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ABSTRACT

The friction and wear characteristics of several elastomers are investigated under sliding

contact lubricated by environmentally adapted lubricants with varying degrees of con-

tamination. The elastomers studied are �at strips of Nitrile Butadiene rubber (NBR),

Hydrogenated Nitrile Butadiene Rubber (HNBR), and Fluorocarbon Rubber (FKM)

and O-Rings of both molded and extruded NBR and FKM. The lubricants used are

uncontaminated Complex Ester and Polyolester as well as both Aged and Un-Aged Poly-

olesters with 5% Water Content as well as a commercial synthetic based turbine oil and

a commercial mineral oil based turbine oil. Initial experiments were conducted using

a Cameron-Plint test rig with a steel cylinder sliding in the longitudinal direction with

a reciprocating motion against a curved elastomer specimen to avoid any edge contact.

Sliding velocities were maintained low to reduce the thermal e�ects often associated with

elastomer friction. The results from these experiments demonstrate the compatibility

of the di�erent elastomers with the various lubricants and load con�gurations. Further

testing was conducted using the Cameron-Plint machine with O-ring material sliding

against �at steel plates results of which validated the use of synthetic ester in lieu of

mineral base oils in the case of sealing surfaces of proper roughness and found that ex-

truded NBR performed best of the tested materials. Experiments were also conducted

using an SRV Optimol test rig at higher frequencies with a steel cylinder in contact with

an elastomer disc. The results from the SRV test rig con�icted signi�cantly with those

of the Cameron-Plint rig due to the di�erences in contact geometry of the tests. Other

experiments conducted using an Abrasive Test machine which reciprocated a steel ring

against elastomer specimens produced no worthwhile results other than demonstrating

the durability of the elastomer specimens when operating in the elasto-hydrodynamic

lubrication regime.
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CHAPTER 1

Introduction

Elastomers are a vital part of any power generation equipment, be it a wind turbine,

an internal combustion engine, or a hydropower station. Most often, elastomer materials

in power generation equipment are employed as seals, to keep two environments isolated

from each other, namely oil and the outside, to eliminate leakage which could cause

increased wear, equipment failure, or environmental damage. In the case of power gen-

eration, and even more so with renewable power generation, the environments in which

equipment operates can exacerbate the problems, especially the environmental problems.

Unfortunately, even the best designed sealing systems allow some amount of leakage to

occur. In hydro-electric power, this leakage occurs as lubricant leaking into the water and

can greatly increase the environmental impact of a power station. Because traditional

mineral oil based lubricants released into water can cause signi�cant environmental prob-

lems, recent e�orts have been made to develop lubricants which will readily bio-degrade

when released into the environment.

1.1 Seal Applications

Seals in practice are generally used in one of three di�erent con�gurations each of which

is subject to speci�c wear and friction mechanisms. The primary seal applications in-

clude rotating seals, reciprocating seals, and static seals all of which are most commonly

constructed using some sort of elastomer. Furthermore, each of these applications has

several seal con�gurations that can be used depending on the speci�c requirements of

the equipment. Because this work is focused on friction and wear in relation to moving

parts, static seals, while important in energy production, will not be covered.
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1.1.1 Rotary Seals

Rotating seals are very common in energy production, and especially in hydropower

applications due to the general design of power production equipment. Rotating seals are

present throughout hydropower stations in many vital applications, including the main

shaft seal, bearing seals, guide-vane seals, and adjustable Kaplan blade seals. Commonly

used con�gurations for rotating seals include M-seals and labyrinth seals with selection

of the speci�c seal arrangement primarily depending on the size and rotational speed of

the shaft as well as the pressure di�erential across the seal. Lubrication in these types of

seals is primarily in the hydrodynamic regime and the sealing pressure can vary over a

wide range. An additional rotating seal con�guration, the lip seal, is lubricated through

a more complex pumping action however, because they are not suitable for applications

with pressure gradients across the seal, they will not be covered in this study.

Mechanical seals or M-seals, also known as stu�ng boxes and gland seals, are con-

structed from "rubber rope" or packing which is constructed around the shaft and then

compressed against a sealing face by a mechanical force. The mechanical force can be

provided by a spring, a threaded clamp, or a combination. This force compresses the

elastomer material, thus deforming it to produce a contact pressure with the opposing

seal face as shown in Figure 1.1(a). One speci�c type of M-seal, called a stu�ng box or

packing gland, used in applications where shaft diameters are smaller or pressures are

not as high as in more complex M-seals is shown in Figure 1.1(b).

Where M-seals produce adequate sealing through the use of high contact pressures,

sealing in a labyrinth seal, shown in Figure 1.1(c), is accomplished by maintaining a low

or negligible contact pressure while increasing the area, and thus the distance that any

leakage must travel through. Because of the low contact pressures, labyrinth seals can

provide very low friction compared to M-seals and are able to operate at much higher

speeds. The drawback to this is that some amount of leakage will always be present and

at higher pressures leakage can become a major drawback.

(a) M-Seal (b) Stu�ng Box (c) Labyrinth Seal

Figure 1.1: Various rotating seal con�gurations

In applications where a large pressure gradient is present across the seal, and space

is not limited, a combination of an M-seal and a labyrinth seal can be advantageous.
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Placing a labyrinth seal behind an M-seal allows for the M-seal to be operated at a lower

contact pressure which can dramatically decrease the seal's friction and wear. While this

does allow leakage to increase through the M-seal, the leakage, usually water, helps to

lubricate the M-seal and further reduce friction and wear. Because the M-seal produces

most of the sealing, the labyrinth seal behind it is able to operate at acceptable pressure

levels and adds very little friction to the system. Finally, having two separate sealing

systems dramatically increases the safety by greatly reducing leakage in the event that

one of the seals experiences a failure.

1.1.2 Reciprocating Seals

Reciprocating seals are most common in piston/cylinder applications, primarily in hy-

draulics and pneumatics. In the energy production and hydropower �elds, reciprocating

seals are primarily present in the support and control equipment within a power station.

Typical applications include the seals on hydraulic cylinders used to control guide vanes,

valves, and smaller gates (large gates are not usually operated by hydraulic cylinders).

Seals in these applications are usually constructed using O-rings set in matching grooves

or compressed and held in place by backup rings, most often made from a plastic, as

displayed in Figure 1.2. Where pistons are exposed to outside environments, wiper rings

are used to retain lubricant near the O-ring and to clear any contamination from the pis-

ton that could damage the main seal. Seals using this con�guration are mostly operated

in the EHL or mixed lubrications regimes depending on the pressure variation across

the seal, the speed of operation, and the location in the stroke. At rest, some lubricant

typically remains between the O-ring and the piston or bore surface which reduces the

breakaway friction and wear that occurs when the next stroke is begun.

