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ABSTRACT: We assess the aging of polymeric materials in natural gas environments for
potential applications in pipeline remediation as liner materials. Three commercially
available polymers—high-density polyethylene (HDPE), Nylon-6/6 polyamide (PA), and
polyvinylidene fluoride (PVDF)—are aged under accelerated conditions in a model
natural gas environment of pure alkanes at 250 PSI and 90 °C for up to 30 days. The
Young’s modulus and yield stress of these polymers remain unchanged within
experimental error after exposure to the natural gas environment. Dynamic mechanical
analysis, however, reveals drastic changes to polymer chain dynamics, with the activation
energy for segmental relaxations reduced by up to 50%, corresponding to accelerated
molecular motion. The environmental aging is confirmed through FTIR, which found an
increase in the density of natural gas molecules within the polymer matrices. Additionally,
these changes in the dynamics within polymeric solids are reversible; prolonged removal

from the gas atmosphere resulted in the activation energies returning to near-initial values within 2 weeks. These observations
suggest that this aging response is dominated by physical processes in which the polymers absorb natural gas molecules due to the
increase in partial pressures, as opposed to a chemical mechanism in which the natural gas reacts irreversibly with the polymer
chains. In applications for pipeline remediation, our results indicate that polymeric liners will provide sufficient mechanical rigidity

but may suffer from accelerated rates of creep facilitated by the increase in local polymer dynamics.

1. INTRODUCTION

The United States natural gas distribution system is an
essential component of the nation’s energy infrastructure,
consisting of approximately 2.3 million miles of pipelines that
distribute natural gas to residential and commercial consum-
ers.”” Major portions of these pipelines consist of cast iron,
which has been in use in the oil and gas industry for many
decades, especially within the New England region.”* Some of
these cast iron pipelines have been in operation for decades,
making them increasingly susceptible to deterioration due to
prolonged exposure to environmental conditions.*”® In
addition to external environmental effects, internal corrosion
of natural gas pipelines can be caused by the presence of
impurities such as carbon dioxide (CO,), hydrogen sulfide
(H,S), and water, as well as microbial activities.” Among the
various forms of corrosion, CO,-induced (sweet corrosion)
and H,S-induced (sour corrosion) are the most common,
influenced by the gas composition, moisture content, flow
regime, and the surface characteristics of pipeline materials.*®
These combined effects can result in leaks that result in an
economic burden often passed on to consumers and that pose
a significant risk to environmental and community safety.
Historically, installation, rehabilitation, and construction of
buried pipes have been based on the use of the open-cut
pipeline installation (OCPI) process, which entails digging a
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trench to replace buried pipes. OCPI is time-consuming and
labor intensive, and in most cases, leads to extensive
disturbance, especially in urban environments.® The presence
of existing infrastructure such as water pipes, electrical wiring,
and other underground services further complicates the
practice. Additionally, excavation risks soil subsidence and
collapse, compromising structures and damaging the environ-
ment. In some cases, geographical constraints or other physical
obstacles render direct excavation impossible, necessitating
alternative methods of pipeline installation and mainte-
nance.”” "

To avoid challenges and reduce costs associated with OCP],
alternative methods of remediation have been considered,
most commonly using polymeric materials.””'*~"” Polymers
are promising candidates for the rehabilitation of cast iron
pipes due to their low cost and ease of processing as well as
their high corrosion resistance and favorable strength-to-weight
ratio.” Trenchless pipeline rehabilitation methods most
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commonly use sliplining or cured-in-place pipe (CIPP)
approaches, both of which have different benefits for
rehabilitating aging infrastructure without major excavation.
In sliplining, a carrier pipe of smaller diameter is inserted into
an existing host pipeline, frequently grouted into position to
provide additional structural support. Even with the decreased
interior diameter, the increased smoothness of the replacement
pipe normally retains or even improves flow efficiency. CIPP
utilizes a flexible liner that is expanded and cured within the
old pipeline by either heat or light to create a jointless, seam-
free pipe. Not only does this approach restore structural
integrity but easily handles bends and a wide variety of pipeline
geometries.'*~>' In either approach, the polymer liners must
be mechanically rigid to provide structural strength throughout
their lifespan. Furthermore, they must resist the unique
conditions of natural gas environments, including potential
chemical interactions, pressure changes, and thermal fluctua-
tions. Therefore, it is essential to understand any effect that
natural gas environments may have on the chemical,
mechanical, and dynamical properties of polymers to ensure
safe and effective operation as pipeline remediation agents.

