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Abstract: Elastomeric seals are devices that are widely used to prevent fluid
leakage through the interface of mating parts. In this paper, we study the leak
characteristics of a representative elastomeric seal system using an
experimental setup that has been developed to measure the leak rate of gas
through an elastomer-metal interface as a function of sealing load intensity and
fluid pressure. These experiments are carried out on nitrile butadiene rubber
(NBR), hydrogenated nitrile butadiene rubber (HNBR) and fluoro-elastomer
(FKM) specimens using nitrogen gas at pressures ranging from 40 kPa to
800 kPa. The experiments revealed that the leak rate increases rapidly with gas
pressure and decreases with sealing load intensity. When leak rate was plotted
against normalised gas pressure, it was observed that all the data points fall
reasonably on one single curve irrespective of sealing load intensity and the
material. These results will be useful for further analysis in developing a
mathematical model for characterising fluid leak through elastomer-metal alloy
interfaces.
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1 Introduction

Seals are devices that are used to prevent passage of fluid through the interface of two
mating parts. Their presence can be seen in various industrial and household applications
such as those in cryogenic liquid tanks, solid rocket boosters, oil well completion
equipment, etc. Seals are made using a wide range of materials like metal alloys,
elastomers, thermoplastics, etc. Seals that are made of eclastomers are known as
elastomeric seals. Elastomeric seals have been in use for prevention of fluid leaks since
the invention of O-ring in the late half of nineteenth century (Druecke et al., 2015). Since
then, elastomeric seals have found their way into various applications in sealing liquids
and gases. Today, these seals are used to seal liquid and gaseous pressures ranging from
few kilopascals (as in airtight containers) to tens of thousands of kilopascals (as in oil and
gas production) at temperatures ranging from —200°C (while handling cryogenic liquids)
to 200°C (in sealing oil and gas production fluids) (Weitzel et al., 1960; Ito et al., 2011).
Figure 1 shows the cross-section view of a typical elastomeric seal installed to prevent
fluid from flowing out of the pressure chamber. The components of a sealing system such
as elastomeric seal, seal-envelope interface, etc., are indicated in this figure.



188 K.S.K. Sudhamsu et al.

In all the years since their invention, research on elastomeric seals has been primarily
on estimating and preventing failure of a sealing system (Gillen et al., 2003; Briscoe et
al., 1994; Mars and Fatemi, 2002; Liu et al., 2017; Grelle et al., 2017). Failure of a
sealing system (simply called ‘seal failure’ or ‘failure of a seal’ in this document) is said
to have occurred when the fluid starts to leak through the seal or through the
seal-surrounding envelope interface at a rate more than a predefined acceptable limit. In
this paper, we adhere to this definition of failure. Leak through interface of any two
surfaces can occur in different environments and loading conditions due to different
reasons and researchers have separately devised methods to predict failures in each of
these cases. For example, leakage of high pressure fluid through pipes of nuclear power
plants is studied as a crack propagation problem and the pipes are designed to leak before
breaking (Moan et al., 1990; Takahashi, 2002; Kirthan et al., 2016).

Figure 1 Elastomeric seal illustration and nomenclature (see online version for colours)
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However, leak and failure in elastomeric seal systems due to corrosive environments and
prolonged service time is studied as a material degradation problem using accelerated
aging tests (Gillen et al., 2003; Liu et al., 2017; ISO 23936-2, 2011). Again, estimation of
leak and seal failure that occurs due to a specific loading pattern known as rapid gas
decompression (RGD) is carried out using different set of techniques (Briscoe et al.,
1994; ISO 23936-2, 2011). In the next subsection, we will describe how failure of
elastomeric seals is predicted in each of the above cases. We will then look into how the
experiments that we have conducted to monitor leakage of gas through the interface
between the elastomeric sheet and the metal can help in complementing the existing
failure prediction/prevention procedures.

1.1 Seal failure due to material degradation

Seal failure due to degradation in the mechanical properties of elastomer with time is one
of the most well explored areas in elastomeric seals (Gillen et al., 2003; Liu et al., 2017,
Gillen et al., 2005; Etsion and Front, 1994). This degradation, referred to as ‘aging’, is
even faster when the seal functions at high temperatures and/or in the presence of
incompatible fluids that break the polymer chains or their crosslinks (Gillen et al., 2003;
ISO 23936-2, 2011). The life of seals in such environments is generally estimated using
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accelerated aging tests (Liu et al., 2017; Moan et al., 1990; Gillen et al., 2005) that are
conducted on the seals or on the elastomeric specimen. ISO 23936-2 (2011) is the
standard used for life estimation of elastomeric seals that come into contact with oil and
gas production media. The oil and gas production media typically consist of alkanes,
cycloalkanes and aromatic hydrocarbons along with other compounds with elements like
nitrogen, oxygen and sulphur. According to this standard, elevated fluid and environment
temperature degradation tests are conducted on elongated elastomeric specimen and the
change in a ‘representative material property’ is monitored with time. This representative
material property is the mechanical property of the material that manufacturers consider
critical for the sealing system to function. Once this property goes below the threshold,
the seal is considered to fail.

