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ABSTRACT: Oxygen permeability data, vital parameters for understanding and modeling the ther-
mooxidative degradation of polymers, have been determined for various elastomers. Using a novel
experimental setup, oxygen permeability through sheet materials was measured for elevated temperatures
up to 225 °C. Under these conditions oxygen can react with the polymer reducing the effective O2 flux.
Knowing the relevant oxidation rates makes it possible to correct the permeability measurements for
thermal oxidation occurring during permeation. A theoretical model using iterative data processing to
determine true permeability data was developed to compensate for the oxidative loss of oxygen. The
applicability to data collection and mathematical treatment for a range of materials is demonstrated. All
permeability measurements exhibit curvature for an Arrhenius plot with activation energies being highly
dependent on temperature.

1. Introduction

The performance and thermal aging of rubber materi-
als with the aim of understanding their aging charac-
teristics and developing appropriate lifetime prediction
approaches are of ongoing interest to the polymer
degradation community.1-8 A major milestone in the
mechanistic description of aging phenomena and ac-
celerated degradation studies has been the demonstra-
tion and recognition that for oxidative environments
diffusion-limited oxidation (DLO) effects at elevated
temperatures or under other rate-determining aging
conditions (photooxidation) can be highly important and
need to be considered.1-12 DLO effects can lead to
complications via nonuniform bulk property changes
and thus can misguide the various analyses used for a
comprehensive description of the degradation.2-4 Under
high-temperature aging conditions where oxidation in
the material consumes oxygen faster than it can be
supplied via diffusion (permeation), heterogeneous oxi-
dation profiles with more intense surface degradation
(oxidation) will often result.11,13 Edge effects and an
arbitrary assessment of damage or “assumed” perfor-
mance under these accelerated aging conditions can
simply lead to wrong lifetime prediction scenarios. It is
absolutely necessary to consider and understand DLO
effects when conducting accelerated aging experi-
ments.2,3 A detailed understanding of such DLO effects
and appropriate modeling requires knowledge of oxida-
tion rates and oxygen permeability at elevated temper-
atures.10,11 Sensitive oxygen consumption experiments14

have been the key to measure the oxidation rates for
many materials over large temperature ranges and have
been used for predictive purposes.1-4,14 The integrated
oxidative damage often shows nonlinear Arrhenius
behavior (based on comprehensive data superposition
methodologies), leading to major implications for life-
time prediction approaches by challenging overly opti-
mistic extrapolations when relying only on limited high-
temperature aging data.1,3,4

Oxidation rate φ and oxygen permeability P (the
product of diffusivity D and solubility S) are the two
major parameters required to describe the aging and
development of DLO profiles at elevated tempera-
tures.10,11 Low-temperature oxygen permeability data
are available in the literature for some materials.15,16

Some limited elevated temperature measurements have
been conducted, but no detailed studies of the oxygen
permeability in polymeric materials (rubbers) at high
temperatures have been reported. The major problem
when measuring permeability rates or oxygen flux is
the unavoidable complication that a fraction of the
oxygen will react with the material (oxidation) during
the permeation process itself, particularly at higher
temperatures. Any precise measurement of the total O2
flux needs to be corrected for the O2 fraction that is lost
(consumed) during its path through the material. We
are not aware of any studies that have ever considered
the complexity of oxygen permeation in oxidation-
sensitive materials such as rubbers at high tempera-
tures. This paper is an attempt to establish the basis
for such phenomena by measuring permeability rates
and correcting the data for oxidation effects. Perme-
ability measurements for a range of materials over
different temperature ranges are presented.

2. Experimental Section
2.1. Permeability Apparatus and Measurements. Oxy-

gen permeation experiments were performed on sheet samples
(thickness is material dependent) using a custom-modified
commercial Oxtran-100 coulometric permeation apparatus
(Modern Controls, Inc., Minneapolis, MN). The instrumental
setup is based on ASTM D3985-81.17 The modified permeation
chamber holding the sheet sample allows for permeation
through a disk of approximately 64 mm diameter and is
positioned in a common temperature-controlled laboratory
oven to allow high-temperature experiments. The feed gas
composition can be adjusted to any O2/N2 mixture between
100% N2 and 100% O2. The gas flow that collects the O2 after
diffusing through the sample contains ∼2% H2 (balance N2).
The actual concentration analysis relies on a reaction between
O2 and H2 utilizing a proprietary catalysis-based sensor and
thus is detected as a signal based on heat generation. As a
further modification to the commercial instrument, we have
included a bypass arrangement to quantitatively reduce the
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percentage of the gas flow that reaches the detector. This
allows for better measurements at elevated temperatures
when O2 permeation can be significant and could easily
overload the sensor unit.