Figure 1.2: A reciprocating seal application

1.2 Environmentally Adapted Lubricants
With the steadily growing interest in minimizing the environmental impacts of human

activities, in addition to the rising price and demand of traditional oils, environmentally

adapted lubricants (EALs) have recently been coming to the forefront after a long pe-
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riod of relatively little interest. Because they are "environmentally adapted", EALs have

the potential to greatly minimize many of the negative e�ects industries have on their

surrounding environment. While "environmentally adapted" is not synonymous with

"environmentally friendly" as any outside contaminate could be considered pollution,

EALs do have the advantage that they, unlike mineral oils, bio-degrade after a reason-

able amount of time when released into the environment. Furthermore, many EALs have

very low, if any, toxicity and thus are minimally harmful to plant and animal life. When

mineral oils are released into the environment, as occurs every few years in a shipwreck,

the consequences are often catastrophic, requiring years, if not decades, for the environ-

ment to recover. One stark example of this is the Valdez oil spill which occurred 20

years ago in Alaska, USA. The area, while recovering still will require several decades

more to fully recover. Anecdotal evidence of this lies in the fact that on most beaches in

the area, oil can still be found when one digs a shallow hole in the sand. Furthermore,

ships, hydropower stations, and all other equipment that operates outdoors, including

automobiles and even bicycles, release some quantity of oil into their surrounding envi-

ronment by nature of their operation. While these smaller releases are not on the focused

catastrophic scale of large oil spills, they nonetheless can and do have dire consequences

for the environment; consequences that EALs can mitigate.

EALs are generally synthetically produced by combining various compounds, whereas

mineral oils are generally extracted directly from crude oil through distillation processes.

Because of these di�erences in production, EALs are often much more expensive than

their mineral oil counterparts, but have the advantage that their base �uids can be tailor

made to �t speci�c applications thus reducing the need for large amounts of additives.

Conversely, mineral oils for speci�c applications are generally produced using larger quan-

tities of additives.

1.3 Literature Review

While a signi�cant amount of research has focused on the wear of elastomers in relation

to automobile tires and seals in the dry condition, little e�ort has been focused on the

wear of elastomers in relation to seals and sealing systems, especially under lubricated

conditions. Some older work however has been accomplished investigating lubricated face

seals [1]. Other work has focused on the e�ects of temperature changes on the wear of

rubber in contact with abrasive paper under lubricated conditions, �nding that the wear

increased with higher temperatures due to the increased level of thermal degradation.

More recent work has investigated the friction characteristics when steel is in lubricated

contact with elastomers [2].

Previous work in relation to emulsions of water and oil in soft-EHL contact deter-

mined that the tribological properties are generally dominated by the more viscous of

the emulsion's counterparts [3]. Further study in soft-EHL contact revealed that the

sliding friction was highly dependent on the speed : viscosity ratio in the contact such
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that at low values, friction was dominated by adhesion between the asperities and at high

values, friction was dominated by the Couette �ow [4].

Studies in high pressure contact between steel and glass lubricated with water in oil

emulsions demonstrated a similar e�ect in that the tribological properties were essentially

the same as those of pure oil [5]. It was further demonstrated in this study that, in the

contact area, the water tended to �ow around the contact while the oil remained in the

contact providing lubrication. These works focused primarily on higher levels of water

content whereas the current research focuses on 5% water content.

Extensive studies were conducted on rubber wear, [6], in the dry condition. This study

found a vast range of wear rates between di�erent rubber compounds, with a much lower

range in friction values.

Other research has been conducted on the wear of metal surfaces by elastomer materials

in the presence of water. These found that, when abrasive particles are present, wear is

primarily caused by the abrasive becoming embedded in the elastomer and then wearing

on the metal [7]. Without the presence of water, it was found that a chemical reaction

occurred on the surface of the metal causing a surface layer to form. This surface then

broke away, becoming embedded in the elastomer and increasing the wear of the metal

[8]. In both cases, it was found that without any abrasive, the wear of the steel was very

small or negligible.

Most recently, testing has been conducted on elastomers aged in various lubricants in

lubricated sliding against surfaces that appear to be smooth and polished [9]. This study

found that the friction was most reduced by ageing the elastomer in lubricants which

were chemically compatible with the elastomer which may be due to the di�usion of oil

in the elastomer resulting in a decrease in internal friction of elastomer. In addition,

when the rubber block is squeezed against the substrate, oil may be squeezed out from

the rubber matrix, giving a thicker oil �lm at the interface and thus lower the friction.

Complex esters and synthetic esters have been proposed as good alternatives to use as

base oils in EALs due to their high quality, and excellent bio-degradeability in the case

of synthetic esters [10]. For this reason, the oils used in this research are complex ester

and polyol ester (a synthetic ester).

Very little has been documented regarding the tribological compatibility of base oils

and elastomers beyond the proprietary knowledge of seal and lubricant manufacturers.

With the advent of and conversion to Environmentally Adapted Lubricants, much of the

basic experimental research into compatibility is in need of repetition both to ensure its

relevance and to further support and validate the use of EALs. Basic testing of elastomer

seal material physical characteristics were conducted in [11] to determine the e�ects of

aging in various EALs but studies were limited to swelling and changes in hardness and

tensile strength.





CHAPTER 2

Background Theory

2.1 Contact Geometry

Because of the low modulus of elasticity of elastomers and the large variance between

their properties and those of their opposing contact surfaces, the contact can be di�cult

to describe using traditional theory. This di�culty is antagonized by the fact that the

modulus of elasticity of elastomers changes with the speed of the contact due to hysteresis

e�ects and internal friction within the elastomer. Even so, the average contact pressure

when the contact is stationary can be estimated using Hertzian theory, from [12] such

that the length, b, of the contact is:

b = 2[
2FR′

πlE ′
]1/2 (2.1)

Where F is the contact force, R′ is the e�ective radius, l is the length of the cylinder,

and E ′ is the e�ective modulus of elasticity. Because the elastomers are so much softer

than the steel counter-faces, in this case, E ′ is as follows:

E ′ =
E

1− γ2
(2.2)

Where E is the elastomer's modulus of elasticity, and γ is Poissons ratio for the elas-

tomer. The e�ective modulus of elasticity for Hertzian contacts normally takes into

account the properties of both contact materials. However, for the case of elastomers

in contact with hard materials, the di�erence in elastic modulus is several orders of

magnitude. This causes the elastomer to be heavily deformed while the hard material

experiences no deformation, and thus the hard material's properties have no e�ect on the

macro geometry of the contact.

7



8 Background Theory

The mean and maximum contact pressures in a line contact, pm and pmax, can then be

found as follows:

pm =
F

2bl
, pmax =

4

π
pm (2.3)

With the addition of curvature to both the elastomer and the steel counter-surface, the

contact changes from a line contact to an elliptical contact. In this case, the e�ective

radius, R′ must take into account the curvature of both surfaces and is thus:

R′ =
1

1/Rst + 1/Rel

(2.4)

Where Rst and Rel are the radius of curvature of the steel and elastomer contacts

respectively. Because an elliptical contact has two important dimensions a and b that de-

�ne the narrow and wide portions of the ellipse respectively the contact pressure becomes

somewhat more involved to calculate.

a = a′(
3FR′

E ′
)1/3 , b = b′(

3FR′

E ′
)1/3 (2.5)

where

a′ = κ[1 +
2(1− κ2)

πκ2
− 0.25ln(κ)]1/3 , b′ =

a′

κ
(2.6)

and

κ = 1 + (
ln(16/λ

2λ
)1/2 − (ln(4))1/2 + 0.16ln(λ) (2.7)

where λ is the smaller of Rst/Rel and Rel/Rst. Using the above equations allows solution

of the mean and maximum contact pressures as:

pm =
F

πab
, pmax = 1.5pm (2.8)

2.2 Friction

When an elastomer begins sliding, its mechanical properties in the contact region, and

thereby the friction, are highly dependent on the frequency of stressing and relaxation of

the elastomer [13], [14], [15]. This stressing and relaxation is caused by the asperities on

the opposing surface and their corresponding wavelength and the friction generated by

this process is the result of the internal friction within the elastomer material. According

to [16] this internal friction can be related to the energy dissipated by the elastomer

and hence the friction through the elastomer's elastic modulus which varies by ω = 1/τ

and τ is the time constant for the speci�c elastomer to change from one stress state to

another. This characteristic causes the elastic modulus of elastomers to have both real
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and imaginary parts. The most important e�ect of the complex modulus of elasticity is

that the sti�ness of the material and the friction in a contact reach their maximum when

the frequency of the contact, ω0 = v/l where v is the velocity and l is the length between

asperities, and the ω of the material are equal.