Researchers have for long performed elevated temperature degradation tests directly
on seals instead of material specimens. They considered that the contact load between the
seal and its envelope (referred to as ‘sealing load’ from now on in this paper) at a given
fluid pressure as a measure of sealing ability of the seal (Lorenz and Persson, 2009; Liu
et al., 2014; Gillen et al., 2005). As material degrades, this sealing load drops and when
this sealing load drops below a certain value (known as ‘threshold sealing load’), the seal
is estimated to leak.

1.2 Seal failure induced by loading patterns

In some very specific kinds of loading, leak can occur due to form failure of seal bodies
(Briscoe et al., 1994; Liu et al., 2014). RGD is one example of a special loading observed
in oil and gas applications where seal can develop cracks due to sudden reduction in
gaseous sealing fluid pressure (Briscoe et al., 1994; ISO 23936-2, 2011). While operating
at high pressure, the gas can diffuse and dissolve into the elastomer. When the pressure is
reduced, this gas effuses back out of the elastomer. Sudden reduction in gas pressure
induces high rates of effusion which in turn causes high tensile stresses and hence cracks
inside the seal body (Briscoe et al., 1994). These cracks compromise the structural
integrity of the elastomer and hence, its sealing ability (Grelle et al., 2017). ISO 23936-2
(2011) also discusses the qualification tests needed to be done to certify a seal material as
RGD resistant for oil and gas applications. These tests are performed on an O-ring of
predefined dimensions and depending on the size and number of cracks that the O-rings
develop during testing; the material is given a performance rating.

In both the failure prediction methods for modes of failure discussed above, we
observe that the relationships between the seal failure and the indicators of such failure
such as sealing load, number of cracks, etc., are material and geometry specific. Hence,
their seal failure prediction capability across seals of various shapes and sizes is limited.
A fundamental geometry independent approach that can relate seal failure and indicators
of such failure can complement the existing prediction techniques by overcoming this
limitation. Liu et al. (2014) attempted this by modelling the mechanics of leak through
the seal-envelope interface. The numerical model thus, developed considers that leak
would happen when the interface separates due to the pressure loading of the seal and the
envelope with the sealing fluid. To develop such models, an understanding of how leak
varies with parameters such as sealing load intensity, fluid pressure, material properties
and interfacial properties is needed. Such insight can be obtained by experiments that
allow measurement of leak as any of the above parameters are varied.
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Liu et al. (2014) conducted experiments to estimate leak of water through the
interface of hydrogel and acrylic sheets for different water pressures and sealing load
intensities. The hydrogel was placed in between two acrylic sheets and sealing load was
generated by compressing the hydrogel. The water pressure was varied up to 40 kPa at
three different compressions of 10%, 20% and 30%, in the hydrogel. The results showed
that the leak initiation pressure (smallest pressure at which leak can occur) increases with
increase in the amount of compression or sealing load intensity. Liu, then, hypothesised
that leak occurs whenever the seal loses contact with the sealing envelope.

Lorenz and Persson (2009) also conducted similar experiments to measure leak rate
of water through the interface of an annular rubber ring and a rough substrate for
different sealing load intensities and the surface roughness of the substrate at a constant
water pressure of 10 kPa. The results obtained showed exponential drop in leak rate with
increase in sealing load intensity. Some variation in leak rate with the surface roughness
was also observed.

Both Lorenz and Persson’s (2009) and Liu et al.’s (2014) experiments have given a
valuable insight and information on how seals would behave with varying input
parameters. At the same time, we also note that both performed experiments each on one
seal material only at much lower pressures than those used in many industries like oil and
gas, aerospace, automobile, pneumatic/hydraulic machinery, etc.

From an engineering perspective, we believe that, whenever possible, it is useful to
conduct fundamental experiments that are aimed at capturing the mechanics of seal
failure with sealing materials and environmental/loading variables similar to those
experienced in the application. The insight and data generated by such experiments can
be later used not only to verify the existing models but also to propose new models that
can efficiently predict failure for specific applications. Keeping this in view, we have
developed an experimental setup to study leak rate of a representative elastomeric seal as
a function of sealing load intensity and fluid pressure. These experiments are carried out
on nitrile butadiene rubber (NBR), hydrogenated nitrile butadiene rubber (HNBR) and
fluoro-elastomer (FKM) sheet specimen using N2 gas at pressures ranging from 40 kPa
to 800 kPa.