2.2. Oxygen Consumption (Uptake) Measurements.
The consumption of oxygen as well as the formation of CO2

and CO during thermal aging was determined using gas
chromatography (GC). Details of this approach have been
described before, and the technique has been established as a
routine analysis.14 Known amounts of samples (sufficiently
thin to avoid diffusion-limited oxidation) were sealed at room
temperature in ampules of known volume with an initial O2

pressure calculated to give ∼15 cmHg at the relevant aging
temperature. The containers were then aged for periods of
times which led to consumption of approximately 30% of the
initial O2. This resulted in an average partial pressure during
each aging exposure of ∼13 cmHg O2, which is roughly equal
to ambient air conditions in Albuquerque. At each aging
temperature, the same sample was used sequentially to obtain
time-dependent results.

2.3. Materials. 2.3.1. Black Viton Rubber. Compression-
molded sheets (∼1.5 mm thick) of V747-75 Viton rubber were
obtained from the Parker Seal Group, O-ring division. It is a
proprietary formulation based on a hexafluoropropylene-
vinylidene fluoride copolymer in an approximately 2:1 ratio
and 15% carbon black and cured using an organic bisphenol
with an organo-phosphonium salt accelerator.18

2.3.2. Black EPDM Rubber. The EPDM (ethylene-pro-
pylene-diene-monomer rubber material)19,20 used in this
study was obtained as compression-molded sheets of ap-
proximately 1.9 mm thickness from Burke Rubber Industries.21

The formulation of this EPDM rubber, a typical commercial
product used to manufacture O-rings and seals, is 100 parts
Nordel 1440 (random terpolymer of ethylene (∼51.5%), pro-
pylene (∼45.5%), and 1,4-hexadiene (∼3%)), 5 pph zinc oxide,
2 pph Flectol H antioxidant (polymerized 1,2-dihydro-2,2,4-
trimethylquinoline), 12 pph dicumyl peroxide (40% active), 10
pph SR-350 (trimethylol propane trimethacrylate) as an ad-
ditional cross-linker, and 65 pph of carbon black (∼34%) as a
filler.21

2.3.3. Unfilled Neoprene Rubber. The neoprene (“poly-
chloroprene”) rubber material used in this study was also
obtained as compression-molded sheets of approximately 2 mm
thickness from Burke Rubber Industries. The formulation of
this neoprene rubber, again a typical commercial product,
commonly used to manufacture O-rings and seals, is 100 parts
Neoprene GN, 5 pph zinc oxide, 4 pph magnesium oxide, 2
pph Vanox MBPC antioxidant (2,2′-methylenebis(4-methyl-6-
tert-butylphenol)), 1.5 pph sulfur, 1.5 pph Altax cross-linker
(2,2′-benzothiazolyl disulfide), and 0.5 pph stearic acid. This
formulation does not include the usual ∼40% hard-clay filler11

but was thermally cured using the same procedure as normally
applied to the filled material.

2.3.4. Unfilled Polyurethane Rubber. The polyurethane
(PU) rubber investigated is a cured hydroxy-terminated
polybutadiene (HTPB)/isophorone diisocyanate (IPDI) polymer.
Samples of the uncured resins were provided by industry (Elf
Atochem and Hüls America Inc.). Both components were mixed
in a 1.0 molar reactivity ratio and include 1% Vanox MBPC
antioxidant (2,2′-methylenebis(4-methyl-6-tert-butylphenol) in
the HTPB.4 The resulting resin was thermally cured for 1 week
at 65 °C to obtain sheets of 2 mm thickness using Teflon-coated
molds to allow for removal after curing.

2.3.5. Filled Polyurethane Rubber. A filled polyurethane
binder was prepared to simulate a heavily loaded solid
propellant material. The binder was filled with 20% fine
aluminum powder and 68% KCl particles that would yield an

“inert propellant” simulating a common aluminum/ammonium
perchlorate-based system.

3. Theoretical Background

3.1. Permeability through Polymers and Elas-
tomers. Gas permeability P through a polymer film/
sheet is defined as the gas volume (reduced to normal
conditions) that passes through a polymer film of unit
thickness, per unit area, per second, and at a unit
pressure difference [cm3 (STP) cm cm-2 s-1 cmHg-1 or
cm3 (STP) cm-1 s-1 cmHg-1]. Permeability P is the
product of diffusivity D [cm2 s-1] and solubility S [cm3

(STP) cm-3 polymer cmHg-1] with common units for the
permeability constant and conversions given in Table
1.15

Permeability of O2 in polymers is normally higher
than that of N2. An approximate guideline (rule of
thumb) on expected variations in permeability (P),
diffusivity (D), and solubility (S) is given in Table 2.15

For most elastomeric polymers O2 permeability con-
stants at RT are expected to lie between ∼4 × 10-11 and
5 × 10-8 cm3 (STP) cm-1 s-1 cmHg-1. Nitrile or butyl
rubbers are expected at the lower range with natural
rubbers or EPDM in the middle and silicone rubbers at
the top of the permeability range. For semicrystalline
materials there is a considerably larger variation, and
as an example N2 permeabilities between ∼10-13 and
10-8 cm3 (STP) cm-1 s-1 cmHg-1 at RT have been
reported with fluorinated polymers, polyimides, or
polyesters at the lower range.15

