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1 Introduction

Elastomers are often expected to last for 
decades under various air containing envi-
ronments. Confi rming such extended life-
times requires accelerated aging approaches. 
The most common method is to extrapolate 
degradation results from accelerated aging 
studies conducted at higher than ambient 
conditions (e.g., accelerated aging tempera-

tures). The extrapolations are normally mod-
eled using the Arrhenius approach [ 1] which 
is supposed to refl ect the temperature de-
pendency of the chemistry underlying the 
degradation processes. Unfortunately, this 
general approach can be misguided with 
many potential problems that are the sub-
ject of this review. One potential problem 
involves changes in the dominant chemical 
degradation pathway as the temperature is 
changed, implying that the chemistry ex-
trapolated from the accelerated high tem-
perature aging conditions may not refl ect 
the chemistry occurring under lower tem-
perature ambient aging conditions. Similarly, 
the correlation between degradation levels 
(oxidation extent) and mechanical proper-
ties, the primary goal of many predictive ag-
ing studies may depend on temperature. A 
second problem involves physical (geometric 
and material depth) effects caused by the 
potential presence of diffusion-limited oxi-
dation (DLO) [2 – 5]. DLO occurs when oxida-
tion reactions in the cross-section of a ma-
terial use up oxygen faster than it can be 

replenished by diffusion from the surround-
ing air atmosphere. This leads to equilibrium 
oxidation at the air-exposed sample surfac-
es but diminished or non-existent oxida-
tion away from the surface. Since oxidation 
normally dominates chemical degradation 
mechanisms, the presence of DLO effects 
will lead to a diminished average degrada-
tion rate. Since DLO effects become more 
important as the temperature is increased, 
they can have a large impact on accelerat-
ed exposures, but may not contribute under 
ambient conditions, making any attempted 
extrapolation of limited value. The impact of 
DLO on the feedback from multiple experi-
mental approaches under thermo-oxidative 
conditions has recently been reviewed [ 6].

This paper will review some of the ap-
proaches we have taken to address these 
challenges such that more confi dent lifetime 
predictions can be generated. To screen for 
evidence of changing degradation chem-
istry with changes in temperature, we will 
describe the use of time-temperature (t-T) 
superposition, as well as the use of ultra-
sensitive oxygen consumption methods 
that are capable of taking measurements 
down to very low aging temperatures (of-
ten to ambient). It will also be shown how 
temperature-dependent DLO effects can be 
modeled and understood through temper-
ature-dependent measurements of oxygen 
permeability and oxygen consumption rates 
and how these effects can be experimentally 
monitored through the use of various pro-
fi ling techniques. Finally, we will show how 
predictions can be made for humidity sensi-
tive materials.

2 Time-temperature 
superposition approach

Many accelerated aging approaches in-
volve following a property associated with 
degradation at several elevated tempera-
tures and modeling the time to a certain 
amount of damage at each temperature 
in order to obtain a functional form of the 
temperature-dependent damage. This func-
tional form is then extrapolated to lower 
temperatures representative of ambient ag-
ing conditions to make predictions for these 
conditions. An example of such an approach 
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comes from studies of an EPDM o-ring where 
various properties (tensile elongation, den-
sity, modulus, sealing force) showed little 
change until very large changes quickly oc-
curred at the end of the so-called induction 
time. When the log of the induction times 
for all four variables was plotted versus in-
verse absolute aging temperature, linear be-
havior resulted as seen in fi gure 1.This lin-
ear behavior is consistent with the Arrhenius 
model that states that t – the aging time of 
interest (induction-time in the current ex-
ample) – is given by equation 1:

t ∝ exp
– Ea

RT⎢⎣
⎡ ⎢⎣

⎡ 1

Ea is the Arrhenius activation energy, R is 
the gas constant and T is the absolute ag-
ing temperature in degrees Kelvin. As seen in 
fi gure 1, Ea is equal to ~116 kJ/mol for this 
material. Clearly if Ea remains constant down 
to ~25 °C, an extremely long life (~55,000 
years) is predicted at this temperature. How-
ever, given the extended extrapolation re-
gime relative to the aging temperature range 
examined, very little confi dence exists in this 
extrapolation.

A major problem with such approaches is 
the possibility that the important degrada-

tion reactions differ as a function of aging 
temperature. When two different reactions 
with differing Ea values are important to 
the degradation over the temperature range 
of interest (e.g., accelerated range and the 
extrapolation range), the reaction with a 
lower activation energy will become more 
important and then dominant as T drops. 
This is illustrated in fi gure 2, where the 
overall solid line degradation curve follows 
the high Ea process at high temperatures 
and transitions to the low Ea process as the 
temperature is reduced. Thus, if changes oc-
cur in Arrhenius slopes, one normally ex-
pects changes to lower slopes (lower Ea val-
ues), which has been observed for multiple 
materials [6].

We clearly need approaches capable of 
recognizing the possibility of changing 
chemistry over the temperature range of 
interest. One method of particular utility 
for discovering chemistry changes occur-
ring in the temperature range encompass-
ing the accelerated temperature exposures 
involves time-temperature (t-T) superposi-
tion [1, 7]. This method will be described in 
this section. Later, we will discuss a second 
method involving ultrasensitive oxygen con-
sumption techniques that allow us to probe 
the extrapolation regime looking for possible 
changes in Arrhenius slope.

Time-temperature superposition concepts 
have been used for many decades to enable 
thermal aging predictions at experimentally 
inaccessible times [8]. The important concept 
is that instead of using one data point from 
each accelerated temperature (e.g., the in-
duction time, the time to 50 % tensile elon-
gation, etc.), this approach uses all of the 
time-dependent data generated at each ag-
ing temperature [1, 7]. An example of nor-
malized tensile elongation data [9 ] for a ni-
trile rubber material is shown in fi gure 3.

