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Abstract

The effect of ageing in a sweet oil environment on the tensile properties, apparent crosslink
density, CO2 diffusion and shore hardness of a typical carbon black reinforced hydrogenated
nitrile butadiene rubber (HNBR) is presented. Different ageing conditions yielded materials
with different properties, attributed to varying degrees of apparent crosslinking. These results
showed that, with increasing apparent crosslink density, tensile stiffness and hardness
increased, while CO, diffusivity and saturation swelling in chloroform decreased. The
relationships between these properties suggests that geometry independent tests (such as
solvent swelling) may be performed on parts retrieved from service in order to predict
properties (such as tensile stiffness or gas diffusion) which cannot normally be measured on
retrieved parts due to geometrical constraints.

1. Introduction
The chemical and thermal resistance of hydrogenated nitrile butadiene rubbers (HNBRs) mean

that they are often used in sealing applications, particularly in oil and gas distribution. The
mechanical, thermal and chemical resistance properties of elastomers in general, can be
tailored to suit the application by selecting suitable base chemistries, incorporating various
additives and fillers [1-8] and (for crosslinked elastomers) by applying appropriate curing
processes [9, 10]. While some general statements can be made about the relationships
between composition and performance of polymer products, it is difficult to predict behaviour
in real applications which experience complex mechanical loads in aggressive chemical
environments.

Since there is extensive history of the use of HNBR seals in aggressive subsea oil and gas
applications, there is a huge number of HNBR sealing parts which are periodically removed
during routine maintenance and, due to their low replacement cost and the time constraints
during maintenance operations, immediately discarded. While chemical analysis of these
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parts can be performed, it is difficult to extract useful mechanical information from the seals
due to the fact that seal geometries are not well suited to conventional mechanical testing
and the seals are often damaged on removal. Such mechanical information would be valuable
to validate the predictions of accelerated ageing studies commonly performed on tensile
specimens in laboratories during material development.

The focus of this paper is to present the relationships between parameters which require
specific geometries for measurement (such as tensile stiffness and diffusion characteristics)
with parameters that require much more simple geometries (Shore hardness) or are largely
independent of geometry (crosslink density). Previous work by the same authors has shown
that an aggressive chemical environment at elevated temperature and pressure can be used
in the laboratory to age HNBR specimens [11], and the main mechanism active in the ageing
of HNBR appears to be an increase in the apparent crosslink density. In a continuation of that
study, HNBR specimens which have been aged to varying degrees are now subjected to further
analyses to determine the relationship between the stiffness measurements (which require a
specific test geometry and, therefore, cannot be easily applied to retrieved seals) and
saturation solvent swelling tests (which do not require specific test geometries and so could
be applied to any retrieved parts). Additionally, as an alternative mechanical measure,
hardness measurements are performed on aged specimens to investigate the relationship
between the hardness and tensile stiffness of aged HNBR parts. Finally, the gas diffusion
properties (which, like tensile measurements, also require a large, defect free test geometry
and, therefore, not easily applicable to retrieved seals) are also investigated to show the
relationship between gas permeation and apparent crosslink density. In principle, such
relationships would allow the estimation of mechanical properties and gas diffusion
characteristics from seals retrieved from service, only by performing only a solvent swelling
test.

The results presented in this paper are from experimental techniques which may be applied
quickly and cheaply, without the need for very specialized analysis equipment, in order that
they may be applied as widely as possible. However, more advanced techniques to
characterise rubber exist such as atomic force microscopy (AFM) [12-14] to quantify surface
stiffness or nuclear magnetic resonance (NMR) spectroscopy to describe crosslink density [15-
18] although such methods do require rather specialised equipment. The well-known
Mooney-Rivlin equation could also be applied to calculate the crosslink density of filled
elastomers from mechanical data [19], although this also requires specific test geometries and
is difficult to apply to seals. In reality, it is rather complex to accurately determine the crosslink
density of a cured elastomer [20], especially one which is filled with particulate reinforcements
such as carbon black [21]. However, calculation of the real crosslink density may not be
necessary for the kind of correlations with mechanical data presented here. Of more practical
use is a quick and simple measure attained using solvent swelling, which in this paper is
termed the apparent crosslink density, and is discussed later. This apparent crosslink density
may be readily measured using only very basic equipment, and can be used to estimate the



mechanical properties of a complex part, based on prior knowledge of the relationship
between crosslink density and stiffness. Although compression set was not considered in the
work presented here, a similar correlation between compression set and crosslink density of
air aged NBR specimens has been reported previously by Morrell et al. [22].

