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Assessing the performance of long-term elastomeric seals
By Goang-Ding Shyu, Xiaobin
Huang and Wayne Furlan
Baker Hughes

For oil and gas production, elastomeric
seals are an indispensable part of the
completion equipment. However, downhole
environments are often very challenging
to the elastomers. For example, the produced fluid may contain hydrogen sulfide
and the completion fluid may use chemicals such as zinc bromide, cesium formate
and amine inhibitors, among others.
In addition, most of the oil and gas
reservoirs have temperatures above
100°C, with some approaching 250°C.
Failure of a seal during the life of a well,
which can span 20-30 years, will result
in grave safety concerns and costly
equipment replacement, especially for
offshore wells. Therefore, screening and
long-term performance assessment are
essential in elastomeric material selection for downhole applications.
For screening and performance assessment, accelerated aging tests for life estimation, based on either the Arrhenius
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equation1,2 or the WLF time-temperature
superposition,2 are usually performed.
The candidate elastomers are aged in
autoclaves filled with the intended well
fluids, which include the produced fluid
and the specified completion fluid.
Several temperatures above the targeted well temperature are used for the
accelerated aging tests. For a given temperature, at least three aging durations
are required. Usually, nitrogen pressure
of several hundred psi, depending on the
test temperature and fluid type, is applied to the autoclave chamber to prevent
the fluid from boiling. The specimens to
be aged can be tensile test specimens, or
disks either free of constraints or compressed in test fixtures for compressive
stress relaxation (CSR) measurement.3, 4
Because of the pressure applied to prevent boiling of fluid, the continuous compressive stress relaxation test (Method A
of ASTM D6147-973 and ISO 3384-14) requires a special in-situ test fixture5, 6 and
is not discussed in this paper. For life estimation using tensile tests, several autoclaves may have to be used, with each
autoclave for a given temperature and a
given aging duration.
After aging for a specified amount of
time, an autoclave is cooled down, and
test specimens are removed for testing.
For tensile tests, the specimens are
stretched to failure, and the tensile
strength, elongation, and modulus at a
few elongations (such as 50 percent, 100
percent and 200 percent elongation, if
available) are recorded. For each measured property, the property value versus

Executive summary
Elastomeric seals used in oil and gas production have to maintain sealing
during the life of the wells, which can span 20-30 years. Long-term exposure of
elastomeric seals to severe oil and gas downhole environment inevitably leads
to degradation of elastomers. The degradation process involves not only chemical chain scission but also additional crosslinking of the polymer network.
The objective of this research is to identify a mechanical constitutive model
that can account for the effects of both chain scission and additional crosslinking during aging, investigate how to incorporate the identified constitutive
model in commercial finite element analysis software, develop test methods to
calibrate the model, and run tests and FEA to verify the model and developed
FEA methods for modeling long-term performance of elastomeric seals.
In the first paper, Tobolsky’s two-network theory was identified for use with
FEA because of its simplicity and direct correlation of the chain scission and
additional crosslinking during the aging process to the model parameters;
techniques of modeling the two-network theory using the Boyce-Bergstrom
model and the parallel rheological framework model in commercial FEA software were demonstrated.
Seal life estimation based on material properties change using accelerated
aging tests is briefly reviewed. Usefulness of the compressive stress relaxation
test for material screening is discussed.
Tobolsky used continuous tensile stress relaxation test and tensile intermittent stress measurement to obtain chain scission and additional crosslinking
for the two-network theory. CSR and compressive intermittent stress measurement are used to obtain the parameters of the two-network theory. However,
aging is conducted at high temperatures whereas CSR and intermittent stress
measurements are performed at room temperature in this study. Therefore, the
equations used by Tobolsky are modified to include thermal expansion effects.
In addition, the neo-Hookean model used in the two-network theory may not
describe sufficiently the mechanical behavior; the two-network theory is generalized using the two-term Mooney model in this study.
An NBR compound aged in air at 250°F is used to demonstrate how to obtain
the chain scission and additional crosslinking of the two-network theory using
CSR and compressive intermittent stress measurements. Compression set of
the CSR sample compares well with the prediction using the equation derived
from chain scission and additional crosslinking. For some seals such as those
used in the downhole packer, the sealing ability is related to bulk compression.
Change of bulk modulus with aging of this NBR compound is also measured.
Finally, the FEA method developed to model the two-network theory in the
first paper is applied to analysis of a downhole packer. Permanent deformation
of the seals in the packer after aging and unloading qualitatively resembles the
previous test results. Quantitative dimension comparison and modeling of the
packer with temperature cycling will be made in a future work.

