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Abstract:

Previous observation of EPDM and FEPM materials aged in thermo-oxidative and
thermo-oxidative plus hydrolytic environments revealed an unusual trend: the
degradation and disintegration of these polymers in the former case but the ability to
maintain mechanical performance and shape in the latter [1]. No abnormalities were
observed in the chemical (oxidation rates, FTIR spectra, solvent uptake, gel content,
and weight loss vs. temperature) or physical (modulus profile) measurements that
could explain these empirically observed aging differences. A second controlled
aging test was conducted to verify this trend using only EPDM. Once again it was
shown that thermo-oxidative conditions appear to cause more degradative damage
(enhanced embrittlement) than observed for the combined thermo-oxidative coupled
with hydrolytic environments. From these data we conclude that water may favorably
interfere with normal thermo-oxidative degradation processes. This interference may
occur via some type of inhibition pathway possibly linked to pH and hydroperoxide
stability against peroxy anion formation, or through other processes that result in
oxidation rate and O, permeability changes or yield additional sensitivity to

hydrolytic damage which could counteract oxidatively induced material hardening.
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1. Introduction:

In our previous publication,[1] we subjected several elastomers to high temperature (300°C) and
high pressure (8618 kPa, 1250 psi) under oxidative plus hydrolytic conditions to simulate
conditions in geothermal wells. This was the first study conducted at such high temperatures and
pressures for a range of commercial elastomers. Prior degradation behavior for geothermal
applications had only been studied up to 150°C [2-4]. Other pertinent studies on elastomer
performance in high temperature, high pressure settings can be found in relation to their use in
the oil and gas industries [5-8]. However, these previous oil and gas studies concentrated on
exposure to gaseous or hydrocarbon-based environments, which is not relevant to a geothermal

well where the down-hole exposures are primarily aqueous and with varied brine chemistries.

Polymer electrolyte membranes (PEM) have been investigated under acidic aqueous
environments and atmospheric pressures, but only at temperatures up to 80°C [9, 10].
Furthermore, Sandia’s decades-long research activities on elastomeric O-rings have primarily
focused on lifetime predictions of materials at room temperature; these predictions being carried
out using accelerated aging in dry conditions [11-14], not the high temperatures and aqueous
surroundings of geothermal wells. Therefore, our research addresses a knowledge gap for
elastomer aging behavior under combined high temperature, high pressure, thermo-oxidative and
thermo-hydrolytic conditions and how this relates to lifetime predictions for commercially

produced elastomers.



During the course of our study, an unexpected abnormality was observed in EPDM and FEPM
O-ring aging behavior; namely, it appeared that steam interfered with oxidative degradation
processes. Using ultrasensitive oxygen consumption measurements in conjunction with careful
examination of spatial, physical changes (elastic modulus), we show that this anomaly is
reproducible in three different EPDM formulations. Furthermore, we also discovered that the
effectiveness of steam on reducing thermo-oxidative degradation was amplified as temperature

was increased.

2. Experimental:
2.1 Materials

Two different elastomeric O-rings were supplied by Precision Associates, Inc.: poly(ethylene-co-
propylene-co-5-ethylidene-2-norbornene, EPDM) terpolymer “70 Duro Black EPDM” and
poly[tetrafluoroethylene (TFE)-co-propylene (P), FEPM] copolymer “90 Duro Black Aflas®”.
These O-rings were approximately one-inch in outer diameter and had a cross-section of 0.19 in.
Two additional EPDM rubbers, SR793B-80 filled and unfilled, were also tested. The formulation
for the filled version of SR793B-80 [15] is listed in Table 1. SR793B-80 Formulation., with the

unfilled version containing no carbon black.



Table 1. SR793B-80 Formulation.

Constituent phr
DuPont Nordel™ 1440° 100
Zipstick 85° 5
N-990 carbon black 40
N-539 carbon black 25
Flectol H° 2
DiCup 40C* 12
SR-350° 10

“Nordel™ 1440 is a terpolymer of ethylene, propylene and 1,4 hexadiene, with an ethylene to

propylene ratio of ~53 to 47 and ~3 pph of the hexadiene.

bZipstick 85 is a zinc oxide powder.