The exact relation between frequency and elastic modulus varies between di�erent

elastomers based on their chemical structure and the �llers used in their manufacture.

However, as a general rule, because this e�ect is plotted on a logarithmic scale with a

wide range (0 to 10), small variations in speed or roughness wavelength should only have

an impact on the modulus at the sides of the peak.

When lubricated conditions are present in the elastomer contact, some other e�ects can

occur that lead to variations in friction from what would be expected in a standard contact

between two hard materials. In a standard contact, the friction and �lm generally follow

the Stribeck Curve which displays how friction decreases as the �lm thickness grows with

increased surface velocity. The lubrication begins in the boundary lubrication regime in

which the surface asperities are in contact with each other, then shifts into the mixed

lubrication regime in which asperities contact each other, but not nearly so much as in

boundary lubrication. Finally, with adequate speed and viscosity, the contact enters the

elasto-hydrodynamic lubrication (EHL) regime in which the asperities do not contact

each other and the pressure built up in the lubricant keeps the contacts apart from each

other.

A special e�ect that is believed to occur when elastomers, or other very low modulus

of elasticity materials, are in lubricated contact with a harder material is sealing. This

e�ect has been theorized in [17] with the hypothesis that under slower speed contacts, or

when EHL contact cannot occur, the elastomer seals lubricant in the areas between the

asperities of the opposing surface. This sealing of the lubricant between the asperities

e�ectively reduces the surface roughness by reducing the depth of the areas between the

asperities. This e�ect varies from mixed lubrication and EHL in that it occurs at lower

speeds, and even in stationary contact, when boundary lubrication is dominant in the

contact.

In a typical sealing application, such as a shaft seal or Kaplan blade seal in a hydropower

station, the average surface pressure exerted on the seal can be found as follows from

[12]:

pg =
Fspring

A
+ dp(k − k1) (2.9)

Where Fspring is the force keeping the spring closed, A is the surface area of the contact,

dp the pressure di�erence between the two sides of the seal, k relates to the tightness of

the seal, and k1 is a constant relating to the shape of the contact.
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2.3 Wear
In terms of wear characteristics of rubber, the most basic wear mechanism is the devel-

opment of micro cracks in the material's surface followed by a growth of those cracks.

The cracks then grow to a point that they connect to neighboring cracks and allow a

piece of the material to be torn away. However, the scale of the cracks and size of

the removed material varies greatly depending on the characteristics of the speci�c con-

tact. It was found in [6] that wear in the dry condition appeared to be caused by a

combination of mechanical removal of small particles through fracturing and chemical

deterioration of the rubber instigated by the mechanical stress and antagonized by the

atmosphere. This combination of wear mechanisms leads to the removal of small particles

when wear is mostly mechanical or the buildup of an oily �lm when mechano-chemical

e�ects are present. Additionally, the mechano-chemical e�ects cause the wear debris

to stick together forming rolled forms of material. In general, experiments have found

that a correlation, shown in Equation 2.10, between the Shore hardness, tensile strength,

and wear rate exists [18]. However, the constants a0, a1, and a2 must be determined

experimentally, limiting the usefulness of the relation.

W = a0 + a1(Shore Hardness) + a2(Tensile Strength) (2.10)

In the lubricated condition, rubber wear is quite di�erent. It was found in [19] that

the wear particles in the presence of lubricant are much smaller than the wear particles

without lubrication but that wear rates in the presence of lubricant were increased from

those in the dry condition. Due to the great complexity and varying interactions that

occur between di�erent elastomers paired with various lubricants and counterface mate-

rials and roughness, no general formulas exist for the prediction of elastomer wear in the

presence of lubricants. Formulas for speci�c sealing applications are used to predict their

life, but are heavily based on experimental data and long term tests with the speci�c

con�guration.



CHAPTER 3

Experimental Setup

The experimental work of this research was primarily focused on conducting tests of

materials on several di�erent machines, including an Optimol SRV machine, a Cameron-

Plint reciprocating test rig, and an Abrasive Wear testing machine. For each speci�c

machine and setup, test specimens were developed that would most adequately provide

worthwhile results..

1-2 MPa of contact pressure was chosen because this is the range of pressure that most

packing glands operate under. The basic properties of the elastomers used are detailed

in Table 3.1.

Table 3.1: Test Material Properties

Hardness Tensile Strength Density
(IRHD) (MPa) (g/cm3)

Fluorocarbon Rubber (FKM) 74 11 2.22
Nitrile Butadiene Rubber (NBR) 73.5 12.9 1.33
Hydrogenated Nitrile Butadiene Rubber (HNBR) 76 13.9 1.2
NBR Molded O-Ring 70 NA 1.21 g/cc
NBR Extruded O-Ring NA NA 1.41 g/cc
FKM Molded O-Ring 75 NA 1.86 g/cc
FKM (Vitron) Extruded O-Ring NA NA 1.91 g/cc

3.1 SRV Test Machine

The Optimol SRV test rig provides a wide range of tribological testing functions. It

operates in reciprocating motion with a frequency range of 1 Hz to over 500 Hz with a

11
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stroke length (somewhat limited by chosen frequency) of 0.2 mm to 4 mm. The SRV

has quite a large load range of 0 to 2000 N and is capable of operating at elevated

temperatures to 900◦ C . The machine outputs the friction coe�cient as well as the

temperature of the test �xture and the test input (force, frequency, etc.). While the SRV

machine is capable of producing consistent and reproduceable results, it can be somewhat

di�cult to produce correlations between the SRV results and those produced by other

machines due to the form of the output data.

3.1.1 Cylinder on Disk Configuration

To obtain high-cycle, high-speed wear, an SRV test rig was used. This test rig oscillates

a polished cylinder (in the lengthwise direction) against a sample specimen. The load

is applied vertically, while friction measurement is accomplished in the base. The only

major limiting factor with this particular test rig is that it is unable to operate when the

friction coe�cient is greater than 1. In the case of elastomers, the friction coe�cient is

often greater than 1, so the SRV rig was only usable in certain load ranges where the

friction coe�cient remained below 1 through the entire test. The parameters for these

tests are displayed in Table 3.2.

Table 3.2: SRV Experimental Conditions

Oscillation Frequency 40 Hz

Contact Pressure ≈1.8 MPa

Temperature 26◦ C

80◦ C

Test durations 5 to 60 minutes

Lubricants Uncontaminated Polyol ester

Uncontaminated Complex ester

Aged Polyol ester w/ 5% H2O content

Stroke Length 2.50 mm

Cylinder Diameter 15 mm

Cylinder Length 22 mm

Cylinder Roughness 60 nm

3.1.2 Cylinder on O-ring Configuration

A cylinder on O-ring con�guration was brie�y attempted using the SRV machine however,

no actual tests were accomplished. This was due to di�culty experienced in developing

an adequate test �xture that would both hold the O-ring material in a consistent position

and allow for adequate lubrication of the O-ring's surface.
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Figure 3.1: Test setup for SRV machine

3.2 Abrasive Test Machine

The Abrasive Test rig is designed for determining the abrasive wear characteristics of

materials and functions by reciprocating a piece of abrasive paper against the sample.