Fig. 1: Property value vs. aging time at different aging temperatures.
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aging time for different temperatures are
plotted, as shown in Fig. 1.
For property degradation that follows
the Arrhenius equation,1,2 a threshold
value is chosen, and the time to reach the
threshold value for each temperature is
determined. The time to reach the
threshold value versus the absolute temperature (log time vs. 1/T) is plotted as
shown in Fig. 2. The best-fit linear curve
from the data are then used to determine
the activation energy and the “life time”
at the targeted well temperature when
the property reached the specified
threshold value. For property degradation that follows the WLF equation, a
different procedure is used to obtain the
time to reach the threshold value at the
targeted well temperature.2 Very often,
the activation energy and the “life time”
determined using different tensile properties are different. It is also unclear how
to link the tensile material property
changes with the seal performance.7
For CSR measurement, the decay of the
compressive force is recorded. After force
measurement, the specimens are put back
in the autoclave and the temperature is
raised to the aging temperature to continue the aging process. The force data at
different aging times and different aging
temperatures are processed the same way
as the tensile test data to obtain the activation energy and the “lifetime.” Conceivably, the CSR measurement can be better
related to seal performance. The CSR
method was used successfully to screen
FKM materials and eliminate O-ring
sealing failures.8
For stress relaxation tests at high
temperatures and certain chemical environments, the physical stress relaxation
may reach an equilibrium state after
some time, but the stress can continue to
drop because of scission of the load-bearing chains and crosslinks as a result of
chemical reaction. In addition to chemical chain scission, crosslinking may also
occur during chemical stress relaxation.
These additional crosslinking can result
from unconsumed crosslinking agents of
the curing process or can be the product
of the chemical oxidation reaction.9 Tobolsky used continuous tensile stress relaxation measurement and intermittent
stress measurement to study the degradation of elastomers and proposed the
two-network theory.9,10,11 For the intermittent stress measurement, a free specimen is intermittently stretched to the
same strain as that used in the stress
relaxation test; after measuring the
stress, the specimen is returned to the
stress-free state and the aging continues.
Tobolsky postulated that the additional
crosslinks occurring during aging form a
second network. If the second network is
formed at a fixed, deformed state (such as
the fixed strain state in the stress relaxation test), the additional crosslinks are
assumed not to affect the stress of the
sample held at a fixed deformation, unless
the extent of additional crosslinking is so
high as to cause volume shrinkage. In
other words, the natural state (or stressfree state) of the second network is the
state when additional crosslinks take
place, no matter whether the sample is in
a deformed or un-deformed condition.
Thus, the second network does not contribute stress during the stress relaxation
test, but adds to the stress of the intermittent stress measurement. If the number
of network chains formed for the second
network is more than the number of network chains cleaved for the original/first
network, the stress of the intermittent
measurement increases; otherwise, the
stress decreases.
For downhole seal evaluation using CSR
and intermittent compression tests, the

test specimens are immersed and aged in
fluid at high temperature and high pressure, but the stress measurement is conducted at ambient temperature and pressure. The equations used to separate the
chemical chain scission and additional
crosslinking from the two-network theory
need be modified. In addition, the neoHookean model used in the two-network
theory may not describe sufficiently the
mechanical behavior; extension of the
two-network theory to a more general
non-linear model such as the two-term
Mooney-Rivlin model is desirable.
For some seals such as downhole packers, the sealing ability is related to bulk
compression. The change of bulk modulus
with aging needs be investigated as well.