If raising the accelerated aging tempera-
ture speeds up the degrading chemical re-
action without changing the reactions, the 
degradation curves at the two tempera-
tures will be related by a constant mul-
tiplicative factor, referred to as the shift 
factor aT. This implies that the shape of the 
curves should be similar when plotted ver-
sus log time as is the case for the nitrile 
data shown in fi gure 3. Time-temperature 
superposition uses this concept by select-
ing a reference T, often the lowest accel-
erating temperature (64.5 °C in the pre-
sent case) and fi nds the multiplicative shift 
factor for each higher T needed to shift 
the higher temperature results for the best 
superposition of the results. By defi nition 
the value of aT at the reference T is 1. The 
multiplicative shift factor aT that achieves 
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the best superposition of the 80 °C results 
with the 64.5 °C results is a factor of 3.7 as 
indicated in fi gure 3 by the horizontal lines 
representing a multiplicative time-factor 
of 3.7 given in the fi gure. The data from 
the remaining temperatures are shifted in 
a similar fashion to give the best overall 
superposition with the fi nal superposed re-
sults shown in fi gure 4.

The excellent superposition gives com-
pelling evidence that the same chemical 
degradation pathway dominates the entire 
temperature range of the accelerated ex-
periments. Instead of using one data point 
per aging temperature in the analysis, t-T 
superposition uses every data point and is 
therefore a clearly preferred approach. The 
resulting aT factors can now be plotted for 

the nitrile rubber on an Arrhenius plot (fi g. 
5) and the results yield linear Arrhenius 
behavior with an Ea of ~90 kJ/mol. By ex-
trapolating the results to 25 °C, we obtain 
a shift factor of ~0.014, implying lifetimes 
~70 times greater than those determined at 
64.5 °C. Therefore if “failure” is considered 
to be when the elongation reaches 25 % of 
initial (~1.5 years from fi gure 4), lifetimes 
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approaching 100 years would be predicted 
at 25 °C. Of course this assumes that the Ea 
does not drop in the extrapolation region 
(lower than 65 °C), an assumption that will 
be examined later.

Using t-T superposition analyses allows 
a quick evaluation of whether there is any 
evidence of chemistry changes in the ac-

celerated aging temperature regime. An in-
teresting example [10 ] compares two com-
mercial EPR cable insulation materials both 
manufactured by Anaconda. DSC scans of 
these two materials are shown in fi gure 6, in 
comparison with some other EPR materials.

As opposed to the other two commer-
cial cable materials, the DSC scans of Ana-

conda Flameguard EPR and Anaconda Du-
rasheeth EPR show little evidence of crys-
tallinity. Time-temperature superposition of 
tensile elongation results [10] over similar 
aging temperature ranges, are shown in fi g-
ure 7 (Anaconda Flameguard EPR) and fi g-
ure 8 (Anaconda Durasheeth EPR utilizing 
the 50 % elongation point for superposi-
tion). Clear evidence of changes in chemistry 
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with aging temperature exists only for the 
Durasheeth material.

The tensile elongation results for a com-
mercially formulated XLPO cable insulation 
material with a complex crystalline melt-
ing point region (fi g. 9) are shown in fi g-
ure 10 [11]. Since the shapes of the elon-
gation curves above the main melting peak 
(~115 °C) differ dramatically from the results 
at 99 °C and 109 °C, it suggests the chemis-
try (or the correlation between degradation 
chemistry and mechanical properties) occur-
ring above the main peak differs from that 
occurring below this peak, so t-T superposi-
tion analyses would not be appropriate. The 
shapes of the 99 °C and 109 °C curves are 
similar and reasonable t-T superposition of 
these curves is found as seen in fi gure 11. 
The examples shown in this section illustrate 
the power of t-T superposition in determin-
ing whether chemistry changes occur under 
accelerated temperature aging conditions.

3 Diffusion-limited oxidation 
(DLO) complications

When air surrounds polymers during ag-
ing, oxygen is dissolved in the materials. The 
equilibrium dissolved oxygen concentration 

for each material is given by the product 
of its oxygen solubility coeffi cient S times 
the oxygen partial pressure p surrounding 
the polymer (Henry’s law S · p). Aging will 
cause the dissolved oxygen to be used up by 
oxidation reactions. If these reactions occur 
faster than diffusion processes from the sur-
rounding air atmosphere can replenish the 
dissolved oxygen, the concentration of oxy-
gen in the polymer interior will be reduced 
from its equilibrium value to lower or even 
non-existent levels. This effect can lead to 
diffusion-limited oxidation (DLO) effects, 
where the rate of oxidation is reduced or 
eliminated within the material. The impor-
tance of DLO effects depends on the material 
(physical and chemical behavior), its geome-
try (thickness) and its aging environment. For 
the relatively short-term accelerated aging 
conditions (days to months) applied to most 
elastomers, DLO effects are typically signifi -
cant, leading to a partially oxidized material. 
As we will see shortly, DLO effects become 
less important as the accelerated aging tem-
perature drops. In most cases, DLO effects 
will become unimportant under the slow ox-
idation conditions occurring for long-term, 
low-temperature ambient aging, implying 
uniform equilibrium oxidation across the en-
tire cross-section of the elastomer. Clearly it 
is intrinsically risky to model high-tempera-

ture accelerated aging conditions infl uenced 
by geometry-dependent and temperature-
dependent DLO effects in order to extrapo-
late the models to lower temperature non-
DLO ambient conditions.

There is considerable literature available 
on modeling of DLO effects [2, 3, 12] and 
successful quantitative confi rmations of 
the models [3, 12, 13]. For the purposes of 
this review, it is noted that detailed dis-
cussions of these models are available, but 
go beyond our current needs. For the cur-
rent discussions concentrating on uniform 
thickness sheet material surrounded by air 
on both sides, we note that the models 
lead to predictions of the oxidation profi le 
across the sample cross-section. The mod-
els require measurements or estimates of 
the oxygen permeability coeffi cient POx and 
the oxygen consumption rate  under the 
environmental conditions of interest, plus 
an estimate of how  depends on oxygen 
partial pressure, p. A simple expression from 
the modeling [7] allows one to quickly esti-
mate the maximum sheet thickness allowed 
before important DLO effects enter. The ex-
pression calculates L90, the sheet thickness 
in which the integrated oxidation across 
the sample thickness is at least 90 % of 
its surface equivalent (e.g., minimal DLO 

Fig. 11: Time-temperature superposition elongation results for Brandrex XLPO at 
the 99 °C and 109 °C
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effects with nearly uniform degradation, 
equation 2):

L90 ≈
kpPOx

0,5

φ⎢⎣
⎡ ⎢⎣

⎡ 2

where p is the oxygen partial pressure sur-
rounding the sample and k is a constant that 
is typically found to be around 2 for air ag-
ing of elastomers [3, 12].