Specifically, the solvent swelling and CO; diffusion characteristics of HNBR following ageing in
an oil simulating chemical environment under elevated temperature and pressure are
presented in this paper. In addition, the apparent crosslink densities of HNBRs in a virgin state
(i.e. as prepared), or after the chemical ageing, are calculated based on saturated swelling of
the HNBRs in an appropriate solvent. The Shore D hardness is also presented as a further
indicator of how the mechanical properties change due to the chemical ageing of the HNBR.

2. Experimental

2.1. Materials
HNBR was compounded as summarised in Table 1, using a base polymer which is 96%
saturated with 36% acrylonitrile content. The HNBR was cured in a hot press for 20minutes
at 170°C and then 4 hours at 150°C in a hot air oven to yield 2mm thick sheets from which
test pieces were subsequently produced. The inclusion of 50phr HAF N-330 carbon black (26-
30nm primary particle diameter [23]), yields a weight fraction of carbon black of 27% .

Table 1. Composition of the HNBR assessed in this paper.

Material phr
HNBR 100
Antioxidant 3
Stearic acid 0.5
Zinc Oxide 5
Magnesium Oxide 10
N-330 HAF Carbon Black 50
Plasticizer 20
Peroxide 10

2.2. Chemical Exposure (Ageing)
The procedure of exposure of HNBR samples to organic solvents at elevated temperature and
pressure has been described in detail in a previous publication [11], but will be summarized
here for completeness. The HNBR samples were placed in a hydrocarbon liquid phase
(variation classification A.1.ii) with a gas phase (variation classification A.2.i), as suggested by
ISO 23936-2:2011 Annex A, and as summarised here in Table 2. Specimens were held in a
series of purpose built titanium frames located inside the organic liquid phase (which is
immiscible with the aqueous phase) inside one of numerous titanium pressure vessels. The
pressure was raised to 100bar (~1450psi) at set temperatures for different time periods, as



summarised in Table 3. Each pressure vessel was maintained at a single temperature during
the exposure time. Different time periods were achieved by depressurizing and removing
some specimens from each pressure vessel at various time points, and then re-pressurizing
the pressure vessels with the remaining specimens inside.

Table 2. Chemical environment for exposure of specimens.

Proportion of Total Proportion of Phase

Volume
o 95% CHa
30% gas 5% CO,
10% De-ionised
water i
60% organic liquid  70% Heptane
("Test Solvent 20% Cyclohexane
Mix") 10% Toluene

Table 3. Specimen names to identify exposure conditions included in this study. All
specimens were included in swelling and hardness testing. @ Indicates specimens also
included in diffusion testing.

6 Weeks 12 Weeks

- 130°C, 12w

140°C, 6w 140°C, 12w

150°C 150°C, 3w 150°C, 6w  150°C, 12w
160°C 160°C, 3w 160°C, 6w 160°C, 12w

2.3. Test Methods
2.3.1. Swelling Behaviour of HNBR in Various Organic Solvents

The swelling ratio of various specimens was assessed as a means of measuring the apparent
crosslink density of the specimens [24]. The Hildebrand solubility parameters of the solvents
reported here are listed in Table 4. HNBR specimens were cut from virgin and exposed tensile
specimens, to give swelling specimens with a mass of 0.2+0.05g; a minimum of four replicates
of each specimen was tested. The specimens were immersed in an excess of solvent (typically
0.2cm® of HNBR in 50ml of liquid), and removed periodically, surface dried with a tissue,
immediately weighed on a microbalance and then returned to the solvent. Post-ageing
swelling tests were performed by swelling at ambient temperature and pressure. The
immersion of the swelling specimens in solvent was continued until a saturation weight had
been achieved (typically within 72 hours, but verified experimentally up to 6 months later).
The mass swelling percentage (Q) were calculated as shown in Equation 1 [25]:



Equation 1
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where Ws is the weight of the saturated specimen and Wyis the weight of the dry specimen.
All specimens were produced from the same original batch of material and, therefore,
assumed to have uniform composition and distribution of filler (i.e. carbon black). It is also
assumed that the non-HNBR component of the compound (i.e. carbon black, magnesium
oxide etc.; see Table 1) to be inert with respect to swelling behaviour. Although magnesium
oxide is reported to yield swelling effects due to hydration in HNBR [26], the 10phr MgO
present in this formulation (see Table 1), equivalent to a weight fraction of ca. 5% (volume
fraction of ca. 2%) is uniform for all specimens and ignored in the swelling calculations
presented here.