Theoretical

Assume that the responses of the original/first network and the second network resulting from additional crosslinking during aging are independent of each
other such that the strain energy W of
the material can be separated into three
parts: The strain energy of the original/
first network W1, the strain energy of the
second network W2 and the volumetric
strain energy U (Equation 1).12
In the equation, I1, II1 and III1 are the
first, second and third invariants of the
left Cauchy-Green strain tensor of the
original/first network, S1 is a state variable describing the extent of chain scission
of the first network, I2, II2 are the first and
second invariants of the left Cauchy-Green
strain tensor of the second network, and
S2 is a state variable describing the extent
of crosslinking of the second network. It is
assumed that the effects of chain scission
of the first network and crosslinking of
the second network on the volumetric
strain energy is negligible. Assume W1
and W2 follow the two-term Mooney-Rivlin
equation, and the pressure-volume relationship is linear (Equations 2-4). In the
equations, K is the bulk modulus. C1,1 and
C1,2 changes with temperature and degree
of chain scission, and C2,1 and C2,2 are
functions of temperature and degree of
additional crosslinking.
From Equations 1-4, the true stress
σ in a uni-axial tensile or compression
test is described by the following equations, where σ 1 and σ 2 are the stress
contributed by the first and the second
network, respectively (Equations 5-7).
In the equations, λ 1 and λ 2 are the
principal stretch of the first and the
second network, respectively. Let the
stress-free length of the first network be
L10 and that of the second network L 20
(Equations 8-10).
In terms of the engineering stress σeng
based on the original un-deformed and
unaged configuration is found in Equation 11. The tangent modulus is outlined
in Equation 12.
From Equations 11-12, the stress and
tangent modulus of the free and stress
See Seals, page 16
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Fig. 2: “Lifetime” estimation - log time to threshold value vs. 1/temperature.

Equation 1.

Equations 2, 3 and 4.

Equations 5, 6 and 7.

Equations 8, 9 and 10.

Equation 11.

Equation 12.
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Continued from page 15
relaxation test specimens before, during
and after aging can be calculated. The
aging test consists of the following steps:
1. At ambient temperature T0, the
specimens for stress relaxation test are
stretched/ compressed from length L 0 to
L x. The stress-free length of the first
network is L 0, so

2. Measure the stress and modulus of
the stress relaxation test specimens. Set
C2,1 and C2,2 to 0, and λ 1 to λ x in Equations 11-12 to reach Equations 13-14.
Superscript 0 on Ci, j represents the
property value before aging.
3. Raise the temperature to T. The
stress-free length of the first network
changes from L 0 to αL 0 because of thermal expansion.
Equations 13 and 14.

4. After aging for a specified period at
temperature T, C1,1 and C1,2 decreases due
to chain scission of the first network, and
C2,1 ≠ 0, C2,2 ≠ 0 because of crosslinking reaction to form the second network. The
stress-free length L20 of the second network
for the stress relaxation specimens and the
free specimens are Lx and αL0, respectively.
5. Cool down to ambient Temperature T0.
The stress-free length of the first network
returns back to L0. The stress-free lengths
of the second network for the stress relaxation specimens and free specimens become Lx / α and L0, respectively. That is:

Thermal expansion is assumed unaffected by aging.