The abrasive paper is normally �xed to a 50 mm diameter cylinder with 12 mm thickness

and to ensure that fresh abrasive is presented to the counter surface during each cycle,

the cylinder is rotated a small amount at the end of each cycle. This rate of rotation can

be adjusted from 1 revolution per 600 cycles to 1 revolution per 100 cycles. The machine

is capable of 20 to 100 cycles per minute with a �xed 3 cm stroke length and a maximum

of 10,000 cycles during a single test. While this machine is excellent for providing simple

tests, its lack of data output makes it di�cult to relate wear and friction to each other

in tests.

3.2.1 Block on Cylinder Configuration

In an e�ort to investigate the low pressure wear, an Abrasive Test rig was used. How-

ever, bearing rings were used in lieu of abrasive paper to better simulate actual sealing

applications. The contact ring was rotated a small amount every cycle to provide a clean

contact surface for contact with the rubber sample. While this capability is normally

used to produce a consistent surface when abrasive paper is used, it is also useful with

a bearing ring as it allows any wear particles to be cleared from the contact area. The

parameters for these tests are displayed in Table 3.3.

3.2.2 Cylinder on O-Ring Configuration

To provide a better understanding of the friction characteristics under more similar appli-

cations to those in a power station and in an e�ort to reduce EHL e�ect that occurred in

the initial tests, further tests were accomplished using the abrasive test machine. These
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Table 3.3: Abrasive Test Rig Experimental Conditions

Oscillation Frequency 1.67 Hz

Contact Pressure ≈700 kPa
Temperature 26◦ C

Test duration 110,000 cycles

measurements every 10,000 cycles

Lubricants Uncontaminated Poly olester

Uncontaminated Complex ester

Aged Polyol ester w/ 5% H2O content

Polyol ester w/ 5% H2O content

Stroke Length 3 cm

Ring Diameter 5 cm

Ring Width 11 mm

Cylinder Roughness 0.3-1.0 µm

Figure 3.2: Test setup for Abrasive Test machine

tests were conducted using O-ring material in contact with a bearing race, allowing for

very similar conditions to those in actual machines. To further improve the applicability

of these tests, two di�erent turbine oils were used as lubricants. Due to the change in

the elastomer's geometry, the contact pressure was signi�cantly increased in these tests

as is detailed in Table 3.4.

3.3 Cameron-Plint Test Machine

The Cameron-Plint test rig is a reciprocating test rig capable of a wide range of testing

conditions. The stroke length can be set from 0.1 mm to 16 mm and the frequency range

is ≈0.1 Hz to 250 Hz. Loads of 10 N to 250 N are capable on this machine and the

data output is the frictional force on the counter surface. The data output is a voltage
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Table 3.4: Abrasive Test Cylinder on O-Ring Experimental Conditions

Oscillation Frequency 0.33 Hz

Contact Load ≈30 N
Contact Pressure ≈1.8 MPa

Temperature 26◦ C

Test duration 10,000 cycles

Lubricants Synthetic base (EAL) turbine oil

Mineral base turbine oil

Stroke Length 3 cm

Ring Diameter 5 cm

Ring Width 11 mm

Ring Roughness 0.3-1.0 µm

which can then be adjusted to provide a wide range of information about the contact

from the average friction coe�cient to the speci�c characteristics of the friction force's

curve. Some major advantages of this machine is that it can be adapted to provide a

wide range of contact geometries through the use of varying specimen holders and counter

surfaces and that the output is a raw data stream that can be used to provide the desired

information. The only drawback is that because of the open air nature of the machine,

it can be di�cult to maintain high temperatures and cleanliness in the contact area.

3.3.1 Cylinder on Curved Specimen

Because of the lack of results produced by the Abrasive Test rig due to the low contact

pressure, a Cameron-Plint test rig was con�gured to accomplish a similar test as detailed

in Table 3.5. Many di�erent test arrangements were used in order to eliminate some of

the problems caused by the edges of the hard surface contacting the compliant elastomer.

Initially the same arrangement as that of the Abrasive Test Rig tests, with a cylinder

sliding perpendicularly against the elastomer surface, was used. However, the stress

concentrations in the rubber caused by the edges of the hard material, and the fact that

very little lubricant remained trapped in this region, caused the rubber specimens to

develop longitudinal tears along the edge of the contact. A ball was also experimented

with, but it was found that at the contact pressures within the machine's range, the ball

was pressed nearly half-way into the elastomer specimen producing a quite unrealistic

contact. Even at these high contact pressures, insigni�cant wear occurred during the

testing with the exception of some tearing along the center of the contact region.

It was thus decided to change the test to the use of a cylinder moving longitudinally

with the elastomer specimen mounted on a curved piece of material. This arrangement

eliminated the edge and end e�ects observed with other arrangements as well as the high

contact pressure issues experienced in the ball case. Additionally, because the cylinders

are of a very simple design, it is a much simpler task to manufacture additional cylinders
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Table 3.5: Cameron-Plint Rig Cylinder on Curve Experimental Conditions

Oscillation Frequency 5 Hz

Contact Pressure ≈1.3 MPa and ≈1.5 MPa

Temperature 26◦ C

Test duration 1 hour

Lubricants Uncontaminated Polyol ester

Uncontaminated Complex ester

Aged Polyol ester w/ 5% H2O content

Polyol ester w/ 5% H2O content

Stroke Length 6 mm

Specimen Curvature ≈ 100 mm

Cylinder Diameter 15 mm

Cylinder Length 22 mm

Cylinder Roughness 160 nm

Figure 3.3: Test setup for Cameron-Plint machine

with varying surface roughness characteristics than spheres with varying roughness.

The only question with this arrangement is whether or not the stretching of the outer

face of the rubber has an e�ect on its tribological characteristics. It is hypothesized

that because of the thickness of the samples (6mm), the e�ects of the increased surface

stresses in the rubber are minimized by the ability of the rubber to deform to its lowest

energy state. Any potential e�ects of the increased surface stress should only serve to

accelerate the wear rate, which is acceptable considering the extreme durability of the

materials used in these tests. Furthermore, any potential for thermal degradation in the

rubber was negated through the use of a cooling fan to keep the temperature of the test

apparatus and the specimens as close to room temperature as possible.

3.3.2 O-Ring on Flat

Because of the earlier success with the Cameron-Plint test rig, it was decided to use it to

test the O-ring material as well. A test �xture was built to oscillate the O-ring against a
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�at plate such that the O-ring was arranged similarly to in a hydraulic cylinder with mo-

tion perpendicular to the O-ring's diameter. The counter-suface for these tests consisted

of steel plates �nished with roughness perpendicular to the reciprocating motion. Com-

plete testing was accomplished with all materials and oils. Initial tests were performed

with a higher surface roughness than is normally present in hydraulic machinery while

successive tests were conducted with a much lower and more realistic surface roughness.

Lubrication was accomplished by applying ample lubricant to the plate and O-ring at

the beginning of each test. As was found in the other tests, application of lubricant at

the beginning of the test allowed for adequate wetting throughout the test duration.