2.3.2. Shore Hardness

The Shore D hardness measurement was performed on a selection of the materials indicated
by (a) in Table 3. The samples were measured using a Bareiss automated durometer hardness
tester, following ISO 7619-1. The measurements represent the hardness at a 3 second test
time. The measurement of hardness on samples which are ca. 2mm thick is a significant
deviation from the guidance of ISO 7619-1. The dimensions of the sample are known to
influence the hardness measurement and, while the hardness values presented here are for
samples of this thickness (ca. 2mm), these would differ from measurements performed on
thicker (>6mm) specimens, since the measured hardnesses of relatively thin, soft specimens
are influenced by the platform holding the specimen. Therefore, the hardness values
presented here should be considered to be relative rather than absolute. Although HNBR
compounds are normally specified in the Shore A scale, the initial starting material was
approximately Shore 90A. Considering that the accuracy of the Shore hardness scales
decreases when measuring above 90 or below 10 [27], and the hardness of the HNBR was
expected toincrease as a result of the ageing in the chemical environment, the materials were
characterized in the Shore D scale instead.

2.3.3. CO; Permeability through HNBR

In order to assess any changes in permeability of gases through HNBR, CO, was selected as a
model gas. Selected HNBR sheets (indicated by (b) in Table 3) which had previously been
exposed to different temperatures and durations in the chemical environment described
earlier, were placed in a stainless steel high-pressure diffusion cell. The test samples had an
area of approximately 50cm? (dimensions 50 x 100mm), although the area of the sample
which is open to a porous support (24cm?) is used in the calculation of the permeability. It is
assumed that the porous support does not affect the gas flow through the sample, and no
leakage around the specimen occurs.



Automated mass flow controllers (Bronkhorst High-Tech) were used to control the gas supply
to the feed of the HNBR sheet. The temperature profile of the cell with time is shown
schematically in Figure 1. The module was heated to 80°C, with the sample in a Ny/Ar
(99.999%) atmosphere until 80°C was reached, at which point the N, was replaced with CO;
(99.95%) and the pressure increased to 3 bars. The pressure of the feed side of the HNBR
sheet was controlled with the help of a back pressure controller (Bronkhorst High-Tech). The
volume below the HNBR sheet was flushed at a constant flow rate of argon at atmospheric
pressure via a mass flow controller (Bronkhorst High-Tech) in order to remove the permeated
gases from the HNBR sheet. The CO; permeation flux was calculated from the measured CO;
concentration in the permeate using the calibrated flow of argon sweep gas. For this, the
permeate composition was monitored by a gas chromatograph (Varian Inc., CP-4900)
equipped with a thermal conductivity detector (TCD). CO; flux measurements have been
performed applying a feed pressure 20 bars, at temperatures of 80, 60 and 40°C, as shown
schematically in Figure 1. After changing the temperature, the CO> flux was left to stabilize
isothermally for 2-3 days to ensure appropriate measurement. These isothermal steps are
used to measure the steady state permeability, P, at different temperatures while the initial
breakthough of the CO; at 80°C allows measurement of the diffusivity, D. Combining these
according to Equation 2 allows the calculation of the solubility, S. It is assumed that this
additional 6-9 days at 40-80°C does not further influence the characteristics of the HNBR, as
it is not considered significant compared to the previous 12 week ageing at 140 or 160°C.

Equation 2

Figure 1. Schematic of temperature profile during permeability measurements. The relative
pressure on the feed side of the cell is increased, and (a) the temperature is raised from
ambient temperature to the first temperature level (80°C), at which point an isothermal step
is held (b) to measure the permeability. The sample temperature is then reduced to
subsequent isothermal steps 60°C (c) and 40°C (d) to capture permeability measurements at
each of the different temperatures.