Many researchers have previously studied the mechanism of
gas-induced plasticization in polymeric solids.”>™>° Gas
molecules may work as a molecular lubricant enhancing
chain mobility,”* they can form specific interactions with polar
groups promoting physical transitions,” or theg can induce
polymer swelling to increase in the free volume.”* Often, this
plasticization effect is identified through changes in molecular
permeability, whereby an increase in gas transport is correlated
with increased plasticization. The resulting impact of such gas
absorption on the mechanical properties of these polymers is
more difficult to determine due to the relatively small changes
occurring in the bulk. There remains an open question as to
how to identify subtle changes in mechanics that could lead to
new mechanisms underlying mechanical failure.

In this work, we expose and age a variety of industrial
polymers to a model gas environment and measure the effect
on their mechanical and dynamical properties. Through linear
dynamic mechanical analysis (DMA) and quasistatic tensile
tests, we find that the elastic and yield properties of the
polymers remain unchanged during exposure to natural gas
environments. By contrast, we observe significant changes to
the relaxation behavior and viscoelastic response of the
polymers, as quantified through the shift factors underlying
time—temperature superposition. Our results reveal a rever-
sible decrease in the activation energy controlling segmental
relaxations following gas exposure, indicating that the gas
molecules act as plasticizers to enhance dynamic fluctuations.
When removed from the natural gas environments, the
polymers recover toward their original relaxation spectra.
This recovery suggests that the plasticization occurs through
physical absorption, which is confirmed through Fourier
transform infrared spectroscopy. Our findings provide
important insight into the time-dependent behavior and
durability of polymeric liners under realistic natural gas service
conditions and demonstrate that polymers can effectively serve
to remediate natural gas pipelines.

2. METHODS AND MATERIALS

2.1. Sample Preparation. Commercially available sheets
of high-density polyethylene (HDPE), Nylon-6/6 polyamide
(PA), and polyvinylidene fluoride (PVDF) were purchased
from McMaster. HDPE and PA sheets had a nominal thickness

of 3.18 mm while PVDF sheets had a nominal thickness of
6.36 mm. Dog-bone specimens were machined using a Mill
Computer Numerical Control (CNC) machine according to
ASTM D638-V. For HDPE and PA, samples were directly cut
from the purchased sheets. For PVDEF, smaller strips measuring
80 mm X 15 mm were extracted and then further machined.
The nominal gauge section dimensions for all samples are 9.53
mm long, 3.18 mm wide, and 3.18 mm thick. All samples were
measured before testing due to the expected small variability
from dimensional tolerance. In addition, rectangular samples
measuring 12.7 mm in length by 3.2 mm in thickness were
fabricated for dynamic mechanical analysis following the
ASTM D790—17 standard.

2.2. Dynamic Mechanical Analysis. Dynamic mechanical
analysis (DMA) in 3-point bending mode was conducted on a
TA Instruments HR-20 rheometer to characterize the
viscoelastic moduli of the materials across a range of
frequencies. A preload force of 5 + 0.1 N was applied before
initiating the frequency sweep at each temperature to ensure
sufficient contact between the instrument and the sample. An
axial displacement of 7 pm was maintained during the
measurements. The frequency sweep was performed over a
range of f = 0.00S to 1 Hz at temperatures ranging from 25 °C
to 105 °C in increments of 10 °C. Samples were allowed to
equilibrate for 10 min after each temperature change to ensure
uniform temperature within the sample.

2.3. Uniaxial Experimental Setup. Uniaxial tensile tests
were performed using an MTS Bionix Servohydraulic testing
machine. A 25 kN load cell (MTS Model 662.20H-0S) was
used to measure the force, which was then converted to the
nominal stress. The Digital Image Correlation (DIC) software
MatchID 2D, integrated with a FLIR Blackfly S USB3 camera,
was used to measure the nominal strain & during the
experiments. Uniaxial tension tests were conducted at room
temperature and the nominal stress o was measured as a
function of € at a nominal strain rate of £ = 2 X 107* s™! until
the point of necking. From these measurements, the Young’s
modulus E was calculated from the initial linear slope to 1%
strain, and the yield stress 6, was determined using the 0.2%
offset method.

