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ARTICLE INFO ABSTRACT

Keywords: Previous research into the friction behaviour of elastomers has typically focused on the effects of velocity,
R‘fb]’_er contact pressure, counter surface and lubrication on the coefficient of friction. O-ring type elastomer seals are
Friction common in many different industries. Friction plays a critical role during the setting and in service of these
:f:rggf::;ﬁer components. An experimental O-ring friction testing rig has been developed that can measure the effects of
Experiment sliding speed and hydrostatic pressure on elastomer friction. Finite element analysis (FEA) packages can adopt

fixed friction coefficients or ones that are pressure dependent. For the latter case, the dependence of the frictional
behaviour is typically obtained from the instantaneous stress response at any given pressure and then related to
the normal force response. The friction rig described in this paper uses industry standard dimensions for the O-
ring gland, the pre-compression levels, extrusion gap size and pressure rating. The coefficient of friction is
derived by dividing the measured friction force by the normal force, which was determined using an FEA
modelling approach, as it could not be measured directly. Finally, a relationship between the frictional velocity
and surface roughness is obtained in order to provide a frequency dependent Coefficient of Friction (CoF) that is

easily translatable between surfaces.

1. Introduction

The mechanical properties of elastomers and how they change under
a hydrostatic pressure has been studied previously [1]. It is understood
that high pressure reduces the polymer chain mobility which increases
the effective elastic modulus of the material. This modulus increase can
significantly change the sealing effectiveness. But the change in stiffness
is not only pertinent to the quasi-static behaviour, it also plays a large
role on the dynamic properties and, as a consequence, on the resulting
frictional properties [7,8,14,23]. Because elastomer friction is heavily
dependent on the viscoelastic behaviour of the material, this behaviour
becomes particularly important in dynamic seals, which are subjected to
continuous frictional sliding in service.

Pressure increase for frictional studies has always taken place with a
direct load on the elastomer; this works well when the pressure range
does not cause changes in the glass transition temperature (Tg) or the
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elastic modulus of the material. However, oilfield conditions require
seals to have service pressure ratings upwards of 70 MPa [15]. Use of
regular indenters or normal forces at these pressures will cause severe
problems such as the puncturing or fracture of the sample resulting from
very large local deformations. If extreme pressures are to be applied to
the elastomer, they must be applied in heavily constrained conditions. In
practice O-ring seals are used in these high fluid pressure conditions,
which also makes them ideal for this investigation.

There are many experimental methods that can be used to obtain a
coefficient of friction (CoF) for an elastomer sliding against a contact
surface, yet high pressure conditions are not typically employed. When
it comes to large elastomeric seals, such as the ones used in the oilfield,
prototype build-and-then-test design validation methods are expensive
and slow, which means FEA techniques have become widely adopted. In
order to validate models of elastomer sliding friction under the condi-
tions of a large hydrostatic pressure, a new experimental methodology
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Fig. 1. Experimental apparatus for rubber O-ring friction under extreme pres-
sure. (a) Cut away cross-section of the novel friction rig 3D model prior to
engaging the seals. (b) After the seal has been engaged. The diagram highlights
that the full working friction rig is located inside an environmental chamber to
allow the operating temperature to be controlled.

has been developed and is reported here.

Research into the frictional behaviour of O-ring seals, whether by
industry [2] or academic research [3] does analyse the behaviour of
O-ring friction under pressure and different speeds. Typically, this ve-
locity change is not related to the surface roughness (frequency de-
pendency). Even with these changes in speed and pressure, frictional
behaviour tends to be described simply as different constant values that
change with different velocities. The intent of this paper is to check the
validity of a testing method that can describe the change in O-ring
friction with relation to surface roughness related to speed at different
pressure levels and temperatures. The method needs a liquid environ-
ment for pressurisation.

2. Materials

All O-rings used for the experiments were made using a commercial
highly filled fluoroelastomer rubber supplied by Parker (FKM 90 ShA).
The pressurised fluid was a Silicone Oil supplied by Sigma Aldrich,
which acted not only as a hydraulic pressurisation medium but also as a
lubricant. The characterisation of the mechanical properties of the
elastomer was performed using an Instron 5900R84 fitted with a 500 N
load cell. Quasi-static tension and compression tests were made using
dumbbell shaped samples and cylindrical buttons, respectively. Tensile
testing strain data was obtained with a video-extensometer to ensure
grip slippage does not influence the data acquisition. Results of stress-
strain experiments were fitted using the SEF curve fitting algorithm
within Abaqus to obtain the coefficients for the Yeoh model.