Equation 2 is very useful for understand-
ing how DLO effects depend on aging tem-
perature by comparing the temperature de-
pendencies of  and POx. The presence of oxy-
gen during thermal aging invariably results 
in the degradation being dominated by oxi-
dation chemistry. Thus the Arrhenius acti-
vation energy Ea for the oxygen consump-
tion rate  is typically strongly related to 
the Ea found for the degradation variable 
being monitored (such as tensile elongation). 
Most degradation Ea values are in the range 
from 70 to 130 kJ/mol. At low temperatures, 
literature on the temperature dependence of 
POx values for elastomers indicate Ea values in 
the range from 30 to 50 kJ/mol [14]. How-
ever, until recently, few measurements of POx 
have been made at the higher temperatures 
typically used in accelerated aging studies. 
This is because such measurements were dif-
fi cult to make since they are easily convo-

luted by important DLO effects. By careful 
modeling of the DLO effects occurring, a re-
cent study [14] succeeded in obtaining both 
low and high temperature POx measurements 
for several elastomeric materials as shown 
in fi gure 12. As indicated in this fi gure, the 
Arrhenius plots indicated curvature of POx 
to even lower Ea values (15 to 30 kJ/mol) at 
higher temperatures. Since  increases much 
faster with increasing temperature than POx, 
equation 2 implies that DLO effects become 
less important with decreasing temperature. 
It should also be noted that in the later stag-
es of the degradation of a material,  may 
begin to increase and POx may decrease [12] 
both of which can lead to an increase in the 
importance of DLO effects.

One approach towards determining the 
importance of DLO effects is to use various 
experimental profi ling techniques to map 
property variations across the cross-section 
of the aged material. There are numerous 
useful profi ling techniques [15] and we will 
describe some typical data from one ap-
proach developed at Sandia. This approach 
involves the use of a modulus profi ler that 
allows quantitative modulus values to be ob-
tained across the cross-section of a mate-
rial with 50 µm resolution [16, 17]. Modulus 
profi ling results for the nitrile rubber mate-
rial [9] discussed earlier (fi g. 3) are shown 
for aging at 125 °C (fi g. 13) and at 80 °C 

(fi g. 14). The samples are 2 mm thick and 
P represents the percentage of the distance 
from one air-exposed surface to the oppo-
site air-exposed surface. The unaged mate-
rial has a uniform modulus of ~4 MPa across 
the cross-section. Aging at 125 °C leads to a 
heterogeneous profi le caused by important 
DLO effects. Since the oxygen concentration 
at the sample surface is the true equilibrium 
sorption value, the modulus values at the 
surface represent the material degradation 
that would occur in the absence of DLO ef-
fects. DLO leads to drops in absorbed oxygen 
concentration with depth into the material 
and therefore less hardening (oxidative dam-
age). The results at the much lower aging 
temperature of 80 °C show relatively uni-
form increases in modulus; this implies that 
DLO effects have essentially disappeared.

It might seem surprising that a material 
with large, temperature-dependent DLO ef-
fects occurring over its accelerated aging 
temperature range would exhibit such nearly 
perfect t-T superposition of its tensile elon-
gation values (fi g. 4) indicative of similar 
degradation shapes. It turns out fortuitously, 
that for many elastomers, elongation is of-
ten unaffected by DLO effects because oxi-
dation typically leads to modulus increases 
(hardening) of the material. When DLO ef-
fects occur, the oxidation rate at the sur-
face still proceeds under equilibrium oxygen 
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sorption conditions. This means that equilib-
rium hardening will still occur at the sam-
ple surfaces. When elongation measurements 
are carried out, cracks will invariably initiate 
at the hardened surfaces and, once initiat-
ed, these cracks are typically found to im-
mediately propagate through the remainder 
of the sample cross-section. The hardened 
surface thus determines the elongation be-
havior, resulting in a relative insensitivity of 
tensile elongation to DLO effects at least for 
aging of many elastomers [1, 9, 17, 18, 19].

Although tensile elongation is often un-
infl uenced by DLO effects, other material 
properties that average across the cross-
section of a material will show anomalous, 
un-interpretable convoluted behavior due 
to DLO. For instance, tensile strength (TS) 
data is available from the same experiments 
that obtain tensile elongation results but TS 
relates to force averages across the entire 
cross-section. The nitrile TS data [9] shifted 
with the same shift factors as those found 
for the elongation results are shown in fi g-
ure 15. It is clear that DLO effects lead to 
non-superposable, basically un-interpretable 
TS data.

A second example of the problems caused 
by DLO effects is demonstrated for com-
pression stress relaxation (CSR) studies on 
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Fig. 16: CSR force decay for a commercial P arker B612-70 butyl sealing material 
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a commercial butyl seal material (Parker 
B612-70) [20]. Standard CSR experiments 
were done in both nitrogen and air using a 
standard 12.7 mm diameter cylindrical sam-
ple squeezed 25 % (therefore a 14.7 mm di-
ameter cylinder when squeezed). The nor-
malized force versus aging time at 125 °C 
for the 14.7 mm diameter samples aged in 
nitrogen and air is shown in fi gure 16 and 
indicates that, as is usually the case, oxida-
tion dominates the loss in force. Since the 

force is integrated across the entire cylindri-
cal cross-section, important DLO effects will 
be expected to retard the loss in force. DLO 
modeling of the cylindrical geometry [20] 
shows that DLO effects are important for the 
14.7 mm diameter sample. To eliminate DLO, 
numerous smaller diameter disks (2 mm di-
ameter at 125 °C) were squeezed and aged 
in parallel with the results shown on fi g-
ure 16. To further illustrate the challenges 
associated with DLO effects, fi gure 17 com-
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pares Arrhenius plots of the time to 75 % 
loss in sealing force for the 14.7 mm and 
the 2 mm diameter samples. Even though 
the curving line for the 14.7 mm samples 
appears to eventually approach the proper 
results at low temperatures where DLO ef-
fects become small, it would be diffi cult to 
interpret the results and feel confi dent in 
attempting an extrapolation. This is not the 
case for the 2 mm results where DLO anoma-
lies have been eliminated.