Some early data on the temperature dependence of
gas permeability for some natural and butyl rubbers
were presented in Arrhenius-type log(P) vs 1/T plots.
Data were obtained over a temperature range of ∼20-
100 °C. The results showed curvature to lower Ea as T
increased for the permeability and diffusivity of N2 and
low molecular weight alkanes in natural rubbers, but
straight lines for the butyl material.22 Similar curvature
over ∼20-100 °C was observed for He and N2 perme-
ation through a nitrile and natural rubber material.23

In a more theoretical approach it was suggested that
the activation energies for diffusivity in elastomers
might be governed by segmental motion determined by
the free volume of a polymer. This analysis predicts
curvature to lower Ea’s as the temperature increases
consistent with the above experimental data.24

3.2. Oxidation Sensitivity of Polymers. During
thermal exposure oxygen will react with most polymers
leading to oxidation. The relevant oxidation rates can
be conveniently measured with sensitive “oxuptake” or
“oxygen consumption” methods. While simple measure-
ments using pressure transducers can provide some

Table 1. Permeability Conversion Factors

conversions (76 cmHg ) 101325 Pa)
cm3 (STP) cm

cm-2 s-1 cmHg-1
cm3 (STP) cm
cm-2 s-1 Pa-1

cm3 (STP) cm
cm-2 s-1 bar-1

cm3 (STP) cm cm-2 s-1 cmHg-1 1 7.5 × 10-4 75
cm3 (STP) cm cm-2 s-1 Pa-1 1333 1 105

cm3 (STP) cm cm-2 s-1 bar-1 0.01333 10-5 1

Table 2. Guidelines for Variations in P, D, and S for
Different Gases in Polymers15

gas P D S

N2 1 1 1
O2 3.8 1.7 2.2
CO2 24 1 24
CO 1.2 1.1 1.1
He 15 60 0.25
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guidance on oxidation sensitivities, a better and more
precise analytical method is gas chromatography
(GC).14,25 The advantage of this approach is that GC not
only provides data on oxygen consumption but also on
the formation of CO2 and CO during thermal aging.
Details of this approach have been described before, and
the technique has been established as a simple routine
analysis.14 Samples are progressively aged at different
aging temperature, providing time-dependent oxidation
rates. The determination of oxidation rates and, when
integrated with time, relative extents of oxidation or
total oxygen consumed has been shown to allow for
detailed superposition analyses describing the cumula-
tive thermal aging at different temperatures.1,3,4,14 This
approach has been established as a useful methodology
to aid the lifetime prediction of polymers.1,3,4,14 For all
the materials investigated in this permeation study we
have determined the appropriate oxidation rates to be
used in the numerical modeling as discussed later,
either via direct measurements or simple inter- and
extrapolations.

3.3. Theoretical Basis of Correcting O2 Perme-
ability Measurements for Loss of O2 Due to Oxida-
tion. The experimental arrangement for measuring
oxygen permeability coefficients involves clamping a
polymer sheet of uniform thickness L such that it
separates an oxygen gas flow of oxygen partial pressure
p on one side from a non-oxygen-containing gas flow on
the opposite side. At equilibrium, a certain amount of
oxygen will permeate through the sample thickness and
will be detected on the opposite side. The rate of oxygen
flowing through the material thickness is used to
estimate the oxygen permeability coefficient. For con-
venience, we will assume that thickness is in the
x-direction and that x ) 0 corresponds to the surface
exposed to oxygen and x ) L represents the side exposed
to no oxygen flow. In normal circumstances where
reaction of oxygen in the sheet during the permeation
is unimportant, Fick’s first law states that Fx, the
oxygen flux in the x-direction per unit area in unit time,
is proportional to the oxygen concentration gradient,
that is

where D is the oxygen diffusion coefficient through the
material and [O2(x)] represents the oxygen concentra-
tion at location x. Under the measurement conditions
described above, when steady state occurs

where [O2(0)] is the oxygen concentration at the oxygen-
exposed surface of the sample. From Henry’s law, [O2-
(0)] is given by the product of p the oxygen partial
pressure at the surface and S the solubility coefficient
for oxygen in the material. Combining this with eq 2
and noting that the permeability coefficient P is the
product of D and S leads to

In the absence of reaction under steady-state conditions,
the flux Fx will be constant and independent of x-
position or cross-sectional location. In other words, the

steady-state oxygen concentration profile must be a
straight line connecting the oxygen concentration [O2-
(0)] at x ) 0 with [O2(L)] ) 0 as shown by the solid line
(curve 1) in Figure 1.