3. Experimental method

For the current work, a sleeve-piston type of rig was built that could
withstand an internal pressurisation of up to 35 MPa whilst running
friction tests as shown in Fig. 1. At these high pressures, during the
experiment, neither the normal pressures nor the contact area were easy
to measure directly, so both had to be calculated using a finite element
analysis (FEA) model.

The rig is based on a simple piston design (Fig. 1), in which the sleeve
will hold O-rings that can vary in cross-sectional diameter and
compression levels, with a rod (hollowed for ease of handling) that
varies in surface roughness characteristics. The surface profile effects on
rubber friction are well known [4-6,16] so the piston is characterised
with profilometry and analysed with a height difference correlation
function (HDC). Profilometry of the surface characteristics of the piston
was done using a Mitutoyo SJ-400 profilometer.
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Fig. 2. Piston setting tests, continuous lines represent the measured insertion
force when a single O-ring is fitted into the rig. Dashed lines shows the
measured force when both O-rings are in position. The force contribution from
the second O-ring is simply double the magnitude when a single O-ring is used.

The upper section (piston) is mobile and engages with the fixed
section (sleeve); both sections are designed to connect to Instron ' inch
female connection type. The mobile section connects to the crosshead of
the 5900R84 tension machine; this provides control of the speed for
testing (user defined in the range of 0.1-10 mm/s) and a load cell that
can read the vertical forces generated by the friction once it engages an
O-ring. The fixed section has O-ring glands that can fit two different
sized O-rings with two different compression levels (13% and 24%
nominal compression). The defined dimensions allow a compromise to
be made between ease of handling without the requirement to use any
particular lifting tools to assemble the rig, whilst ensuring that the piston
is able to safely withstand the large stresses encountered during testing.
The glands are repeated to create a sealed volume between two O-rings.
Between the two rings is located a pressure injection point which allows
the pressure between the two seals to be increased to a known level.

There is the assumption of equal contribution to the frictional forces
by both O-rings. Even with precautions, there is the risk of decentrali-
sation of the piston, which can cause damage or uneven force responses.
In order to test the validity of this assumption, tests were run at different
speeds where only one O-ring was in position and another set of tests
were done with both O-rings in place. Tests were carried out without any
form of lubricant and thus, no pressure application. Fig. 2 shows that the
assumption of basically equal contribution to friction by both O-rings is
valid; thus the final frictional value of two O-rings is equal to double the
single O-ring value. The initial setting response is slightly lower for the
second O-ring; this could be attributed to centralisation effects, with the
first O-ring correcting for the majority of any eccentricity issues that
stem from the initial misalignment of the testing equipment.

After both O-rings are fully engaged, pressurisation causes the upper
O-ring to be pushed upwards and the lower one to be pushed down-
wards. As a result of this symmetry, any direction of motion can be used
to study the frictional response since effects like extrusion or shear forces
on the O-rings will cancel each other out. For example, the lower O-ring
is sheared downwards by the pressurised fluid, which might result in a
negative contribution to the piston’s upwards movement; this is coun-
tered by the upper O-ring creating an identical but opposite shear. The
gland design and interference fit were designed to ensure that specified
compression levels could be obtained for each O-ring. When no pres-
surisation fluid was used in the test, the difference in compression levels
was large enough that two distinctly different contact pressures could be
studied. The Parker Handbook for O-rings [15] was used to specify the
detailed dimensions for the O-Ring glands and their machined surface
characteristics, such as surface roughness and tapering dimensions.

