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Abstract
The onset of scuffing damage which is the nature of smearing was studied under controlled
conditions in a mini-traction rig (MTM2) by PCS instruments that allows the usage of a new
contra-rotation method. The new contra-rotation method allows two surfaces to operate in
different directions which decouples the entrainment and sliding speed to provide a harsh
condition. Tests were conducted using a ball-on-disc setup with different fixed load and a step
function of increasing sliding speed. Studies were conducted to understand the influence of
increased real surface roughness from

Ra

of 5

nm

Ra

to

of 150

nm

and the quality

of 5 fully formulated aviation oils with additives.
Various scuffing load curves were plotted, critical total temperature, frictional intensity power
(FPI) and friction power (FP) were calculated from the recorded friction coefficients. The higher
roughness leads to an improvement in scuffing resistance with the increment of critical total
temperature from 175 ℃

to 300 ℃ . For the FPI and FP, the rough surface produced a

narrow band of values even though there is no critical value obtained.
For the 5 fully formulated aviation oils, the turbine oil (TO), standard turbine oil (STD), high
thermal stability turbine oil (HTS), EE turbine oil (EE) and Helicopter Gearbox oil were tested.
TO, STD, HTS and EE were able to scuff with an entrainment speed of 0.2 m/s and entrainment
speed of 0.1 m/s was used instead for the Helicopter Gearbox oil for successful tests. All 5 oils
showed improvement in scuffing resistance.
The critical total temperature for TO, STD, HTS and EE oils are 192℃, 226℃, 208℃ and
209℃ respectively. There is no existence of a critical FPI and FP values except for a band of
solutions. With regards to the Helicopter Gearbox oil, the critical total temperature was found to
be 275 ℃ . The FPI and FP were found to be 200

MW /m

2

and 17 W respectively.
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Nomenclature
Λ

Lambda Ratio

ho

Minimum Film Thickness

hc

Central Film Thickness

R

Relative Curvature

R x/ y

Relative Curvature in X/Y – axis

Req

Equivalent Roughness

E

Young’s Modulus of Material

V0

Velocity of Contact Point

V1

Velocity of Body 1

V2

Velocity of Body 2

H

Hardness Value

T Total

Total Temperature

T Bulk

Bulk Temperature

T Flash

Flash Temperature

Vs

Sliding Speed

U

Entrainment Speed

μ

Friction Coefficient

k

Thermal Conductivity

⍴

Density

E¿

Reduced Young’s Modulus of Material
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po

Max Hertz Pressure

ṕH

Mean Hertz Pressure

FPI

Frictional Intensity Power

FP

Frictional Power

ν

Kinematic Viscosity

α

Pressure–viscosity coefficient

η

Dynamic Viscosity

σ

Shear Stress

υ

Poisson’s Ratio

R¿q

Roughness with a Standard Deviation Peak Height Distribution

R x1 / x2

Radius in X-axis for Body 1 and 2 respectively

R y 1/ y 2

Radius in Y-axis for Body 1 and 2 respectively

R'

Reduced Radius

P

Applied Load

l

Length of Applied Load

Rq

Root Mean Square Roughness

Ra

Center Line Average Roughness

Rsk

Skewness

Rku

Kurtosis

RSm
I

Mean Width Roughness
Plasticity Index
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T

Temperature

Ú

Speed Parameter

Ǵ

Material Parameter

Ẃ

Load Parameter

E'

Equivalent Young’s Modulus

λa

Average Wavelength

Δa

Mean Absolute Slope of Profile

λq

Root Mean Square Wavelength

Δq

Mean RMS Slop of Profile

λ

Correlation Length
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1. Introduction
A rolling element bearing, also known as roller bearing, carries a load by having cylindrical or
spherical rolling elements separated between two bearing rings called raceways (Figure 1).

Figure 1. Example of a Rolling Element Bearing Reproduced from [1]
To ensure movement or rotating components to operate smoothly and freely respect to each other,
the bearing components are manufactured with the optimal surface finish and dimensions. The
material used in bearings are usually high strength materials to withstand the high contact stresses
due to the lack of conformity between the roller and raceways.
Lubricating oils are used to provide a film to prevent the surfaces in motion to be in contact for
any damage to occur and Figure 2 is a stribeck curve of a lubricant where there are 3 different
regimes of operation based on the lubricant properties and friction coefficient. It is commonly
found that the lubricant for rolling element bearings and gears operates in the mixed lubrication
regime where there is the presence of elastohydrodynamic (EHL) films due to lubricant
entrainment and boundary films.

Figure 2. Stribeck Curve of a Lubricant reproduced from [2]
1

In the olden days natural fats and oils such as lard oil, olive oil and whale oil were used to
provide the lubrication. These were slowly replaced by refined petroleum (mineral oil) in the
1890s which is a cheap by-product of kerosene that have higher operating temperature. By the
1930s, synthetic lubricants were introduced into the market due to the lack of mineral oil. From
the 1990s, rapid developments had been made to both the mineral and synthetic oil to meet the
demands of complex and heavily utilized machines such as adding additives to improve the
performance of lubricants for different conditions. Mineral oils without additives are commonly
known as base stocks.
In order to operate successfully, it is critical that the rolling element bearings do not fail
prematurely. Research on various failure modes have been done and a type of low occurrence
failure is smearing and the fundamental mechanism is also known as scuffing or scoring. The
term scuffing would be used in this study and it will be the main focus of this study. Despite the
rare occurrence, scuffing is considered a catastrophic failure where detection of onset scuffing is
too late. When scuffing occurs, the surface damage would aggravate almost immediately and
enlarge to a larger area as shown in Figure 3a to 3b.

Figure 3. a) Start of Scuffing (Left) and b) Increased in Scuffing Area (Right)

1.1 Recognition of Scuffing
The definition of scuffing adopted by the Institute of Mechanical Engineering [3] is “gross
damage characterized by the formation of local welds between the sliding surfaces.” Scuffing is
known to occur when there is adhesive wear to the metallic surface area of rollers with the
transfer of metal between surfaces due to friction.
2

This phenomenon results from the total collapse of all lubricant protective film that separates the
lubricated rubbing surfaces, i.e. both EHL and boundary films. For scuffing to occur, the removal
of metal oxide films will take place first thereby exposing the raw metal surfaces. Upon exposure,
there will be a strong thermal feedback mechanism in operation. This is a thermal theory based
on thermoelastic instability and a study was conducted by Johnson [4] to understand the
principle. In the study, a numerical thermal model was designed for an elliptic contact between
two sliding surfaces (barrel and cylinder) based on the heat conduction, generation and
deformation equations. The various thermal equations were then combined with respect to the
load. The study concluded that there is a strong positive relation between scuffing and thermal
disturbance.
The sliding motion between the two surfaces generate heats which reduces the viscosity of the
lubricating oil leading to film collapsing. The disruption in the lubricating film increases the
friction and subsequently increases the oil temperature. The cycle continuously repeats itself
causing the failure to happen when both micro-EHL films present at asperity conjunctions and
boundary lubricating films are totally destroyed.
An obvious sign of scuffing is the sudden increase in noise and vibration followed by operating
temperature increment with potential smoke from the burning off of lubricant. Another less
visible physical manifestation of scuffing is the sudden increase in friction. This friction typically
rise by a factor of 2 to 3 [5]. A typical image of scuffing damage is shown in Figure 4, while a
clear indication of onset of scuffing is from the arrow head like damage as shown in Figure 5.

Figure 4. Appearance of Scuffed Disc from Disc Machine Test reproduced from [3]
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Figure 5. Arrow Head like Mark for Scuffing
Quantifying factors that cause scuffing is a complex problem without a model that define the
parameters and accurately predicts the conditions at which scuffing would occur. The complexity
have been amplified with frictional heating affecting the hydrodynamics, chemical and
rheological properties of the lubricant, the material properties of the interacting surfaces and the
heat balance within the contact [2]. Therefore, to obtain the precise conditions which scuffing
occurs have been proven difficult. It is only generally accepted that scuffing occurs in the
presence of sliding between two contact surfaces and there is a heavy dependence on
temperature.

1.2 Objective of Study
The first objective of this research is to assess the effectiveness of a new contra-rotation test
method. The second objective is to assess the conditions where onset of scuffing would occur
based on increased surface roughness and lubricating oil with additives and the applicability of
existing scuffing criteria in predicting onset of scuffing. Further understanding of scuffing
mechanism would be explored and an empirical approach would be used in this study.

4

2. Literature review
As listed in the previous chapter on the three different regimes of operation, Figure 6 shows the
illustration for each of the regimes. It is noticeable that sufficient lubrication would prevent early
failure between the sliding surfaces when the velocity and load is high. The lubricating oil helps
to distribute the load over an entire nominal area rather than on asperities which reduces any
potential high localized pressure.

Figure 6. Illustration of 3 Different Regimes reproduced from [6]
Apart from separating the surfaces, the lubricant act as a thermal conducting fluid by removing
heat that is generated from the sliding of the surfaces as well as heating on the solid surface.
Currently, the understand of the operation in the boundary and mixed film conditions is very poor
as compared to the hydrodynamic conditions hence there are very few useful design rules for
mixed and boundary lubrication and little useful mathematical model for them. Recognizing the
importance of these 2 regimes, advancement have started to occur in studying the regimes
coupled with the advancement of experimental techniques for measurement and analyzing the
lubrication film and interaction between the films and solid surfaces.

2.1 Testing Methods for Onset of Scuffing
Given the complexity of the different factors that influence scuffing, experimental works
becomes vital to understand the problem and calibrating models used for scuffing predictions.
Numerous test methods have been developed to determine the onset of scuffing, evaluate the
suitability of lubricants and materials to resist scuffing and also to study and understand the
scuffing mechanism.
2.1.1 Four Ball Test
The four ball test is used to determine the wear resistance properties of lubricants on sliding
metal surfaces operating under the boundary lubrication condition. The four ball test as the name
5

suggest comprised of four balls and one ball is rotated against the remaining three stationary balls
and the wear is measured as shown in Figure 7.

Figure 7. 4 Ball Test reproduced from [26]
In tests conducted by Dr. Kothavale [7], the temperature and sliding speed were kept constant and
the load was increased with a fixed interval and amount. Each test lasted till the rotating ball
seized and get welded to the other balls and the lowest load used for SAE 90 EP oil was almost
1510 N (154 kg). When the lubricating conditions enters the mixed regime, the four ball test has
been proven to be only effective in conditions of low load and high speed which may not be very
useful especially in the usage of gears.

2.1.2 Forschungsstelle für Zahnräder und Getriebebau (FZG) Test
Forschungsstelle für Zahnräder und Getriebebau is a technical institute for the study of gears and
drive mechanisms of the Technical University in Munich where the FZG test was developed. The
FZG test serves to determine the effectiveness of gear lubricants to prevent scuffing on the tooth
faces [8].
For the standard FZG scuffing test, a defined load will be applied to a pair of spur gears (Figure
8) which like the four ball test, be increased after a fixed test time. On completion of each loading
stage, the spur gears will then be inspected visually and the wear is measured. The stopping
criteria is when the wear exceeds a specific limit and the last load stage is considered the scuffing
load. To enable studying of the scuffing load, there is a variety of different gear pair which is
targeted at different gear combinations [9]. Given the variety of lubricants, different loading
procedures are prescribed in order to obtain the same estimated flash temperature.

6

Figure 8. FZG Scuffing Test reproduced from [26]
Since the outcome of scuffing is determined by the amount of wear by visual inspection, there is
a large uncertainty in understanding the scuffing mechanism since visual inspection may not
always be accurate. Due to the possibility of different wear limit, the onset of scuffing may also
be proven difficult to know from the FZG test.

2.1.3 Timken Test
Another common test used for scuffing is the timken test. The timken test operates in a similar
fashion like the 4 ball test where a rotating ring will rub against a stationary surface shown in
Figure 9 [10].

Figure 9. Timken Test Set-up reproduced from [26]
The major limitation of such a test is the presence of large wear on the stationary surface that
leads to a huge reduction in the contact pressure. This occur due to the increase in effective
contact area from the wear [11].

2.2 General Scuffing Criteria
Scuffing tends to occur at high loading and high sliding speeds between two surfaces. Borsoff &
Godet [12] performed a study on gear scuffing using hard steel spur gears tested over a range of
speed and developed a new scoring factor to use as a universal scoring parameter. Based on that
7

study, it was observed that when scuffing occurs, the load

W

Us

and the sliding speed

follows an exponential relationship.
The simplest form of the scuffing criteria is reduced to:
W U sn =k
The value of

n

Equation 1
is a constant which usually lies in the range of 0.5 to 1.5 and

limit value which is the scuffing limit. The plot of Equation 1 ( W

vs

k

is a critical

U s ) is shown in

Figure 10 which distinctively shows the two regimes of scuffing and no scuffing zone.