Table 3.6: Cameron-Plint Rig O-Ring on Flat Experimental Conditions

Oscillation Frequency 1 Hz

Average Speed 3 cm/s

Test duration 1 hour

Contact Load ≈100 N
Contact Pressure ≈1.8 MPa

Temperature 26◦ C

Lubricants Synthetic base (EAL) turbine oil

Mineral base turbine oil

Stroke Length 1.5 cm

Contact Width 3 cm

O-Ring Materials Molded NBR

Extruded NBR

Molded FKM

Extruded FKM

Plate Material Steel

Plate Roughness ≈ 1.1 µm and ≈ 0.2 µm

Figure 3.4: O-ring on Flat test setup for Cameron-Plint machine
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The lubricants used in the test were a synthetic base EAL turbine oil, and a similar

mineral oil base turbine oil. The use of the two lubricants allowed for comparision of

performance between the presently used mineral oil and the synthetic oil being used to

replace the mineral oil. Because the elastomers used are typical materials used throughout

powerstations, this series of tests was hoped to validate or disprove the performance of

the replacement oil when it is used in existing systems. Because of the close similarity in

the results, tests were repeated 4 times to increase con�dence and to reduce the e�ects

any outlying data points.



CHAPTER 4

Results

4.1 SRV Test Machine

4.1.1 Cylinder on Disk Configuration

The SRV test machine was found to produce quite repeatable results that allowed for

qualitative comparison between the wear patterns observed in the di�erent materials and

lubricants. In general, it was found that the wear began with the formation of very small

rolled pieces of wear debris. These rolled pieces then proceeded to grow until they were

pushed out of the contact region, at which point, they formed deposits of material near

the end of the wear track. The rate at which this process occurred varied greatly for

di�erent elastomer materials, lubricants, and temperatures. Typical examples for each

material are shown in Figures 4.2, 4.3 and 4.4. After 10 minutes of testing, deposits had

begun to form at the ends of the wear track, and small rolled forms could be observed

in the wear track. After 20 minutes of testing, the small rolled forms had consolidated

into larger rolls and the wear track had a rougher surface. It should be noted that

the roughening of the wear track surface followed in line with changes in the friction in

the contact such that as the track roughened, the friction �rst decreased, then became

erratic as the roll forms grew and began to dominate the contact. Finally, after the

longest test duration, the wear in the track was readily apparent with large rolled forms

and fully developed deposits at the ends of the track. By the completion of the tests,

the friction behavior, while very erratic, bounced up and down around somewhat steady

values. These �nal friction values are displayed in Figure 4.1 and show that aging of

the water contaminated lubricant caused increased friction compared with only water

contamination.

The extent of observed wear for the 30 minutes tests is tabulated in Table 4.1 with

a rating of 0 to 5 referring to no obvious wear to extensive wear respectively. From
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Figure 4.1: Coe�cient of friction from SRV tests, 200 N load, 2.5 mm stroke, 40 Hz oscillation

frequency, 30 minute long tests

Table 4.1 it is quite clear that NBR was most resilient in these tests while HNBR and

FKM demonstrated very high wear. While the mode of wear was similar for all three

materials, in regards to the formation of rolls, etc, there were some di�erences which

should be noted. FKM tended to form many small rolls initially which then grew into

several larger rolls until they reached a critical size and began to break down. HNBR

tended to form many small rolls that had a more viscous consistency, and appeared more

as particles suspended in a thick oil than as the solid forms observed in FKM. NBR

behaved similarly to both HNBR and FKM in that it formed small rolls, but unlike

FKM and HNBR, the rolls did not grow or become interconnected. Instead, in NBR,

the rolls remained small but increased in number over time. After a long time, the rolls

began to combine as seen in FKM, but even then, they were much smaller than those

observed in FKM.

It was hypothesized that the rolled forms may have been caused mainly by thermal

degradation of the rubber, breakdown of the lubricant, or a combination of the two.

However, FKM and HNBR should be more resistant to thermal degradation than NBR.

This leads to the conclusion that other factors dominate the elastomers' wear as the NBR

demonstrated the lowest wear of the three materials. Even at 80◦ C, which should cause

increased thermal degradation e�ects, the NBR showed less wear under the Complex

Ester and the 5% H2O Polyol ester than at 26◦ C and only slightly greater wear under

Polyol ester lubrication than at 26◦ C. The same was true for the HNBR and FKM, which

had generally the same or less wear at higher temperatures than at lower temperatures.

This variance in wear at higher temperatures is believed to be caused by a thermal gra-

dient that exists in the material at lower temperatures. Because there was heat build-up

in the contact area, the upper surface of the elastomer was warmer than the portion of
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(a) 10 Minutes (b) 20 Minutes (c) 30 Minutes

Figure 4.2: FKM lubricated with Aged Polyol ester, contaminated by 5% H2O

(a) 15 Minutes (b) 30 Minutes (c) 45 Minutes

Figure 4.3: NBR lubricated with Aged Polyol ester, contaminated by 5% H2O

(a) 5 Minutes (b) 10 Minutes (c) 20 Minutes

Figure 4.4: HNBR lubricated with Aged Polyol ester, contaminated by 5% H2O
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Table 4.1: Wear results for SRV tests

26
◦
C 80

◦
C

Lubricant FKM NBR HNBR FKM NBR HNBR

Complex ester 5 3 5 5 1 4
Polyol ester 5 1 5 4 1 5
Polyol ester 5% H2O 5 4 5 4 4 4
Aged Polyol ester 5% H2O 5 3 5 5 1 5

the material away from the contact causing a heat gradient through the thickness of the

material. This gradient could have led to varying material properties through the elas-

tomer which, in-turn, would have caused stress concentrations and local failures within

the material which explain the di�erences between the expected thermal degradation

properties of the materials and the observed wear characteristics. At high temperatures,

the thermal gradient through the material's thickness was not as signi�cant because the

specimen was heated through its base leading to more consistent material properties

through the materials and thus fewer stress concentrations and less wear.

One factor that appears to play a major role in a�ecting the wear of the materials is the

sealing e�ect of the material. This occurs when the sides of the contact seal the lubricant

into the center of the contact region, e�ectively guaranteeing lower friction in the center

than along the sides. Nearly every specimen demonstrated this e�ect. However, of all the

materials, the NBR appeared to provide the best sealing, which may explain why it was

a�ected so minimally by thermal degradation. While not as extensive as NBR, HNBR

also appeared to provide sealing. With both NBR and HNBR, the sealing e�ect kept

the material at the center of the contact virtually free from wear in shorter tests, while

the wear initiated and was concentrated around the outside edges of the contact area.

In longer tests, the wear scar progressively approached the center of the contact while

after very long tests (30 to 45 minutes) wear and rolled forms were present throughout

the contact region.

FKM however, did not provide signi�cant sealing. In the case of FKM, wear appeared

to initiate in a bow-tie pattern centered along the wear track with signi�cantly more wear

along the centerline midway between the center and ends than along the outside edges

of the track.

4.1.2 Cylinder on O-ring Configuration

The cylinder on O-ring con�guration provided no results due to the di�culties in develop-

ing an adequate test specimen holder and the subsequent change to using the Cameron-

Plint test rig.
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4.2 Abrasive Test Machine

4.2.1 Cylinder on Flat Configuration

In multiple long test runs of over 100,000 strokes the elastomer samples demonstrated

very little wear. Initial wear occurred along the edges of the contact region during the

�rst cycle of 10,000 strokes, but after this initial wear along the edges, no further wear

was observed. It appeared that the low contact load allowed for EHL to occur thus

protecting the two surfaces from contacting each other. Additionally, abrasive wear was

avoided because of the low roughness of the test ring.