To be continued in Rubber Fibers Plas-
tics 2 2017.
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4 O2 consumption measure-
ments to model DLO and test 
extrapolations

We saw above that modeling of DLO ef-
fects requires measurements or estimates of 
the oxygen consumption rate  under the 
environment of interest. We will see below 
that measurements of  at temperatures in 

the extrapolation temperature regime can 
offer more confi dent extrapolated predic-
tions from high-temperature accelerated ag-
ing data. With the above in mind, we devel-
oped two different experimental approaches 
for measuring  that had sensitivity suffi -
cient to probe very low temperature condi-
tions. The fi rst approach [9] involves aging a 
polymer in a container with a known amount 
of oxygen and periodically determining the 
amount of oxygen consumed through gas 
chromatographic analyses. The second ap-
proach [21] is experimentally similar but 
uses a fuel cell detector to quantify the loss 
of oxygen. As will be seen below, these ap-
proaches are easily capable of measuring  
values down to 1 · 10-13 mol/g/s or even low-
er. It should be noted that DLO can also af-
fect these measurements of , especially at 
higher temperatures. This problem must be 
addressed in the experimental procedure for 
which the polymeric samples need to be cut 
into suffi ciently thin cross-sections to guar-
antee the elimination of DLO anomalies [9].

Given knowledge of the typical amount of 
oxidation necessary to signifi cantly degrade 
polymeric materials, it can be shown that the 
sensitivity available from oxygen consumption 
measuring techniques (1 · 10-13 mol/g/s) implies 
the capability of measuring  at temperatures 
corresponding to very long polymer lifetimes. 
For instance, the total oxygen absorption nec-
essary to drop the elongation of the nitrile ma-
terial during oven aging from 570 % to 100 % 
is ~7 · 10-4 mol/g [9]. A commercial chloroprene 
rubber cable jacketing material under oven ag-
ing conditions requires ~5 · 10-4 mol/g to drop 
the elongation from 296 % to 100 % [22]. Oxi-
dative degradation to 100 % elongation under 
gamma radiation environments requires oxy-
gen amounts of ~2.5 · 10-4 mol/g for commer-
cial EPR materials, ~5 · 10-4 to 1 · 10-3 mol/g 
for commercial chlorosulfonated polyethylene 
materials and ~7 · 10-4 mol/g for a commercial 
Brandrex XLPO cable jacketing material [23]. 
If it is assumed that a range of 2 · 10-4 mol/g 
to 1 · 10-3 mol/g (equivalent to 0.64 to 3.2 
mass % oxidation) is necessary to cause sig-
nifi cant damage over a 70 year polymer life-
time, the sensitivity needed for  measure-
ments is calculated to be ~0.9 · 10-13 mol/g/s 
to 4.5 · 10-13 mol/g/s. Therefore the sensitivity 
of this technique (better than 1 · 10-13 mol/g/s) 
allows probing the normal extrapolation re-
gime down to temperatures corresponding to 
very long lifetimes.

The importance of DLO under ambient 
temperature conditions corresponding to a 
long elastomer lifetime of 70 years can be 
estimated using equation 2 by obtaining 
estimates of  and POx. POx values for most 
elastomers at lower temperatures range from 
1 · 10-10 to 1 · 10-9 ccSTP/cm/s/cmHg (fi g. 12) 
[14]. By combining this range of values with 
the expected range of  for 70 year lifetimes 
(0.9 · 10-13 mol/g/s to 4.5 · 10-13 mol/g/s), 
equation 2 leads to L90 values ranging from 
a low of ~6 mm to a high of ~38 mm. Such 
values imply that DLO effects will typically 
be completely absent for elastomers under 
their ambient aging conditions [6].

L90 ≈
kpPOx

0,5

φ⎢⎣
⎡ ⎢⎣

⎡ 2

It is also interesting to apply equation 2 to 
the nitrile material for which modulus pro-

Elastomers are often degraded when exposed to air or high humidity for extended 
time periods (years to decades). Lifetime estimates normally involve extrapolating ac-
celerated aging results made at higher than ambient environments. Several poten-
tial problems associated with such studies are reviewed and experimental/theoretical 
methods to address them are provided. The importance of verifying time-temperature 
superposition of degradation data is emphasized as evidence that the overall nature 
of the degradation process remains unchanged versus acceleration temperature. The 
confounding effects that occur when diffusion-limited oxidation (DLO) contributes 
under accelerated conditions are described and it is shown that the DLO magnitude 
can be modeled by measurements or estimates of oxygen permeability coefficients 
(POx) and oxygen consumption rates (). POx and  measurements can be influenced by 
DLO and it is demonstrated how confident values can be derived. Additionally, several 
experimental profiling techniques that screen for DLO effects are discussed. Values 
of  taken from high temperature to temperatures approaching ambient can be used 
to more confidently extrapolate accelerated aging results for air-aged materials and 
many studies now show that Arrhenius extrapolations bend to lower activation ener-
gies as aging temperatures are lowered. Best approaches for accelerated aging ex-
trapolations of humidity-exposed materials are also offered. Part 1 (RFP 1 2017) has 
covered the time-temperature superposition approach (chapter 2) and diffusion-limit-
ed oxidation (DLO) complications (chapter 3). Part 2 discusses O2 consumption meas-
urements to model DLO and test extrapolations (chapter 4) and predicting lifetimes 
for humidity sensitive elastomers (chapter 5).

