Following the downwards motion of the SLF, it can be seen that the decrease in the thickness 
of the side-edges is inwards, towards the middle section. Therefore, at the mid-stroke 
position, the Hertzian pressure transferred over a smaller area, positioned near the middle 
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section where the Hertzian pressure is higher on the flat surface. This behaviour is associated 
to the appearance of the squeeze effect due to the increase in the volume of lubricant entrained 
into the Hertzian zone at higher sliding speeds. Therefore, the change in sliding speed 
increases the squeeze effect and which affects the extent of solidification and Hertzian 
pressure transmission across the film-thickness. As a result, at maximum sliding speed 
(Wumax), the film-thickness is larger, and higher Hertzian pressures are required for transfer 
across the larger film-thickness. From the deformation behaviour, is clear that such high 
pressures exist close to the middle section. 

The action of the VWE is observable in the leading-edge of the ball surface, which aligns 
with the middle section of the flat surface during the sliding process. Since the change in 
sliding speed does not affect WB, this suggests that the action of the VWE in the leading edge 
has no effect on the flat surface. Also, the VWE seems to have no effect in the side-edges. 
Therefore, the action of the VWE dominates in the leading-edge of the ball Hertzian zone, 
and the squeeze effect, dominates in the side-edges of both surfaces. 

4 Summary 
The appearance of the VWE in the leading-edge of the Hertzian zone creates collaboration 
with the squeeze effect, which appears and dominates in the side-edges. This collaboration 
results in the build-up and distribution of film pressure in the edges of the Hertzian zone on 
both the ball and flat surfaces, where the Hertzian pressure in low by convention. A schematic 
summary of the film-pressure distribution is shown in Fig. 7. This mechanism appears to be 
an efficient load carrying mechanism because the magnitude of the peak Hertzian pressure 
appears to be significantly lower, since the peak Hertzian pressure is spread and carried over 
a larger surface area, as opposed to being concentrated in a single point at the center of the 
Hertzian zone as per convention. These observations indicate that the appearance of a 
collaboration between the VWE and squeeze effect depends on the lubricant being in the 
fluid state, since the VWE and squeeze effect are fluid flow phenomenon. However, the 
build-up of film pressure by these two effects in their respective domains of action results in 
glass transition, and the appearance of the solid state of the lubricant, when the film pressure 
reaches Pg of the lubricant. This phase transformation creates solid-to-solid conditions which 
cause the appearance of sliding fatigue wear (plastic deformation). Therefore, the VWE and 
the squeeze effect are primary mechanisms responsible for the build-up of film pressure, 
which increases the film thickness and keeps the sliding surfaces separated during the entire 
sliding process. Solidification becomes a secondary mechanism which takes over the load 
carrying duty and Hertzian pressure transfer duty from the VWE and squeeze effect, in their 
respective domains, when the film-pressure reaches Pg. The appearance of the VWE also 
indicates that temperature gradients large enough to induce the VWE appear in the leading 
edge on the ball surface. This is effect is associated to the curvature of the ball in the leading 
edge. The pressure generated by the VWE deforms the ball surface without affecting the flat 
surface, while the squeeze effect deforms both surfaces. The magnitude of the squeeze effect 
is offset by the increase in the sliding speed. It is not clear how this offset affects the load 
carrying capacity of the VWE in the leading edge. Further investigations are being done to 
uncover the effect of this offset. Fig. 8 shows the surface profiles obtained as illustrated in 
Fig. 7.  
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Fig. 8. Schematic summary of plastic deformation and film pressure behaviour in the Hertzian zone. 
X-profile – surface deformation across the center, perpendicular to sliding direction. Y-profile – 
surface deformation across the center, in the sliding direction. 

The plastic deformation behaviour displayed on the deformed ball profile in Fig. 8 
indicates that during the sliding process, the film-pressure at position 1 in the Hertzian zone 
is equivalent to that at position 2 (P1 ≈ P2). Furthermore, film-pressure at position 1 is less 
than that at position 3 (P1 << P3). Also, P3 >> P4, P4 ≈ P2, and P5 ≈ P6. The film-pressure 
is maximum in the edges of the Hertzian zone, where Hertzian pressure is minimal. 

5 Conclusion 
The appearance of a collaboration between the viscosity wedge effect (VWE) and the squeeze 
effect was demonstrated, for the first time, in a pure sliding AISI52100 ball bearing contact, 
through analysis of sliding contact fatigue and wear behaviour on the bearing surfaces. 
Surface analysis indicates the appearance of a horse-shoe shaped plastic deformation 
behaviour on the ball surface, which is dominated by a dimple shaped deformation in the 
leading-edge. On the flat surface, plastic deformation appears only in the side-edges. The 
center (middle section) of the Hertzian zones, on both surfaces, remain essentially 
undeformed. The deformation behaviour indicates that the film pressure is minimal at the 
center of the contact area, and maximum at the edges. The indicates an abnormal film-
pressure distribution behaviour, since by convention in ball bearing contacts, the film 
pressure is maximum at the center, and minimum at the edges of the contact area. Therefore, 
the appearance of the VWE is described where dimple shaped surface deformation is 
observed, and the squeeze effect is described where deformation is influenced by the change 
in the sliding speed. This confirms the appearance of a collaboration between the two effects 
and reveals the domain of action of each effect on the ball and, for the first time, on the flat 
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surface. The dimple shaped deformation dominated the deformation behaviour, which 
indicates that the VWE dominated the film pressure generation during the operation of the 
bearing. The pressure generated by the VWE deforms the ball surface without affecting the 
flat surface, while the squeeze effect deforms both surfaces. Solidification of the lubricant 
explains the appearance of plastic deformation.  
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