When oxidation is important, the oxygen flux will not
be constant across the cross section since internal
reaction implies that the flux (slope) entering the sheet
must be greater than the flux (slope) exiting toward the
detector. Thus, typical oxygen concentration profiles at
steady state in such instances might be given by the
solid curves (2 and 3) shown in Figure 1. From an
experimental point of view, the detector will sense the
flux exiting the sheet; this is represented for curve 3 in
Figure 1 by the exit slope shown as the dashed line. In
such cases the flux measurement will lead to incorrect
values for P unless the measured flux is corrected for
reaction effects. Modeling such corrections requires
combining diffusion effects using Fick’s law with chemi-
cal reaction expressions.26,27 A very useful expression
for the rate of oxidation of polymers was first derived
in the 1950s28-30 using the so-called basic autoxidation
scheme (BAS) that involved an oxidation scheme en-
compassing three bimolecular termination reactions.
The rate of oxidation was given by

concentration profile through material of thickness L
without and with loss of O2 due to oxidation reactions.
These modeling examples shown as curves 1, 2, and 3
relate to the neoprene material further discussed in
section 4.4.

The constants C1 and C2 represent expressions in-
volving the rate constants appropriate to the BAS
bimolecular reaction scheme. We have shown previously
that eq 4 also holds for other common variants of the
BAS scheme, including unimolecular termination10 and
unimolecular termination in the presence of hydro-
peroxide branching reactions.11 Since oxidation behavior
consistent with eq 4 has been observed for many
polymers,4,5,10-12,18,31 we will model the reaction-
modified permeation experiment utilizing this expres-
sion for the oxidation rate. Under steady-state condi-
tions, the appropriate equation combining diffusion

Figure 1. O2 concentration profile through material of
thickness L without and with loss of O2 due to oxidation
reactions. These modeling examples shown as curves 1, 2, and
3 relate to the neoprene material further discussed in section
4.4.

φ )
d[O2]

dt
)

C1[O2]

1 + C2[O2]
(4)

Fx ) -D(∂[O2(x)]
∂x ) (1)

Fx )
D[O2(0)]

L
(2)

P ) Fx
L
p

(3)
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with reaction then becomes12,26

Using the following normalized variables for the x-axis
and the oxygen concentration

Equation 5 can be rearranged to the following expres-
sion

where the parameters R and â are given by

Equations 7 and 8 have been derived previously to
examine diffusion-limited oxidation effects for polymers
having planar geometry11,12 where R and â are also
related to the oxidation rate via eq 9.11,12

The solution approach involves dividing the interval
X into k segments δX of equal length 1/k giving k + 1
points jδX (j ) 0, 1, 2,..., k). Calculating the oxygen
concentration profile θj involves solving the following
set of k - 1 simultaneous equations12

where j ) 1, 2, 3, ..., k - 1. Since the oxygen concentra-
tions at both sample surfaces are known (θ0 ) 1 and θk
) 0 for the permeation sample), there are k - 1
equations and k - 1 unknowns (θ1 through θk-1),
allowing the unknowns to be evaluated by an iterative
approach using eq 10. Previous uses of this approach
utilized the derived oxygen concentration profiles to
calculate the oxidation rate profiles from eq 4 to
determine the importance of diffusion-limited oxidation.
In the present application, however, we are concerned
over the reduction in flux caused by oxidation reactions
occurring in the permeability sample. Therefore, we are
interested in the oxygen flux on the nitrogen-flowing
side of the sample that is given by the slope of the
oxygen concentration at this surface. For large enough
values of k (we model using k ) 50), this slope, defined
as F (flux reduction factor) is given by

Since normalized variables will lead to a slope of unity
when reaction is unimportant, F represents the reduc-
tion in permeation flux caused by the reaction. Modeling
results for the reduction in flux caused by reaction are
shown in Figures 2 and 3 as a function of the variables
R and â.

3.4. Iterative Solution To Obtain Corrected High-
Temperature Permeability. We have developed an
iterative approach to determine the real permeability
(corrected) when some O2 is lost due to oxidation at
higher temperatures. Our iterative data analysis re-
quires knowledge of the oxygen consumption rate at the
measurement temperature and a value for âair, a factor
that combines rate constants, solubility, and O2 partial
pressure (see eq 8) and which essentially describes the
sensitivity of oxidation rates on O2 pressure.11 First of
all, the instrument detector will deliver a signal which
when multiplied with an instrumental constant kI
(relating the detector signal to oxygen flux) gives the
O2 flux in cm3 (STP) s-1 cm-2 of disk area. The apparent
permeability Papp (uncorrected for reaction) is given as
the product of kI times the experimental flux times the
sheet thickness L (cm) divided by the oxygen partial
pressure differential across the sample ∆p (cmHg).

The atmospheric pressure in Albuquerque is ∼63 cmHg,
implying that ∆p will be given by the percentage oxygen
flowing on one side of the sample times 0.63 cmHg. For
a simple permeability measurement (as discussed in
Figure 1 where [O2(L)] ) 0) ∆p thus equals the oxygen

D
∂

2[O2(x)]

∂x2
)

C1[O2(x)]

1 + C2[O2(x)]
(5)

X ) x/L θ )
[O2(x)]

[O2(0)]
(6)

∂
2θ

∂X2
) Rθ

1 + âθ
(7)

R )
C1L

2

D
â ) C2[O2(0)] ) C2Sp (8)

φL2

pPO2

) R
1 + â

(9)

θj-1 )
Rθj(δX)2

1 + âθj
+ 2θj - θj+1 (10)

F ) ∆y
∆x

)
θk-1 - θk

1/k
) θk-1k (11)

Figure 2. Model relationships between F and R for different
values of â.