The challenges of accelerated aging 
techniques for elastomer lifetime 
predictions – Part 2
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fi le results at 125 °C and 80 °C were shown 
in fi gure 13 and fi gure 14, respectively. 
For this material, values of  (4 · 10-11 mol/
g/s measured at 80 °C and 1.1 · 10-9 mol/
g/s estimated at 125 °C) and values for 
POx (2 · 10-9 ccSTP/cm/s/cmHg at 80 °C and 
5.2 · 10-9 ccSTP/cm/s/cmHg at 125 °C, ccSTP: 
cubic centimeters of gas at standard temper-
ature and pressure) were obtained [12]. These 
results coupled with equation 2, a sample 
density of 1.18 g/cm3 and an Albuquerque 
oxygen partial pressure of 13.2 cmHg, lead 
to L90 values of 0.7 mm at 125 °C and 2.2 mm 
at 80 °C. Since the nitrile samples are ~2 mm 
thick, the results calculated from equation 2 
are clearly in accord with the modulus profi l-
ing results given above.

Although we have shown that the use of 
equation 2 is consistent with the modulus 
profi ling results for the nitrile rubber material, 
modeling of DLO can be rigorously applied 
to the nitrile modulus profi le results to show 
reasonable quantitative agreement between 
the modeling shapes and the experimental 
shapes of the profi les versus aging time and 
temperature [12]. Similar quantitative agree-
ment between theoretical and experimental 
profi le shapes has been demonstrated for car-
bonyl profi les of an oven-aged chloroprene 
[18] and a nitrile rubber [24], for density pro-
fi les of an EPDM seal aged in radiation [3], 
and for modulus profi les of a Viton rubber 
aged in radiation environments [13].

These successful comparisons between 
theoretical and experimental profi le shapes 
give confi dence to the modeling and there-
fore to the use of equation 2 as an initial 
screening tool to make estimates of the 
likely importance of DLO effects for a ma-
terial of given thickness in a particular ag-
ing environment. For instance, let us assume 
we had a 2 mm thick sheet of an elastomer 
whose tensile elongation dropped to 25 % 
of initial after 1 week of aging in a 125 °C 
oven and after 6 months of aging at 90 °C. 
Even if nothing is known about the  and 
POx values at 125 °C and 90 °C, a reason-
able fi rst estimate of the importance of DLO 
under the two aging conditions can be ob-
tained. Using 6 · 10-4 mol/g of oxygen to 
reach 25 % of initial elongation in 1 week 
and in 6 months leads to rough approxima-
tions for  of 1 · 10-9 mol/g/s (at 125 °C) 
and 3.8 · 10-11 mol/g/s (at 90 °C). First crude 
estimates of POx, obtained from fi gure 12, 
are 7 · 10-9 ccSTP/cm/s/cmHg (at 125 °C) and 
3 · 10-9 ccSTP/cm/s/cmHg (at 90 °C). Assum-
ing a material density of 1 g/cm3 and sea-
level oxygen partial pressure of 16 cmHg, 
equation 2 gives L90 estimates of 1.0 mm 
(at 125 °C) and 3.4 mm (at 90 °C). These re-
sults suggest that DLO for the 2 mm thick 
elastomer would probably be important at 
125 °C but not at 90 °C. If better estimates 
of  and POx could be obtained from the lit-
erature or from experiments, such estimates 
could be improved. Some profi ling experi-

ments on the aged samples could further 
confi rm such preliminary conclusions. One 
quick conclusion from such calculations is 
that important DLO effects might be antici-
pated for exposure environments that sig-
nifi cantly degrade a 2 mm thick material 
in the weeks to several months timeframe. 
Since most accelerated aging experiments 
use temperature ranges that encompass 
weeks to several months degradation times, 
DLO effects are typically to be expected and 
should be checked for. Note also that a re-
duction in sample thickness during aging is 
one method of reducing or eliminating the 
importance of DLO effects, as was discussed 
earlier for CSR experiments.

Since equation 2 was used to show its 
consistency with profi ling results and its util-
ity for estimating when DLO effects become 
important, we now turn our attention to the 
use of the sensitive oxygen consumption 
methods as a means of gaining more confi -
dence in extrapolations of higher tempera-
ture accelerated aging results. As noted in 
the discussion of fi gure 2, if non-Arrhenius 
behavior is found as the temperature is low-
ered, one would expect curvature towards 
lower Ea values. In certain instances, evi-
dence of such drops in Ea values is observed 
by following the same degradation param-
eter to low enough aging temperatures. For 
example, elongation versus aging time re-
sults at fi ve aging temperatures (121 °C to 
70 °C) were obtained for a chloroprene ca-
ble jacketing material starting around Janu-
ary of 1979. We kept un-exposed samples 
in our lab (average temperature of ~ 24 °C) 
and tensile tested some samples in early 
1998 and others in mid 2002, resulting in 
19 and 23.6 year exposures at ~24 °C. All 
of the elongation results are shown in fi g-
ure 18 [22]. Time-temperature superposition 
of these results is given in fi gure 19 and an 
Arrhenius plot of the shift factors is shown in 
fi gure 20. A clear drop in Arrhenius Ea from 
~89 kJ/mol to ~71 kJ/mol occurs at lower 
temperatures. This relatively small change 
in slope causes a prediction of 96 years to 
reach 50 % elongation at 24 °C (based on 
extrapolation of the 89 kJ/mol Ea) to drop 
by 73 % to 36 years. Another example of an 
observation of a slope change from a single 
type of data (elongation again) comes from 
chlorosulfonated polyethylene (CSPE) mate-
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rials, some of which were aged for as long as 
5 years at 70 °C [19]. These results, shown in 
fi gure 21 again clearly indicate a drop in Ea 
at lower aging temperatures. Similar curva-
ture in Arrhenius plots can also be obtained 
from oxidation rate measurements [25].