2.4. Fourier Transform Infrared Spectroscopy. The
chemical structure of the samples was analyzed by Attenuated
Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy using a PerkinElmer Spectrum 2 spectropho-
tometer scanning over wavelengths ranging from 4000 to 500
cm™! with a resolution of 4 cm™" for a total of 10 scans per
sample. To assess changes in polymer composition with gas
exposure, the spectra were normalized to characteristic peaks
with Spectragryph, a postspectral processing software. At least
three samples were measured for each polymer aging condition
to assess variability and error.

2.5. Aging Protocol. Samples were placed inside a
pressure vessel using a custom-made holder to hold the
samples in an upright position and ensure good contact with
the gaseous environment. The vessel was evacuated under
vacuum to remove air, after which it was filled with a natural
gas mixture purchased from Airgas consisting of 80% methane,
10% ethane, 7% propane and 3% n-butane. The aging process
was conducted at a temperature of 90 °C and a pressure of 250
PSI (~1700 kPa) for durations up to 30 days. This elevated
temperature was chosen to account for possible chemical
changes occurring in these polymers. Assuming an activation
energy of 100 kJ/mol, an order of magnitude common for
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many chemical reactions, this elevated temperature results in a
dramatic enhancement of the effective aging time. Mathemati-
cally, the ratio of effective aging times can be calculated

according to
_Ejr 1
R\T T,

T

= exp

+
tref (1)
One month of aging at T = 90 °C would therefore correspond
to approximately 100 years of aging at T, = 25 °C. Another
set of samples was also aged for 30 days at room temperature
for comparison.

3. RESULTS AND DISCUSSION

3.1. Solid Mechanics. The mechanical properties of the
neat polymer samples at T = 25 °C are measured as a function
of frequency f using DMA, as shown in Figure 1. The three
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Figure 1. Storage modulus E’ (closed) and loss modulus E” (open) at
T =25 °C as a function of frequency f for HDPE, PA and PVDF.

polymer chemistries—high density polyethylene (HDPE),
Nylon-6/6 polyamide (PA), and poly(vinyl difluoride)
(PVDF)—exhibit similar relaxation spectra and moduli,
sufficient to provide mechanical rigidity as pipeline liners.
Specifically, we observe that the storage (elastic) modulus E’ of
these materials ranges between 500 MPa and 2 GPa and are
weak functions of frequency f. These measurements are
consistent with a wide body of literature results on the
viscoelasticity of neat polymer solids,>’ ™ and serve as the
benchmark against which we will evaluate the impact of natural
gas exposure.

Following linear DMA, the polymers samples are incubated
in pressure chambers in a model natural gas environment
consisting of 80% methane, 10% ethane, 7% n-propane, and
the balance n-butane at a pressure of 250 PSI and a
temperature of 90 °C for up to 30 days. This pressure is
chosen to approximate the general operating conditions in
transmission pipelines and an upper maximum on the
operating pressures for distribution pipelines,”** which are
the primary candidate for remediation. The elevated temper-
ature would accelerate the aging process for chemical effects,
which can be assessed by comparing the mechanical response

of polymers aged under high temperature to those aged at
room temperature conditions.

The mechanical properties of the aged polymer samples are
measured within 48 h after removal from the natural gas
environment to minimize potential changes that could occur
under atmospheric conditions. We find that the Young’s
modulus E does not significantly change after exposure to the
natural gas environment (Figure 2(a—c)). These measure-
ments are confirmed through both DMA and tensile
measurements across all three polymer chemistries. We do
note, however, that there are significant fluctuations in the
measured data which may overwhelm any detectable signal.
Nevertheless, these fluctuations demonstrate that the mechan-
ical modulus may not be a sensitive metric of aging in natural
gas environments. Additionally, the polymer deformation
mechanics appear to be independent of the aging temperature.
The moduli measured after 30 days of exposure at 90 °C and
at room-temperature (ie., 20—25 °C) have comparable moduli
within experimental error. This temperature independence
suggests that there is no significant degradation in the material,
which would be accelerated through Arrhenius-like processes
at elevated temperatures.