Figure 10. Scuffing Limit Curve reproduced from [3]
2.3 Lambda ( Λ ) Ratio Criteria
In understanding the problem, it is visible that scuffing should occur when the height of the
lubricating film thickness is found to be less than the height of the asperities of the sliding
surface. Hence a prominent criteria is the

ratio criteria [13]. To represent such a condition,

Λ is defined by Equation 2 and illustrated in Figure 11:

the ratio,

Λ=

where

Λ

ho

ho
Req

is the minimum film thickness between two solid surfaces and

Equation 2

Req

is the

equivalent surface roughness of the two solid surfaces. The calculations for each variable will be
discusses in the next chapter.
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Figure 11. Illustration of Lambda Ratio reproduced from [14]
A higher value of

Λ

indicates that the surfaces are fully separated by the lubricant and it is

operating at a hydrodynamic regime while a lower value of

Λ

indicates that the two solid

surfaces are closer with asperities in contact and could be operating either in the mixed or
boundary regimes.
Despite the simplicity of application for this criteria, there are two conditions which inhibits the
usage of the

Λ

ratio criteria freely:

1) Little or no reactivity within the lubricant and between the sliding surfaces
2) The critical value of Λ is unique for every different conditions such as the roughness,
material, lubricants and operating conditions.
As a result of the two conditions, there is a wide range of critical scuffing range of

Λ

from

0.05 to 3 and thus suggesting that it is an unreliable scuffing criteria [15]. This is further
supported as most research in the field of tribology do not use

Λ

ratio as a criteria and instead

uses it to formulate the test conditions and initial analysis of results.

2.4 Plasticity Index Criteria
Another scuffing criteria that is closely related to the

Λ

ratio criteria is the plasticity index.

The initiation of scuffing occurs where the asperities are deform plastically for plastic flow
between sliding surfaces. Although there is no direct translation of plastic flow to immediate
scuffing, but it may cause oxides on the surfaces to be chipped or rubbed off to expose the raw
surfaces for adhesion to take place and ultimately leading to scuff.

9

The idea of plasticity was first explored by Blok in 1952 [16] using contact mechanics. He
assumed two surfaces of matching ridges with parallel sinusoidal ridges, of wavelength,
height,

L and

hmax , being in contact. By pressing them hard enough, the surfaces will flatten out and

lead to full and flat contact. Based on certain conditions, the ridges in contact will produce plastic
flow. The stress within the material is calculated by:
σ
(¿¿ max)=π (
¿

hmax E
)
L 1−υ2

Equation 3

where the maximum stress can be taken as the hardness of the material.
In 1966, Greenwood and Williamson [17] established the first plasticity index (Equation 4) where
they assumed two surfaces each having spherically shaped asperities with radius,

r . The

asperities had Gaussian height distribution with a standard deviation peak height distribution,
Rq¿

√

Rq
E
I =(
)
2
r
H ( 1−v )

¿

Equation 4
Due to the uncertainty of knowing the radius of asperities, Whitehouse and Archard [18]
proposed another equation which expressed the asperities as a function of the correlation length,
λ and standard deviation of the height distribution, Rq . The derived equation is:

I =0.6(

E
2

H ( 1−v )

)

√

Rq
λ

Equation 5
According to the plasticity index criteria of Equation 4 – 5, there is a strong relationship of the
effect of asperities on the plasticity index. This relationship sparked many studies on how surface
10

roughness would influence the surface damage. Hirst and Hollander [19] conducted such an
experiment using a ball-on-disk configuration and used the plasticity index equation of
Whitehouse and Archard. 0.5 inch diameter hard stainless steel balls were used sliding on flat
disks of 18-8 stainless steel (H = 180VPN). The disks were machined to achieve a specific range
Rq

and

λ . The lubricant used was white mineral oil with 1% stearic acid and the sliding

speed was 25

μm /s . A graph was plotted with the results and it showed regions of safe and

of

unsafe zone and the graph (Figure 12) was further supported with test done by Nivatvongs et al
[20] and Cogdell et al [21].

Figure 12. Plasticity Index Safe and Unsafe Region reproduced from [22]
Hence it appears that there is indeed a positive relationship between the asperities and the
plasticity index from the positive slope in the graph. It is also clear that plasticity index should
not exceed unity which will lead to gross damage to the surface. However it is interesting to note
that there appear to be a relationship where there is a need for minimum roughness to prevent
surface damage. When the surface is very smooth, there is a lack of boundary film protection
which therefore causes adhesion between the two sliding surfaces.
In a study conducted by Park and Ludema [13], experiments were first conducted to validate
Hirst and Hollander work with almost identical conditions. 440C balls of stainless steel with the
same diameter were tested on a 303 stainless steel flat surfaces with the same surface conditions
as Hirst and Hollander. Mineral oil of

1 80 cSt at

22℃

operated at a temperature of 95 ℃ with sliding speed of 23

with 1% stearic acid was used and
μm /s .
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Figure 13. Comparison of the two studies Reproduced from [6]
An example of the result from Park and Ludema study compared to Hirst and Hollander work is
shown in Figure 13 where there is a distinct difference in their results despite almost similar
conditions. To gain further insight of using plasticity index as a scuffing criteria, more tests by
Park and Ludema were done using the same configuration but with low alloy steel and unreactive
lubricants. From their study, they have indicated that the curves obtained were very different as
compared to Hirst and Hollander showing the difficulty in applying the concept of plasticity
index for scuffing due to the toughness in representing asperity slopes.
Although a chemically reactive lubricant was used by both studies to prove the theory which have
no assumptions for surface chemistry, it is seen that surface chemistry plays a huge role in
improve the capacity for a low alloy steel rather than lower capacity from Park and Ludema
study.
Therefore it is shown that plasticity index may not be a useful indicator for scuffing test unless
the test condition is of low speed sliding speed with stainless steel specimens and chemically
active lubricant i.e. conditions as that of Hirst and Hollander which is not part of this study.

2.5 Critical Temperature Criteria
Based on the understanding of scuffing, it is evident that temperature is a large contributor to the
onset of scuffing from the thermoelastic theory which leads to the thermal feedback mechanism.
This shows the paramount importance of contact temperature as part of a scuffing model. Many
12

research had been conducted to investigate the role of contact temperature and the relationship
with scuffing. One of the most popular theory was suggested by Blok in 1937 [16] who
postulated that a critical contact temperature exists which causes scuffing to occur and it is an
independent property except for the combination of lubricant and rubbing surfaces. The work by
Blok was based on using non-addictive mineral oils lubricating hard steel gears [23]. The critical
contact temperature is the summation of two components shown in the equation below:
T Total =T Bulk + T Flash

Equation 6

The first component is the bulk temperature of the metal parts which can be measured easily with
a probe. The second component is the instantaneous temperature rise of the surface or also known
as flash temperature.
However, there is difficulty in measuring the flash temperature of the asperity due to the rapid
decrease of temperature into the interacting surfaces. Owing to the difficulty in measuring the
actual flash temperature, it can only be estimated. In the theoretical prediction of the flash
temperature developed by Blok, the friction coefficient is included in the expression for flash
temperature making it harder to obtain the accurate prediction since these values are not readily
available in practical machinery [5]. Given the dominance of the critical surface temperature
theory, many studies had been conducted to obtain such a correlation.
In a study done by Kelley and Leach [24] to explore temperature as the key to lubricant
capability. Two rollers made of SAE 8620H steel with proper heat treatment were rolled against
each other to result in an elliptical contact pattern with different lubricants. The input speed of the
rollers and the bulk oil temperature were controlled. Loads were then added in small increments
until scuffing occurs. The temperatures of the specimens were taken from a thermo probe where
it was placed 0.25 inch from the inlet of the rollers. The surface temperatures were then
extrapolated by assuming linear gradient between the two rollers. From the results of their study,
they had demonstrated that a good correlation was obtained between the maximum mean contact
temperature and failure of lubricant for various sliding velocity, friction and specimen
temperature. A constant critical temperature was obtained for the different oil tested and an
example is demonstrated in Figure 14 which is consistent with Blok’s theory.
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Figure 14. Maximum Mean Contact Temperature reproduced from [24]
In another study by Odi-Owei et al [25], a four-ball machine was used to test for scuffing using
test specimens of AISI 52100 steel balls which were 12.7 mm in diameter and the tested lubricant
was SAE 10 mineral oil. For the rotating ball, a speed of 1000 rev/mm was used during the test. A
running in process was conducted by applying 50 kgf (490 N) for the first three runs of 10
seconds each. During the test stage, a load of 50 to 70 kgf (490 N to 686 N) was applied for 30
seconds. Their study showed that there exist a preceding seizure temperature of

250 ℃

which

is also the constant critical total temperature. Lynwander performed scuffing on gears using SAE
9310 steel operating under MIL-L-7808 or MIL-L-23699 synthetic oil conditions where
temperatures at 5 locations were taken. A good correlation of the flash temperature and the
scuffing occurrence by assuming a constant friction coefficient of 0.06 was obtained where the
calculated bulk temperature of the gear is
71℉

160 ℉

(71 ℃ ) with a flash temperature of

(21.7 ℃ ) [26].

Despite many research showing agreement with Blok’s theory, there are also many inconsistent
results being reported by other works. In a sliding contact in rolling bearings study by Cocks and
Tallian [27], where two-ball test machine with two one inch diameter steel balls were used to
assess the smearing conditions with various lubricants. The steel balls used were made of AISI
52100 bearing steel and a mixture of base oil and modified oil were used. A summary of their
results are shown in Figure 15.
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Figure 15. Result from Tallian et al Tests reproduced from [27]
According to their results, a large amount of load (>50 N) was applied and scuffing would only
occur beyond 3 m/s sliding speed while lubricants with additives demand a much higher load and
sliding speed. Further analysis of the results was done on their results to show that failure cannot
be characterized by a critical value of maximum temperature.
A disk on block study was conducted by Horng [28] which also showed that there was no
agreement found using the critical total temperature criteria. Horng tests were conducted with a
mineral oil and specimens with roughness of

Ra

value of 0.2, 0.6 and 1.1 µm, an initial load

of 100 N and increment of 200 N was applied under a bulk temperature of 80 ℃ .
Jackson et al [29] performed another study using the roller disc machine with different lubricants
at

Λ>6

and

Λ 1.2 and the constant critical temperature prediction did not hold true. They

reported that the total contact temperature dropped by

40 ℃

for each oil tested when

Λ

was reduced. However, three equal critical temperature was found for anti-scuffing oils at a
particular film thickness.
Due to the lack of common ground among researchers, Blok’s critical total temperature would be
considered and the flash temperature can be calculated using the following equation [30]:
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V2
√ V 1− √ ¿
¿
Ed
R¿
¿
¿
¿
T Flash=0.62∗µ∗¿
where

Ed

Equation 7

is reduced elastic modulus and

R¿ is equivalent curvature and

I

is semi

contact width
2.6 Frictional Power Intensity/Frictional Power
A criterion which is also frequently used to predict the onset of scuffing is the frictional power
intensity (FPI) model. Bell and Dyson [31] defined FPI as the product of the mean Hertzian
stress,

ṕH , sliding velocity,

Vs

and the coefficient of friction,

μ . Hence the equation is

given by:
FPI=μ ṕ H V s
Equation 8
The representation of the equation is the product of two parallel vectors from the stress and
velocity that leads to the rate of dissipation of energy via friction per unit area of nominal contact.
In the equation however, it is to note that the contact stress used is derived using the Hertizan
pressure equation which is for elastic deformation of smooth surfaces and will be explained later.
In a scuffing review by Dyson [5], various results by different authors for the variation of mean
rolling speed of the FPI calculated before scuffing was compiled and shown in Figure 16.
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Figure 16. Compiled FPI Chart reproduced from [5]
It was summarized by Dyson that the tests were done on hardened steel surfaces operating under
mineral oils and a large scatter in the FPI plot was observed. Dyson attributed this to the
difference in experimental methods by the different authors. Bell and Dyson [31] conducted a
study using steel harden discs at two different level of sliding and rolling speed in which mineral
base oil and a ZDDP containing oil was used. The mean value of FPI obtained by them were
152 M W / m2 and 167 M W /m2 respectively.
In another study by Jackson et al [29], 4 different lubricants: mineral oil, PAO oil, mineral oil
with “extreme pressure” (EP) additives and PAO oil with EP additives were used for different test
combinations between smooth and rough rings. Their results were in good agreement to that of
Bell and Dyson as their corresponding FPI values were

145 M W /m2

and

164 M W /m2

for

the lubricants without additives. The difference may lie in the test set-up where Jackson et al tests
were conducted under constant speed and increasing the load by

454 N

after 1 minute of test

time.
In a more recent study by Fowell et al [32], a customized test rig which includes 2 raceway
specimens and 1 roller specimen were used to simulate the operating condition of a rolling
element undergoing loading and unloading phase for smearing tests. All the specimens were
made of AISI 52100 bearing steel. Additive-free PAO5 oil was used for the tests with constant
17

lubricant supply at
13.5 k N

17 ℃ and

which translate to

38 ℃
0

at

700 m L/s . The load range test was

to 3.25 G Pa

result of

105

to

for all the various loads and speed for both operating temperatures. The max

140 M W /m2

152 M W / m2

to

of contact pressure. The results obtained

indicates that the existing maximum mean FPI was found to be a range between
140 M W /m2

0

obtained by Fowell et al is similar to Bell and Dyson [31] of

and Jackson et al of

145 M W /m2

[29]. The deviation in the result is due to

the difference in the experimental set-up in terms of the contact area and surface conditions.
In the study by Horng [28] that took into account of the surface roughness and FPI was used as
one of the criteria for scuffing and the results are shown below for different sliding speeds.