In order to avoid any form of trapped gas between the sealing
components, the sleeve was first filled with the testing fluid up to the
position of the top seal and the elastomer O-rings were placed in their
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Fig. 3. The typical force output from the friction rig can be represented in 5 distinct sections. 1: piston engagement of the first O-ring. 2: running friction forces whilst
the piston travels down the sleeve. 3: Upward forces generated by the fluid entering the pipes that lead to the overhead tank (silicone oil for this case). 4: piston
engagement with the second O-ring, the annular seal is created. 5: running friction tests that can be pressurised (this is the standard data collection region).

desired positions. When the piston was lowered, the air and excess fluid possible to maintain the strength of the piston and also to minimise the
escaped through two 8 mm holes drilled on the top part of the piston, pressure drop when using high viscosity fluids. The additional forces
which then flowed into an overhead tank at atmospheric pressure. The that would be generated as a consequence of any upwards fluid flow
tank holds the fluid while the piston is engaged and then returns it back could be accounted for using the Hagen-Poiseuille equation:

into the system when the piston ascends. The holes were as large as

O-ring test in silicone oil at 6 mm/s
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Fig. 4. Fluid resistance effects on the vertical forces that occur during the experiments. The observed force is subtracted from the total value of running friction in
order to read the elastomer friction contribution.
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where AP is the pressure differential, Q is the flowrate in the pipe, L is
the length of the pipe, 5 is fluid viscosity, and R is the pipe radius.
Clearly, increasing the radius produced the most significant way to
decrease the pressure drop (e.g. a doubling of the radius reduces the
pressure build-up by a factor of 16). The piston was fitted with two pipes
of 1.8 mm inner radius connecting to an overhead tank in order to
contain the fluid. For silicone oil testing at 20 °C, 6 mm/s vertical ve-
locity, with a length of pipes roughly 1 m long, the force increase is
calculated as 751 N. Fig. 4 shows an increase in force that is approxi-
mately 800 N, which is reasonable given the potential of additional
frictional effects inside the pipes. Silicone oil can be considered a
Newtonian fluid at this shear rate with a constant viscosity [9]. Although
equation (1) can provide a reasonable calculation for its contribution to
the vertical force, it is not used here. The raw values of fluid upwards
force are directly observed during the experiment and the additional
contribution is easily subtracted from the total vertical force observed.
Equation (1) was used specifically during the design of the rig to avoid
excessive forces from the pressurised fluid.

Fig. 3 shows a how the force varies with displacement in a typical
experiment as the cylinder is assembled. The graph is divided into
distinct 5 regions, as in Fig. 3. As the piston goes down into the sleeve, it
initially has no resistance. Once the piston reaches the O-ring, it com-
presses it to fill the gland and a large spike in the force is observed
(Region 1). After setting, the vertical force arises only from the sliding
friction of the O-Ring sliding against the rod (Region 2). Region 3 is
where fluid flowing to the overhead tank generates an additional

.z(.\')(mm)
h(x+1)

h(x)

o] x(mm)'

point the annular seal is created. Region 5 results are the ones taken for
the running friction forces as the piston is cycled up and down.

Despite a large volume of fluid being required to fill the chamber, the
amount of pressurised fluid in the gap between the O-ring seal and the
piston is slightly less than 90 ml, thus, a high capacity pump is not
required. A 35 MPa rated pump is connected to the midpoint of the
sleeve; once the seal is complete, pressurisation takes place and the
pump is set to maintain a constant pressure. Leaks can be detected by
monitoring flow, at no point were leaks observed in the pressurisation
part of the system. Motion of the piston begins once the pump flowrate is
reduced to less than 0.05 ml/min. At no point during testing was there
any indication of a leak, either by a change in flowrate or by fluid
leaking from the top or the bottom of the seal. Because oilfield pressure
ratings are typically specified in imperial units, the pressurisation occurs
with reference to values that are in hundreds of pounds per square inch
(psi). Pressure levels are as follows: atmospheric, 100 psi, 200 psi, up to
500 psi (which is in increment of 0.69 MPa), 1000 psi, 1500 psi ... 5000
psi (which is an increment of 3.45 MPa up to 35 MPa). The results are
plotted consistently throughout using SI units.

Surface roughness coefficients such as the Hurst exponent H, hori-
zontal (¢)) and vertical (£;) cut-off lengths were obtained using the
Height Difference Correlation function (HDC). This method is commonly
used for random surface characterisation such as roads [16,26,29] or
chemically abraded surfaces [10,11]. HDC function equation (equation
(2)) is presented as:

C)= < (z(x+ 1) — z(x))*>, 2

log C, (1)

il log 2

Fig. 6. Height Difference Correlation (HDC) function explained in order to determine surface parameters.
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Fig. 7. (a) mesh for the O-ring axisymmetric model. (b) setting step of the
simulation. The sleeve reference point is fixed in all directions and rotations.
The piston reference point is fixed in the X and Z direction, it moves downwards
until the seal is made.

where z is the height of the surface profile along a horizontal position x
and 1 are the horizontal distance between the points observed. The re-
sults are averaged and A is further increased. When the C(1) versus 1 is
plotted on a log-log graph, the slope of the curve before the plateau is
related to the Hurst parameter H by a factor of 2 (as is shown in Fig. 6).
Results from HDC function characterisation are presented in the
experimental results section.