The Young’s modulus characterizes the linear response of
these materials to small deformations, but high loads leading to
plastic/nonlinear response causing loss of material stiffness can
lead to mechanical failure. The yield stress o, is one
characteristic property that represents the onset of plasticity
defined under tensile deformation as the stress beyond which
the stress—strain relation of the material deviates from a linear
elastic response. Similar to our observations for the modulus,
we do not observe any significant or reproducible effect of
aging in the presence of natural gas on the yield stress of these
polymer solids across the various polymer chemistries (Figure
2d—f). Again, samples aged under elevated and room
temperature conditions exhibit comparable properties. Togeth-
er, these findings demonstrate that the linear elastic and
nonlinear plastic mechanical deformation responses of neat
polymer solids measured at room temperature are preserved
after being exposed to natural gas.

3.2. Viscoelastic Shifts. Polymers are inherently viscoe-
lastic. Thus, even despite the lack of any detectable effect of
natural gas on Young’s modulus E and the yield stress o, there
may still be changes to the viscoelastic relaxations of these
materials. To probe these effects, we conduct DMA measure-
ments at various temperatures in which we subject the material
to an oscillatory strain with an amplitude within the linear
viscoelastic regime (Figure 3a). As T increases, the viscoelastic
moduli decrease and exhibit a slightly stronger frequency
dependence. We exploit time—temperature superposition
(TTS) to construct a master curve for each polymer by
shifting the frequency by a temperature-dependent shift factor
ar until it overla}gs with the reference spectrum at T = 25 °C
(Figure 3b).>~* The shifted frequency collapses both the
storage modulus E’ and the loss modulus E” onto a single
master curve that quantifies the relaxations of the polymers
over many decades of frequency. We observe a broad
relaxation in these solids with E’ increasing by an order of
magnitude over shifted frequency regime. For all measured
frequencies (and temperatures), the polymers behave as
viscoelastic solids with E’ > E” as expected for temperatures
below the melting point.

The shift factor ar is typically associated with the activation
of dynamic relaxations within the polymer chain. We find that
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TTS with shift factors ar. (c) Shift factors ar for HDPE as a function of inverse temperature T~ Solid line is fit to eq 2.

ar follows an Arrhenius dependence on temperature according
to

( _Ea ]

ar =e

TSP Ry )
where E, is the activation energy for the relaxation process, R is
the ideal gas constant, and T is the absolute temperature,Ss’41
as shown in Figure 3c. This Arrhenius behavior is expected for
polymers well above their glass transition temperature Tg.42
From this fit, we extract the activation energy for the neat
polymer solids E,, = 200 &+ 7, 312 + 16, and 289 + 50 kJ/mol
for HDPE, PA, and PVDF, respectively. These measurements

are consistent with previously reported values for HDPE,*
PA,* and PVDE* over comparable temperature ranges.

The temperature dependent shift factors a; quantify changes
to polymer segmental dynamics, allowing us to investigate how
dynamic relaxations depend on natural gas exposure. We
observe a continuous decrease in the slope of these Arrhenius
plots with increasing exposure time across all polymer
chemistries, indicating a significant reduction in their activation
energy E,, as shown in Figure 4. This decrease in E, suggests
that exposure of polymers to natural gas leads to an increase in
the rate at which the polymer chains relax. The effect is slightly
different across the three polymers, with HDPE showing the
most pronounced reduction in E,, followed by PA, while PVDF
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exhibits a more modest change up to 14 days of aging before a
significant drop after 30 days of aging. These differences may
be caused by differences in the levels of crystallinity, gas
solubility, or the temperature of aging relative to T, or the
melting temperature T,. Based on reported permeability

measurements, the solubility of methane in HDPE, PA and
PVDF is 0.36, 0.4, and 0.35 cmypp/cm® MPa, respectively, at
70—80 °C and 10 MPa.* From these values, we do not expect
there to be a drastic difference in the acceleration of dynamics
between polymer chemistries caused by the equilibrium
absorption of natural gas within the polymers. The progressive
decrease in activation energy with aging time indicates that
while natural gas exposure does not significantly affect Young’s
modulus E and the yield stress o,, it does substantially alter the
segmental relaxation dynamics of these polymers. We believe
the enhanced sensitivity of activation energy relative to these
other metrics is primarily caused by the importance of time
scales; the activation energy characterizes changes in
viscoelastic moduli over 8 orders of magnitude in time (and
correspondingly 80 °C in temperature) whereas E and o, are
only measured over a single order in time and a single
temperature of 25 °C. Thus, even subtle changes caused by gas
absorption will manifest in the long-time viscoelastic
relaxations without significantly altering the polymer mechan-
ics at room temperature.