Figure 3. Model relationships between F and â for different
values of R.

Pexp )
kI × detector signal × L

∆p
(12)
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partial pressure (pO2) in the oxygen-exposed side of the
sample. The actual value of the permeability will be the
apparent value divided by the flux reduction factor Fi
(Figures 2 and 3) or

In our iterative procedure, we initially assume no
correction so that our initial estimate (i ) 1) is Fi ) 1.
To obtain the values of R and â needed for correcting
the permeability for reaction, we require oxygen con-
sumption results φ (units of mol/(g s)) at the tempera-
tures of interest to the permeability measurements.
These are obtained using a technique that has been
described in detail in previous publications.1,14 The â
value depends on âair, which needs to be experimentally
determined or often can be estimated for the material
analyzed. For example in previous studies we have
found that âair for many elastomers under air-aging
conditions ranges between ∼0.5 and 5. Also, as will be
shown below, the corrections for reaction are relatively
insensitive to values of âair in this range. Since â is
linearly proportional to the oxygen partial pressure (eq
8), values of âx% corresponding to x% O2 will be given
by

Equation 9 can now be used to estimate the initial value
of R from

where F is the density of the sample in g/cm3. Using
the values of R and â obtained from eqs 14 and 15 leads
(Figures 2 and 3) from the theory to an improved value
of Fi (i ) 2), which is then used in eq 13 to get an
improved value of Pi to use in eq 15. After a few
iterations, the results converge to give the corrected
value of the oxygen permeability.

4. Oxygen Permeability of Different Rubbers
We present detailed permeability measurements ob-

tained over a wide temperature range for different
materials and at different O2 partial pressures. Some
materials show significant complications at the higher
temperatures with oxidative reactions reducing the
observed permeability. In general, whenever identical
permeability data are obtained, independent of the O2
partial pressure used for the experiments, oxidative
reactions will be insignificant. A variation in perme-
ability data for different O2 partial pressures is an
immediate indication of important oxidation reactions.
In this case, the modeling scheme outlined above should
reduce the different data to only one permeability (the
material property P) at any given temperature. A
consistent permeability result is in itself compelling
evidence for the applicability of the model. When the
reduced flux approaches ∼10% (i.e., 90% reduction in
O2 flux due to oxidation), internal error margins in the
mathematical treatment will increase and corrections
would be too ambitious.

4.1. Oxidative Degradation (Material Changes)
during Permeation Measurement. Recognizing that
oxidation reactions at elevated temperatures will result
in complications for permeability measurements im-
mediately raises an important concern. Oxidative deg-
radation during the experiment may in fact be suffi-
ciently important, leading to significant material changes,
which in turn could result in any permeability measure-
ments not indicating the true material property but
rather the permeability of an oxidized elastomer. This
situation could be further complicated by DLO condi-
tions where oxidative degradation is inhomogeneous,
and material changes could develop faster near the
oxygen-exposed surface. Obtaining meaningful perme-
ability coefficients in this case would be virtually
impossible. Therefore, experimental conditions need to
be selected where the possibility of oxidation itself
leading to changes in the material’s oxygen solubility
and/or diffusion coefficients has to be minimal.

Experimental conditions were chosen such that little
oxidation occurs during the permeability measurements.
The experimental procedure involved waiting at each
measurement temperature until a steady-state flux was
obtained. At high temperatures where oxidation effects
become important, the high permeability values resulted
in steady-state conditions being achieved in typically
less than 1 h. The usual procedure was to obtain this
“1 h” measurement, then wait, and take another mea-
surement after another hour. The results from such
time-dependent measurements were always very simi-
lar, showing no time dependence for all materials
studied except at the highest temperature for the
polyurethane (section 4.5). If important oxidation effects
were occurring, one would expect the flux to change with
time (extent of oxidation). Another approach to assess
the issue of oxidative material changes both during and
after the experiments is based on a comparison with
thermooxidative damage in other properties. After the
permeability experiments were completed, it was pos-
sible to compare the time scales required for the high-
temperature measurements with time-dependent deg-
radation data (e.g., tensile elongation, modulus, density)
to further confirm that the measurements were com-
pleted before any significant degradation occurs in the
material. Below are a few examples to substantiate our
claims that permeability measurements on the chosen
materials are taken when no changes in mechanical
properties, and therefore significant oxidative damage,
have occurred. Similarly, if significant oxidative changes
occurred during the experiments, then the measure-
ments should also depend on the thickness of the
elastomer specimen. No differences between a 1 or 2 mm
thick sheet were observed. Obviously, at very high
oxidation rates (i.e., the highest temperatures investi-
gated) it will be advantageous to use thinner films to
minimize overall loss of O2 in the material. This could
enable some measurements that may not be possible
on thicker materials.