In the next sections of this paper, the experiment and its results are discussed in
detail. As discussed in this section, there is a need to relate seal failure (i.e., leak rate
being above the threshold limit) and other evaluable parameters like sealing load
intensity, fluid pressure, etc. The objective of this paper is to understand the relationship
between leak rate, fluid pressure and sealing load intensity of leak through the
elastomer-metal interface for NBR, FKM and HNBR elastomeric specimen through
experimentation.

2 Experimental details (materials and methods)

Figures 2(a) and 2(b) show the schematic of the test fixture’s cross section and the
complete setup of the experiment. The test fixture contains a top die and a bottom die
made of SS-316, an elastomeric sheet and containment seal as shown in Figure 2(a). The
elastomeric sheet is sandwiched between the top and bottom dies as shown in Figure 2(a).
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The entire assembly is compressed using a displacement controlled compression testing
machine (CTM) as shown in Figure 2(b) and gas pressure (nitrogen) is applied through
the inlet port. Sealing occurs at the interface of the top die and the elastomeric sheet as
shown in Figure 2(a). The containment seal routes the leaked gas into the leakage
measurement port. The volume of the gas that leaks through this interface in a given time
is measured and then pressure is increased. The leak volume is measured again and then
the pressure is increased for another reading. This procedure is continued until the leak
rate becomes too high to be measured (>100 ml/sec). The pressure is now bled and the
elastomer is compressed even more before the pressure is applied again for a new set of
measurements.

The entire experiment is repeated three times each time with a different sample of the
same material to check the consistency in results. These experiments were conducted on
three different elastomers namely NBR, HNBR and FKM. The NBR samples used
(®60 MM x 6 MM THK) were taken from a commercial grade 70 shore A durometer
elastomeric sheet. The FKM and HNBR samples (®#60 MM x 4 MM THK) were trade
named Technoflon manufactured by Solvey, Italy and Zeptol manufactured by Zeon,
Japan, respectively.

Figure 2 Test fixture and experimental setup (see online version for colours)

Farce/Displacement
applied using CTV

: J:'/, Compressive Load
Top Body
MNitrogen
Gasinpen : i
8 Presuures | | | Lesk g
Lol Measurement N
{
-
¢ ; .\\ =
cnm:\nmnlz" | ertalnment i
i Seal 8 B

Bottom Body

interfare [ ] Inverted
|imneriace of : Gt o 5 Graduated
Wlomerd il T Pressure Cylinder  Compression Testing Machine Flask
stoel body) '
(@) (b)
3 Results

Figures 3, 4 and 5 show how the leak rate of gas varied with applied gas pressure for the
NBR, HNBR and FKM test specimens, respectively. Each curve is drawn at a different
amount of compression and the corresponding sealing load intensity at zero pressure
(sealing load at zero gas pressure divided by the interface area) is shown by the labels
adjoining the curves. For all the three materials, we can notice that leak rate first
increases slowly and then increases rapidly with gas pressure. With sealing load intensity
at zero pressure, the leak rate decreases for all the three materials.
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Figure 3 Measured leak rates as function of gas pressure, contact pressure for each set of
measurement is shown next to the leak rate curve for NBR specimen
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Figure 4 Measured leak rates as function of gas pressure, contact pressure for each set of
measurement is shown next to the leak rate curve for HNBR specimen
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4 Discussion

In Figures 3-5, each curve can be extrapolated to intersect the x-axis. For example, in
Figure 4, when the curve with sealing load intensity at zero pressure 105 kPa is
extrapolated, it meets x-axis at 33 kPa of gas pressure. It can be understood that any
measurable leak starts at this gas pressure that corresponding to the extrapolated point
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and that this gas pressure is the leak initiation pressure. The first measurement point
(40 kPa of gas pressure in case of curve in Figure 4 with 105 kPa sealing load intensity at
zero pressure) can also be used for leak initiation pressure. However, this measurement
would depend on the limits of the measuring equipment. Therefore, extrapolation of
multiple points was used in this work as a measure of leak initiation pressure. Figures 6—8
show the leak initiation pressure as a function of sealing load intensity at zero pressure
for two samples of NBR, HNBR and FKM. It can be observed that at any given sealing
load intensity at zero pressure, FKM has a greater leak initiation pressure when compared
to HNBR or NBR. For example, at sealing load intensity at zero pressure of 360 kPa,
FKM specimen exhibits a leak initiation pressure 520 kPa while NBR and HNBR show
leak initiation pressures of 300 kPa and 340 kPa, respectively. A similar insignificant
difference between the leak initiation pressures exhibited by NBR and HNBR can be seen
at other sealing load intensities at zero pressure as well. However, we note that direct
comparison between the leak characteristics of NBR and other two material specimens
cannot be done as the thickness of NBR specimen (6 mm) is different from those of FKM
and HNBR specimen (4 mm). The differences in leak initiation pressures exhibited by
different materials may be attributed to the differences in their interfacial properties and
the details of such are to be investigated.