3. Results and Discussion
3.1. Swelling of HNBR in Solvents

3.1.1. Swelling of virgin HNBR in various test solvents
In order to confirm the most suitable solvent to exaggerate the saturation swelling of HNBR,

virgin HNBR specimens (i.e. HNBR specimens of the same composition as shown in Table 1,
but which had not be subjected to any ageing treatment) were saturated by immersion in the
following solvents: heptane, cyclohexane, toluene, chloroform, acetone and a 7:2:1
volumetric mix of heptane, cyclohexane and toluenewhich is the test solvent mix used in the
ageing exposure. The saturation degree of swelling of virgin HNBR in these solvents is shown



in Figure 2. The solubility parameters reported in literature for each of these solvents, and a
calculated solubility parameter for the test solvent mix, are shown in Table 4.

Table 4. Solvents and Hildebrand solubility parameters applied in this research [28],
together with saturation swelling of the virgin (unaged) HNBR compound in these solvents.

Solvent Hildebrand )
s Saturation
Solubility swelling (%)
Parameter (MPa'/?)
Acetone 20.3 50.57
Chloroform 19.0 249.12
Toluene 18.2 67.08
Cyclohexane 16.8 11.17
Heptane 15.1 5.25
Test Solvent Mix:
Heptane, cyclohexane, 15.75* 10.69

toluene (7:2:1) mix
*Solubility parameter for the heptane, cyclohexane, toluene mix was
calculated by proportioning individual solvent parameters.

Figure 2. Saturated swelling (measured by mass increase) of virgin HNBR in various solvents.
The test solvent mix identified in this graph is the heptane:cyclohexane:toluene (7:2:1) mix
used for ageing in pressure vessels.

Figure 2 suggests that the solubility parameter for this HNBR is between the solubility
parameters of toluene and acetone (18.2-20.3MPa®?). In this work, it is assumed the solubility
parameter of the HNBR used here is 19.2MPa®>, i.e. the midpoint of the range mentioned and
well within the range reported in literature for similar HNBRs (17.8-20.69MPa®>[29], 17.9
MPa®>[30], 19.7MPa®>[31] and 19.9MPa®>[32, 33]). Of the solvents investigated here, it is
clear that chloroform gives the highest saturation swelling for the HNBR, and the test solvent
mix does not give a very strong swelling of this HNBR. It is interesting to note that the test
solvent mix leads to a saturation swelling in ambient pressure and temperature of 10.7% (from
Table 4), while exposure to the same solvent environment at elevated temperature and
pressure was previously shown to yield a higher saturation swelling of at least 14% [11] when
exposed in pressure vessels at elevated temperature and 100bar of pressure.

3.1.2. Swelling of aged materials in Chloroform
The swelling of aged HNBRs in chloroform was measured with a maximum (saturation)

swelling achieved after approximately 24 hours, although the specimens were also weighed
after several months to confirm the saturation was stable. Chloroform was selected since
Figure 2 showed that of the solvents considered chloroform gave the greatest swelling of
HNBR. The mass uptake over time in chloroform for selected (previously aged specimens) is
shown in Figure 3. The total mass increase due to chloroform uptake for a wider range of
specimens is shown in Figure 4. The results clearly show that increased ageing decreases later



mass uptake due to swelling in chloroform, and the lowest saturated swelling in chloroform
occurs following the combined highest ageing temperature and longest ageing time in the test
solvent mix.

Figure 3. Chloroform uptake of selected (previously) aged specimens. Note that as ageing
time and temperature increases, mass gain due to chloroform absorption decreases.

Figure 4. Mass increase due to saturated swelling in chloroform at ambient conditions of
samples previously aged in the test solvent mix. Lines join data points of equal ageing time.
The horizontal dotted line represents the saturated swelling of the virgin HNBR.