Figure 17. Critical FPI vs Sliding Speed reproduced from [28]
Horng commented that a positive correlation between the critical FPI and the sliding speed
regardless of the surface roughness. This relationship demonstrates the positive influence sliding
speed has on preventing film collapse. Based on the Figure 17, it can also be noted that the
critical FPI has a wider band as the sliding speed increases, which could be due to the difference
in burn off rate of lubricant as real contacts have different asperities interaction.
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Under real conditions, the surfaces would not be smooth with occurrence of plastic deformation
and wear and leads to complexity in measuring the real contact pressure. This was recognized by
Matveevsky [33] and led to using frictional power by using the applied load instead to obtain:
FP=μ W V s
Equation 9
where W

is the applied load.

A review of various authors work was done by Matveevsky in which he plotted the results for the
dependence of frictional power on sliding for tests done on disc machines. Figure 18 shows the
plot for 5 different types of oil using different combinations of materials.

Figure 18. Relation of friction power on sliding speed: 1, mineral oil (steel 40X-steel 30XM10A);
2, mineral oil (steel 40X-steel 45); 3, mineral oil (steel 45-steel 45); 4, mineral oil (steel 45-cast
iron and steel 45-bronze); 5, paraffinic oil (steel En34) reproduced from [33]
The result of Matveevsky compilation shows that using frictional power is another viable option
as a scuffing criteria. Therefore this illustrate the difficulty in choosing a specific criteria between
FPI and FP to predict.
Based on the literature review of the standard scuffing test methods, it can be seen that current
scuffing test methods would require enormous amount of load and long test time. Therefore a
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new method of scuffing test: contra-rotation, would be used which will be introduced later and
the effectiveness of this method would be assessed.
Looking at the different scuffing criteria, there have been many debates as to which scuffing
criteria would be best suited to evaluate the occurrence of scuffing. Hence in this study, the
different scuffing criteria would be used to determine the appropriate criteria and obtain a better
understanding of the scuffing failure mechanism.
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3. Theory
3.1 Contact Mechanics
Contact mechanics refers to the study of deformation of solids where one or more points interact
with each other. There are two type of contacts: conformal and non-conformal contacts. As the
name suggest, conformal contact occurs when the objects interacting fit each other to produce a
large surface area of contact. This produces a smaller pressure and small elastic deformation. A
non-conformal contact on the other hand results in smaller area of contact thereby producing
larger local pressure and significant deformation. An example of conformal contact would be a
journal bearing and a non-conformal contact would be ball on disc in Figure 19 left and right
respectively.

Conformal Contact
Non-conformal Contact
Figure 19. Example of Contacts (Left: Journal Bearing; Right: Ball on disc)

3.1.1 Motion of Surfaces in Contact
To understand the nature of scuffing, non-conformal contacts would be considered in this project.
There are two main type of speeds which are important in helping to understand the
hydrodynamic film: sliding speed and entrainment velocity.

V2
V0
V1
Figure 20. Non-conformal Contact
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Figure 20 illustrates the point of contact between 2 non-conformal surfaces.
refers to the velocity of the two interacting surfaces and

V0

V1

and

V2

represents the velocity of the

contact point. Sliding speed affects the wear and heat generation and is the difference in speed
between the two surfaces defined by:
V s=V 1−V 2
Equation 10
Entrainment velocity is the velocity at which the surfaces pass through the contact point. This
motion controls the amount of lubricant entering the contact region and is defined by:
1
U= ( V 1 +V 2 ) −V 0
2

Equation 11

3.1.2 Hertz Theory of Elastic Contact
In the case of elastic bodies being pressured together, a finite contact area would form and the
shape and size of the contact would be obtainable to calculate the pressure distribution. The
contact area can be solved by the methods proposed by Hertz [34]. The results that Hertz
obtained were widely used for non-conformal contacts especially in rolling bearings and gears.
To apply his theory, four main assumptions are made:
1. Small strains which is within the elastic deformation limit
2. Surfaces in contact are smooth and non-conforming
3. In the deformation of the bodies, one of the surface needs to be curved and that the
contact half-width, a is considered small in the problem
4. No friction exists in the shearing direction
In this study, only point/circular contact would be considered due to the experimental rig used
which will be explain in the next chapter. In order to obtain the Hertz contact pressure and halfwidth of deformation, the radii of relative curvature and contact modules should be calculated
with the following equations respectively and suffices 1,2 refer to the two bodies x and y [35]:
Radii of relative curvature:

1
1
1
=
+
R x R x 1 Rx 2

Equation 12
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and

1
1
1
=
+
R y R y1 R y2

Equation 13
1−v 21 1−v 22 −1
E =(
+
)
E1
E2
¿

Contact modulus:
Equation 14
where v

is the passion ratio

For a point/circular contact, the diameter is 2a and the radii of relative curvature

R=R x =R y .

The contact radius or semi-width is given by:
1/ 3

a=(

3 PR
)
4 E¿

Equation 15
where

P is the applied load

The maximum Hertz contact pressure is given by:
1 6 P E¿2 1 /3
p0=( )(
)
π
R2
Equation 16
The mean Hertz contact pressure is two thirds of

p0 .

3.2 Surface Roughness
As opposed to the Hertz assumption of smooth surfaces, engineering surfaces in practice would
be rough where the real area of contact in thin film lubricated contact would be lesser thereby
affecting the local contact pressure and tribological performance. In order to describe the
roughness of a surface, it is needed to have values to describe the height and distribution of
asperities.
To define the height of asperities, there are 4 main parameters:
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1) centre line average ( Ra ¿
2) root mean square (RMS) roughness ( Rq ¿
3) skewness ( Rsk ¿
4) kurtosis ( Rku ¿
In order to define the distributions of asperities, there are 3 simple parameters:
1) average wavelength (λ a)
2) RMS wavelength ( λq )
3) mean width of roughness ( RSm ¿

3.2.1 Height Parameters
The centre line average ( Ra ¿

is the arithmetic mean surface roughness which is the absolute

values of the profile deviations from the mean line for a specific evaluation length,

l

(Figure

21).

Figure 21.
The equation to calculate

Ra measurement reproduced from [36]

Ra is defined as:

l

Ra=

1
∫|Z ( x )|. dx
l 0

Equation 17

where Z is the height of the peak or valley
The next roughness parameter is the root mean square (RMS) roughness ( Rq ¿ which is similar
to

Ra . However instead of using the arithmetic mean deviation,

Rq

as the name suggest

uses root mean square deviation of the profile instead. This is shown in the equation below:
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√

l

1
Rq= ∫ Z2 ( x ). dx
l 0

Both

Ra

and

Rq

Equation 18

provides a good information of the overall height of the asperities

however they do not indicate the probability density of the asperities for the surfaces. Skewness
of height distribution ( Rsk ¿ is one of the parameters which indicates the degree of skew of the
peaks and valleys using the average line as the centre.

Rsk

is dimensionless and calculated by

using the equation below while Figure 22 illustrates the influence of

Rsk .

l

1 1
Rsk = 3 ( ∫ Z 3 ( x ) . dx)
Rq l 0

Figure 22.

Equation 19

Rsk

illustration reproduced from [36]

Another parameter that is closely used with

Rsk

is the kurtosis ( Rku ¿

roughness parameter

that is used to describe the sharpness of the peaks for the surface. The definition for

Rku

is

given below and the surface profile is shown in Figure 23.
l

1 1
Rku = 4 ( ∫ Z 4 ( x ) . dx )
Rq l 0

Equation 20
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Figure 23.

Rku illustration reproduced from [36]

3.2.2 Distribution Parameters
The first parameter is the average wavelength

(λ a) , which gives an indication of the waviness

of the roughness. The definition is given by the equation below:
λa =2 π

where

Δa

Ra
Δa

Equation 21

is the mean absolute slope of the profile

RMS wavelength ( λq ) gives the indication of the waviness in terms of RMS and is defined by:
λq =2 π

Rq
Δq

Equation 22

The final parameter is the mean width roughness ( RSm ) of surface profile which gives the
mean of the width from 1 cycle of peak and valley with the equation given below and Figure 24
shows the graphical meaning.
m

1
RSm= ∑ Xsi
m i=1

Figure 24.

Equation 23

RSm illustration reproduced from [36]
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RSm

A large value of

would indicate that the surface have a larger amplitude for the

distributions of peaks and valleys.
In understanding the influence of surface roughness, only the height parameters are typically of
the major concern because it represents the possibility of metal to metal interaction which is
expected to reduce scuffing load. In a study conducted by Suh et al. [37] where controlled
scuffing experiments were conducted on steel discs made with AI390-T6 and 52100 steel pins
using a mixture of R4104A refrigerant combined with a polyolester (POE) lubricant. The surface
characterization was done using the Birmingham – 14 parameters. An incremental normal load of
89 N was applied every 15 seconds until the pin-on-disc configuration scuffed and it was found
that scuffing occurs when the max contact pressure reaches 20 MPa. According to the conclusion
of their study, they conclude that using

Ra

and

Rq

as an indicator for scuffing may not

yield reliable and consistent results. However such an effect could be from the results of short test
stage of 15 seconds which may not be sufficient for the system to reach a steady state.
In another study by Sedlacek et al. [38], AISI 52100 ball bearing steel was used for the discs and
balls. The discs were grounded using grinding paper to produce surfaces with similar

Ra

values. The oil used was Poly-Alpha-Olefin (PAO 8) with a normal load of 1 N (0.56 GPa)
operating at

23 ℃

and in the boundary lubrication regime. A total of 3 sliding speed of 0.05,

0.1 and 0.2 m/s were tested and it showed that a higher

Ra

and

Rq

will lead to a higher

friction coefficient without any correlation for scuffing predications. However it was found that
Rku

and

Rsk

offers a better correlation with

Rsk

being the dominant one where it will

lead to lower friction coefficient as it becomes more negative. Based on the their study it can be
deduced that that having a more negative

Rsk

would have significant positive influence on the

scuffing sliding speed, this however may not be a clear relation as the nature of scuffing is
complicated. The onset of scuffing may be recognized by looking at the friction coefficient but
the prediction of scuffing is not direct.
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Snidle et al. [39] performed a study using rotating disks of hardness value of

776 kgf /mm2 . An

elliptical hertzian contact was obtained and lubricated with a gas turbine engine oil (MIL-L23699C) operating at 100 ℃ . The tests were conducted at an entrainment speed of 12.9 m/s
with sliding speed of 7, 12 and 16 m/s. Their results showed improvement in scuffing load when
the roughness of the disk increase and it is especially obvious at lower sliding speed of 7 m/s.
Durkee and Cheng [40] conducted an elliptical sliding contact scuffing tests with a stationary
sphere roller which was rubbed against a ring and they were made of 52100 bearing steel. Some
rings were circumferentially ground to a

Ra

of 0.25 µm and while some were polished to

0.025 µm. Similarly, the sphere rollers were also ground to a

Ra

of 0.1 µm and polished to

0.05 µm. a contact load of 1334 N was applied and various sliding speed was tested. A
naphthenic base oil was used in the tests at a bulk temperature of 27 ℃ . The scuffing test
lasted 60 seconds for each test stage with the friction and bulk temperature being recorded.
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Figure 25. Results from Durkee and Cheng Study, reproduced from [40]
Their results are shown in Figure 25 and it can be seen that scuffing resistance is highest when
two components are smooth and a drop when in resistance between a smooth and rough surface.
The worse performance was found to be two rough surfaces rubbing against each other.
In another test Snidle et al. [41] did a scuffing test with superfinished and ground discs with
Mobiljet 2 as the lubricant under an operating temperature of 100 ℃ . Their results indicated a
huge improvement in scuffing resistance for the superfinished disc.
In a recent computation work by Han and Zou [42], a ball-on-disc contact geometry was used to
understand the influence of surface roughness on scuffing as well. The properties of the ball were
of 52100 bearing steel while the disc were 1075 steel. The ball had a
disc were tests at 3 different

Ra

Ra of 0.05 µm while the

level (0.075 µm, 0.15 µm and 0.3 µm). Simulations were run

at a sliding speed of 0.942 m/s by applying an initial load of 22 N with an increment of 22 N
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under a white mineral oil. Their results demonstrated that at a max
pressure was found to be 5.5 GPa while the lowest

Ra

Ra

of 0.3 µm, the max

caused a max pressure of 3.9 GPa.