4. Finite element modelling & validation

All of the FEA data presented were calculated using Abaqus v6.14.
The normal pressure response was calculated using an FEA axisym-
metric model (Fig. 5) that adopted a simple stored energy function (SEF)
approach where the rubber, a fluoroelastomer (FKM), was characterised
in both tension and compression. The Yeoh [18] model fit of the stress
strain behaviour in both tension and compression is presented in Fig. 8.
Both the sleeve and the piston were steel made and modelled as
analytical rigid surfaces because of their large difference in elastic
moduli when compared to that of the elastomer; this simplified the
model and saved computational effort. The elastomer component used

15
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hybrid elements and enhanced hourglass control. Quad shaped elements
with structured technique are used (seen in Fig. 7) and mesh size was
manually fine-tuned until no discernible differences appeared in the
results (0.04 global seed size). Implicit domain is used since the solid in
question was assumed incompressible. Two steps were used for the
simulation, the first one was to slide the piston down as the seal is fully
made, then a second one where the fluid pressure is applied on the
O-ring. Both of the steps used normal, hard contact interaction with the
rigid surfaces. Pressure-penetration interaction type was used to simu-
late the fluid pressurisation.

Contact pressure is not uniform along the O-ring surfaces (as it is
shown in Fig. 5). Elements in contact with the surface all have different
levels of contact pressure. The circular cross sectional geometry of the
undeformed O-ring model produces a maximum contact pressure that is
broadly in the middle of the contact area. In order to calculate CoF
versus pressure curves, the average contact pressure was used. This
average must match the total forces that are present in the nodes in
contact with the piston. In Fig. 5, both the individual element value for
contact pressure and then an average value over the entire contact
surface are shown. The average value is simply calculated as a function
of the Abaqus output parameter CFN1 (normal force magnitude of the
contact) over the CAREA (contact area) for the model. CFN1 is also used
to calculate the normal force of the elastomer acting against the piston.

To confirm the validity of our FEA results, a confirmation was
experimentally carried out in the form of an O-ring compression test.
Using the curve fit obtained from the uniaxial tension results, an
axisymmetric model of an O-ring of the same material was compressed
up to 25% of the nominal strain, this was then compared to the results
from a simple compression measurement on the O-ring. The instanta-
neous response was enough for the purpose of this dynamic friction
studies, since the piston will cycle up and down, the frictional response
is reversed in every half cycle, thus resetting the instantaneous response
during each stroke.

Fitting of the measured data to the Yeoh stored energy function was
performed using the data fitting algorithm in Abaqus and shows a good
fit along the entire testing range (Fig. 8). Data was obtained from uni-
axial testing in both tension and compression; for this particular case,
the Yeoh model [18] would be the ideal one due to its dependence on the
first strain invariant only. There are other, more precise variants of the
Yeoh model that can provide better fits at low strain levels [24]. After
the Abaqus curve fit, it was observed that the standard Yeoh model was a
good enough fit for this work. Yeoh model equation follows:

W:C10(11—3)+C20(11 —3)2+C30(11 _3).5 (3)

= = = Yeoh Model

Stress / MPa
haid)
- -
wv
\
o
wv
-

30—

15 4 -
Strain / mm/mm

15 2 25

UT/UC Data

Fig. 8. Uniaxial mechanical testing data with Yeoh fit.
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Fig. 9. Force vs. Compression length for the axisymmetric valida-
tion experiment.

The derived coefficients for the Yeoh model are: C;9 = 1.02 MPa, Co
= 6.75 x 1072 MPa, C3p = 3.81 x 10~3 MPa. In order to validate the
model, the compression of an O-ring made of the same elastomer was
performed. Even in a simple compression test, the different geometry of
the O-ring when compared to a test button was sufficient to provide
confidence in the model.

With the previous uniaxial tension fit, we compress the same type of
O-ring used in the rig in our validation experiment. Fig. 9 shows a good
match between the model and the experiment.