°Flectol H is polymerized 1,2, dihydro-2,2-4-trimethyl quinolone, an antioxidant.
9DiCup 40C is a co-curing agent containing 40% dicumyl peroxide.

®*SR-350 is the co-curing agent trimethylol propane trirnethacrylate.

2.2 Thermal Aging

Thermal aging experiments were carried out at Brookhaven National Laboratory using a 2 L
pressure vessel. For tests under dry (i.e. no water or steam) oxidative conditions, samples were
placed in the pressure vessel, sealed, and then heated to 300°C for 24 hours, followed by a rapid
(50°C/min) quench to room temperature; thermal cycling was repeated five times. Materials

subjected to thermal plus hydrolytic (steam) and oxidative conditions followed the same heating



and cooling method as dry thermal cycling, with the exception that the vessel was filled to
approximately 10% by volume with water and the sample suspended above the water in the
headspace prior to the vessel being sealed. The final condition was thermal cycling under
hydrolytic, non-oxidative conditions whereby nitrogen was purged through the top of the vessel
for 10 minutes before it was sealed at atmospheric pressure and heated/cooled according to the

dry oxidative conditions procedure. A summary of these aging conditions can be found in

Table 2.

Table 2. Summary of thermal aging conditions.

* *

Po2 P2 PH20 Total

Condition Temp. Submerged
kPa | kPa | kPa | Pressure
(designation) (°C) (Y/N)
(psi) | (psi) | (psi) | kPa (psi)
Dry, oxidative 41 152 193
300 - N
(A+0y) © | (22) (28)
Wet**,

41 152 | 8618 8812
oxidative 300 N
(6) (22) | (1250) | (1278)
(A + Oz + H,0)

Wet**, non-
193 | 8618 8812
oxidative 300 - N
(28) | (1250) | (1278)
(A + H,0)

*Calculated based on partial pressure of the indicated gas (3.1 psi, 21 kPa, 159 torr for O,; 11.5

psi, 79 kPa, 593 torr for N) in Upton, NY (~0 feet elevation) and room temperature.

**Note: Water evaporation will reduce the initial water volume. This will somewhat lower the

effective O, partial pressure as the total available gas volume slightly increases.
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2.3 Analysis of Chemical Changes

2.3.1 Infrared Spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used to
identify any oxidation derivatives that were incorporated into the elastomers exposed to the three
environments as well as to assess potential alterations in chemical structures. A Bruker ALPHA
ATR-FTIR spectrometer with a Ge crystal was used to collect the data. An average of 24 spectra

with 4 cm™ resolution was taken for each sample.

2.3.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was employed as a screening method for assessing the extent
of material aging; this was achieved by measuring mass loss, which is an indication of volatile
formation during aging/degradation processes. While elastomers are generally presumed to
undergo crosslinking reactions during aging and degradation [16, 17], some materials, e.g.
polypropylene, can also experience scission reactions under hydrolytic conditions [18]. These
scission processes are anticipated to create weaknesses in the polymer and the subsequent
formation of semi-volatile degradation products that may be picked up by a TGA screening
method. For the tests, approximately 10 — 50 mg of material from the O-ring exterior was heated
to 700°C in an N, flow at a rate of 20°C/min using a TA Instruments TGA Q50 V20.10. Note
that there is a potential issue with chemical heterogeneity of the aged O-rings; sampling the
exteriors was done to minimize this issue, but, nevertheless, there could be some differences in

the data depending on where the sample was taken and how homogeneously it was aged.



2.3.3 Oxidation Rate Measurements

Ultrasensitive oxygen consumption rate measurements were carried out using an
Oxzilla™ 1I respirometer with care taken to ensure non-diffusion limited oxidation (DLO)
conditions at aging temperatures [19, 20]. Around 100 mg of each of the polymers were cut into
a maximum of approximately one mm thick pieces and added to a 20 cc ampoule that was filled
with reference air. The ampoule was placed in an oven and allowed to heat to the desired

temperature before being briefly vented to return the vessel to atmospheric pressure.