They concluded that a larger pressure will lead to larger plastic deformation and severe asperity
interaction which will cause early scuffing. However no operating temperature was reported for
the conduct of the simulations.

3.3 Elastohydrodynamic Lubrication (EHL)
In a counterformal contact, the load is usually spread across a small contact area which leads to
high local pressure typically in the range of

1−3 GP a . The contact pressure and area can only

be calculated using Equation 15 and 16 due to the difficulty as mention before in establishing the
actual contact area when the surface roughness is included.

hc

ho

Figure 26. Film Thickness Illustration reproduced from [43]

Figure 26 gives a side view of oil lubricating between two surfaces. To describe the thickness of
the EHL film, there are two important numerical values:

hc

1)

hc

central film thickness

2)

ho

minimum film thickness

represents the height of the oil entering the flat central region seen in Figure 26 and it is

widely used for friction analysis.

ho

on the other hand is generally used for the side of the

contact where there exists a side lobe due to the wearing of material between the surfaces and the
importance of the thickness can be seen in Equation 2 to control the operating lubrication regime.
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hc

In order to calculate

and

ho , many parameters had been developed to relate to known

variables. These parameters are mostly regressions equation to fit numerical solutions. These are
3 main parameters which are mainly used and are non-dimensional:
Uη
E' R 'x

Ú=

1) Speed parameter

Ǵ=α E

2) Material parameter

Ẃ =

3) Load parameter

The equation to calculate

hc

and

ho

'

P
E R'x 2
'

are obtained from Downson and Hamrock’s equations

[44]:
hc
R

'
x

ho
R 'x

=2.69 Ú

0.67

Ǵ

0.53

Ẃ

−0.067

'

' 0.64

−0.75 ( R y / R x )

(1−0.61 e

'

' 0.64

−0.7 ( R y / Rx )

=3.63 Ú 0.68 Ǵ0.49 Ẃ −0.073 (1−e

)

)

Equation 24

Equation 25

Due to the difficulty in obtaining accurate conditions of the tested specimens as well as the
material used, the prediction of the power for each parameters have a certain amount of error.
Hence these equations will be ineffective to provide and exact solution for the EHL film
thickness but an accuracy that is within the range of 20% [43].

3.4 Lubricating Oil
To understand the tribological properties of a lubricating oil, it is a challenging task as the
composition of the oil is typically not given by manufacturers. However, the primary properties
of the oil is determined by the base oil. In most oil, 95% of the component is made up of base oil
and the remaining 5% is by other chemicals or also known as “additives”.
3.4.1 Base Oil
The base oils used today are mineral oils which are obtained by distilling and further treatment of
crude petroleum. In order to improve the viscosity index (VI) of the base oil which is vital to
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increase the viscosity at elevated temperature, the oil have to undergo hydrofinished where it
involves using hydrogen and catalysts to reduce the amount of sulphur and nitrogen compounds
to increase the VI [45].

Although there are many methods to classify these base oils, the American Petroleum Institute
(API) base oil classifications is one of the most recent classification which is according to their
refinement level and VI. This classification is shown in Table 1 [45].
API Grouping
Group I

Description
Contain less than 90% saturates and/or greater than 0.05% sulphur
VI greater than or equal to 80 and less than 120
Group II
Contain greater than or equal to 90% saturates and less than or equal to 0.03%
sulphur
VI greater than or equal to 80 and less than 120
Group III
Contain greater than or equal to 90% saturates and less than or equal to 0.03%
sulphur
VI greater than or equal to 120
Group IV
Polyalphaolefin synthetics (PAOs)
Group V
Includes all other base stocks not included in Groups I to IV
Table 1. American Petroleum Institute (API) Base Oil Classification reproduce from [46]

3.4.2 Lubricant Additives
Additives are used in lubricants to enhance their properties for failure prevention and in the case
of scuffing failure, Extreme pressure (EP) additives are typically added into the lubricant to
prevent high pressure/high sliding speed scuffing when the EHL films collapse [41]. The EP
additives react with the hot metal surface to form metal salts which are durable protective films.
These films will withstand extreme temperatures and pressures which prevent direct contact with
the raw metal surface [47]. In selecting the EP additive, it is specific to the purpose of the
lubricant as a reactive additive is effective in scuffing prevention but will cause corrosion on the
bearing [46].
Tuszynski et al. [48] performed tests with EP additives to investigate the effect of the type and
concentration of EP additives on scuffing resistance. The tests were conducted with a four ball
test method with a base oil and additives of EP1 and EP2 at 1 and 10% concentration. Anti-wear
additives were also part of their study which is not of interest in scuffing resistance due to the
minor influence it has which is illustrated also in their study. The test balls were chrome alloy
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bearing steel with

Ra

of 0.032 μm. The test results are shown in Figure 27 where the failure

condition is the pressure of seizure given by

poz .

Figure 27. Tests Result from EP Concentration Test, reproduced from [48]
It can be seen that regardless of the concentration of the EP and type, there is significant
improvement in the scuffing resistance while anti-wear additives does not improve significantly
(light grey bars) except using AW2 at a concentration of 3%. However even the case of 3%
concentration for AW2, the results were still poorer as compared to having 1% of EP1.
Despite having a mixture of results from the investigation on how roughness have influence the
scuffing resistance, it can be seen that most of the work done have modify the surfaces to a
specification to explore the influence in both experimental and computational works.
Explanations for the effect of roughness have always mainly focused on using the basic
roughness of

Ra

which may not adequately describe. Therefore a surface roughness effect

study would be done using a real roughness and machine to within a small range of

Ra

while

measuring other roughness parameter to understand the influence on scuffing resistance.
Knowing the effectiveness of EP additives, a study will be conducted on a set of aviation oils
with EP additives to understand the performance of the oils as compared to a base oil. Analysis of
the individually fully formulated aviation oil would also be done using the scuffing criteria.
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4. Experiment set-up
4.1 A New Scuffing Test: Contra Rotation Test
Based on the current standard scuffing test, it is visible that the various tests are relatively time
consuming and expensive since it would require a heavy load to allow scuffing to occur which is
undesired. This limitation would be further amplified as lubricants are improving drastically due
to major changes in the formulation. With the reduction in size of engineering components and
increase performance of the system, there is a demand on better lubricant performance so as to be
able to operate under a higher contact pressure.
In developing a new scuffing test, it is recognized that most scuffing and wear tests involve either
one surface to be stationary with others moving or all the surfaces are rotating in the same
direction. This motion will then lead to an increase in entrainment speed when the sliding speed
increases and this process is described by Equation 26:
ho =k (Uη )0.67
where

η

Equation 26

is the dynamic viscosity and k is a constant. Therefore this becomes an unfavorable

condition for scuffing test as the film thickness increases when tested for scuffing at high sliding
speed.
In order to overcome this problem, a solution was first introduced by Blok in 1946 [49] where he
used rolling-sliding contact surfaces that move in opposite directions. By doing so, the
entrainment speed and the sliding speed is decoupled as shown in Figure 28.

34

Figure 28. Decoupling of Lubricating Films
This decoupling enable a high sliding speed to operate with a low entrainment speed. Blok used
this principle and tested with a twin disc machine and rotated both discs at the same speed but in
opposite direction. This would produce a nominal zero hydrodynamic entrainment.
He investigate the effect of lubricant viscosity on scuffing performance using mineral base oils.
The results by Blok is shown in Figure 29 for the “conventional method” which the slide roll
ratio was 1.75. The “new method” displays that using the same lubricants but with the discs
rotating in opposite direction with respect to the contact.

Figure 29. Scuffing Load with Mineral Oils by Varying Viscosity reproduced from Blok [49]
The results showed that the new method required a smaller load to produce scuffing as compared
to the conventional method for high viscosity lubricants with the assumption that the film
becomes thicker as lubricants were drawn in at the constant test speed for the conventional
method. In the contra-rotating test, the scuffing load increased slowly and linearly with viscosity.
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In the paper by Blok, he attributed this to the minerals oils having polar and surface active
species that enable boundary film protection.

4.2 Mini-Traction Machine (MTM2)
As reported by Blok’s work, it is visible that the use of contra-rotation method would enable the
removal of the lubricant thickening effect. In a work conducted by Ingra et al. [11] that utilized
the contra-rotation concept to describe an experimental approach for scuffing test, the test was
conducted using a ball-on-disc contact instead of twin-disc method from Blok and was proved
successful. The mini-traction machine (MTM2), manufactured by PCS Instruments was used and
the schematic is shown in Figure 30. The ball is in contact with the flat surface of the disc and are
driven independently. The ball is tilted to prevent spinning when in contact and a load is attached
to the balls shaft bearing housing which enables the measurement of friction force during
operation.

Figure 30. Schematic of Ball-on-Disc Tribometer (MTM2) by PCS Instrument
The disc is immersed in lubricant with the temperature controlled by the machine. The machine is
fully computer-controlled which allows varying of load, temperature and rotational speed of the
ball and disc. Friction is monitored over a programmed system during testing.
The technical specifications of the MTM2 are listed in table below:
Load

0 ¿ 75 N

Speed

−4 m/s ¿ 4 m/ s

Temperature

Ambient to 150 ℃
Table 2. Technical Specifications of MTM2
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The MTM2 allows control of the rotation of the ball and disc in both direction which therefore
enable a wide range of slide-roll ratios and ability to operation both the conventional and contrarotation method. A more detailed view of the contact is shown in Figure 31.

Figure 31. Detail view of contact reproduced from [50]
This rig would be used for the current study to further assess the effectiveness of using the
contra-rotation method. To have a proper understand of the lubricating film during the tests, PCS
instruments have provided the option of 3D spacer layer imaging (3D-SLIM) [51] which uses
optical interferometry to measure the film on the specimens during the test. In order to obtain the
measurement, the ball used in the test would be loaded against a glass disc which is coated with
chromium and silica layer.
A white light source would then be illuminated through the glass disc. The light would then be
reflected from the chrome layer on the disc or travel through the silica layer and be reflected off
the ball. The recombined light will to be used to form an interference image which will be
captured by a digital frame grabber and analyzed by a software to determine the film thickness.
Figure 32 shows how the 3D-SLIM operates.

Figure 32. 3D-SLIM Operation reproduced from [51]
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4.3 Specimens and Lubricants
4.3.1 Ball and Discs Specimens
In this study, the specimens are provided by PCS Instruments. Two 46 mm

discs (polished and

ground finished) of different roughness would be used while a single roughness for the
inch balls will be used for consistency. The classification of roughness is based on the

3/4

Ra value

which is a common parameter for manufacturers.

Figure 33. Taylor Hobson Surface Profiler
The surface roughness parameters are measured using the surface profiler manufactured by
Taylor Hobson (Figure 33). The balls and discs are made of AISI 52100 bearing steel and the
other properties are listed in Table 3:
Ball

Disc 1

Disc 2

Elastic modulus (GPa)

207

207

207

Poisson’s Ratio

0.3

0.3

0.3

Hardness (Hv)

800 ± 15

700 ± 15

700 ± 15

Roughness,

Ra (nm)

12

5

150 ± 10

Roughness,

Rq (nm)

15

10

200 ± 10

Table 3. Properties of Ball and Discs
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To understand the influence of other properties on scuffing resistance, other roughness properties
for the discs were measured and shown in Table 4 below.