Seals and Gaskets
6. Measure the stress and tangent
modulus of the stress relaxation specimens. Set λ 1 to λ x, λ 21 to λ x /α and λ 1 /λ 21 to
α in in Equations 11-12 to reach Equations 15-16. Superscript a on Ci, j represents the property value after aging.
7. Measure the stress and tangent
modulus of the aged free specimens at
the strain λ x (= L x / L 0). Set λ 1 to λ x, λ 21 to 1
in Equations 11-12 to reach Equations
a
a
a
a
17-18. C1,1, C1,2, C2,1, and C2,2 are obtained
by solving Equations 15-18 at the same
time. It is assumed that scission of the
original network and formation of the
second network is independent of the
state of the specimen (deformed or free)
a
a
a
a
so C1,1, C1,2, C2,1, and C2,2 are the same for
the stress relaxation test specimens and
the free specimens.
8. Measure the permanent deformation
of the stress relaxation test specimens.
a
a
a
a
After C 1,1, C 1,2, C 2,1, and C 2,2 are obtained,
permanent deformation λp can be obtained
by setting σeng to 0, λ1 to λp and λ 21 to λ x /α in
Equation 11 to reach Equation 19.
If the first and second networks follow
a
a
the neo-Hookean law, C 1,2, C 2,2 and Equations 15, 17 and 19 are simplified to
Equations 20-22. From those, Equations 23-25 can be found.

Experimental

Equations 15 and 16.

Test specimens are NBR of ASTM D395
Type II buttons13 with a diameter of 0.509
inches and a height of 0.245 inches. The
free (non-compressed) buttons and compressed buttons for CSR measurement
are aged. CSR jigs (Fig. 3) are used to
strain the specimens for CSR measurement. The compressive strain of the CSR

specimens can be varied by using metal
shims of different thickness. The thickness of the metal shims used in this study
are 0.145 inches, resulting in 14.3 percent
compressive strain (λx = 0.857) in the CSR
specimen. The contact interfaces between
the shims and the specimen are well lubricated.
After assembling specimens in the CSR
jigs, the CSR specimens are kept overnight at ambient temperature to allow
complete physical stress relaxation before
measuring the seal force and stiffness at
Day 0 (unaged). Then, the free and CSR
specimens are put into autoclaves (Fig. 4)
for aging in air at 250°F. After aging for a
specified amount of time (24, 48, 72 and
120 hours), let the autoclaves cool down
overnight and remove the specimens for
measurement at ambient temperature
with the uniaxial mechanical tester MTS
Criterion Model 43.
CSR measurement
When applying a small amount of displacement (0.004 inches) to the already
compressed sample, the stress-strain
curve with two slopes is generated (Fig.
5). The initial slope (‘system’ in the figure) results from the specimen-shim-jig
interaction. When the upper shim separates from the jig, the second slope
(‘sample’) is the response of the test
specimen only. The stress at the intersection of the two slopes is the
contact compressive stress exerted by
CSR specimen and reported as the seal
stress in this paper.
The free buttons after aging are also
loaded into jigs and kept overnight to allow

Fig. 3: (a) From left to right: two metal shims, button specimen, and test jig. (b)
Assembly schematic.

Equations 17 and 18.

Fig. 4: Specimens are aged in autoclaves with temperature and pressure control.

Equation 19.

Fig. 5: Stress-displacement curve obtained from CSR testing.
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complete physical stress relaxation. Then
the same compressive stress and stiffness
measurement for CSR specimens as stated
above is performed.
Volumetric compression test to obtain
bulk modulus
To monitor the change of bulk modulus
with aging, volumetric compression test
is done on unaged and aged free specimens. Due to compression set, CSR specimens expand in diameter and cannot be
easily loaded into the volumetric compression test fixture. Volumetric compression tests for aged CSR specimens
will be included in the future research.
Fig. 6 shows the volumetric compression test fixture. The bore diameter of the
test fixture is 0.5 inches, slightly smaller
than the diameter of the button specimens (0.509 inches). The button specimens are put in a freezer to shrink the
diameter before being inserted into the
bore of the test fixture. After the temperature of the specimen returns to the
ambient temperature, the volumetric
compression test is performed with a
plunger speed of 0.005 inches per minute.