2.4 Analysis of Mechanical Changes

2.4.1 Modulus Profiling

Elastic modulus profiles of aged specimen cross-sections were obtained using a customized
instrument [21]. This method allows for the characterization of changes in the stiffness of the
elastomers exposed to the different aging conditions. The instrument operates by scanning the
surface with a parabolic tip at user-defined intervals (in this case, 0.02, 0.1, or 0.2 mm) and uses
displacement from a known force applied to each point on a sample to calculate inverse tensile
compliance, which is proportional to the tensile (elastic) modulus [21]. Sample preparation
included cross-sectioning O-rings, embedding the materials in a suitable “soft” epoxy (ca. 5 MPa
elastic modulus), and polishing with a polishing wheel to achieve a smooth surface. The
embedding material was chosen as an approximate modulus match to the elastomers; this
technique is preferred to prevent a rigid encapsulation material from interfering with the

elastomer characterization at the epoxy/elastomer interface.

3. Results & Discussion

Our initial aging study revealed that the chosen EPDM and FEPM showed visible signs of

degradation when exposed to thermal-oxidative conditions, but remained intact after subjecting it
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to thermal-hydrolytic and thermal-oxidative plus hydrolytic environments (Table 3) [1]. To
reiterate, each aging condition consisted of 120 hours at 300°C, with the addition of 8616 kPa
(1250 psi) pressure in the cases where steam was present. This result is counterintuitive, as one
would expect degradation to occur in all cases and likely to a larger extent when both oxygen

and steam are present.

Table 3. Photographs showing EPDM and FEPM O-rings after aging under thermo-
oxidative (A + Oy), thermo-oxidative + hydrolytic (A + O, + H,O(y) and thermo-hydrolytic

(A + H,O(g)) conditions.

Aging Condition
Material
A+ 0O, A+ Oz + H20( A +H20¢)
EPDM
FEPM

Characterization of the O-ring materials via ATR-FTIR spectroscopy is somewhat challenging
because these elastomers are black in color. It has been suggested that non-isothermal TGA can

be used as a method for determining activation energies in polymers [22, 23]. Therefore, we



utilized TGA as a first pass analysis to uncover any differences between unaged and aged O-

rings (Figure 1).
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Figure 1. Weight loss as a function of temperature for (left) EPDM and (right) FEPM O-
rings. The black, solid line indicates unaged materials, the dashed line represents
thermal cycling in air (A + O>), the dotted line shows thermal cycling in air and steam (A
+ O, + H,0(g)), and the dash-dot line depicts thermal cycling in nitrogen and steam (A +

H,O()). Only the A + O, aged material is distinctly different in terms of its aging state.

Figure 1 data clearly demonstrate that only large changes in chemistry are discernable using our
TGA method. Neither EPDM nor FEPM aged in the presence of steam show significant changes
in weight-loss behavior; this is true whether the materials were aged in air (A + O, + H,O(y) or
nitrogen (A + H,O(g)). Contrarily, thermal cycling in air (A + Oy) caused a more dramatic change
in curve shape for both elastomers, likely due to the formation of carbonaceous compounds
during thermo-oxidative induced aging. Since samples were taken from the exterior of the O-ring

we believe this aging state does not continue to the inner portion of the O-rings, but rather is the
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result of diffusion limited oxidation. The exception to this is the A + O, aged EPDM, which was
reduced to a powder during the aging process. Further analyses discussed below also support this

conclusion.

The TGA data was additionally examined to determine the onset degradation temperature, i.e.
the temperature where measurable weight loss begins, not the temperature of maximum
decomposition, (Table 4). A change in the onset degradation temperature is one way to rank the
O-rings in terms of damage sustained during the three different aging conditions; the lower the
onset degradation temperature of the aged polymer in relation to the unaged material, the more
damage the O-ring sustained. Both EPDM and FEPM followed the same ranking of least to most
change in onset degradation temperature: thermo-hydrolytic (A + H,O) < thermo-oxidative-

hydrolytic (A + O+ H,0) < thermo-oxidative (A + Oy).