The degree of saturated swelling is frequently reported to approximate the apparent degree
of crosslinking in rubbers; a reduction in saturated swelling of a rubbery material in a suitable
solvent is associated with an increase in crosslink density [9, 22, 24, 25, 33-38]. In principle,
the molecular weight between crosslinks, M., can be determined from the network density of
crosslinking, v, from Equation 3 and Equation 4, in which I is the molecular volume of the
solvent (80.66cm3.mol* for chloroform), Vy is volume fraction of polymer in the swollen state
calculated from Equation 5. y is an interaction parameter between the solvent and the
polymer, as defined in Equation 6, in which 6s and 6, are the solubility parameters for
chloroform (19MPa®>[39]) and polymer (estimated from to be 19.3MPa°®) respectively, and
R and T are the universal gas constant (8.314 J.mol*.K'!) and absolute temperature (293K)
respectively. Since &s and & are similar in value, y is very small and so does not greatly
influence the relative calculation of v, for different specimens. Therefore, the exact values of
6s and 6, are not critical for a first approximation [25].

Equation 3
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where Vris the volume fraction of polymer in the swollen material, W,, Wcs and Ws are the
weight fractions of polymer, carbon black and solvent, respectively, in the swollen material,
and pp, pcs and ps are the densities of the polymer, carbon black and solvent, respectively. It



is assumed that the density of the polymer component p, is constant for all specimens and
affected by neither ageing nor changes in apparent crosslink density.

Equation 6
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RT

Applying Equation 3 to the results presented in Figure 4, allows a similar graph to be created
to show the apparent crosslink density, M., (the apparent molecular weight between
crosslinks), and this is presented in Figure 5. The results in Figure 4 suggest a 3.2x decrease in
chloroform saturation swelling when comparing the most aged specimens (160°C, 12w) with
the virgin specimens. Figure 5 shows an approximate 2.5x increase in apparent crosslink
density of the most aged specimens compared to virgin HNBR specimens.

Figure 5. Apparent molecular weight between crosslinks of samples previously aged in the
test solvent mix. Lines join data points of equal ageing time. The horizontal dotted line
represents the apparent molecular weight between crosslinks in the virgin HNBR.

It should be considered that the measurement of M. presented here is an oversimplification
of the real situation in a number of ways. Firstly, the swollen material is modelled as a three
phase system comprising a polymer, carbon black and absorbed solvent (see Equation 5). In
reality, Table 1 shows that the material comprises a large number of ingredients, some of
which (such as zinc oxide) will probably act rather like large inert fillers within the polymer
matrix and, therefore, probably do not contribute positively to solvent absorption. Other
ingredients, such as the commercial peroxide product used here also comprise large amounts
of inorganicfiller. Additionally, there is the possibility that some uncrosslinked groups dissolve
out the specimens during swelling, although this should only affect the virgin specimens as for
the previously aged specimens, any leaching would be expected to have already occurred
during previous ageing. These uncertainties regarding exact composition of the cured
compound lead to underestimating the solvent absorption per unit mass of polymer and,
therefore, overestimating Mc. Secondly, the presence of reinforcing fillers can greatly reduce
local molecular mobility and, therefore, can act in the same way as chemical crosslinks to
impede the three dimensional deformation required for swelling to occur [23, 40, 41]. This
could lead to an overestimation of the crosslink density. Thirdly, it is assumed that the
polymer itself does not change density as a function of crosslink density or ageing. Anincrease
in density which could result from increasing crosslinking would be expected to lead to a
decrease in calculated M. Therefore, underestimating the polymer density leads to
overestimating M.. Considering these factors, Mc is referred to here as an apparent crosslink
density, useful for comparing materials of the same composition (considering the limitations
described above) but not intended to accurately describe the real situation regarding actual
chemical crosslinks in this complex material [20].



Figure 6 shows the relationship between the saturation swelling shown in Figure 3, and tensile
modulus results of these specimens (after drying), as presented previously [11], while Figure
7 shows the relationship between apparent crosslink density as calculated using Equation 4.
A trendline shows that the log of the tensile modulus and saturation swelling or apparent
crosslink density of these specimens follow linear behaviour on these axes. This relationship
is particularly valuable as it suggests that the tensile modulus of HNBR samples could be
predicted by saturation swelling tests, even when the samples are not available in a form
suitable for mechanical testing (such as o-rings or more complex geometries). For practical
use in an industrial environment, the saturation swelling data shown in Figure 6 is probably
more useful than the calculation of apparent crosslink density shown in Figure 7, as it does
not require additional density calculations that can influence the result of Equation 3. In order
to only compare specimens which have been exposed to the test solvent mix, the virgin
specimens were not included in the creation of the trendline, although they do not deviate
greatly from it.