Results

The seal stress after different aging
times for the free and CSR specimens are
listed in Table 1. The seal stresses of the
CSR specimens decrease with increasing
aging time (Table 1 and Fig. 7) while
the contact compressive stresses of the
free specimens at the same compressive
strain increase with aging time.
The compressive strain λx of the CSR
specimens is 0.857. The coefficient of
thermal expansion of the NBR compound is 177x10 -6 mm/(mm·K), so α in
Equations 15-25 is 1.0170 (= 1.0 +
177E-6*(121 – 25)). Assuming the
material follows the neo-Hookean
law, substituting the values of λx and α
and the measured seal stress σeng and
σ feng of the CSR and free specimens after 125 hours of aging in Equations
a
23-24 results in the coefficient C 1,1
a
C 1,2 for the original network and the
second network (Table 1). The coefficient C1,1 of the original network is
1.716 MPa before aging and decays to
0.952 MPa after 125 hours of aging due
to chain scission. The coefficient C 2 ,1 is
initially 0 MPa and grows to 1.578 MPa
due to crosslinking reaction during
aging. After removing from the CSR
jig, the measured height of the CSR
specimen after 125 hours of aging is
0.219 inches, so measured permanent
deformation λ p is 0.914 (=5.56/6.22).
The permanent deformation λ p predicted by Equation 25 is 0.894.
The hardness of the test specimens
before and after aging is listed in Table
2. The hardness is originally 87 durometer (Shore A) and becomes 91 and 93
after 125 hours of aging for the CSR and
free specimens, respectively.
The pressure-displacement curves of
the volumetric compression test for the
unaged and aged free specimens are
shown in Fig. 8. The slopes of the pressure-displacement curves before machine
compliance correction is 469,000 psi/inch
and 453,000 psi/inch for the unaged and
aged free specimens, respectively. Because the difference in the slopes is less
than 4 percent and within experimental
uncertainty, the bulk modulus can be
assumed unaffected by aging.
In summary, Tobolsky’s method of using
continuous tensile stress relaxation measurement and intermittent stress measurement to evaluate the two-network
theory was applied to the compressive
stress relaxation with aging at high temperatures and stress measurement at ambient temperature. Equations required to
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evaluate the coefficients of a two-term
Mooney-Rivlin equation for the two-network theory with measurement at ambient
temperature were derived. Seal stresses of
CSR and free specimens of an NBR compound were measured and the material
was assumed to follow the neo-Hookean
law. In the future research, determination
of the two-network model constants using a
single specimen with simultaneous measurement of stress and tangent modulus14,
15
and use of a more general two-term
Mooney-Rivlin model will be explored.
For a compression test, it is difficult to
eliminate completely the friction between
the test buttons and the shims. Diffusion of
oxidizing chemicals can become important
for buttons with large diameter and, as a
result, the degradation of the specimens
may not be uniform. Although it is desirable to run a tensile stress relaxation test,
a test fixture that has acceptable size (to be
placed in the autoclave with limited space),
that can keep the tensile strain during aging and allow easy stress measurement
after aging, remains to be designed.
The previously developed method to
model a general two-network theory12 is
applied to analysis of a three-element
downhole packer. The initial geometry,
the pack-off state and the unloaded state
after aging of the packing element system is shown in Fig. 9, with all metal
parts shown in grey color. The center and
end elastomeric packing elements are
assumed to follow the two-term MooneyRivlin model. The model constants before
and after aging are listed in Table 3.
The bulk modulus is 1,380 MPa (200,000
psi) and does not change with aging. The
packing element system is packed off
with 82,000 pounds of setting force.
The permanent deformation after aging and unloading are clearly seen. The
shape of the unloaded packing elements
qualitatively resembles the previous test
results. Quantitative dimension comparison and modeling of the packer with
temperature cycling will be made in the
next research work.

Equations 20, 21 and 22.

Fig. 6: (a) From left to right: 1. bottom piece; 2. rubber button; 3. plunger; 4. test
fixture (b) Assembly schematic.

Fig. 7: Seal stress vs. aging time of CSR specimens.

Fig. 8: Pressure vs. displacement curves of volumetric compression test.
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Table 3: Constants of the two-term Mooney-Rivlin model used in packer analysis.

Fig. 9: Initial geometry, pack-off state, and unloaded state of a packing element system.

Table 2: Hardness of test specimens
before and after aging.

Equations 23, 24 and 25.
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