Table 4. Onset degradation temperature (temperature where ramped TGA weight loss

begins - not temperature of maximum decomposition) of unaged and aged EPDM and

FEPM.
EPDM FEPM
Aging Condition Onset Degradation | Onset Degradation
Temperature, °C Temperature, °C
Control (unaged) 118 152
A+ 0, 29 27
A+ 0, + H0g) 43 47
A + H0(g 94 54
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Chemical changes associated with polymer aging are often analyzed using FTIR spectroscopy
[16, 17]. Oxidative damage may be assessed via the reduction or elimination of bands associated
with the existing polymer chemistry, as well as with the appearance of new peaks related to
oxygen-containing species, e.g. alcohols, carboxylic acids, carbonyls. Both virgin and aged
materials were assessed using FTIR to ascertain differences between the spectra (Figure 2-

Figure 4).

Unaged EPDM shows characteristic bands for C-H stretching, scissoring, and bending at 2800-
3000 cm™, 1416 cm™, and 1377 cm™, respectively ( Figure 2). The sample aged under thermo-
oxidative conditions (A +0,) showed a change in the ratio of the peaks at 2800-3000 cm™, 1416
cm™, and 1377 cm™ as well as a significant reduction in each. Exposure to thermo-oxidative +
hydrolytic aging (A + O, + H,O(g)) showed oxidative products around 1715 cm’™; this signal is
not very strong, which may be due to the release of volatiles associated with that peak at the very
high aging temperatures involved in the experiment. Additionally, spectral quality of the aged

samples is poor, likely due to the black color of the sample.

The FEPM O-rings (Figure 3 and Figure 4) showed little change in the steam environments (A +
O + H2Og and A + H,0(g)). On the other hand, exposure to thermo-oxidative conditions (A +
0,) caused a dramatic spectral change, with hydrocarbon bands from 2800-3000 cm™ and 1442
and 1466 cm™ virtually eliminated, while the 1067 cm™ peak associated with fluorocarbon

stretching was also dramatically reduced.

Figure 4 spectra were normalized to the unaged C-F peak at 1067 cm™; the peak height
pertaining to the C-CHj scissor and C-CH; bend, 1442 and 1466 cm™, respectively, of these
normalized spectra coincidentally correlated with the TGA ordering of damage by aging

condition. Namely, the most damage (largest reduction in peak height) was observed with A + O,
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exposure and the least with A + H»O(). This figure also shows evidence of diffusion limited

oxidation (DLO), whereby the interiors of the samples display less degradation than the exterior.

In fact, all of the aged material interiors are approximately the same peak height at 1442 and

1466 cm™. Finally, the significant spectral changes of EPDM and FEPM after oxidative thermal

cycling indicates severe degradation of these materials under these particular conditions.
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Figure 2. ATR-FTIR spectra of EPDM O-rings aged under the listed conditions; data

were shifted vertically for clarity.
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Figure 3. ATR-FTIR spectra of FEPM O-rings aged under the listed conditions; data

were shifted vertically for clarity.
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Figure 4. Highlighted area of the ATR-FTIR spectra of FEPM O-rings aged under the

listed conditions. Spectra were normalized to the 1067 cm™ peak of the unaged material.

The combination of large O-ring cross-sectional diameter with the very high exposure
temperatures (300°C) suggest that DLO may be present in the oxidatively aged samples. Since
spectral quality using FTIR spectroscopy was low, another way to assess DLO effects is using a
modulus profiling apparatus to probe changes in modulus across the sample cross-section. For
example, an increase in modulus can suggest crosslinking reactions have occurred while a
reduction in modulus may be due to more chain scission. Figure 5 shows modulus profile data

for EPDM and FEPM under the three aging conditions. EPDM experienced edge hardening
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under both steam conditions, with the sample exposed to oxygen having a larger increase in
modulus at the edges'. FEPM showed significant edge hardening (around 1 mm on each edge)
after exposure to elevated temperature in air, but little change when aged in the presence of
steam. Clearly, DLO has occurred when aging these O-rings, and the extent to which DLO is

anticipated for the materials is estimated later.
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Figure 5. Modulus as a function of edge-to-edge distance of aged EPDM (left) and FEPM
(right).