In most instances we do not have a suf-
fi cient range of accelerated aging data to 

observe changes in Ea and having long-term 
results such as the 23 year data at 24 °C 
for the chloroprene material or the 5 year 
data at 70 °C for the CSPE materials is unu-
sual. Fortunately, there is another method 
that allows us to probe the low tempera-
ture regions to determine whether the Ea 
values derived at elevated temperatures 
change slope at lower temperatures. Oxy-

gen consumption is an approach where we 
earlier showed that the sensitivity allows for 
probing aging temperatures where materials 
would be expected to have 50 to 100 year 
lifetimes or longer. When oxygen is present 
during the degradation of most polymer-
ic materials, oxidation processes normally 
dominate the chemical reactions so oxygen 
consumption rates  are expected to be 
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correlated with loss of mechanical proper-
ties. By making  measurements at higher 
temperatures that overlap the temperature 
range used for traditional mechanical prop-
erty measurements, it is possible to confi rm/
test the correlation between oxygen con-
sumption and traditional (e.g., mechanical 
property) measurements. Extending the  
measurements into the extrapolation re-
gion then allows determining whether the 
oxidation mechanism changes or remains 
constant in this region. Oxygen consump-
tion rate measurements [9] for the nitrile 
rubber material (fi g. 3) are plotted versus 
aging time at the indicated aging temper-
atures in fi gure 22. The measurements at 
the highest three temperatures overlap the 
temperature region used for the elongation 
measurements (fi g. 3); measurements at the 
three lowest temperatures allow us to probe 
the extrapolation region of the Arrhenius 
plot for this material (fi g. 5). Note that the 
approach allows measurements at room 
temperature (23 °C) and that the values at 
this temperature are ~2.5 · 10-13 mol/g/s, il-
lustrating the sensitivity of the approach. 
These results are then integrated to give the 
oxygen consumed (oxidation level) versus 
aging time, shown in fi gure 23. These inte-
grated consumption versus time results are 
then t-T superposed using a reference tem-

perature of 23 °C in fi gure 24. Figure 25 
summarizes the shift factors for elongation 
(from fi gure 4), for surface modulus and 
for oxygen consumption where the oxygen 
consumption shift factors are normalized to 
unity at 64.5 °C [26]. The results indicate 
a slight drop in Ea at lower temperatures, 
indicative of some changes in the degra-
dation chemistry. Further evidence for a 
change in chemistry is obtained from the 
gas chromatographic oxygen consumption 
approach which also detects CO2, the main 
product gas. At 96 °C, CO2 production rep-
resents ~7 % of oxygen consumption drop-
ping to ~1.5 % at 23 °C. This leads to an 
Ea for CO2 production of ~120 kJ/mol [9]. 
Therefore (see hypothetical fi gure 2), the 
oxidative reaction leading to CO2 become 
less important as the temperature drops, 
which is likely related to the small drop in 
Ea from ~90 kJ/mol to 80 kJ/mol. 

It was shown earlier that Arrhenius plots 
of shift data for eight CSPE materials dis-
played evidence for a drop in Ea from elon-
gation results (fi g. 21). Oxygen consumption 
results [27] for two of these CSPE materi als 
confi rm this drop in Ea as seen in fi gure 26 
which combines the elongation and con-
sumption results. Again data on CO2 produc-
tion offers further evidence of the changing 

chemistry since the ratio of CO2 produced 
to oxygen consumed drops from 20-25 % 
at high temperatures to ~7 % at the lowest 
temperature of 37 °C [27].

In fi gure 1 we showed induction time 
results for an EPDM rubber sealing mate-
rial at temperatures from 155 °C to 111 °C. 
Oxygen consumption results were obtained 
over the temperature range from 160 °C to 
52 °C, integrated and then t-T superposed 
[26]. The shift factor results for superposed 
elongation, density and oxygen consump-
tion (normalized at 111 °C) are plotted in 
fi gure 27 and show a substantial change 
in Arrhenius slope below 111 °C. The Ea at 
high temperatures is 118 kJ/mol similar to 
the 116 kJ/mol found using induction time 
estimates (fi g. 1). As is usually the case, the 
oxygen consumption Ea results that overlap 
the high temperature accelerated aging tem-
perature range agree with the Ea results for 
mechanical property changes verifying the 
expectation that oxygen consumption is cor-
related with mechanical property changes. 
Since the oxygen consumption results only 
reach 52 °C (where  is close to the experi-
mental limit of 1 · 10-13 mol/g/s), it is possible 
that the Ea value might drop below 82 kJ/
mol at still lower temperatures. However, 
the extrapolation to 52 °C predicts already 
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a lifetime of more than 100 years so clearly 
long life (but not 55,000 years) would be 
predicted for 25 °C.

Similar evidence for drops in Ea from both 
elongation results (down to 50 °C) and oxy-
gen consumption measurements (down to 
25 °C) for a polyurethane rubber material 
are shown in fi gure 28 [28].

A particularly interesting study [29] that 
semi-quantitatively veri fi es the predictions 
made using oxygen consumption measure-
ments shows a comparison of results for two 
commercial butyl o-ring materials, a Parker 
B612-70 and a Burke 4061. The Parker seal-
ing force data were shown in fi gure 16 and 
fi gure 17 during the discussion on DLO ef-
fects. The Ea determined in the absence of 

DLO effects was 80 kJ/mol. Similar experi-
ments were conducted for the Burke mate-
rial with the results for both materials plot-
ted in fi gure 29. Although the Burke mate-
rial degrades faster at high temperatures, its 
Arrhenius Ea (~105 kJ/mol) is greater than 
that of the Parker material, so its predicted 
extrapolated lifetime at 23 °C is ~150 years 
versus ~63 years for the lower Ea Parker ma-
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terial. Oxygen consumption results were run 
on these two materials from 110 °C to 25 °C 
and after analysis using t-T superposition in 
the usual way, the inverse of the shift factors 
were normalized to the results of fi gure 29, 
resulting in the extrapolated results shown 
in fi gure 30. There is a small curvature to 
lower Ea for the Parker material, reducing 
the predicted time to 50 % loss in force at 
23 °C from 63 years to ~50 years. The drop 
in Ea for the Burke material is much larger, 

reducing the predicted time to 50 % loss in 
force at 23 °C by an order of magnitude from 
150 years to ~16 years. In this instance nu-
merous samples were obtained of both ma-
terials aged as compressed o-ring seals in 
the fi eld for 16 to 22 years at an estimated 
average temperature of 23 °C. The measured 
compression set values for the Burke o-rings 
were ~50 % ± 15 % and those for the Parker 
o-rings were ~10 % ± 10 % [29]. Since com-
pression set values for these materials were 

found to vary inversely with force loss val-
ues [30], the order of magnitude predicted 
drop in the Burke time to 50 % loss in force 
from the oxygen consumption results and 
the reversal of life predictions for the two 
materials was confi rmed.