Disc

Rsk / μm

Rku /μm

RSm / μm

No.
1
-0.796
5.53
33.95
2
-1.425
7.307
40.37
3
-1.128
5.077
31.25
4
-0.924
4.482
27.60
5
-1.439
6.881
45.55
6
-1.364
6.925
42.67
7
-1.20
5.889
36.41
8
-1.534
8.319
65.08
Table 4. Surface Roughness Parameters of Some Discs

This configuration will be able to produce a max contact pressure of

1.24 G Pa . An example

of the ball and disc is shown in Figure 34 below.

Figure 34. Image of Ball and Disc from PCS Instruments reproduced from [50]

4.3.2 Lubricants
In order to assess the influence of surface roughness and additives, 6 different type of oils will be
tested at the kinematic viscosity

(υ)

of 3cSt. The different oils comprise of a base oil:

Nexbase 3043 by Neste and 5 aviation fully formulated oils: Turbine Oil (TO), Standard (STD)
Turbine Oil, High Thermal Stability (HTS) Turbine Oil, EE Turbine Oil and Helicopter Gearbox
Oil by NYCO. The fully formulated oils contain additives that would aid in scuffing prevention.
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40 ℃

The viscosity of the oils were tested at

and

100 ℃

with a rotational viscometer;

SVM 3000 Stabinger Viscometer from Anton Paar (Figure 35).

Figure 35. SVM 3000 Stabinger Viscometer
The kinematic viscosity at other temperature was calculated using the ASTM D341-722 method
that uses the following equation:
loglog ( v +0.7 )=b−c logT

Equation 27

where b and c are constant to be determined
The tested kinematic viscosity of the oils and calculated temperature for 3cSt are listed in below.
Viscosity at
Oil
Nexbase 3043 [52]
L16-0530 Turbine Oil (TO) [53]
L16-0531 Standard (STD)
Turbine Oil [54]
L16-0532 High Thermal
Stability (HTS) Turbine Oil [55]
L16-0534 EE Turbine Oil
L16-0536 DOD-PRF-85734 Oil

40 ℃

/ cSt

Viscosity at

Temperature for

100 ℃ /

Viscosity at 3cSt /
℃

20
13

cSt
4.3
3

120
100

25

5

120

23

5

120

24.6

5

120

23 – 30
5
#1 (Helicopter Gearbox Oil) [56]
Table 5. Kinematic Viscosity of Oil

120

40

4.4 Test Procedures
To prepare the specimens, they were first being placed in toluene for a 10 minutes ultrasonic bath
before drying and placed into isopropanol for another 10 minutes in the bath and drying
thoroughly. The process would enable the removal of any potential oil on the surfaces as well as
particles that may affect the result of the experiments.
Before the start of the actual scuffing test, a running in process would be carried out to remove
any unnecessary asperities to obtain similar surface conditions to improve the repeatability of the
experiments. At the end of the running in process, the friction coefficient is expected to reach a
steady state value and almost similar after every running in.
For the smooth disc ( Ra=5 nm ), the process was carried out in the boundary lubrication
Λ=0.03 . A 20 N load was applied with the entrainment speed set at

regime with
U=0.003m/ s

and a sliding speed of

V s=0.01m/ s

for 600 seconds. The temperature

during the running in process was the same as the test stage which is defined in Table 2 .

The

rough disc ( Ra=1 50 nm ) on the other hand have a running in process in the EHL regime with
Λ=2 . The high

Λ

ensured that the surface of the disc do not scuff or damage even before

the test stage. Same load of 20 N was applied while the entrainment speed was set at
U=3.1 m/s

with a sliding speed of V s=0.0124 m/s

for 3600 seconds.

The actual test stage was conducted in the mixed lubrication regime with the entrainment speed
of

U=0.2 m/s , various sliding speed was tested starting from

increment of

V s=0.6 m/s

with an

0.1 m/s after each stage. Each test stage last for 30 seconds before it enters a 30

second rest stage in which the SRR would be zero with entrainment speed of 0.1 m/s. The
purpose of the rest stage is to allow the oil to cool down to ensure the same operating
temperature.
Each test was stopped when either all the tested sliding speeds were completed or when scuffing
occurred. A scuffing event is defined when there is a short sharp increase in friction coefficient
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and does not recover. The test surfaces were also checked under the microscope to confirm
scuffing and two examples of scuffed surfaces are shown in Figure 36.

Figure 36. Scuffed Surface for Rough Disc (Top) and Smooth Disc (Bottom)

A summary of the running in procedures are listed in the Table 6 and a summary of the test
procedures are listed in Table 7 below:

Smooth Disc
Rough Disc

Load / N
20
20

Entrainment Speed / mm/s
3
3100

Sliding Speed / mm/s
10
12.4

Duration / s
600
3600
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Table 6. Summary of Running In Procedures

Load
Entrainment Speed Sliding Speed Duration
Test Stage 20, 40, 75
200
Various
30
Rest Stage 20, 40, 75
100
0
30
Table 7. Summary of Test Procedures

Temperature
Values from Table 5
Values from Table 5

For the rough surface disc and Helicopter Gearbox oil fully formulated oil, additional 50 and 60N
load are tested as well which will be explained in the next section. An entrainment speed of 0.1
m/s was also used for the testing of Helicopter Gearbox with other conditions holding constant
and also explained in the next section.
To assess the influence of rougher discs, Nexbase 3043 will be used and compared to known
results for smooth discs which is obtained from Bo Peng. The other 5 fully formulated oil would
be tested with smooth discs instead. However due to industrial reasons, the exact composition
and properties of the 5 fully formulated oil is unobtainable except for the properties that are
obtained through testing like viscosity.

5. Results
Based on the running in conditions, the rough disc would have a sliding distance of 44.64 m as
compared to 6 m for a smooth disc. Figure 37 below shows the changes in friction coefficient for
the rough disc.
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Figure 37. Running In Result for Rough Disc
It is observed that for the first 1200 seconds, there was significant changes in the surface profile
due to the large increase in friction coefficient. Changes over the next 1200 seconds was much
lesser and the surface profile reaches a steady state over the next 1200 seconds. Figure 38a
shows the initial surface of an example of a rough disc and Figure 38b shows the surface after the
running in process. Both figures are of the same magnification.

60 µm

Figure 38a. (Left) Initial Surface and 38b. (Right) Surface after Running In
Based on the image from the microscope, it is evident that the surface have not been scuffed
which is desired. A measurement using the surface profiler was done to have a better view of the
changes in the surface which is shown in Figure 39 below.
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Figure 39. Surface Profile Comparison

From the surface profile of the rough disc surface, it is noticeable that some peaks have been
reduced and there was more interaction when the ball was in contact with the disc as new peaks
at lower level comes into contact. These new peaks will lead to higher microscopic contact area
which caused the friction coefficient to increase from larger molecular adhesion. The profile also
showed that the surface have not been scuffed as a scuffed surface would show a large deposition
and removal of material on the disc.
Following the successful running in, the test stage was conducted and Figure 40 shows an
example when scuffing have occurred under the load of 75 N at a sliding speed of 2.4 m/s.
Although the test stage is 30 seconds, the first 2 seconds of the test stage is omitted as the friction
coefficient obtained is result of the effect of loading the ball on disc.
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Figure 40. Scuffing Example for 75N (Unit for value in Box: m/s)
SLIM images were taken for different loads with the Nexbase 3043 to observe any changes in the
film between the ball and the disc as shown in Figure 41.
Load

Before Running In

After Running In

Before Scuffing

50

60

75

Figure 41. SLIM Images for Tests with Nexbase 3043
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For each tested load, repeated tests were conducted to ensure repeatability. However in the test
stage, there was a huge variation in the sliding speed that caused scuffing and hence an average
and the standard deviation was taken which is shown in Figure 42 for the load of 75 N.
3
2.5
2

Scuffing Sliding Speed / m/s 1.5
1
0.5
0

0

1

2

3

4

5

6

7

8

Test Number

Figure 42. Repeated Test for Rough Disc with 75N

The scuffing load curve for the rough disc tests with Nexbase 3043 is plotted in Figure 43 with
the results from the smooth disc tests obtained from Bo Peng. It can be seen distinctly that it does
not follow the usual scuffing load curve according to Equation 1.
80
70
60
50

Load / N

40
5030

60

75

Rough Disc

Smooth Disc

20
10
0

0

1

2
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6
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8

Sliding Speed / m/s

Figure 43. Scuffing Load Curve for Nexbase 3043 (Smooth and Rough Disc)
47

The summarized results for the various load and scuffing sliding speed for the rough disc tested
with Nexbase 3043 is shown in Table 8.
Load / N
20
40
50
60
75

Scuffing Sliding Speed / m/s
Standard Deviation
- (7.6)
- (7.6)
4.6
2.184
3.98
0.947
2.6
0.918
Table 8. Summarized Results for Rough Disc

At 20 and 40 N, it was found that scuffing did not occur across the sliding speed tested (max at
7.6 m/s). 3 tests were conducted for 20 and 40 N load each to ensure the validity of the results.
Additional load of 50 and 60 N were tested to assess the critical conditions for scuffing to occur
instead. It is noticeable that the increase roughness leads to a wide variation of results from the
high standard deviation. However it is also recognized that with increasing load, the standard
deviation reduces and the average scuffing sliding speed decreases as well.
In the running in process for the smooth disc using the 5 different type of fully formulated oil, the
friction coefficient changes is different as compared to the rough disc. The friction coefficient
starts from a large value before it reduces and stabilize which indicates asperities being shaved
off. Figure 44 shows how the different coefficient changes for the different oils while Figure 45
shows an example of a repeatability test for HTS for the running in process.
0.35
0.3
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Figure 44. Changes in Friction Coefficient for Different Oils
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Figure 45. Repeated Running In Test for HTS
Based on Figure 44, it can be seen that the surfaces changes in profile during the first 450
seconds where asperities are being shaved off before it reaches a steady state condition. It is
important to note that in the running in process, the steady state friction coefficient for the oils are
similar which indicates that the difference in the oil composition played only a very minor role in
this stage.
Subsequently, the smooth discs would also undergo the test stages after obtaining similar surface
conditions (Figure 45). In the test stage, the entrainment speed for the Helicopter Gearbox oil was
0.1 m/s instead of 0.2 m/s unlike the rest which will be explained later. Unlike the rough disc, the
smooth discs were only tested under the 3 specified loads except for the Helicopter Gearbox oil
and repeatability tests as well. Figure 46 shows the results from the test stages for 75 N with
HTS.
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Figure 46. Example of 75 N results with HTS
Unlike the rough discs, the smooth discs were able to produce a more repeatability of results
hence lesser number of tests were conducted. When observing the scuffing sliding speed, the tests
with the fully formulated oil were not easily recognized as compared to using the base oil due to
the presence of additives which causes recovery from scuffing. Figure 47 below shows a sample
summary results for tests conducted using HTS.
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Figure 47. Summary of Results for Test with HTS, (Unit for Value in Box: m/s)
Based on Figure 47, it is seen that the friction coefficient does not always have a sudden increase
due to the effect additives. This is obvious when the load was at 20 N, by looking at the purple
line, it is easily misunderstood that scuffing occurs at 1.9 m/s when the actual scuffing sliding
speed was 1.5 m/s due to the inability to recover when the friction coefficient increased.
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The method of considering the onset of scuffing was also applied to the other oil. Figure 48 to
Figure 50 shows the results for the tests with the TO, STD and EE aviation oil.
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Figure 48. Summary of Results for Test with TO, (Unit for Value in Box: m/s)
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Figure 49. Summary of Results for Test with STD, (Unit for Value in Box: m/s)
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Figure 50. Summary of Results for Test with EE, (Unit for Value in Box: m/s)
SLIM images were taken for the tests with the fully formulated aviation oil as well. Examples of
the SLIM images are matched with the friction coefficient as shown in Figure 51 to show any
recovering due to the additives in the oil.
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Figure 51. SLIM Images from HTS, 20 N Test (Unit for Value in Box: m/s)
Therefore there is additional care taken to determine the correct scuffing sliding speed and these
are summarized by the scuffing load curve from Figure 52 and Table 9 for the 4 different aviation
oil at tested loads with entrainment speed of 0.2 m/s.
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Figure 52. 4 Fully Formulated Oil and Nexbase 3043 Scuffing Load Curve

Load /
N
20

Oil Type
Scuffing Sliding
Speed / m/s
Standard Deviation

40

Scuffing Sliding
Speed / m/s
Standard Deviation

75

Scuffing Sliding
Speed / m/s
Standard Deviation

HELICOPTER
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1.225
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3