Elucidation of oxidative versus hydrolytic degradation sensitivity and the role of DLO was

carried out using ultrasensitive oxidation experiments. For these measurements, each material

was cut into pieces with thicknesses of approximately one millimeter or less in an effort to

minimize DLO interference with the measurements. Around 0.1 g of elastomer was sealed in an

ampoule, backfilled with air having a known concentration of oxygen, and placed into an oven at

125, 150, 175, and 200°C. Temperatures above 200°C were not investigated, due to the

' Note that EPDM which endured the thermo-oxidative exposure was not analyzed because it was
reduced to a powder and is therefore not shown.
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inevitable occurrence of DLO for even thin sample thickness and short exposure times [24, 25].
Four to five data points were taken at each temperature and averaged; Figure 6 displays these
results as well as oxidation rates for an additional, unfilled EPDM material [26], and its filled
counterpart [15]. All EPDM materials had similar activation energies (c.a. 105 kJ/mol), whereas

the E, for FEPM was lower (~80 kJ/mol).
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Figure 6. Arrhenius plot of oxygen consumption rates for EPDM and FEPM, in
comparison with previously examined unfilled black EPDM [26] and its filled version
[15]. Activation energies are also listed.
Measuring oxidation rates is an easy approach to rate the oxidation sensitivity of a material and
is also a critical parameter for the assessment of potential DLO effects [24, 25]. Using the
assumption that linear Arrhenius behavior is maintained when extrapolating to 300°C, an
estimation of oxidation rates at this higher temperature can be attempted. For our EPDM and
FEPM materials, oxidation rates at 300°C were estimated to be on the order of 7x10® and 7x10”
mol/g/s, respectively. Despite the uncertainty in our extrapolation over such a large temperature

range, we nevertheless anticipate that rates above 1x10”" mol/g/s will likely be relevant.
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These estimated oxidation rates, @ox, along with oxygen permeability, Poy, can be used to
estimate whether or not diffusion limited oxidation (DLO) will be of concern [24, 27]. DLO
arises when the rate of diffusion of oxygen into the sample is slower than the rate of oxidation;
therefore, samples will age faster at the outer surfaces than the interior. The critical length scale
above which non-homogeneous aging is expected to occur for two-sided oxidation, the Lcgo, Can
be calculated for a given temperature. Oxygen permeability at 300°C is estimated to be 1x10”
ccSTP/cm/s/cmHg for EPDM [28] and 9x107 ccSTP/cm/s/cmHg for FEPM? [29]. Lego is then
calculated using these estimated values for oxidation rates and oxygen permeability along with

Equation 2 [30, 31] listed below.

_  |a(B+1)*p*Pgz .
L.gg = /(p0x*22400*p Equation 2

where p is the partial pressure of oxygen (at sea level and 300°C = 31 cm Hg), Po is oxygen
permeability, gox IS Oxidation rate, and p is the density of the polymer (EPDM =~ 1.2 g/cc, FEPM
~1.7 g/cc). This equation depends on beta (i.e. the partial pressure dependence of oxidation rate)
and alpha (a relative thickness term). Under normal thermo-oxidative conditions and assuming

beta =1, Eq. 2 can be simplified to yield approximate Lo estimations with Eq. 3 [32].

_ 2xp*P g2 .
L.gg = /—(p0x*22400*p Equation 3

2 Calculated for polytetrafluoroethylene.
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The Lcgo for EPDM and FEPM under atmospheric conditions at 300°C was thus calculated to be
6 and 50 pm, respectively. Since the original test involved thermal cycling, these values may not
accurately reflect the actual oxidation conditions for the O-ring exposures in the original
experiments. Changes in permeability and oxidation rates are significant enough at lower
temperatures that the actual Lcgo value could be larger. Nevertheless, from a purely oxidation
point of view, the approximately 5 mm diameter O-rings aged in this study will be subject to
severe diffusion limited oxidation behavior at these high aging temperatures. The Lcgo IS the
approximate thickness for which nearly homogenous (90% homogeneity) aging is expected
when both surfaces have access to oxygen. However, when significant DLO applies and the
oxidation becomes surface limited, e.g. when thick specimens with surface oxidation are
considered, there may be more of an interest to predict the depth of an oxidized layer. Since an
oxidized layer does not have a specific maximum depth, but rather shows a transition zone into
the material, it results in a mathematical description which is not straightforward. An oxidized
layer is often defined as the depth to which 90% of all oxidation occurs. For most practical
purposes, an Lcgp is somewhat similar to an “oxidation depth” and can offer basic estimations. As
the Lcgo thickness is used to characterize two-sided oxidation, it is intuitive that the oxidation
intensity for single sided exposure will drop off significantly over a given Lcg thickness, and the

Lcoo then represents approximately an oxidation layer depth.