4.2.2 Cylinder on O-ring Configuration

Initial tests using low roughness bearing rings at a variety of loads and speeds yielded

unmeasurable amounts of wear. However, a slight contamination of the oil did occur,

which was a greater sign of wear than in the earlier tests against �at specimens. It is felt

that this presence of wear is due to the higher contact pressure in this form of contact in

addition to the elliptical shape of the contact which was less e�ective at drawing in and

retaining lubricant in the contact region. Unfortunately, the wear was too minimal to

be observed or measured and so no further testing was accomplished beyond the initial

investigations.

4.3 Cameron-Plint Test Machine

4.3.1 Cylinder on Curved Specimen

The test method used with the Cameron-Plint test machine produced quite consistent

results, both quantitative friction results and qualitative wear observations, allowing for

performance comparison between the various materials and the various lubricants under

di�erent test loads. While wear could not be quantitatively measured due to the small

amount of lost wear material compared to the sample size, it was possible to analyze the

wear in a qualitative manner. Most notably in these tests, di�erent material/lubricant

combinations produced various degrees of wear.

4.3.1.1 Friction Measurements

A comparison of the friction results for all materials and lubricants is shown in Figure

4.5. In comparing the three elastomer materials it was found in all lubricant/load con-

�gurations that NBR produced the highest friction followed by FKM and HNBR with

the lowest friction. The three di�erent materials produced widely di�erent friction val-

ues with typical steady state values for friction between 0.25 and 0.45 for NBR, 0.15

and 0.32 for FKM, and 0.05 and 0.19 for HNBR. This is believed to be in part due to
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Figure 4.5: Coe�cient of friction from Cameron-Plint tests,100 N and 150 N loads, ≈1.3 MPa

and ≈1.5 MPa contact pressures, 6 mm stroke, 5 Hz oscillation frequency, 60 minute long tests

the frequency response of the materials' elastic moduli. Due to the di�erent �llers and

chemical makeup of the materials, it is presumed that the exact location of their peak

sti�ness, on their sti�ness/frequency curve, could be di�erent. This could have caused

one material to be sti�er, with a lower friction, than the other materials at the speeds

used in these tests.

An additional explanation was thought to be that the materials had varying creep

characteristics. A higher creep rate would allow the material to compress more in the

contact region over time, thus expanding the contact area and lowering the contact

pressure. With a lower contact pressure, the contact would be more likely to be in the

EHL regime and the friction would thus be lower. However, when this theory was tested

using large samples on a tensile testing rig, the creep rates, and elastic moduli, of the

three materials were nearly identical.

Between the two base un-aged/uncontaminated lubricants used, Complex Ester and

Polyol ester, it was found that the Complex Ester provided lower friction at the higher

load. At the lower load, the di�erence in the friction characteristics of the elastomers

was much less distinct. However, as can be seen in 4.6(a), 4.6(b), and 4.7(b) the complex

ester seemed to provide a quite unstable friction level. It appears that once steady state

friction is reached, the complex ester has di�culty providing a good lubrication �lm,

allowing the contact to move toward the boundary lubrication regime on the Stribeck

curve. This e�ect deserves more investigation to further understand the precise cause of

these unsteady �uctuations in the friction.

When compared against each other, it was found that aging and water contamination

of the lubricant slightly increased or did not a�ect the friction at lower contact pres-
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(a) 100 N (b) 150 N

Figure 4.6: FKM at 100 N and 150 N loads with all lubricants

(a) 100 N (b) 150 N

Figure 4.7: NBR at 100 N and 150 N loads with all lubricants

(a) 100 N (b) 150 N

Figure 4.8: HNBR at 100 N and 150 N loads with all lubricants
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sures, whereas at higher pressures the contaminated lubricants appeared to decrease the

friction in the contact. However, at lower contact pressure, the contaminated lubricant

produces higher friction than the un-contaminated lubricant. This same phenomenon

also occurred, to a lesser degree, when the lubricant was aged and contaminated with

water.

While the di�erences in friction performance are quite stark when contaminated lu-

bricants are compared to fresh and clean lubricants, this is not certain when the two

contaminated lubricants are compared to each other. The friction values for the aged

and contaminated lubricant are slightly higher than the un-aged and un-contaminated

lubricant at the lower load. However, at the higher load, the behavior was highly depen-

dent on the elastomer with NBR and FKM showing no signi�cant di�erence in friction

with the two di�erent lubricants.

However, for HNBR, the friction di�erence was signi�cant between aged and un-aged

lubricant with the un-aged lubricant producing lower friction than the aged lubricant

by nearly a factor of two in the lower load test. This stark di�erence is believed to

be primarily caused by the contact being in the unstable region of the Stribeck curve

as one test with aged lubricant produced low friction while the other produced higher

friction as can be seen in Figure 4.8(a). The high load test yielded dramatically di�erent

results with the un-contaminated polyol ester producing greater friction than all other

lubricants.

When comparing the di�erences between the Polyol ester and the Complex ester it can

be seen that the friction at lower pressures is nearly identical, while the Complex Ester

yields slightly lower friction at higher contact pressures.

4.3.1.2 Wear Observations

While the Abrasive test machine demonstrated how wear resistant elastomers can be at

low contact pressures, as well as how easily they enter into the HDL regime by deforming

and trapping lubricant in the contact, the Optimol SRV rig demonstrated how susceptible

elastomers are to wear at higher frequencies and especially when sharp edge contacts are

present. Tests on the Cameron-Plint machine produced results between the two extremes

seen in tests on the other machines. In the Cameron-Plint machine, visible wear was

produced on the NBR specimens in almost all cases, while few FKM specimens had

visible wear and even fewer HNBR specimens were visibly worn. Wear was qualitatively

ranked, Table 4.2 on a scale of 0 to 5 with 0 being no wear and 5 being development of a

signi�cant wear scar in the center with roughness throughout the contact area. Typical

wear patterns on each of the materials is displayed in Figures 4.9, 4.10 and 4.11.

These wear results are almost completely opposite to those found in testing with the

Optimol SRV Machine. Even though the roughness of the steel cylinder was nearly

identical in the two tests, in the SRV testing, the ends of the cylinder were in contact

with the elastomer specimen. This created an edge contact that seems to have been

the primary initiator of wear in the SRV tests. Additionally, the contact geometry in
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(a) Low wear (b) Medium wear (c) High wear

Figure 4.9: Wear Characteristics of FKM when tested in the Cameron Plint Test Machine

(a) Low wear (b) Medium wear (c) High wear

Figure 4.10: Wear Characteristics of NBR when tested in the Cameron Plint Test Machine

(a) Low wear (b) Medium wear (c) High wear

Figure 4.11: Wear Characteristics of HNBR when tested in the Cameron Plint Test Machine
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Table 4.2: Wear observations from Cameron-Plint tests

100 N Load 150 N Load

Lubricant FKM NBR HNBR FKM NBR HNBR

Complex ester 1 3 0 3 5 0.5
Polyol ester 0.5 1.5 0 3 5 3
Polyol ester 5% H2O 1.5 1.5 0 0 4 0
Aged Polyol ester 5% H2O 1 2 0 1 4 0.5

the SRV tests seems to have encouraged the trapping of oil in the center of the contact,

reducing wear in the materials where the lubricant was trapped. However, similarly to the

Abrasive Test Machine tests, the sharp edge of the contact had very little lubrication,

thus allowing wear to initiate at the ends. In the Cameron Plint tests, this lubricant

trapping phenomenon seems to have been less dominant as the contact geometry allowed

for the lubricant to be ejected from the contact due to the varying contact pressure across

the contact region when the steel cylinder was stopped at the end of each stroke while the

longer stroke length allowed for fresh lubricant to enter the contact in successive cycles.