1

1

0.975

0.9

0.967

0.9

NIL

0.148

0.070

0.047

0.081

NIL

0.047
1

GEARBOX OIL
NIL
NIL

NIL
NIL
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7
1
7
Table 9. Summarized Results for 5 Fully Formulated Aviation Oil with U = 0.2 m/s
For the Helicopter Gearbox oil, the oil was first tested at the harshest condition allowed for an
entrainment speed of 0.2 m/s which is operating at a load of 75 N with 7.6 m/s sliding speed.
Three tests were conducted at that condition in which scuffing did not occur. As a result, it is safe
to conclude that an entrainment speed of 0.2 m/s would not lead to scuffing under the current
setup by MTM2.
Due to the inability to scuff the disc with Helicopter Gearbox oil, a harsher condition was used to
test Helicopter Gearbox oil for scuffing. An entrainment speed of 0.1 m/s was introduced instead
and the results for Helicopter Gearbox oil is summarized Figure 53 and Table 10. Three tests
were conducted for 20 N and 40 N each to ensure the repeatability of no scuffing.
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Figure 53.summary of Results for Tests with Helicopter Gearbox oil with U = 0.1 m/s

Scuffing Sliding Speed / m/s
Standard Deviation

20N
NIL
NIL

40N
NIL
NIL

50N
NIL
NIL

60N
4.14
1.25

75N
4.25
0.88

Table 10. Result for Helicopter Gearbox oil Operating under U = 0.1 m/s
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Figure 54 shows the SLIM images taken before the sudden increase in friction coefficient and
after for 2 different tests at 50 N load.

a)

c)

b)

d)

Figure 54. SLIM Images for 50 N with Helicopter Gearbox oil, a) Test 2 Before Surge b) Test 2
After Surge c) Test 3 Before Surge d) Test 3 After Surge

Helicopter Gearbox oil is a synthetic base lubricating oil used for helicopter tail rotor gearbox
and intermediate gearbox where extreme high pressure would be present. The Helicopter
Gearbox oil is certified to adhere to the military specification of DOD-PRF-85734A [57] which is
approved by the Department of Defense (DOD) of the United States of America.
Therefore it is interesting to note that despite going down a lower entrainment speed, scuffing did
not occur at 50 N load and there were signs of recovery from scuffing despite the spike in friction
coefficient for less than 2 seconds. The recovery can be seen from the SLIM images in Figure
54b and d where there are still a large amount of film present to prevent scuffing.
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6. Discussion
6.1 Evaluation of Contra-Rotation Method
Given that the contra-rotation technique is relatively new, it is important to evaluate the
effectiveness of the method when testing with a rough disc and lubricants with additives. In order
to test for the onset of scuffing for the rough surfaces, tests conducted by various researchers in
the field had used different configuration for their experiments. In the study by Suh et al.[37],
they required a load of up to 20 MPa for scuffing to occur, while tests by Horng [28] used an
initial load of 100 N with subsequent increment in the order of 200 N. In another similar scuffing
test, Odi-Owei [25] conducted the test stage with a minimum load of 5 kN.
Therefore in the understanding for onset of scuffing, it is prominent that extreme harsh conditions
would be required to scuff a rough surface. The tests conducted by the researchers were done
where both of the specimens were rotating in the same direction which led to increase in the film
thickness as the sliding speed increases based on Equation 26. They achieved such an
environment by using an enormous large load and this environment is achievable by MTM2 (max
load of 75N) using the contra-rotation method.
In order to study the onset of scuffing for the fully formulated aviation oils, assessment using TO,
STD, HTS and EE oil would be inappropriate due to the lack of information on the oil purposes
for comparisons. Therefore the assessment for fully formulated oil would be done with the
Helicopter Gearbox oil as information on the usage was obtainable. Using the result of a PAO EP
gear oil test [29] as a comparison since PAO is a type of synthetic oil like Helicopter Gearbox oil
and both of the oil would contain EP additives. It is also a suitable comparison as the intended
use of both oils is for gear which indicates that both oil would have some similarity in properties
due to relatively similar operating conditions.
According to Jackson et al. test results, a maximum load of 15.1 kN was applied for 3 tests on
PAO EP gear oil which translate to an average max pressure of 2.73 GPa. The operating
temperature test was 100 ℃

and no scuffing was found for all 3 tests. Given the contra-

rotation method, scuffing was made possible at a lower load of 60 N or max pressure of 1.15
GPa. This shows that the effectiveness of this method in providing a harsh environment for
scuffing to occur with additives.
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In addition, it is noted that in this study the operating temperature is 120 ℃
al. used 100 ℃

while Jackson et

and the entrainment speed is unknown. The temperature difference affects the

viscosity by approximately 0.5 cSt which may not vastly affect the result from the viscosity point
of view. But in reality, there is a possibility that it will affect the activation of EP additives as a
higher temperature would be a suitable environment.
From the understanding of EP additives operation and the test results in this study, it can be
concluded that a higher temperature either from higher bulk temperature or larger load, the
scuffing resistance should increase. Therefore it is reasonable to conclude that tests done in this
study with Helicopter Gearbox oil was in fact more prone to scuffing resistance and the contrarotation technique is more effective in providing a harsher operating conditions for scuffing to
occur.

6.2 Rough Disc Evaluation Based on Different Scuffing Criteria
This section will discuss about the results with reference to the various scuffing criteria.
Discussions are done with the rough discs first before the 5 fully formulated oils. It is also
required to know that some comparison in this section would be done with the max contact
pressure and table below gives the reference for the max contact pressure with the load applied
using the MTM2.
Load by MTM2 / N
Max Contact Pressure / GPa
20
0.8
40
1.01
50
1.09
60
1.15
75
1.24
Table 11. Conversion between MTM2 Load and Max Contact Pressure
Figure 55 shows the scuffing criteria graph using the max contact pressure and log of sliding
speed to obtain a straight smooth curve for better comparisons.
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Figure 55. General Scuffing Criteria between Rough and Smooth Disc for Nexbase 3043
According to the tests there is a critical load of 1.09 GPa in which any lower load would not
cause scuffing. Despite the huge variation for the average taken for the three max contact
pressure, the results for load lower than 1.09 GPa was not affected. The apparent influence of
increasing the roughness is the increased in scuffing resistance. One potential mechanism which
promotes scuffing resistance is the significant change in surface profile.
Given the understanding that rougher surface produces a larger friction coefficient, it is
interesting to note that during the test, the friction coefficient reduces instead when the sliding
speed increases as seen in Figure 56 when compared to the smooth disc. The figure shows the
friction coefficient for the load of 20 N where scuffing did not occur for the rough disc.

3
0.45
0.41
2.5
0.37
0.33
2
Rough Disc Test
Rough Disc Test 2
Rough Disc Test 2
0.291
1.5 Sliding Speed / m/s
Friction Coefficient 0.25
0.21
1
0.17
0.13
0.5
Smooth Disc Test
Test Speed
0.09
0.05
0
0 28 56 84 112140168196224252280308

Test Time / s

Sliding Speed /

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

58

m/s

Figure 56. Friction Coefficient Graph for 20 N load (Smooth and Rough Disc)

Since there is no scuffing occurring for 40 N, the surface of the disc would be analyzed since it is
the largest possible load before scuffing occurs. Figure 57 shows the surface image for the test
under 40 N load with a 300 µm wear track at the end of the test.

150µm

Figure 57. Surface Image for Rough Disc without Scuffing at 40 N
The image shows that during the test stage, the asperities are slowly being shaved off as the
sliding speed increases which therefore leads to reduce in the friction of coefficient as the area of
contact increases. A surface profile of the disc was done to confirm as shown in Figure 58 where
there is a region of relatively flat surface (between the blue lines).
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Figure 58. Surface Profile of Rough Disc for 40N (Top – Initial, Bottom – Final)
The process of removing asperities reduces the local pressure which therefore delayed the process
of film breakdown. Apart from looking at the surface change, the roughness parameter will also
be discussed to understand such a phenomena.
According to Sedlacek et al.[38] where

Rsk

is a key parameter, a more negative

Rsk

value

will indicate that most of the asperities are skewed below the mean center line. This would then
imply that there is a large amount of valleys in the surface. Looking at the other parameters from
Table 4, a
given by

Rku >3
RSm

mean that the peaks are more isolated and individual while the distribution

shows that there are relatively large gap between each peaks. Therefore these

parameters indicates that there is a large volume under the mean center line. It is thus postulated
that these volume would act as reservoirs and retain some oil which will be drawn as sliding
speed increases.
In a scuffing test conducted by Lundberg [58] which used poly-cr-olefin as the lubricant, it was
concluded that the sliding velocity will draw oil out of the contact zone since there should not be
any oil outside the contact zone due to “splash-away effect”. This implies that increased surface
roughness will increase the oil volumes between asperities to be reservoirs which is similar to
values of the roughness parameters obtained in the current study (Table 11).
A detailed study done by Krupka et al. [59] confirms such a possibility. The tests done in the
research used a glass disc of

Rq ≈ 19 nm

and steel bearing balls. The tests were conducted at a

load of 0.49 GPa using paraffinic base oil at a temperature of 40 ℃ . A phase shifting
interferometry was used to obtain the surface topology and thin film colorimetric interferometry
to capture the lubricant film thickness during the tests.
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Figure 59. Results from Krupka et al. Tests, reproduced from [59]
From Figure 59, the downward arrow indicate a shallow pit in the surface which is shown in d
and e. It can be seen that there is an increase in the film thickness in region of 40 to 140 µm when
the test is increased from pure rolling to a SRR of 0.5 which reinforce the postulation that valleys
in the real surface acting as a reservoir.
In this study, SLIM images were taken to observe the film thickness during the test stage. Figure
60 shows a comparison of film for two different sliding speed for a rough disc at a load of 75 N.

Figure 60. Film at Sliding Speed of 2.5m/s (Left) and 2.6m/s (Right) for 75 N
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Theoretically when the sliding speed increases, the test conditions become harsher and the film
should reduce or some parts be broken down. However the SLIM images shows an example
where there was an increase in the film region at the black arrow. Therefore this strengthens the
possibility of the valleys acting as reservoirs for extra oil.
Despite having reservoirs to increase scuffing resistance, a reservoir that is too skewed may
hinder the drawing process as there is insufficient traction to draw the lubricant out which leads
to the variation in the failure sliding speed. In addition, the variation in

Rku affects the surface

contact area due to the density of the peaks that is interacting between the two surfaces. The
variation is made even more complex with the inclusion of

RSm since it also affect the contact

area significantly.
Apart from looking at how the surface smoothens and various roughness properties, the Λ ratio
which was used to calculate the conditions for running in will also be examined. In the case of
boundary lubrication regime, physically it would be certain that scuffing would occur and
expected to be earlier as compared to the mixed lubrication regime. Table 12 summarized the Λ
ratio for the different scuffing load.
Initial Λ Ratio
Load / N
40
50
75

Smooth Disc
0.4285
0.4094
Table 12. Λ Ratio

Rough Disc
0.0297
0.0292
0.0284

According to the Λ ratio, it appears that for the rough disc, scuffing would occur when Λ reduces
below 0.03 which is in the boundary lubrication regime while the same entrainment speed of
0.2m/s for the smooth disc causes scuffing to occur much earlier in the mixed lubrication regime.
Therefore it can be confirmed that Λ ratio is ineffective in determining the onset of scuffing but
the Λ ratio may be used to explain the likelihood for such a difference in scuffing sliding speed.
For the rough disc, although the initial Λ ratio is very low, there is sufficient oil in the valleys to
provide the required film thickness which scuffing did not occur. As the sliding speed increases,
the shaving of asperities reduces the roughness that leads to increase in Λ ratio which therefore
prolong the scuffing process. It is the opposite for the smooth disc where the surface is being
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roughen during the test stage leading to decrease in Λ ratio. The increase in Λ ratio for the smooth
disc may occur in a fast pace that causes scuffing to expedite.
Looking into the critical total temperature at which scuffing would occur, Figure 61 shows the
results of the critical total temperature for both the smooth and rough disc. Last known total
temperatures for the test of 20 and 40 N are included to examine potential reasons for not
scuffing.
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Figure 61. Total Temperature against Sliding Speed for Nexbase 3043
Despite reports dismissing Blok’s critical temperature theory, the results in this study shows
promising results for it to be a criteria. According to the results, it is observed that the total
temperature at which scuffing first occur for the rough disc is around 250℃. The average critical
total temperature is found to be around 300℃. The smooth disc on the other hand scuff as little
as at 150℃ with an average of 175℃. The increased trend of critical temperature is coherent
with the higher scuffing sliding speed as higher speed would produce a large amount of heat.
The reason for a higher critical temperature is potentially due to the valley effect. Apart from
drawing lubricant to provide the film, these reservoirs can also act as thermal reservoirs which
remove heat in the local contact faster than the influence of the flash temperature. However due
to difficulty in producing identical suface for the disc, this led to a range of total temperature. It is
also observed for each sliding speed, a higher load tends to produce a higher failure total
temperature for the rough disc based on the grey, orange and blue grouping in Figure 61.
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Figure 62 shows the relationship of the total temperature dependency on the max hertz pressure.
It can be observed that the critical total temperature is higher at the same load for the rough disc.
It is postulated that there may be an inverse relationship between the pressure and the total
temperature for the rough disc which explains the inability to scuff at a load of 20 and 40N.
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Figure 62. Total Temperature against Max Hertz Pressure for Nexbase 3043

Figure 63 shows the SLIM images taken after the final test stage of 7.6 m/s for 20 and 40 N.