To better understand the crosslinked state of the aged materials, an additional experiment was
conducted in which a square piece of about 6 cmx 6 cm x 1 mm (L x W x T) thickness of each
material was aged at 300°C in open air for 114 hours (Figure 7). Periodic sampling was carried
out to measure weight loss. The test was done in Albuquerque, NM, USA which corresponds to

Po2 of 18 kPa (2.55 psi) and is lower than the 41 kPa (6 psi) calculated for the uncompressed,
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sealed oxidative environment experiments carried out at BNL where the aging anomaly was
observed. EPDM showed the largest initial decline in weight but leveled off with approximately
80% weight retention. FEPM showed a more consistent decline, with about 75% of the material

left after the aging was completed.
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Figure 7. Percent weight retention as a function of aging time at 300°C. Lines are drawn

as visual aids (solid for EPDM, dashed for FEPM).

These aged square specimens (Miniiiar) Were then refluxed in p-toluene for 20 hours, weighed
(mswelled), then dried overnight at room temperature followed by additional drying for six hours at
90°C before being weighed a final time (Mgrieq). Solvent uptake factor was determined by
dividing Msweies DY Minitiar and gel content by dividing Mgrieg DY Minitia. The results of this
experiment are shown in Table 5. Changes between the unaged uptake factor and % gel content
to the aged specimens can indicate the occurrence of crosslinking or chain scission reactions. For
example, in crosslinking, the material would become denser and making it more difficult for

solvent to penetrate into the polymer. In a similar fashion, increased crosslink density would lead
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to less material loss when exposed to solvent; in other words, gel content would increase. EPDM
had a decrease in solvent uptake factor, indicative of crosslinking. Unfortunately, EPDM
becomes very brittle during oxidative aging at 300°C; small pieces of material flaked off and
made it impossible to obtain an accurate final dried weight, hence the gel content of the aged
EPDM is not reported. FEPM also showed evidence of crosslinking with a minor decrease in

solvent uptake factor and increase in gel content.

Table 5. Solvent uptake factor and gel content for unaged EPDM and FEPM as well as

results for those materials aged 114 hours at 300°C in air.

EPDM FEPM
Aged 114 hr @ Aged 114 hr @
Unaged Unaged
300°C 300°C

Solvent Uptake

2.42 £ 0.06 1.18 +0.08 1.50 £ 0.02 1.41+0.09

Factor

% Gel Content 88.6 £ 0.2 * 97.0+£0.1 97.4+0.2

*This value was not calculated for aged EPDM due to some material loss after refluxing in

solvent.

Up to this point, none of our analyses indicated any particularly unusual trends, except for the
initial visual observation (Table 3) of FEPM and EPDM remaining intact after aging under
thermo-oxidative + hydrolytic conditions. Again, it was highly unexpected that this dual-aging
environment would somehow minimize the oxidative sensitivity of the two elastomers. In an
effort to validate the initial observation, we conducted another carefully controlled experiment

where EPDM was aged under thermo-oxidative and thermo-oxidative + hydrolytic conditions.
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For both aging experiments, approximately 0.2 g of a 3.5 mm diameter EPDM O-ring (70 Duro
Black) was added to a 46 cm® pressure vessel and aged for 22 hr at 240°C. The steam exposure
also contained 1 cm® of water which was sufficient for generating a steam equilibrium with some
liquid water at the aging temperature. In addition, the sample in the hydrolytic and oxidative
environment was suspended using a wire to prevent submersion in the water. Under these

conditions, both EPDM samples experience a po, of approximately 30 kPa (4psi) at 240°C.