For the Viton elastomer the oxidation rates are so low
in any case that the oxygen flux for permeability
measurements is not even affected. Mechanically, this
material does not change. The data immediately yield
true permeability. Model corrections are not required.
For the EPDM material, the corrections in permeation
occur in the temperature range of ∼155-175 °C. Below
are plots (Figures 4 and 5) demonstrating the measured
changes at 155 and 170 °C for the elongation, density,

Pi )
Papp

Fi
(13)

âx% )
âair × x% O2

20.95%
(14)

Ri )
φ(âx% + 1)L2 × 22400F

Pi∆pO2

(15)
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and modulus that clearly show that, during the time
required to obtain the permeation results (hours at
most), little overall oxidative degradation occurs. No
changes are expected to occur in the solubility or
diffusion coefficient that could negatively affect perme-
ability.

The neoprene material was analyzed with perme-
ability fluxes corrected at temperatures from 95 to 125
°C. At the maximum temperature of 125 °C, it requires
days before some limited modulus changes are observed
(see Figure 6). Permeability measurements were taken
over a few hours.

The only material and experimental condition, where
some evidence of oxidation level dependent permeability
measurements in this study were observed, are for the
polyurethane material at the highest temperature, as
discussed in section 4.5. In this case, measurements
were taken up to 115 °C and were found to depend on
the exposure time at this temperature, indicating that
oxidation effects at this condition are important enough
to cause changes in the short-term oxygen flux. This is
the only example where it was apparent that thermal
degradation had a minor effect on the permeability. A
useful measurement could still be obtained via extrapo-
lation of time-dependent data to time zero.

4.2. Viton. The O2 permeability through a commercial
black Viton material was analyzed from RT to ∼225 °C.
The apparent permeability data (uncorrected for pos-
sible oxidation effects) for different relative O2 partial
pressures (air, 50%, and 100%) are shown in Figure 7
and yield identical permeability at all the temperatures
investigated for each O2 partial pressure. This material
has a relatively low permeability at the lower temper-
atures, consistent with the current data on fluorinated
materials.15 No effect of O2 partial pressure is apparent
for the high-T data, suggesting unimportant oxidation
effects as expected for a highly fluorinated material. Of
interest is to note the significant curvature in the
Arrhenius plot of the permeability vs inverse temper-
ature data consistent with earlier literature and model-
ing results.22-24

4.3. EPDM. The O2 permeability for a commercial
black EPDM material was analyzed from RT to 175 °C.

Figure 4. Changes for the EPDM material during thermal aging at 155 °C.

Figure 5. Changes for the EPDM material during thermal aging at 170 °C.

Figure 6. Hardening changes for the neoprene material
during thermal aging at 125 °C.
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The apparent permeability data were measured for
different O2 partial pressures (10.5%, air, and 50%), as
shown in Figure 8a. Permeability values with important
dependence on % O2 are observed only for temperatures
above ∼150 °C. At the highest temperatures we see
evidence for a maximum in the apparent permeability
and an O2 partial pressure dependence with the lowest
O2 concentration of 10.5% yielding the lowest perme-
ability. These observations suggest that not all of the
available oxygen reaches the detector. Using previously
measured data for the oxidation rates31 allows to correct
the apparent permeability for oxidative loss with the
iterative approach discussed above. Each individual
data point for the higher temperatures was corrected
with the resulting corrected permeability values shown
in Figure 8b. Lacking the precise value, we used âair of
1 for the EPDM as a variable in these calculations. We
will show for the next material (neoprene rubber) that
iterative corrections are relatively insensitive to varia-
tions in âair. All corrected permeability data now follow
a single trend (Figure 8b), and permeability at the
highest temperatures is larger than what the noncor-
rected data would suggest (Figure 8a). The EPDM
material has an O2 permeability (P) of ∼2 × 10-9 cm3

(STP) cm-1 s-1 cmHg-1 at 25 °C in the range expected
for such materials.16 In agreement with our measure-
ments for the Viton material, we also observe a curva-
ture in the Arrhenius plot of corrected permeability vs
inverse temperature.

4.4. Neoprene. The O2 permeability for an unfilled
(no clay filler) neoprene rubber material (polychloro-
prene elastomer) was measured from RT to 135 °C. The
apparent permeability data for different O2 partial
pressures (10.5%, air, 50%, and 100%) are shown as
obtained in Figure 9a. Depending on the chosen O2
concentration, different permeability results are ob-
served at temperatures of 60 °C and above. Lower O2
concentrations yield lower apparent permeability, and
most importantly we observe a maximum in the ob-
served permeability at ∼105 °C with a pronounced
reduction in Papp when carrying out measurements at
even higher temperatures (Figure 9a). This is clearly a
situation where the permeability is influenced by im-
portant oxidation effects. Most of the available oxygen

is consumed during the permeation process, and a crude
estimation (extrapolation of low-T data) of the actual
O2 flux at the highest temperature (135 °C) indicates
that on the order of only ∼10% of the O2 may reach the
detector. The reduction in Papp is much more pronounced
than that observed for the EPDM sample.