Fig. 10 shows the stress profile of the O-ring when it is compressed in
the sleeve glands and then subjected to different levels of fluid pressure.
The friction model has little effect on the normal response of the elas-
tomer at higher pressures if a pressure dependent behaviour is used. A
simple Thirion [25] model is enough to obtain consistent results. At no
point of the experiments was there leakage or breakdown of the O-ring
simply arising from the initial pressurisation. No correction for the
changes in SEF due to hydrostatic pressure was performed, since it is was
assumed that the elastomer behaviour remains largely unchanged in
terms of its stress response.

5. Experimental results & discussion

Results from piston surface profile characterisation are presented in
Fig. 11. Characterisation of the surface roughness was done in the ver-
tical direction to reflect the piston motion. There is no significant change
of surface roughness across the entire length of the piece. Raw data from
the profilometer is fitted with the HDC function and a plateau region is
identified. The Hurst parameter value for the piston is 0.7. Vertical cut-
off and horizontal cut-off lengths are 0.47 and 27 pm respectively. The
studied piston was prepared with what appears to be a smooth surface
but additional machined pistons with different surfaces and roughness
profiles could be prepared and used. All that is required is that piston
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S, Pressure

(Avg: 75%)
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diameter should be maintained to ensure that the average amount of the
precompression in the O-ring remains the same.

As expected, Fig. 12 shows that the CoF reduces with increasing
normal pressure. This is well-known and is widely reflected in the
literature [22]. The decrease with pressure is further marked under the
hydrostatic pressure conditions because silicone oil acts as a lubricant
that inhibits the elastomer chains from attaching themselves to the
surface. It is worth noting that as the pressure increases, the contact area
between the elastomer and the piston surface also increased (Fig. 10).
This relation is not directly proportional however, as the contact pres-
sure at its maximum point will increase by a factor of nearly two, whilst
the contact area only increases by 30%. This means that the adhesion
frictional contribution will not change by much even with the low vis-
cosity of the silicone oil. Still, the increase in contact area cannot be
ignored and will be more significant if no lubricant is present. The
cavities in the piston surface are filled with lubricant and stop the
elastomer from filling the cavities since the liquid is incompressible
[27].

The HDC function analysis of the profilometry data gives a value for
A = 27.5 pm for the machined piston outer sliding surface. Assuming a
constant A across the surface of the piston, we can calculate the fre-
quency of the local deformation of the rubber as V/1, where the sliding
velocity, V, is divided by this characteristic length. With this correlation,
we can talk about coefficient of friction that is dependent on frequency
rather than speed. Since rubber properties change with frequency of
deformation, then a frequency dependent CoF would be more easily
translated to different surfaces.

To calculate the actual coefficient of friction (CoF), the experimental
value of the sliding force that is extracted from section 5 (Fig. 3) for a
given sliding speed is divided by the CFN1 (the normal force obtained
using the FEA). The actual face pressure can be obtained by taking the
CFN1 value and dividing this by the FEA calculated CAREA value.
Fig. 12 highlights in red, the example values measured for 6.89 MPa of
fluid pressure, CFN1 = 9978 N, CAREA = 1496 mm?, showing an
average face pressure of the O-ring = 6.67 MPa. The effect of the sliding
velocity is also observed in Fig. 12. Since a faster movement of the piston
is equivalent to a higher frequency of deformation of the elastomer, a
stiffer response is obtained. When a stiffer response occurs, the elas-
tomer has less time to deform into the detailed shape of the micro-
grooves that are machined into the piston surface and the resulting
local deformation is decreased, causing both lower adhesion and
reduced hysteresis.

6. Conclusions

A fully functional friction test methodology that works under hy-
drostatic pressure conditions has been developed and validated. Results
are in accordance with that suggested from comparable data, where
available, from the literature. This testing approach opens up several
possibilities for characterising a wide range of behaviours and

S, Pressure

(Avg: 75%) 24.13 MPa

Fig. 10. O-ring axisymmetric model compressed with three different hydrostatic pressure values. Left to right: 0.69, 3.45 and 24.13 MPa.
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dependencies as the rig can work up to 35 MPa pressurisation and is able
to operate at high temperatures as well. The effect of surface roughness
can be investigated by machining pistons with different surface rough-
ness. Finally the O-ring size elected was an industry standard which
means a wide range of different elastomer materials are available for

further investigation as well.
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