Furthermore, because each stroke was longer, than in the SRV machine, the Cameron

Plint tests produced more of a sliding motion than the SRV machine which was more

similar to a fretting contact. The fretting contact of the SRV machine, coupled with the

high frequency, seemed to perturb the initial damage done to the specimens by the sharp

edges, thus causing a rapid progression of the damage across the elastomer's surface.

4.3.2 O-Ring on Flat

Testing conducted using an O-Ring on Flat con�guration was found to provide highly

useful and repeatable results allowing for straight forward comparison of the performance

of the various elastomers when paired with the various lubricants. As can be observed

in Figure 4.12, both the wear rates and friction were lower when lubrication was accom-

plished using using the mineral base oil and a high roughness counter-surface. Primarily,

this can be attributed to the di�erence in the viscosity of the lubricants at room temper-

ature [20] combined with the high surface roughness of the steel plates. Both lubricants

were developed to provide adequate lubrication to machines at elevated temperatures.

However, the mineral oil has a less stable viscosity through it's operating range and thus

has a higher viscosity at room temperature than the synthetic ester. With higher viscos-

ity, the mineral oil was able to form a thicker �lm on the rough plates than the synthetic

ester. When the plates were polished to a surface roughness equivalent to that used

in most sealing applications, the di�erence in friction caused by the varying viscosities

was nominal. The di�erence in performance was signi�cant, with both forms of NBR

producing lower friction, and the synthetic ester yielding lower wear rates.

The response of the various elastomers to the di�erent lubricants was quite varied.
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(a) Friction

(b) Wear volume

Figure 4.12: All materials and lubricants at 100 N load, ≈1.1 µm plate roughness, 1 hour

duration, 1 Hz frequency, 3 cm/s average speed
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Extruded NBR and FKM showed rather slight di�erences between their friction and wear

rates under the two lubricants while their molded counterparts had greater variation in

their response to the two lubricants. It should be noted as well that extruded FKM

appeared to produce a slight amount of wearing on the counter-surface which was visible

to the naked eye but di�cult to distinguish using topometer or microscope. This wearing

was not clearly visible in the case of the other elastomers.
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(a) Friction

(b) Wear volume

Figure 4.13: All materials and lubricants at 100 N load, ≈0.2 µm plate roughness, 1 hour

duration, 1 Hz frequency, 3 cm/s average speed





CHAPTER 5

Discussion

5.1 Test Rigs and Arrangements

Because of their unique properties, elastomers can be quite di�cult to perform relevant

tribological testing on. This is especially true when a lubricant is added to the contact.

However, through the use of several di�erent test rigs and arrangements it was possible

to make minor adjustments to the contact dynamics to allow for both realistic tests and

repeatable results.

One primary challenge to developing a test arrangement for use with two materials of

greatly di�erent hardness is eliminating the increased pressure regions at the edges of the

contact. Throughout the test development it was found that even small stress concen-

trations due to mildly sharp edges can have a great impact on the wear of elastomers as

found in the SRV tests and early Cameron-Plint tests. Even low contact pressure tests

with the Abrasive Test Machine added to stress concentration and lubricant starvation

at the edges of the bearing rings. This was deduced from the presence of wear lines at

each edge of the contact with no wear in the center. To combat the issue of sharp edges,

test arrangements were developed that eliminated all sharp edges. Examples of this are

the steel cylinder on curved elastomer specimen and the O-ring on �at con�gurations

using the Cameron-Plint rig as well as the O-ring on bearing ring con�guration with the

Abrasive Test Machine.

The tests using the Cameron Plint machine proved to be some of the most successful

of the entire project. By isolating the friction and wear in the contact from the e�ects of

the counter-surface's edges, it was possible to perform repeatable tests on the materials.

The results for the Cylinder on Curve tests showed consistent di�erences in the behavior

of the contact with the various lubricants and elastomers, but the range of the data made

it di�cult to make certain conclusions. Conducting further testing with more detailed

33
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analysis of the friction results and worn surfaces, beyond the scope of the current study,

with this method should provide a clearer understanding of the inter-relationship between

lubricant, contaminant, and elastomer.

When the initial experience with the Cameron Plint machine was applied to tests on O-

rings in the O-ring on �at tests, the results were very useful. By heavily controlling both

contact materials and surfaces, a highly reproducable test was developed. The results

from these tests were, not only, able to uncover minute di�erences in the wear rates, but

they additionally demonstrated consistent di�erences in the run-in and friction cycles of

the materials. The key to developing this test was to heavily control the unknowns in the

experiment so as to reduce their e�ect on the results. This was done by producing all of

the steel counter-surface plates at the same time, with one continuous pass of a grinding

wheel, and controlling the O-Ring mounting using custom machined parts. Additionally,

four tests were conducted on each elastomer/lubricant combination, ensuring that the

standard deviations in the results would be quite small. Finally, in measuring and han-

dling the specimens, the same simple procedure was followed for every single test so that

any error introduced in handling would a�ect the results of all tests equally. Following

such strict testing measures allowed for the Cameron Plint machines characteristically

high accuracy to be utilized to the fullest extent possible.

While the O-ring on bearing ring con�guration failed to produce results, it is felt that

much could be learned from this con�guration if friction measurements were possible

using the Abrasive Test Machine. Otherwise, increasing the contact pressure or using a

similar con�guration in a machine with measurement capabilities could lead to valuable

insights into lubricated elastomer friction.

While they initially appeared useful, the completed results from the SRV tests were

less worthwhile than the Cameron-Plint tests. These tests did serve to demonstrate that

material properties other than the thermal degradation characteristics can play a major

role at higher temperatures and cause results contrary to those predicted by thermal

degradation properties alone. However, these added e�ects complicated the results almost

to the point of irrelevancy as the majority of the tests were conducted in the presence of

high quantities of wear material. Furthermore, the wear levels present throughout most of

the tests were well beyond the point at which a seal or component would be considered to

have "failed" in normal industrial conditions, so while the results were quite consistent,

it is di�cult to connect them to actual engineering applications. Further studies in

the relation between frequency and friction coe�cient could be conducted on the SRV

machine, though, because of the wide range of frequencies it can operate at.

Additionally, the friction results produced in the SRV machine varied greatly from

those of the Cameron-Plint machine. In the Cameron-Plint, friction force is measured

directly during each stroke by a load cell then the friction coe�cient is calculated using

the known load on the contact. An average is taken over each stroke to produce a friction

coe�cient over time. On the other hand, the SRV machine outputs 1000 data points of

results, independent of test length for a number of test measurements. However, it is



5.2. Performance of the Materials 35

unclear just how those results are produced, adding to the uncertainty. Due, in part, to

these di�erences, comparison of friction data between the two machines in these tests is

not feasible, but it seems that the Cameron-Plint rig produced the most realistic friction

values for lubricated friction.

5.2 Performance of the Materials

The testing displayed a large degree of variation in the responses from the various mate-

rials. As earlier discussed, the wear rates of the NBR and HNBR were vastly di�erent in

the SRV and Cameron-Plint tests. This is believed to be primarily due to the frequency

response and complex moduli of elasticity of the materials in the case of the Cameron-

Plint machine. Unfortunately, data for the complex moduli of the materials was not

available as it is not a property that elastomer manufacturers perform testing on for

every material due to the extent of testing required to determine the properties. Further

studies of elastomer friction should include testing of the complex modulus of elasticity

e�ects and the e�ects of surface roughness. While theoretical and some experimental

work has been done on this topic, very little has been done in terms of applying the work

to actual industrial seals. Providing methods for applying this theory could potentially

greatly improve seal performance, both wear rates and friction, through optimal surface

and elastomer pairing.