Again, using previously measured data for the oxida-
tion rates5 and the same iterative approach provides the
basis to correct the permeability for oxidative loss. Each
individual datum point for the higher temperatures was
corrected for oxidation leading to the data shown in
Figure 9b. For these permeability corrections we used
a âair of 0.7, which was previously found to be appropri-
ate for a filled neoprene.11 However, further modeling
calculations demonstrated that the corrections are
rather insensitive to âair over the range of reasonable
values of âair (0.2 < âair < 2). This is apparent in Figure
9b where even at the highest temperature analyzed
(∼125 °C) there is only a small variation over the range
of âair values. It was not possible to correct the original
measurements taken at ∼135 °C, since the actual O2
flux is too low (e10%) for the iterative correction process
to deliver a reasonable number. Such low fluxes may
represent the limit for the modeling. In summary, all
permeability data superpose to a single curve (the data
in Figure 9b represent the averages obtained from the
different O2 concentrations), and the corrected perme-
ability P at the higher temperatures is considerably
larger than the noncorrected apparent data as shown
in Figure 9a. The neoprene has an O2 permeability of
∼4 × 10-10 cm3 (STP) cm-1 s-1 cmHg-1 at ambient
temperature, considerably lower than the EPDM mate-
rial. Curvature in the corrected permeability P vs
inverse temperature data is also apparent.

The corrected experimental permeability data deter-
mined for this material served as the basis to model the
schematic O2 profiles presented earlier in Figure 1.
These curves were modeled using measured oxidation
rates (φ),5 corrected permeability data P, âair, and R
values calculated using eq 15, with the modeling
parameters for the three curves summarized in Table
3. They demonstrate the expected equilibrium condi-
tions in a 2 mm thick neoprene material for different
experimental conditions (see Figure 1).

4.5. PU Binder. The O2 permeation for an unfilled
polyurethane material (HTPB/IPDI based) was analyzed
from RT to 115 °C. This material is used as a binder
for inorganic-based propellants, and its aging in terms
of oxidative degradation is of interest in current stud-
ies.4,32 As before, experiments were carried out for
different O2 partial pressures (10.5%, air, 50%, and
100%) with the apparent results (Papp) shown in Figure
10a (data as measured). Similar to the neoprene sample,
we observe a dramatic decrease in apparent perme-
ability at temperatures larger than ∼85 °C. This
represents another nice example of a material where
oxidation at elevated temperatures is considerable, and
appropriate corrections for oxidative loss are required
to yield meaningful permeability data. Oxygen con-
sumption rates for this material have been determined
in great detail, and extensive consumption rate vs O2
pressure measurements resulted in the determination
of âair as ∼10 for this material.4,32

Using the known oxidation rates, our iteration process
yielded the corrected permeability data shown in Figure
10b. Initial corrections, however, resulted in lower than
expected data that did not seem to follow the same

Figure 7. Permeability of O2 measured at various O2 partial
pressures through a Viton sheet sample measured at temper-
atures of up to ∼220 °C. No corrections for oxidation are
necessary.
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trends as observed for the other materials. We found
that this material is somewhat unusual in that cumula-
tive oxidation (total extent of oxidation) has an impor-
tant impact on permeability itself (damage- or aging-
dependent permeability as discussed in section 4.1).
Oxidative damage, which becomes significant at the
elevated temperatures, results in material hardening
that leads to a reduction in oxygen permeability with
time. Similar conclusions were presented when studying
the thermal degradation and oxidation fronts in such
materials with imaging chemiluminescence.8 To mini-
mize such oxidative damage effects, each air measure-
ment above ∼80 °C was carried out on a new sheet of
the material. Additionally, we also monitored the time
development of the permeability measurements. At least
a few hours is required to allow for the first equilibrium
measurement during which oxidative damage already
occurs. By plotting measurements vs aging time, we
were able to extrapolate the data to time zero. This
procedure was carried out for the air measurements at

the four highest temperatures. The zero-time extrapo-
lated data are included in Figure 10b as the dotted
curve. Overall, this effect does not constitute a large
correction when a new sample is used for each high-
temperature analysis. However, it is important to
consider the dependence of permeability on oxidative
damage when carrying out repeated measurements on
a single sheet of material. This polyurethane has a
relatively high O2 permeability of ∼3.5 × 10-9 cm3 (STP)
cm-1 s-1 cmHg-1 at ambient temperature and similar
curvature in the corrected permeability vs inverse
temperature data as observed for the other materials.

4.6. PU Binder, Comparison of Unfilled and
Filled Material. Of interest is to compare the perme-
ability of the unfilled material with that of a sample
containing inorganic particles. Such data are required
for appropriate degradation modeling of filled materi-
als.4 The filled material was loaded with ∼88% per
weight aluminum powder and KCl particles. As shown
in Figure 11, the corrected permeability of the filled

Figure 8. (a) Apparent permeability of O2 measured at various O2 partial pressures through an EPDM sheet sample measured
at temperatures of up to ∼180 °C. (b) Permeability values corrected for reaction losses.