Upon completion of the aging experiment, it was noted that the A + O, + H,O( sample was
more flexible (by general handling observation) than the A + O, material. However, surface
cracking was noted on the sample aged with steam that was not present on the sample aged
without steam (Figure 8). The A + O, + H,0O(g) sample was also slightly swollen compared to the

A + O, sample (~ 0.03 mm difference in O-ring diameter).

unaged A+0O AFQ+H O,

Dmm |—|

D = 3.55 mm D =3.45 mm

Figure 8. Unaged EPDM (left), EPDM aged in air at 240°C (middle), and EPDM aged in
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air and steam at 240°C.

As DLO is anticipated in this aging experiment at 240°C, modulus profiles were taken of these
and the original O-rings that were aged at 300°C. To accurately capture the edge hardening
effect, data points were taken every 20 pum to create a high resolution scan of the edge area up to
a distance of 180 um (Figure 9). Two important trends are apparent in this plot: First, water does
not appear to participate in any adverse degradation phenomenon (yellow triangles) — modulus
remains relatively unchanged for the sample aged in the thermo-hydrolytic environment at
300°C. Second, and more unexpectedly, increasing temperature appears to increase the oxidation
inhibition effect of water. More specifically, the sample aged at 300°C for 120 hours (dark blue
diamonds) had less edge hardening than the sample aged at 240°C for 22 hours (light blue
circles). In addition, the L.g value for EPDM at 300°C was estimated to be 6 um. Clearly, these

3.5 mm thick samples are showing evidence of DLO, as predicted.
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Figure 9. High resolution edge scan of EPDM O-rings aged under thermo-oxidative (red
squares) and thermo-oxidative + hydrolytic (light blue circles) conditions at 240°C and
with thermo-oxidative + hydrolytic (dark blue diamonds) and thermo-hydrolytic (yellow
triangles) exposure at 300°C. The presence of water reduces oxidative degradation

trends while the steam environment in itself does not result in any material changes.

Until now, the 70 Duro Black EPDM was the specific material under review. This lead to the
immediate question whether or not the observed trend was specific to that formulation and/or
filler(s), or if it was true of EPDM in general. Thus, we exposed two additional EPDM
formulations, one carbon black (CB)-filled and one unfilled, to 240°C for 22 hours. Figure 10
shows modulus profiles taken from the edge to 600 um into the approximately 2.5 mm thick by
55 mm wide samples. These data clearly show edge hardening under thermo-oxidative
conditions for both EPDMs. The unfilled EPDM had no change in modulus under thermo-
oxidative + hydrolytic exposure, whereas the filled sample had edge hardening but to a lesser
extent than in the purely oxidative case. Furthermore, the filled EPDM clearly shows hardening
from the edge up to approximately 500 pum depth (Figure 10, right) after oxidative aging, but this
modulus increase is only to 100 um depth when steam is present. These values are significantly
higher than the 6 um predicated as an Lcgo of EPDM at 300°C. This value was estimated after
extrapolating oxidation rates and oxygen permeability from 200 — 300°C, which is a rather
significant projection. Either or both of these assumed linear extrapolations could be
inappropriate, or some type of mechanistic change may occur over that temperature range that
we did not anticipate, thus having our prediction diverge from what was experimentally

observed. It highlights the challenge in predicting material lifetimes and aging behaviors when
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DLO participates at high temperatures. Finally, the steam anomaly was visually apparent when
examining the unfilled, white (i.e. no carbon black filler) EPDM; the oxidative aging shows a
more prominent color change gradient and larger depth of color change than the oxidative +

hydrolytic exposure (Figure 11).
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Figure 10. Modulus of (left) unfilled and (right) CB-filled EPDM rubbers as a function of
distance. These profiles reflect scans of the sample edges, not through the entire cross-

section.
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Figure 11. Photograph of EPDM aged at 240°C for 22 hours under thermo-oxidative
(top) and thermo-oxidative + hydrolytic conditions (right). Also shown are the filled
EPDM materials — thermo-oxidative (bottom) and thermo-oxidative + hydrolytic (left).

Samples are embedded in an epoxy and were used for modulus profile testing.