We quantify this decrease in activation energy E, as a
function of aging time in Figure 5. We normalize E, by the
value measured for neat samples prior to aging E, , to identify
relative changes, facilitating easier comparisons between
polymer chemistries. As expected from the qualitative
observations above, we find a monotonic decrease in E, across
all polymer chemistries. After 30 days of accelerated aging, the
activation energies decrease to x40 — 60% of their original
values. Because the terminal relaxation time 7 of polymers is
proportional to ar, this significant decrease in E, implies an
acceleration of T,peq/Tpear & 107" to 107%. Physically, this shift
in relaxation time may dramatically increase the creep failure of
polymer solids,*”*”** in the presence of natural gas despite no
detectable changes in the viscoelastic moduli. Additionally, we
conducted similar aging experiments at room temperature to
determine whether this observed change to polymer dynamics
depends strongly on environmental conditions. Polymers aged
at room temperature consistently exhibit a weaker suppression
of E, than polymers aged at elevated temperatures, suggesting
that the changes to E, occur more rapidly at elevated
temperatures. Within the error of our measurements, however,
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Figure 5. Normalized activation energy E,/E, , and the recovery tests
of aged samples for (a) and (b) HDPE, (c) and (d) PA and (e) and
(f) PVDEF. Black symbols represent measurements taken after aging at
room temperature. Dashed lines are guides to the eye.

these differences are not statistically significant. Thus, changes
to polymer relaxations manifest similarly across various
environmental conditions, including a range of temperatures
over which these polymers would be expected to perform in
pipeline applications.”

3.3. Mechanisms of Gas Aging. We hypothesize that this
decrease in E, upon exposure to natural gas is driven by the
absorption of small molecules within the polymer. Once
absorbed, these gas molecules act as plasticizers to enhance
local dynamic fluctuations. We rationalize this hypothesis
through some rough estimates of the saturation time for
diffusion of gas penetrants into the polymer solids. The
diffusion process can be modeled through a one-dimensional
Fick’s law
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where C(xt) is concentration at position x and time ¢, and D is
diffusivity. With a constant external concentration C,, the
solution at the centerline is given by

Clx=0,t)
4C, + 2+ 1
=CO__OZ 1 sin(( n + )ﬂx]
T oo 2n+1 L
( (2n + l)zzrth]
exp| ———————
L @)

where L is the thickness of the polymer sample. Using
estimated values of D = 0.41—6.5 X 1077 cm?/s,*® we find that
the saturation time necessary for the concentration at the
center to reach 95% of the concentration at the surface ranges
from approximately 10 to 25 days. On longer time scales, we
would therefore expect the decrease in E, to plateau as the gas
reaches full saturation.

Under this physical picture, the decrease in E, should be
reversible once the polymers are removed from the saturating
natural gas environment. To assess their reversibility, we
monitored E, after removing the samples from the pressure
chambers after the 30-day aging period and stored at ambient
laboratory conditions over a range of times from <1 h to >10
days before DMA testing. At ambient pressure, the primary
driving force of physicochemical absorption would be removed
and the aged polymers would therefore be oversaturated with
gas molecules. Thus, the absorbed gas would begin to diffuse
out of the polymer solids into the ambient atmosphere. We
observe a gradual restoration of the E, toward the original
values, as shown in Figure S. The error bars represent the
uncertainty in the linear regression of the Arrhenius plots
rather than from multiple sample measurements because each
complete temperature sweep required approximately 3 h of
testing time, making repeated measurements impractical within
the recovery time frame. This recovery phenomenon, observed
for all polymer chemistries, strongly suggests that the natural
gas molecules gradually diffuse out of the polymer matrices
under ambient conditions. The reduction in absorbed gas
correspondingly slows the fluctuation dynamics of the polymer
chains and increases E,. Furthermore, the reversibility of this
measurement indicates that the reduction in E, is caused by
physical changes to the polymers without inducing permanent
chemical changes. Although the recovery is qualitatively similar
for all polymers, there are quantitative differences with PA
showing the most significant recovery after about 300 h, nearly
reaching to its original activation energy. Both HDPE and
PVDEF recover to nearly 80% of their original activation energy,
and we expect that this trend would continue toward 100%
recovery over longer periods of time. These recovery
measurements provide indirect evidence that the polymers
absorb the natural gas molecules under elevated pressures.