Figure 63. SLIM Images after Last Test Stage of 7.6 m/s; 20 N (Left) and 40 N (Right)

Based on the critical total temperature criteria, tests conducted under 20 N was not near scuffing
conditions as the last known total temperature was around 275℃ which is almost 25℃ lower
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than the critical total temperature. The SLIM images (Figure 63: left) confirm the results as it can
be seen that there is a lubricating film for almost the whole contact area.
For the tests conducted under 40 N, the last known total temperature was found to be around
325℃ which is above the supposed critical total temperature. However it is interesting that
scuffing does not occur despite being higher than the critical total temperature. A look at the
SLIM images (Figure 63: right) do suggest that most of the film have been disrupted and there is
large distortion in the shape of the ball which is close to potentially scuffing. A possible
explanation is that at 40 N, the critical total temperature will tend to be slightly above 325℃
(Figure 62). Another possibility is that when the tests are done at a load of lower than 50 N, the
variance in the valleys have a less adverse effect in scuffing and a defined critical total
temperature which is higher than 300℃.
The higher critical total temperature for the rough discs may be attributed to the formation of
metal oxides. When the load is lower, these metal oxides are harder to be destroyed due to likely
insufficient pressure. Therefore a harsher condition where the critical total temperature is higher
would be required which causes more lubricating films to be broken down before more metal to
metal contact disrupts the metal oxide films for scuffing.
Based on the discussion, Blok’s critical total temperature criteria has proved to be a good criteria
as there is a consistent results even for the rough disc undergoing the load of 50 N and beyond.
There is a deviation of 50℃ because of the uncertainty from the rough surface and this would
only be possible if the independent variable is the sliding speed. In additional, this method would
only be applicable when the load is at least 1.04 GPa. By changing the independent variable to
the max hertz pressure, the only difference is that the critical total temperature will be at least
50℃ more than the result from a smooth disc. It may be postulated that when the tested load is
less than 1.04 GPa, there exist another critical total temperature for the rougher disc to scuff.
The next scuffing criteria is using the frictional power intensity (FPI) and frictional power (FP)
method. The first criteria investigated is FPI. Figure 64 gives the result using the FPI criteria
against sliding speed which include the last known FPI for 20 and 40 N.
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Figure 64. FPI against Sliding Speed for Nexbase 3043

According to the FPI criteria, there is no particular critical FPI which scuffing would occur based
on the sliding speed. As the scuffing sliding speeds for the rough disc were always high, there is
no information available to deduce the FPI for the rough disc when the sliding speed is low. The
result obtained is similar to the study by Horng [28] where he produced a result with the same
trend (Figure 17). The widening band for the critical FPI shows the complexity of scuffing as a
critical FPI value is unobtainable.
Should a critical FPI be required, the bottom line of the band can be taken as the lowest possible
FPI before scuffing would occur. Based on the bottom line, it can be seen that all the points for 20
N load are below the critical FPI hence scuffing does not occur. For the 40 N load however, only
2 points lies outside the region while only 1 lie exactly on the line which indicates that it may be
approaching scuffing but just barely survive the test stage.
Figure 65 shows the plot for the FP plot against the sliding speed. The results given by the FP
shows a very similar results in terms of having a band but wider.
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Figure 65. Friction Power against Sliding Speed for Nexbase 3043
However further examination shows that at the same scuffing sliding speed, a rougher surface
will have a higher friction power. This higher power translate to higher amount of energy
required to scuff a rough disc which is shown by the increased scuffing sliding speed at the same
load during the comparison of both type of disc. By using the FP criteria, it can be seen that the
FP for test with the load of 20 and 40 N showed that the last known results did not fall into the
scuffing band hence explaining the inability to scuff at the max sliding speed of 7.6 m/s.

In order to look at the influence of the load during the test stage, FPI and FP are also plotted
against max hertz pressure in Figure 66 and Figure 67 respectively. For the FPI plot, the last
known FPI for 20 and 40 N load tests were included.
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Figure 66. FPI against Max Hertz Pressure for Nexbase 3043 Test
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Figure 67. FP against Max Hertz Pressure for Nexbase 3043 Test
Like the plot against sliding speed, both the FPI and FP plot against max hertz pressure are
similar as well. As a result, only the FPI plot would be discussed since there is a much more
distinct trend as the max hertz pressure reduces with the critical FPI increasing. It is interesting to
note that at lower load of 20 and 40 N despite the much higher FPI, scuffing actually does not
occur. This could be due to the FPI being low as a much higher FPI would be required to
compensate for the low load to deform the surfaces.
It is also visible that when the surface roughness increases, the FPI which scuffing occurs at same
load is always higher. The presence of higher FPI is due to the reason of the surface ability to
withstand harder conditions as the scuffing sliding speed is higher for the rough disc. This is
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closely related to the surface of the disc where during the test stage, the surface will be smoothen
and reduce the friction coefficient. For scuffing to take place, the intensity of the environment at
the contact area would be increased by providing a higher sliding velocity.
In order to predict the onset of scuffing, the criteria of friction power intensity would be much
better than the friction power as there is a lesser deviation when looking at the scuffing sliding
speed. In fact, the usage of FPI would be preferred when the sliding speed is lower than 5 m/s
2
where the deviation is relatively low (< 50 MW /m ).

However, the FP against the sliding speed can be used to assess if scuffing would occur as it
shows distinct separation of the scuffing zone. From the view of the maximum Hertzian pressure,
there is no significant difference between using the FPI and FP criteria. In general, it would be
more advantageous to utilize the critical total temperature as the scuffing criteria for the study of
surface roughness due to obtaining a constant critical value which could be used for a range of
sliding speed and contact pressure for that particular roughness.

6.3 Fully Formulated Aviation Oil Evaluation Based on Different Scuffing Criteria
In evulating the performances of the fully formulated aviation oils, the process is hindered by the
lack of informations on the composition and properties of the oil as it is protected by the
manufacturer. Nonetheless, postulation of any reasons for the performance and discussions would
be done with reference to the known properties and test results.
Similar to the analysis between using a smooth and rough disc for Nexbase 3043, the fully
formulated aviation oil (excluding Helicopter Gearbox Oil) are first plot together with the results
from Nexbase 3043 for comparison purposes. Helicopter Gearbox Oil is excluded from the plot
because no scuffing was found when tested with entrainment speed of 0.2 m/s.

Figure 68 shows the scuffing load curve based on the max hertz contact presure.
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Figure 68. Fully Formulated Aviation Oil and Nexbase 3043 using Sliding Speed
From the plot of Figure 68, it can be seen that the graphs are being compressed together
especially at higher load. It is interesting to note that when plotted against the max contact
pressure, the oil performance for HTS and EE is almost the same as the EE line (black line)
covered the HTS line (green line). It would be more appropriate to discuss the slight difference in
performance using the curve in Figure 52.
From Figure 52, it is visible that the fully formulated oils have a better scuffing load resistance as
all the curves are further right as compared to Nexbase 3043 base oil. Although the composition
is unknown, it can be assumed that all the fully formulated oil contains EP additives.
Further analysis on the scuffing resistance is individually done for each fully formulated oil to
obtain the scuffing load curve when operating with an entrainment speed of 0.2 m/s. However, it
is to note that the estimated scuffing load curve is only valid given the current setup.

Figure 69 shows the scuffing load curve for TO where the constant value of n = 1.6 and k = 62.
70

80
70
60
50

Load / N 40
20N

40N

30

75N

TO

Estimated Scuffing Load Curve

20
10
0
0.8

1

1.2

1.4

1.6

1.8

2

2.2

Sliding Speed / m/s

Figure 69. TO Scuffing Load Curve with U = 0.2 m/s
Figure 70 shows the scuffing load curve for STD with the constants n = 1.75 and k = 72.
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Figure 70. STD Scuffing Load Curve with U = 0.2 m/s

Figure 71 shows the scuffing load curve for HTS with the constants n = 2.4 and k = 70.
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Figure 71. HTS Scuffing Load Curve with U = 0.2 m/s
Figure 72 shows the scuffing load curve for HTS with the constants n = 1.9 and k = 65.
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Figure 72. EE Scuffing Load Curve with U = 0.2 m/s
The orange curve in Figure 69 – 72 shows the distinct between the safe and unsafe zone of
operation. The area on the left is the safe zone in which scuffing would not occur. It can be
observed that for the lubricant of 16L-0530 3cSt turbine oil, the estimated scuffing load curve
have the largest deviation from the actual test. This deviation could be due to the larger change in
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viscosity at the operating temperature of 100℃. For the oil of 16L-0531 5cSt standard turbine
oil, 16L-0532 5cSt high thermal stability oil and 16L-0534 5cSt EE oil, the estimated scuffing
load curve almost matches the test results. A likely explanation is that the operating viscosity of
3cSt where the operating condition is at 120℃ will translate to less volatility in the fluctuation of
the viscosity.
Similar to the comparisons between the rough and smooth discs test results with Nexbase 3043,
the Blok’s critical total temperature would also be considered. Figure 73 plots the critical total
temperature for the aviation oil excluding the Helicopter Gearbox Oil together with results from
Nexbase 3043 for comparisons
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Figure 73. Critical Total Temperature for Aviation Oils Comparing to Nexbase 3043
According to Figure 73, the critical total temperature for all the aviation oil are higher than
Nexbase 3043 which is expected due to the higher scuffing resistance. The critical total
temperature for TO is 192℃, 226℃ for STD, 208℃ for HTS and finally 209℃ for EE oil.
Based on the sliding speed, it is visible that STD have the largest deviation for the total
temperature and the least for EE. Another graph was also plotted with the max hertz pressure in
Figure 74.
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Figure 74. Critical Total Temperature for Aviation Oils using Max Contact Pressure
From the plot using the max contact pressure, it can be seen that it does not offer a good
representation of the scuffing conditions as compared to when plotted with sliding speed.
Therefore to use the critical total temperature criteria, it would be more appropriate to assess the
total temperature based on sliding speed despite having some deviations from the average value.
This deviation could be linked to the EP additives activation in the lubricants.
As the operating temperature for TO was 100℃, it is likely that the temperature during operation
was still relatively low and insufficient for the EP additives to activate fully. The STD oil have
the highest scuffing resistance since the EP additives within the oil may have the most optimal
concentration. It can be seen that at a sliding speed of around 1.4 m/s with a max contact pressure
of around 1 GPa, STD oil have the highest scuffing resistance. It is postulated that with the tested
condition, it is the optimal operating condition for the STD oil as it may have been designed for
such an operation.
For the HTS on the other hand, it is likely that there are other additives in the oil that either
reduce the effect of the EP additives or there is a lesser concentration of EP additives to
accommodate other additives. Lastly for the EE oil, the additives in it have similar effect as the
EP additives in HTS or they have similar concentration in EP additives hence EE and HTS oils
have similar scuffing resistance.
The next 2 scuffing criteria to be considered are the FPI and FP. Figure 75 and Figure 76 shows
the FPI and FP plotted against the sliding speed respectively.
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Figure 75. FPI for 4 Fully Formulated Oil and Base Oil against Sliding Speed
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Figure 76. FP for 4 Fully Formulated Oil and Base Oil against Sliding Speed
From Figure 76, it can be seen that using the FP criteria would be less accurate due to the wide
band of scuffing failure. Therefore only the results with FPI would be discussed. Based on the
FPI calculations, each of the aviation oil has their own unique band of FPI values which scuffing
would be predicted and TO and STD oils have very similar scuffing range of values while the EE
have a range that is much more narrow as compared to the other fully formulated oils. A possible
reason for the similar range for the TO and STD oils is due to having similar compositions except
that one has a higher viscosity rating.
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As for the HTS oil, it has a band that is almost made up of 2 parallel lines. This could be
attributed to the other additives in the lubricant that ensures a stable range of performance. In
comparison to Nexbase 3043 results, all 4 aviation oils have a much larger band of FPI values.
This is due to the presence of additives in the formulated oils in which the activation of EP
additives may not always be constant and that other chemical effects from other additives may
also affect the scuffing resistance.
Another interesting finding is that despite having poor scuffing resistance for the Nexbase 3043
as compared to the other fully formulated aviation oils, the FPI and FP values of the base oil is
similar to the oils with additives. The friction coefficient before scuffing are being analyzed
further to investigate the occurrence since friction coefficient is a major component within the
equation for both FPI and FP.