At this point, evidence suggests that water does interfere with thermo-oxidative degradation and
that it is only minorly formulation specific. However, exactly how the water inhibits oxidative
damage is unclear. For instance, Figure 9 may suggest a lower oxidation rate, as less edge
hardening is observed in the presence of steam (less oxidative crosslinking). However, this does
not rule out the possibility that steam exposure may counteract hardening (extra crosslinking)
through additional hydrolytic damage for which the unaged material is not immediately
susceptible, or that results in mechanistic changes. Hydrolytic sensitivity in the presence of
oxidative damage would also be consistent with the observed lower moduli for the combined
steam/oxidative/300°C condition. The modulus profiles for the filled EPDM (Figure 10, right)

could also be interpreted with a change in oxygen permeability, with a lower O, permeability in
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the presence of steam. This is evident as a lower penetration depth of the hardening effect (i.e. a
shallower degradation process). In fact, a change in oxygen permeability in the presence of
water has been documented for some polymers [33-35]. Furthermore, permeability can also be
affected by polymer morphology (e.g. semi-crystalline versus amorphous) as well as
hydrophilicity [33-35].

Aside from the likely changes in oxidation rate and oxygen permeability, Garton [36] and
coworkers have shown some evidence of a pH dependence on the impact of water on thermo-
oxidative degradation; the authors investigated the oxidation of polyolefins in aqueous media and
found that under acidic conditions an inhibition effect of water on oxidation was observed,
whereas under neutral or basic pH oxidation was accelerated. The authors suggested that this
behavior was related to the decomposition of hydroperoxides and subsequent formation of
peroxy anions — peroxy anions can perform a nucleophilic attack of hydroperoxides to form
radical intermediates that contribute to degradation. Acidic conditions prevent the creation of
peroxy anions by stabilizing hydroperoxides and thus reduce oxidative degradation. Contrarily,
neutral to basic environments have the opposite effect and contribute to accelerated oxidation. In
the case of EPDM and FEPM, acidic conditions associated with dissolved water in the polymer
are anticipated due to acidic degradation products as well as from potential hydrofluoric acid
elimination (in the case of the fluoropolymer). Therefore, the observed inhibition effect of water
on thermo-oxidative degradation may be linked to the underlying behavior of hydroperoxides. It
is clear that we are not currently in position to fully describe the root cause of this anomalous
behavior. At the same time, we expect that a combination of factors (changes in oxidation rate

and O, permeability under steam conditions, additional sensitivity to hydrolytic damage, and
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mechanistic changes in relation to hydroperoxides) will likely act in parallel to result in these

material behaviors.
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4. Conclusions

An aging anomaly of EPDM and FEPM was noted in our previous screening study of elastomers
[1]; namely, both materials showed visible signs of degradation following thermo-oxidative
conditions but maintained integrity under thermo-hydrolytic and thermo-hydrolytic plus thermo-
oxidative conditions. Other than the visual inspection of the materials aged at 300°C, no
unexpected behavior was apparent in oxidation rates, modulus profiles (presence of DLO),
weight loss behavior (TGA, solvent swelling), or chemical changes (FTIR). An additional aging
study under thermo-oxidative (A + Oy) and thermo-oxidative plus hydrolytic (A + O, + H,0) was
carried out at 240°C to validate the original findings. Interestingly, EPDM once again showed
that steam reduces oxidative degradation levels (as observed through modulus changes) in the O-
ring material. Even more surprisingly, this inhibition effect seems to be amplified as temperature
is increased. In addition, it was shown that the effect of steam was not limited to one specific
EPDM formulation — three different formulations showed the same trend. A combination of
chemical and physical property changes in the presence of steam, such as oxidation rate and O,
permeability changes, additional sensitivity to hydrolytic damage, as well as mechanistic
changes in relation to hydroperoxides, may act in parallel and result in these unusual material
degradation behaviors. Overall, these studies show that EPDM and FEPM O-rings may actually
offer some limited performance at high temperatures in the presence of steam. Assuming that
sealing force is maintained, EPDM could be a cost-effective alternative to some higher priced

fluoroelastomers used in high temperature aqueous environments.
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