In the SRV tests, the disparity is thought to be caused by the thermal characteristics of

the materials. This is supported by information provided by the elastomer manufacturer

showing that the rebound of FKM is drastically lower than that of NBR at 26◦ and

approximately the same at 80◦. Additionally, while not tested, these di�erences could be

caused by the e�ectiveness of each material at trapping lubricant in the contact region.

If this is true, then NBR is clearly the best material at holding lubricant in the contact,

even though this also seems to be associated with higher friction (but lower wear). The

lower friction observed in the SRV tests for HNBR and FKM are believed to be partly

caused by the presence of wear particles and rolled, dough-like, forms which seem to have

acted as roller bearings, reducing the friction between the cylinder and the elastomer.

The tests using O-ring materials demonstrated quite a stark contrast between the

response of various elastomers to di�erent lubricants and surface roughnesses. From the

results in Fig. 4.12 and Fig. 4.13 it can be clearly distinguished that the Extruded NBR

produced the best performance of the group, both in friction and wear volume. When

tested with the smooth plates, the measured wear volume was technically higher than

the other materials, however, the wear in all cases was very minimal with the smooth

plates. Further tests revealed that the wear di�erences observed with the smooth plates

is most likely not actually due to wear, but instead it is due to the e�ects caused by the

di�erences in the elastomers' responses to soaking in oil and the cleaning procedure used.

This conclusion is further supported by the lack of visible wear debris in the tests with

the smooth plates.
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5.3 Performance of Oils

Di�erences in the performance of the various base oils were quite unclear due to the many

variables used in the testing. However, some distinguishment can be made in terms of

the trends observed in the results.

In the SRV testing, it was found that the POE with 5% H2O content always produced

lower friction than the uncontaminated POE and the aged and contaminated POE, and

lower friction than the complex ester in all but one test. However, this performance was

not realized in the Cameron-Plint testing in which the complex ester and uncontami-

nated POE yielded lower friction in most of the tests. Most of the Cameron-Plint tests

demonstrated as well, that there was little di�erence in performance between the two

contaminated, aged and un-aged POE's which was in stark contrast to the results from

the SRV testing in which the aged POE always yielded higher friction than the un-aged.

This most likely is a result of the more extreme testing conditions in the SRV setup which

allowed for the ageing of the oil to play a role in the friction performance.

The complex ester generally produced lower friction than the uncontaminated POE in

the Cameron-Plint testing, while the di�erence in the two oils' performance in the SRV

testing was marginal. Of note though is the behavior of the friction results. The complex

ester seems to have instigated instability in the contact, causing sharp increases in friction

to occur throughout the testing. This instability deserves further study, but if it is found

to be a characteristic of the complex ester, it should disqualify this blend of complex

ester from use as a lubricant in elastomer/steel contacts. The instability only occurred

at higher friction levels and it was not observed in any tests with HNBR. However, it

is presumable that if the testing conditions were shifted slightly, the HNBR would have

yielded higher friction and therefore could have demonstrated the same instability.

Through all of the testing, the POE demonstrated that it performed well when aged

and with contamination. Indeed, in most cases, the di�erence between the performance

of the POE with and without contamination or aging was marginal. These results help

to demonstrate the usefulness of POE under undesirable operating conditions where oil

is used to its full life and contamination is a constant threat. One of the questions that

remains is how rapidly the oil ages in conditions where contamination is an issue and

in what way contamination a�ects the aging of the lubricant. Additionally, it would be

worthwhile to compare the POE's aging characteristics to those of a mineral oil to further

validate the use of EALs in engineering applications.

From the testing with the two turbine oils, it is quite clear that in many cases, an

EAL can outperform a similar mineral oil in the same application. However, it is also

apparent that because the EAL has lower viscosity at room temperature than the mineral

oil, its performance was hindered when lubricating against rougher surfaces. Presumably

this di�erence would not be present at higher temperatures when the mineral oil and

EAL have closer viscosities. The di�erence in viscosity appears to not have played such

a signi�cant role with the lower roughness plates as there is no consistent trend for
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performance of the two oils. The results do generally show that when converting a

system to a synthetic ester from a mineral oil, care should be taken to ensure that

sealing surfaces have adequately low roughness to avoid excessive seal wear. In this case

it is interesting to note that what would normally be considered an advantage of the

synthetic ester (better viscosity stability) actually becomes a disadvantage in the case of

seals with rough counter surfaces.





CHAPTER 6

Conclusion and Future Work

6.1 Conclusion

These experiments have investigated the friction of elastomers in contact with steel when

lubricated by contaminated and uncontaminated EALs in reciprocating sliding motion.

The work was conducted using three di�erent test rigs, a Cameron-Plint reciprocating

rig, an abrasive test rig and an Optimal SRV reciprocating test rig. Due to the testing

con�guration and setup, the SRV specimens were subject to greater thermal e�ects than

experienced in the Cameron Plint tests which led to increased wear and inconsistent and

unsteady results. The tests conducted with the abrasive test rig served to demonstrate

the high durability of elastomers, but failed to provide any results that allow one to make

distinguishment between the performance of the elastomers and lubricants.

It was found that under slower speed sliding in the Cameron-Plint tests, HNBR pro-

duced the lowest friction and wear while NBR produced the highest friction and wear

with the wear in these tests originated in the center of the contact area parallel to the

direction of motion. The SRV tests resulted in quite di�erent results with HNBR pro-

ducing comparable friction and wear to FKM and NBR yielding very little wear. In

regards to lubricants, the complex ester base �uid appeared to produce lower friction,

and the contamination appeared to have very little e�ect on the friction and wear in

most cases, but �rm judgments were di�cult to make due to the variation in responses

to each elastomer.

From the later tests, it was found that the Extruded NBR produced the lowest friction

and wear of the various materials. Extruded NBR additionally showed very little variation

in its response to the two oils. Generally, the synthetic ester produced higher friction

and wear than the mineral oil when a higher roughness counter surface was used. This

phenomenon, however was to be expected because of the synthetic ester's lower viscosity
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at the test temperature, and thus was not apparent when a lower roughness counter

surface was used. These di�erences in viscosity should be taken into account when

converting to a synthetic ester from a similar mineral oil by examining sealing surfaces

to ensure that their roughness is within an adequate range.

6.2 Future Work
While this work has been able to draw some clear conclusions, there is much left to be

understood both at the more fundamental, applications based level, and at the scienti�c

level. In terms of applied research, any future work should include testing on elastomers

aged in each of the �uids as well as testing for 3-body wear characteristics, and of course

with more contamination in the lubricants. Results from this work could aid to further

make the case for conversion to EALs through industry as a whole. One very simple way

to add more value to this research would be to analyze the results from this work for the

wear-in characteristics of the elastomers as well as their stick-slip characteristics. These

phenomenons were not addressed in this work due to time constraints.

On a more purely scienti�c level, further investigation into the unsteady friction re-

sponse of the complex ester could provide illumination into the complex topic of rubber

friction and help to further understand the interaction between elastomers, lubricants,

and counter surfaces. This understanding could also be contributed to through additional

work with the frequency response of elastomers in lubricated conditions and the e�ects

produced by the materials' complex modulus.
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