In documenting the many instances where 
Arrhenius plots show curvature to lower Ea 
values at lower temperatures, we have con-
centrated on elastomeric materials. It turns 
out that similar evidence has been collected 
for many other polymeric materials. A review 
shows that such behavior has been noted for 
several additional materials [25]. For polypro-
pylene, high temperature Ea values often drop 
by factors of 2.5 to 4 around 60 °C to 80 °C. 
For one XLPO material, its high temperature Ea 
of 135 kJ/mol dropped to 98 kJ/mol at lower 
temperature whereas a second XLPO (the one 
described in fi gure 11) saw no change in its Ea 
value of 72 kJ/mol at lower temperatures [11]. 
A recent publication [31] followed the tensile 
strength  of a nylon material aged in air for 
up to 5.5 years at temperature ranging from 
37 °C to 138 °C. The usual t-T analysis led to 
shift factors that indicated an Ea of 96 kJ/mol 
above ~100 °C which dropped by a factor of 
more than three times to 30 kJ/mol at lower 
temperatures, as shown in fi gure 31. It is thus 
clear from the results presented in this review 
that curvature to lower Ea values is commonly 
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observed for most polymeric materials and of-
ten confi rmed when long-term aged samples 
are available for study.

Although there is no need to understand 
the often complex chemical mechanisms 
causing the drop in Ea values in order to 
make better predictions at low temperatures, 
elucidating the chemistry can be useful since 
such knowledge may allow improvements in 
formulations leading to enhanced lifetimes. 
One general explanation for the drop in Ea 
values at lower temperatures is based on the 
fact that segmental mobility of termination 
processes is less effi cient when the tempera-
ture decreases [32]. For materials where the 
CO2 gas production increases substantially 
as the temperature increases such as for the 
nitrile rubber [9] and CSPE materials [27] 
mentioned earlier, Le Gac and co-workers 
[33] conclude that the CO2 must come from 
secondary processes involving very unstable 
structures such as secondary hydroperox-
ides. Therefore this mechanism must become 
more important at higher temperatures.

5 Predicting lifetimes for 
humidity sensitive Elastomers

A more detailed description of the subject 
is given in [34]. Sorption isotherms for a gas 

show how the dependence of the solubil-
ity of the gas at equilibrium in the material 
depends on the partial pressure of the gas 
surrounding the material. For oxygen up to 
normal atmospheric pressure, the isotherms 
for most materials are linear. For condensa-
ble gases like water, the isotherms are more 
complex, typically increasing as the water 
vapor pressure approaches 100 % relative 
humidity (RH) at a given temperature. Some 
typical results  [35] for a silicone rubber (po-
ly-3,3,3-trifl uoropropylmethyl-phenylsilox-
ane, abbreviated FMS) are plotted versus T 
and RH in fi gure 32. At each temperature, 
the sorption isotherm results are reasonably 
linear up to ~50 % RH, but start to climb 
more and more rapidly at higher RH values. 
A log plot of the water sorption values at 
constant RH values of 20 %, 40 %, 60 % and 
80 % versus inverse absolute temperature 
(an Arrhenius-like plot) shows approximately 
linear behavior at each RH, and the Arrhe-
nius slopes are approximately parallel with 
an Ea(RH) of ~21 kJ/mol (fi g. 33).

Similar behavior is found for water sorp-
tion isotherms in many elastomeric materials 
although the region of a break from approxi-
mate linearity may vary. For instance, Barrie 
and Machin [35] also present water sorption 
isotherms for two additional silicone rub-
bers, polydimethyl-siloxane and polydimeth-

ylphenyl-siloxane that can be analyzed in a 
similar fashion and give parallel Arrhenius 
lines with slopes ~16 kJ/mol and 18 kJ/mol, 
respectively. Vieth and Amini [36] presented 
data for a polyurethane membrane where 
the sorption isotherms for water at 25 °C, 
40 °C and 55 °C were identical implying an 
Ea(RH) of 0 kJ/mol. Thus it appears that at a 
given constant RH, the solubility and hence 
the concentration of water in many elasto-
mers has a small dependence on temperature 
that is approximately Arrhenius and that this 
Arrhenius dependence may be relatively con-
stant at all values of RH.

The simplest kinetic representation of the 
reaction of two species A and B to give a 
degradation product D, follows equation 3.