Figure 6. Chloroform uptake of selected (previously) aged specimens as a function of tensile
modulus. The dotted line represents a linear fit (R?=0.982, virgin material is excluded from

fit).

Figure 7. Calculated apparent crosslink density of selected (previously) aged specimens as a
function of tensile modulus (based on data presented in Figure 3, and applying Equation 3).
The dotted line represents a linear fit (R°=0.991, virgin material is excluded from fit).

3.2. Shore D Hardness

The Shore D hardness of selected specimens after removal from the ageing exposure and
subsequently dried in air is presented in Figure 8. It is clear that the hardness also increases
with increasing time and temperature of exposure to the test solvent mix. The Shore D
hardness of the virgin material is shown as the lower solid horizontal line in Figure 8. By
plotting the Shore D hardness against the log of the tensile modulus, as presented previously
[11], a relationship can be observed, as illustrated by the trendline in Figure 9. This
relationship between the log of E and Shore D hardness agrees with work presented elsewhere
[27], and shows that the Shore D hardness may be used as a predictor of tensile modulus,
although unlike the saturation swelling results shown in Figure 6, the Shore D hardness
measurement is affected by specimen geometry so may not be as readily performed on
complex geometries as saturation swelling tests.

Figure 8. Shore D hardness vs. ageing exposure time. The Shore D hardness of the virgin
material is represented by a horizontal solid line (with dashed lines representing the standard
deviation of the virgin materials).

Figure 9. Shore D hardness of selected (previously) aged specimens as a function of tensile
modulus. The dotted line represents a linear fit (R?=0.973, virgin material is excluded from

fit).



3.3. Diffusion of CO; through HNBR

The changes seen in the apparent crosslink density as a function of exposure conditions would
be expected to influence the ability of liquids and gases to permeate through the materials.
The change in permeability of selected HNBR sheets following ageing is shown in Figure 10.
As would be expected, higher experimental temperatures lead to higher permeability for all
specimens. A decrease in permeability to CO; is seen with increasing ageing time at 160°C.
Also included here is a specimen which has been aged for 12 weeks at 140°C. This
demonstrates that the change in permeability is a function of ageing time as well as
temperature, and the relationship seems to fit with apparent crosslink density rather than
only for specimens aged at 160°C. Figure 11 shows the relationship between the CO;
permeability of HNBR to the calculated molecular weight between crosslinks. Linear
trendlines are fitted to the data with extrapolation through zero permeability, showing that
for each diffusion temperature considered here (40, 60 and 80°C), the data for all the
specimens have an excellent fit, confirming that the permeability to CO; is closely related to
the apparent crosslink density derived from the maximum saturation swelling in solvents
(shown in Figure 4).

Figure 10. CO; permeability as a function of ageing time, showing a decrease in permeability
with increasing ageing time for the specimens aged at 160°C (closed symbols). Also included
is a specimen aged at 140°C for 12 weeks (open symbol), showing that specimens aged at
140°C show greater permeability than those aged at 160°C for the same duration.

Figure 11. CO; permeability of HNBR sheets as a function of the apparent molecular weight
between crosslinks. Linear trendlines for each diffusion temperature group (40, 60 and 80°C)
are fitted through the origin (R’>>0.996 in each case). As in Figure 10, a specimen aged at
140°C for 12 weeks is included, showing that specimens aged at 140°C (open symbols) show
greater permeability than those aged at 160°C (closed symbols) for the same duration.

The diffusivity of the specimens at 80°C was also measured and is shown in Figure 12. The
measurement of diffusivity and permeability allows the calculation of the solubility, which is
also shown in Figure 12. This shows that the diffusivity and permeability, and thus also the
solubility, decrease with increasing apparent crosslink density of these HNBR specimens,
meaning that the barriers properties of HNBR would be expected to increase with time in
service. This increased barrier property is positive for sealing applications, but the reduced
permeability also leads to greater risk of rapid gas decompression (RGD) damage. RGD
damage is caused as dissolved gas enters the material during pressurization but cannot
dissolve out quickly enough during rapid depressurization, resulting in structural damage
(crack formation) within the material. Therefore, the diffusivity performance of HNBR is very
relevant to subsea applications which may be subjected to pressure fluctuations during
service.