Load
20N
40N
75N

Friction Coefficient
Nexbase 3043
TO
STD
HTS
0.133
0.089
0.096
0.123
0.107
0.112
0.161
0.072
0.093
0.082
0.078
0.089
Table 13. Friction Coefficient before Scuffing

EE
0.123
0.072
0.089

The higher friction coefficient indicates that the fully formulated oils may have included friction
modifier additives to help reduce the friction in the contact which typically translate to better
scuffing resistnace as the conditions are less harsh. In a base oil where there no additives, there is
usually no protection and as a result, the FPI/FP is similar to that of the fully formulated oil due
to the higher friction coefficient.
The occurrence of having similar performance for Nexbase 3043 lies in the friction coefficient
before scuffing. From the results of the test, it was found that the friction coefficient for Nexbase
3043 was generally higher as shown in Table 13. The only exception is at a load of 40 N
operating with STD and HTS.

Figure 77 and 78 shows the FPI and FP plotted against max hertz pressure respectively.
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Figure 77. FPI for 4 Fully Formulated Oil and Base Oil against Max Hertz Pressure
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Figure 78. FP for 4 Fully Formulated Oil and Base Oil against Max Hertz Pressure
Based on the Figure 77 and 78, it can be seen that between FPI and FP as a criteria using the max
contact pressure, there is little difference with no distinct critical value between each of the oils.
The similar performance using both FPI and FP criteria for the 4 fully formulated oils is expected
since the scuffing resistance is similar as well.
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Since a different experimental condition is used for the Helicopter Gearbox oil, the oil would be
evaluated as a standalone and discussion will focus on the quality of the oil on scuffing
resistance.
Figure 79 shows the scuffing load curve for Helicopter Gearbox oil.
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Figure 79. Scuffing Load Curve for Helicopter Gearbox Oil under U = 0.1 m/s
Based on the results from the tests conducted, no scuffing were found when the load of 20, 40
and 50 N was applied on the ball. Therefore it can be concluded that the additives in the oil were
effective in scuffing prevention when the load was below 1.01 GPa (50 N in this study) for the
entrainment speed of 0.1 m/s. From the scuffing load curve, it is noticeable that the curve does
not follow the common scuffing load curve and in this case, the sliding speed decreases when the
load when the applied load is lower. In a normal case, the sliding speed should increase.
Despite having such a unique result, a possible explanation is that when operating at a low
entrainment speed of 0.1 m/s, the pressure by the ball on disc may be sufficiently large such that
the deformation is plastic and scuffing sliding speed becomes relatively similar. The trend of
relatively constant scuffing speed is also obtained by Fowell et al. [32] where their results
showed that a high load of 10 – 11 kN, the scuffing speed was 3.24 m/s for 17°C and 2.6 m/s at
38°C. They postulated that if the onset of scuffing is dependent on pressure and speed, there then
exist a relatively high constant level of pressure that leads to constant scuffing speed. Therefore
in this study, the relatively constant scuffing sliding speed may well be 4.19 m/s instead if this is
true. However the lack of testing with increased load would not allow the full confirmation.
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The EP additives found in Helicopter Gearbox oil is postulated to be more effective as compared
to the other 4 fully formulated aviation oils. This is may be attributed to a higher concentration or
quality of EP additives in the oil as a gearbox oil is usually used where there is extreme high
pressure developed within the gears.
The total temperature was calculated for the Helicopter Gearbox oil and the results are plotted in
Figure 80 and Figure 81.
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Figure 80. Total Temperature against Sliding Speed for Helicopter Gearbox oil at U = 0.1 m/s
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Figure 81. Total Temperature against Max Pressure for Helicopter Gearbox oil at U = 0.1 m/s
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From Figure 80, it is apparent that for the Helicopter Gearbox oil, there is a critical total
temperature of 275 ℃ . Based on the critical total temperature, testing with the entrainment
speed of 0.2 m/s at 75 N did not obtain the critical total temperature (Test 1 – 266 ℃

and Test

2 – 260 ℃ ) hence no scuffing was found. At a lower entrainment speed where there is more
friction due to lower Ʌ ratio, the critical total temperature was obtainable and scuffing occurred.
From the results, it is also seen that the scatter critical total temperature value is much lesser as
compared to the other fully formulated aviation oils. This illustrates the stability of the oil which
is critical for gearbox. Based on the max contact pressure, there is a slight positive correlation
between the max contact pressure and the total temperature as seen in Figure 81. It is postulated
that the flash temperature at the scuffing point is higher due to the result from the extra pressure
given by the load. This postulation is supported by the equation for flash temperature have a
component of friction coefficient (Equation 7) and a higher load leads to higher friction
coefficient.
Considering the FPI and FP for the Helicopter Gearbox oil, Figure 82 and Figure 83 shows the
FPI and FP plotted against the sliding speed respectively while Figure 84 and 85 shows the FPI
and FP plotted against max hertz pressure respectively for Helicopter Gearbox Oil.
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Figure 82. Helicopter Gearbox Oil FPI against Sliding Speed
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Figure 83. Helicopter Gearbox Oil FP against Sliding Speed
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Figure 84. Helicopter Gearbox Oil against Max Hertz Pressure
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Figure 85. Helicopter Gearbox Oil FP against Max Hertz Pressure
From the results plotted in Figure 82, a critical FPI value of 200

MW /m2

can be deduced

while Figure 83 shows a critical FP value of around 17 W. In order to select a suitable scuffing
criteria, the FPI criteria would be more suitable as compared to the FP criteria since there is lesser
deviation. Putting into relatively on the appropriateness of the FPI obtained, a comparison is done
compared to the study by Jackson et al. [29] where a FPI of 198

MW /m2

was obtained for

mineral EP gear oil. Helicopter Gearbox oil is a synthetic oil for gears and it is expected to have a
higher FPI value due to the higher quality of oil which is demonstrated in this study. This may not
be a very good representation since the exact composition of Helicopter Gearbox oil is
unobtainable but it gives a glimpse of the appropriateness of the test results.
By plotting against the max hertz pressure (Figure 84 and 85), it is observed that there is a
positive correlation between the pressure and FPI/FP which translate to more effective activation
of the EP additives when the pressure is higher as postulated from the scuffing load curve. When
comparing to the pressure applied, it would be more appropriate to use the FP criteria due to the
steeper line which will allow distinct value of the FP between different pressures.
As mentioned during the test stage at the load of 50 N, the disc experienced a sudden increase in
friction coefficient for less than 3 seconds before it recovered and carried on. Typically a sudden
increase in friction coefficient would indicate scuffing occurrence. However in this case, the
friction coefficient returns to normal level as seen in Figure 53.
Based on the figures and friction coefficient, it is deduced that there is some surface damage
which leads to increase in friction coefficient. However, these damage does not have a major
influence on the overall surface as Figure 54b and d shows majority of the film still remains
which is sufficient to withstand the load with the additives while the test is in progress. Optical
images of some discs and ball were taken for comparisons as shown in Figure 86.
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b)

a)

c)

Figure 86. a) Non Scuff Surface of Disc after Sliding Speed of 6.8m/s at 40N (Same
magnification as b) b) Disc Image Taken from Test 3 of 50N without Scuffing c) Ball Image
taken from Test 3 of 50N
Looking at the difference between Figure 86a and b, it can be seen that there is adhesion of
material on the disc which comes from the ball as Figure 86c shows some removal of material. It
is also visible that only a small amount of material was being transferred which did not escalate
and lead to scuffing. Therefore it can be concluded that at entrainment speed of 0.1 m/s, the
critical load would be 1.09 GPa under current setup and a load higher than 1.09 GPa will lead to
scuffing. It is likely that there is barely adequate lubrication which allows the EP additives to
operate and recover from any potential disruption to the film.
Using the FPI and FP criteria, the calculated FPI and FP just before the sudden increase in the
2
friction coefficient for 1.09 GPa was found to be 218.77 MW /m

and 15.05 W

respectively

2
while the critical FPI and FP for Helicopter Gearbox oil is 200 MW /m and 17 W . Hence it

can be seen that based on the FPI, the disc should scuff but using the FP criteria, the disc would
not scuff.
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Another possible explanation for the recovery prior to scuffing is that when the friction
coefficient increased, this led to a higher temperature in which potentially a high quality EP
additive in the lubricant was activated that promoted the recovery.
To understand the scuffing conditions for the TO, STD, HTS and EE oils, it is shown that there
exist an individual critical total temperature for each individual oil and they are 192℃, 226℃,
208℃ and 209℃ respectively. Although the FPI and FP calculations produce logical criteria
with the band of solutions, there is a lack of a distinct difference each values especially when
compared to the base oil. Finally using the scuffing load curve is a good method but this method
of doing pertains to only this current setup which might not be conducted in other studies.
In evaluating the onset of scuffing for the Helicopter Gearbox oil, it is observable that there exist
a strong relationship between the critical total temperature for analyzing from both sliding speed
and max contact pressure. For the sliding speed point of view, the critical total temperature is 275
℃

with fairly little variation while the max contact pressure view would have a very minor

difference in terms of increasing total temperature as the pressure increases. Using the FPI and FP
criteria is also plausible since there exist a critical value of 200

MW /m2 for FPI and 17 W for

FP from the sliding speed view. There is also slight positive correlation when using the max
contact pressure. However it would be more desirable to use the critical total temperature option
because there is a smaller variations from the results and it produces marginally acceptable
difference when analyzing from both the sliding speed and max contact pressure stand point.
7. Conclusion
Scuffing tests have been conducted successfully using the MTM2 rig by PCS instrument under a
controlled environment. A ball-on-disc setup and a contra-rotation method was selected as the
experimental method of choice. The following conclusions are made from this study:
1. The contra-rotation method is effective in the understanding of onset of scuffing as it
would require a low load (max of 75 N) to allow scuffing studies to be conducted
successfully.
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2. Increased in roughness leads to higher scuffing resistance when factoring in other
roughness parameter like

Rsk . The onset of scuffing was found to improve by a large

margin where no scuffing occurred when the load was below 1.09 GPa.
3. The rougher surface increased the critical total temperature from 175 ℃

to 300 ℃ .

Using the FPI and FP criteria, there is no clear critical value found with an increased in
the roughness.
4. In understanding the influence of EP additives, study with 5 fully formulated aviation oils
was done and all showed improvement. The critical total temperature is a better choice of
criteria for the TO, STD, HTS and EE oil as their total temperature are 192℃, 226℃,
208℃ and 209℃ respectively. FPI and FP criteria are less successful as there is no
distinct value.
5. In the scuffing test using an entrainment speed of 0.2 m/s, the Helicopter Gearbox oil was
unable to cause scuffing hence an entrainment speed of 0.1 m/s was used to provide a
harsher condition. It was tested that a load below 1.01 GPa no scuffing would occur.
6. From the tabulation of the results, the critical total temperature of 275 ℃ is a much
viable scuffing criteria for the Helicopter Gearbox oil due to the lower variation. If the
FPI and FP values are more desirable, there is a critical value of 200

MW /m

2

and 17

W respectively.
7. From all the studies, it is apparent that Blok’s critical total temperature criteria has better
performance to predict the onset of scuffing as there is a distinct value for each oil while
FPI and FP often produces a band of results.
In the future work, further testing should be done on the Helicopter Gearbox oil to study the
possibility of the existence of a critical sliding speed with harsher conditions as well as
decreasing the Λ ratio to deduce if the critical total temperature is still relevant. Another area of
study

would

be

to

include

2

more

surface

roughness

(

Ra ≈ 150 nm with R sk > 0∧Ra>150 nm with R sk <0 ¿ . This would help understand further the
potential impact of the valleys for a rough surface.
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