= k[A][B] = exp [A][B]
– Ea(thermal)

RT⎢⎣
⎡ ⎢⎣

⎡dD
dt

3

[A] and [B] represent the concentration of 
the two reacting species and k represents the 
reaction rate constant which typically has an 
Arrhenius dependence on temperature as in-
dicated. We will assume that the overall rate 
of the polymer (P) degradation under humid-
ity conditions follows such an equation. Given 
that the water concentration dissolved in the 
polymer [H2O] has an Arrhenius dependence 

Fig. 32: Water sorption isotherms versus % RH for FMS, a silicone rubber Fig. 33: Arrhenius plot of  water sorption in the silicone material from fi gure 32 
versus RH and inverse absolute T
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at constant RH and that the concentration of 
polymer [P] will change very little with degra-
dation, equation 3 becomes the equation 4 
for humidity aging at constant [RH].

exp ∝ exp
– Ea(thermal)

RT⎢⎣
⎡ ⎢⎣

⎡

– Ea(RH)

RT⎢⎣
⎡ ⎢⎣

⎡

– Ea – ERH

RT⎢⎣
⎡ ⎢⎣

⎡

= k[H2O][P] ∝dD
dt

4
exp

These results suggest that if we carry out 
humidity aging experiments by varying the 
aging temperature under constant RH condi-
tions, we might anticipate Arrhenius behav-
ior with activation energy given by Ea + ERH, 
an assumption that can be easily tested [25]. 
Welch [37] presented extensive data examin-
ing the reversion (from solid back to liquid) 
of a polyurethane potting compound ver-
sus aging temperature and RH. We analyzed 
Welch’s data under constant RH conditions 
and observed parallel Arrhenius results with 
an activation energy of 89 kJ/mol, confi rm-
ing the above approach (fi g. 34). More re-
cent results for a polyester [38], cellulose 
[39] and nylon 6,6 [31] found similar linear-
ity for Arrhenius plots of degradation rates 
analyzed at constant RH. Once Arrhenius be-
havior is confi rmed, it can be extrapolated 
to lower temperatures. But such extrapola-

tions could be misinterpreted due to a low-
er activation energy process that contrib-
utes at low temperatures. For instance, in 
the nylon 6,6 study of tensile strength decay 
done both in air-aging ovens and at 100 % 
RH humidity, degradation at 100 % RH [31] 
dominated oxidative degradation at tem-
peratures above 50 °C but with a higher Ea 
than the degradation caused during air ag-
ing (fi g. 35). At temperatures below ~50 °C, 
the lower Ea reactions driving the oxidation 
degradation pathway would be expected to 
take over, offering an excellent example of 
the phenomenon described in fi gure 2. Note 
also the drop in Ea for air aging at around 
100 °C, previously shown with superposition 
data in fi gure 31.

6 Conclusion

In this review, we discussed and offered 
possible solutions to several important con-
cerns and challenges that occur when ac-
celerated aging studies in air and humidity 
environments are analyzed and extrapolat-
ed for lifetime predictions under lower tem-
perature or ambient aging conditions. We 
noted that any changes in the degradation 
‘chemistry’ occurring as the aging and ex-
trapolation temperature drops will normally 

lead to a lower slope of the often-applied 
Arrhenius model. To better assess whether 
changes in chemistry are occurring with 
changes in temperature, we emphasized the 
use of time-temperature superposition pro-
cedures such that all aging data are used in 
the analyses. Potential complications caused 
by diffusion-limited oxidation (DLO) effects 
were discussed and a simple expression in-
volving estimates or measurements of the 
oxygen consumption rate  and the oxygen 
permeability coeffi cient POx was shown to 
be useful for quick estimates of conditions 
leading to potential DLO effects. Even in the 
absence of any existing measurements of , 
we outlined a guiding approach based on the 
expectation of signifi cant oxidative degrada-
tion corresponding to oxygen absorption of 
~(6±4) · 10-4 mol oxygen per gram of poly-
mer. The use of material profi ling techniques 
to identify the presence of DLO anomalies 
was described with particular emphasis on 
modulus profi ling, a technique ideally suit-
ed to the aging of elastomers. Evidence was 
presented that described why surface sen-
sitive degradation failures (e.g., elongation 
measurements) of elastomers are often un-
affected by DLO effects whereas measure-
ments sensitive to property averages across 
the whole material cross-section (e.g., ten-
sile strength, sealing force decay) are pro-

Fig. 34: Arrhenius plots of the reversion times for a polyurethane material at con-
stant RH values

Fig. 35: Arrhenius plot of the time to 50 % loss in tensile strength for a nylon 6,6 
material in air and in 100 % RH environments which also contain O2 at 
the partial pressure operative in air in Albuquerque

1E+5

1E+4

1E+3

1E+2

1E+1
2.7 2.8 2.9 3.0 3.1 3.2

Parallel lines of slope  Ea ~89 kJ/mol

Re
ve

rs
io

n 
ti

m
e 

in
 h

1,000/T in K-1

25 % RH
50 % RH
75 % RH
95 % RH

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5

102

101

100

10-1

10-2

10-3

140 120 100 85 70 55 40 25

Ti
m

e 
to

 T
/T

0 =
 0

.5
 in

 y
ea

rs

Temperature in °C

1,000/T in K-1

Air (13.2 cm Hg  O2)
100 % RH + 13.2 cm Hg O2



258 RFP 1/2017 – Volume 12

Prediction of Elastomer Lifetime

foundly affected. Two methods for experi-
mentally measuring  were described and 
the sensitivity of these methods (oxidation 
rates  1 · 10-13 mol/g/s) was shown to be 
suffi cient to allow for measurements under 
temperature conditions where elastomers 
would have expected lifetimes of 50 to 100 
years. This sensitivity led to the ability to 
use  measurements as a means of gaining 
greater confi dence in extrapolated predic-
tions of accelerated aging results, as long 
as similar correlations between oxidation 
levels and mechanical property changes ap-
ply. Long-term aging experiments on several 
elastomers plus the use of  measurements 
in the normal extrapolation regime for many 
elastomers showed that Arrhenius Ea values 
commonly dropped to lower values as the 
temperature was reduced, indicating chang-
es in chemically driven degradation process-
es at lower temperatures for most materials. 
This implies a lowering of predicted polymer 
lifetimes. For a chloroprene rubber, such a 
change in slope was confi rmed based on ac-
tual long-term aging results at 24 °C. For a 
butyl material the change in slope from  
data reduced the predicted time for a 50 % 
loss of sealing force at 23 °C by an order of 
magnitude to ~16 years, a prediction that 
was quantitatively confi rmed from actual 
fi eld-aged results out to 22 years. Finally, a 
simple concept is presented that leads to a 
reasonable approach for carrying out degra-
dation predictions for materials sensitive to 
humidity aging effects, which recommends 
aging experiments at constant relative hu-
midity conditions.
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