Figure 12. The diffusivity and solubility of HNBR sheets as a function of the apparent molecular
weight between crosslinks.



4. Conclusions
An HNBR compound which had been previously aged to varying degrees and, therefore,

possesses a range of apparent crosslink densities, has been investigated here. Clear
relationships have been observed between the apparent crosslink density of small specimens
and tensile stiffness, Shore hardness and CO; permeability of larger specimens.

The use of simple saturation swelling tests has been shown to yield data from very small
amounts of material which may then be used to predict the stiffness or gas permeability of
the materials from predetermined relationships. Due to the unsuitable geometry of retrieved
parts, direct stiffness or diffusion measurements would be difficult or impossible to measure
directly. Therefore, it is expected that such an approach could be a simple and effective
method to estimate the characteristics of HNBR specimens retrieved from service. Since there
are currently large numbers of standard HNBR products in service, the collection and
assessment of end-of-life parts following replacement during routine maintenance could
allow a greater understanding of real time ageing processes in these materials.
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Temperature

Time

Figure 1. Schematic of temperature profile during permeability measurements. The relative
pressure on the feed side of the cell is increased, and (a) the temperature is raised from ambient
temperature to the first temperature level (80°C), at which point an isothermal step is held (b) to
measure the permeability. The sample temperature is then reduced to subsequent isothermal steps
60°C (c) and 40°C (d) to capture permeability measurements at each of the different temperatures.



2504 | —O0— Neat Solvent Chloroform
A Test Solvent Mix
200
9
8 150
®
o
[&]
< 100
[]
%)
©
=
50
0+ Heptane
T

15 16 17 18 19 20 21
Solubility Parameter (MPa®®)

Figure 2. Saturated swelling (measured by mass increase) of virgin HNBR in various solvents. The

test solvent mix identified in this graph is the heptane:cyclohexane:toluene (7:2:1) mix used for
ageing in pressure vessels.
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Figure 3. Chloroform uptake of selected (previously) aged specimens. Note that as ageing time and
temperature increases, mass gain due to chloroform absorption decreases.
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Figure 4. Mass increase due to saturated swelling in chloroform at ambient conditions of samples
previously aged in the test solvent mix. Lines join data points of equal ageing time. The horizontal
dotted line represents the saturated swelling of the virgin HNBR.
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Figure 5. Apparent molecular weight between crosslinks of samples previously aged in the test
solvent mix. Lines join data points of equal ageing time. The horizontal dotted line represents the
apparent molecular weight between crosslinks in the virgin HNBR.
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Figure 6. Chloroform uptake of selected (previously) aged specimens as a function of tensile
modulus. The dotted line represents a linear fit (R*=0.982, virgin material is excluded from fit).
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Figure 7. Calculated apparent crosslink density of selected (previously) aged specimens as a function
of tensile modulus (based on data presented in Figure 6, and applying Equation 3). The dotted line
represents a linear fit (R>=0.991, virgin material is excluded from fit).
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Figure 8. Shore D hardness vs. ageing exposure time. The Shore D hardness of the virgin material is
represented by a horizontal solid line (with dashed lines representing the standard deviation of the

virgin materials).
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Figure 9. Shore D hardness of selected (previously) aged specimens as a function of tensile modulus.
The dotted line represents a linear fit (R’=0.973, virgin material is excluded from fit).
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Figure 10. CO, permeability as a function of ageing time, showing a decrease in permeability with
increasing ageing time for the specimens aged at 160°C (closed symbols). Also included is a specimen
aged at 140°C for 12 weeks (open symbol), showing that specimens aged at 140°C show greater
permeability than those aged at 160°C for the same duration.
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Figure 11. CO, permeability of HNBR sheets as a function of the apparent molecular weight between
crosslinks. Linear trendlines for each diffusion temperature group (40, 60 and 80°C) are fitted
through the origin (R>>0.996 in each case). As in Figure 10, a specimen aged at 140°C for 12 weeks is
included, showing that specimens aged at 140°C (open symbols) show greater permeability than
those aged at 160°C (closed symbols) for the same duration.
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Figure 12. The diffusivity and solubility of HNBR sheets as a function of the apparent molecular
weight between crosslinks.
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