Figure 5 Measured leak rates as function of gas pressure, contact pressure for each set of
measurement is shown next to the leak rate curve for FKM specimen
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We note that one can select a leak threshold for failure and find the ‘failure initiation gas
pressure’ (gas pressure at which seal fails) at various sealing load intensities. Figure 9
shows failure initiation gas pressure as a function of sealing load intensity for NBR,
HNBR and FKM for a leak threshold of 20 ml/sec. It can be observed that while FKM
shows higher failure initiation pressure when compared to HNBR and NBR, NBR and
HNBR do not show significant difference in their failure initiation pressures. This is
similar to what has been observed with leak initiation pressure.
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Figure 6 Leak initiation pressure v/s sealing load intensity at zero pressure (NBR specimen)
(see online version for colours)
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Figure 7 Leak initiation pressure v/s sealing load intensity at zero pressure (HNBR specimen)
(see online version for colours)
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The gas pressures in Figures 3, 4 and 5 are normalised and the data points are
re-plotted in Figures 10, 11 and 12. For every curve, gas pressures corresponding to a
leak rate of 2 ml/sec and 50 ml/sec are linearly scaled to 0 and 1, respectively. It can be
noted from these graphs that irrespective of sealing load intensity at zero pressure, all the
points lie reasonably on the same curve. When the data points of all the three materials
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are plotted together on a single graph (as shown in Figure 13), it can be seen that all of
them lie on same curve irrespective of material. We note that while leak initiation
pressure curves characterise the material dependent behaviour of leak, the normalised
curve characterises the material independent behaviour of the same leak.

Figure 8 Leak initiation pressure v/s sealing load intensity at zero pressure (FKM specimen)
(see online version for colours)
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Figure 9 Failure initiation pressure (with leak threshold 20 ml/sec) v/s sealing load intensity at
Zero pressure
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Figure 10 Leak rate v/s normalised gas pressure (NBR specimen) (see online version for colours)
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Figure 11 Leak rate v/s normalised gas pressure (HNBR specimen) (see online version
for colours)
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At the same time, we note that such a curve can be geometry dependent if not material
dependent, and may not be useful to estimate leak in seals of different geometries. For
predicting leak and failure of seals, a robust yet simple geometry and material
independent model is required. Liu’s model is an attempt made in this direction. The
limitation of this model is that it does not consider the effects of interfacial properties
such as adhesion and roughness of seal-envelope interface on leak. The authors suggest
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that such interfacial properties can be accounted for by using well developed literature in
damage and fracture mechanics where separation at the interface can be considered
analogous to crack propagation at the interface. Once such a theory is developed, the
model can be calibrated using data from experiments such as the ones reported in this
work. This model can then be used to predict leak through the interface of seals of
different sizes and shapes such as O-rings and S-seals.

Figure 12 Leak rate v/s normalised gas pressure (FKM specimen) (see online version
for colours)
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Figure 13  Leak rate v/s normalised gas pressure (see online version for colours)
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5 Conclusions

The present paper discusses the need for experiments that can characterise leaks through
elastomer-metal interface. Although, similar experiments were already performed by Liu
et al. (2014) and Lorenz and Persson (2009), such experiments lacked in terms of the
sealing materials used, the amount of data reported and/or the number of parameters that
were varied during the experiments. Experiments thus conducted by varying both sealing
load intensity at zero pressure and fluid pressure independently using elastomeric sheets
of different materials showed that the leak rate increases with gas pressure and decreases
with sealing load intensity at zero pressure. While different materials showed different
leak initiation and failure initiation pressures, the material independent behaviour of this
leak could be obtained by normalisation of pressure. This shows that leak initiation
pressure and the flow characteristics of leak can be captured independently for a given
geometry. Similarly, it is also required to identify the geometry independent behaviour of
leak to predict failure of seals of different sizes and shapes. This can be accomplished by
modelling mechanics of leak wusing carefully designed hypothesis and more
experimentation for verification of the same.
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