To gain direct evidence that the concentration of natural gas
increases in the polymer samples, we measure the Fourier
Transform Infrared (FTIR) absorbance spectra of the polymer
solids before and after exposure to natural gas (Figure 6). For
the neat polymers, we observe spectra that are in good
agreement with literature reports.”’ ™" Specifically, we identify
characteristic peaks at 1630 cm™" for PA, corresponding to the
stretching of the C=O0 bond, and at 1178 cm™" for PVDF,

s10l@PA 1265 | 504r(d) $1
2 [ 2915 | 03 o ¢ .
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Figure 6. FTIR absorbance as a function of wavenumber v
normalized to peak intensity at 1630 cm™ corresponding to C=0
stretching for (a) PA and at 1178 cm™' corresponding to C—F
stretching for (c) PVDF. Black curves are neat samples and colored
curves have been aged at 90 °C for 30 days. (b,d) Normalized
absorbance of peaks at 1465 cm™' (open) corresponding to C—H

bending and 2915 cm™ corresponding to C—H stretching as a
function of aging time at 90 °C.

corresponding to the stretching of the C—F bond. Both of
these bonds are unique to the polymer chemistries and are not
found in the natural gas mixtures. Thus, they serve as a
baseline against which we can compare the relative change in
peak heights corresponding to bonds in the natural gas
mixture. We normalize the spectra before and after exposure to
the height of these peaks, respectively, and then quantify the
change in the height of peaks at v = 2915 and 1465 cm™',
which correspond to the bending and stretching of the alkane
C—H bond, respectively. Quantitatively, we observe an
increase in the relative height of these peaks for both PA
and PVDF as a function of exposure time, indicating that there
is an increase in the density of C—H bonds within the solids.
We do collect spectra for comparable measurements on the
HDPE samples (Supporting Information), but because HDPE
does not possess a unique bond chemistry with which to
evaluate changes in natural gas content, we are unable to
quantify gas absorption. Nevertheless, these FTIR results
demonstrate that the polymers absorb natural gas molecules
under elevated pressures, confirming our hypothesized
mechanism underlying the changes to E,, in which the natural
gas penetrates the polymers and acts as a plasticizer to
accelerate relaxation dynamics. Moreover, the FTIR results do
not reveal the development of new peaks, indicating that there
are no significant chemical reactions occurring between the
polymer and natural gas environment during our aging
protocol. This lack of chemical changes is further supported
by DSC and XRD measurements (Figures S4 and SS,
respectively), which show no significant changes in phase
transitions and crystallinity with respect to gas aging.

4. CONCLUSION

Polymeric liners serve as a cost-effective option to remediate
aging natural gas pipelines, but their performance over
extended operational lifetimes is still unknown. By aging
representative polymers in the presence of a model natural gas
environment at an elevated temperature and pressure, we have

https://doi.org/10.1021/acs.iecr.5c02255
Ind. Eng. Chem. Res. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c02255/suppl_file/ie5c02255_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.5c02255/suppl_file/ie5c02255_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02255?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02255?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02255?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02255?fig=fig6&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.5c02255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

demonstrated that the polymers maintain their mechanical
integrity; neither elastic modulus nor yield stress, two key
mechanical properties of solids, show any significant change as
a function of exposure to natural gas environments. We notice,
however, that the viscoelastic dynamics exhibit a strong
dependence on exposure to natural gas. The activation energy
E, of the solids decreases by up to 50%, representing a
dramatic acceleration of segmental dynamics within the melt.
We rationalize this change through a physical mechanism by
which the solids absorb small gas molecules that act as
plasticizers. To confirm this hypothesis, we have shown that
there is an increase of natural gas molecules within the solids
after exposure and that upon removal of the polymers into
ambient conditions, E, recovers to nearly its original values.
Together, these findings suggest that polymer liners can serve
as a safe and effective option for remediating gas pipelines,
especially under lower operating pressures. The accelerated
dynamics, however, may result in changes to the creep
response of these materials under prolonged operation.
Furthermore, we caution that such reversibility may be unique
to the natural gas composition chosen for this study, which
contains pure alkanes that are chemically stable and have low
reactivity. Real-world natural gas compositions may contain
more reactive species such as H,S, O,, H,O, or reactive organic
species that may chemically interact with specific polymers to
drive irreversible changes to the mechanical and dynamical
properties of the solids. We plan to assess the impacts of these
contaminants on polymer properties in future work.
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