Figure 9. (a) Apparent permeability of O2 measured at various O2 partial pressures through a Neoprene sheet sample measured
at temperatures of up to ∼125 °C, showing significant loss of O2 at the higher temperatures due to oxidation. (b) Corrected
permeability for different âair values.

Table 3. Parameters Used for Modeling Oxygen Concentration Profiles Shown in Figure 1

curve T [°C] pO2 [cmHg] φ [mol/(g s)] P [cm3 (STP) cm-1 s-1 cmHg-1] â R

1 RT 13.2 (air) 1.0 × 10-12 3.6 × 10-10 1 0.01
2 65 13.2 (air) 1.06 × 10-11 2.2 × 10-9 1 0.85
3 125 31.5 (50% O2) 1.09 × 10-9 1.0 × 10-8 2.38 19.2
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material is consistently lower, by a factor of approxi-
mately 4. This difference between the unfilled and filled
material is difficult to predict. On a per volume basis
the filled polymer has only approximately 23% polymer,
and this would support a reduced permeability of 25%.
However, permeability in filled polymer systems would
not be expected to change with a linear dependence, as
the permeability process is highly complex. Reduced
permeability would result from an increase in perme-
ation path length (tortuosity), but material imperfec-
tions and microvoids would act the opposite way. A
simple tortuosity assessment predicts a lower perme-
ability than that observed, which suggests that some
imperfections in the filled material are present and
would need to be considered.

4.7. Curvature in 1/T Plots and Activation Ener-
gies. For comparison purposes, the permeability data
of the different materials investigated are summarized
in Figure 12. This plot contains additional data of a
black nitrile rubber that was previously analyzed11 and
data points for a commercial butyl rubber compound.
A fundamental feature for all materials in this plot is
the considerable curvature in the permeability vs 1/T
data. Such curvature would not be readily apparent in

many past permeability measurements that covered a
more limited temperature range (e.g., RT to 60 or 80
°C). This can be seen by examining the corrected data
from RT up to 60 or 80 °C in Figures 7, 8b, 9b, and 10b.
Only the extended temperature range used in the
current experiments makes the curvature obvious. As
mentioned earlier, such curvature has been noted in
earlier studies.22-24

The observed curvature implies that activation ener-
gies for permeability will be temperature dependent.
This is best presented by plotting the derivatives of the
Arrhenius permeation plots. Figure 13 shows how the
activation energies Eact (see also Table 4) depend on
temperature. Since permeability is the product of dif-
fusivity and solubility, and considering that solubility
can be regarded as more or less independent of tem-
perature,11,16 it is reasonable to assume that changes
in diffusivity are primarily responsible for the observed
temperature effect. For instance, for a filled nitrile
rubber it was shown that oxygen solubility was un-
changed with temperature, but diffusivity increased.11

Similarly, literature data for numerous elastomers and
other polymers show solubility to depend on tempera-
ture with activation energies of generally not more than

Figure 10. (a) Apparent permeability of O2 measured at various O2 partial pressures through a PU sheet sample measured at
temperatures of up to ∼125 °C showing significant loss of O2 at the higher temperatures due to oxidation. (b) Corrected permeability
values.

Figure 11. Comparison of O2 permeability through an
unfilled and filled PU sheet sample.

Figure 12. Comparison of O2 permeability for different
elastomers.
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(10 kJ/mol.16 Diffusivity changes should therefore
closely track those observed in the permeability.

5. Conclusions
We have successfully carried out oxygen permeability

measurements on different rubber materials over a
large temperature range of up to 225 °C. Accurate
measurements at elevated temperatures are often com-
plicated by oxidation reactions occurring in the material.
This partial O2 loss results in lower effective O2 fluxes
and thus lower apparent permeability values. Knowing
the relevant oxidation rates, we have established a
model that compensates for such oxidative loss and
yields corrected permeability data. This model uses
iterative solutions based on oxidation rate, measured
permeability, and other factors and is capable of yielding
corrected permeability data when the total oxygen flux
may be as low as 20% of the expected flux in the absence
of oxidation reactions. All materials investigated show
curvature in the Arrhenius plots of permeability vs
inverse temperature. This demonstrates that activation
energies are dependent on temperature.
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Figure 13. Temperature-dependent activation energies for
the permeability data shown in Figure 12.

Table 4. Activation Energies for Low- and
High-Temperatures Regimes

Eact [kJ/mol] at low T Eact [kJ/mol] at high T

butyl 54.1 RT-40 °C 30.3 85-105 °C
EPDM 31.4 RT-50 °C 18.9 140-175 °C
neoprene 37.8 RT-50 °C 25.6 95-125 °C
nitrile 42.5 RT-50 °C 21.6 85-125 °C
PU binder 26.9 RT-50 °C 13.7 85-115 °C
Viton 56.2 RT-50 °C 17.4 175-220 °C
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