Impact statement

This study offers pivotal insights into the degradation
mechanisms of high-density polyethylene geomem-
branes (PE GMXs) through the application of in sifu
SAXS/WAXS techniques. As a crucial material in
waste containment infrastructures, PE GMXs' durabil-
ity is paramount. By simulating real-world exposure
conditions (encompassing chemical environments and
mechanical stress) in a controlled laboratory setting,
we elucidate the structural transformations at micro-
and nanoscales within the polymer. Our findings
reveal that oxidation-induced chain scission mark-
edly enhances the crystallinity of treated PE GMXs,
resulting in a more crystalline and less elastic state.
The combined use of FTIR, DSC along with SAXS/
WAXS, and simultaneous tensile tesfing corroborates
these structural changes, demonstrating the mate-
rial’s diminished deformation capacity under fensile
siress and elevated femperatures. SEM micrographs
further illustrate the formation of shish—kebab crys-
tals during high-temperature siretching in chemically
and mechanically treated samples, contributing to the
increased rigidity of PE GMXs. This comprehensive
analysis underscores the crifical importance of under-
standing the chemical and mechanical degradation
processes in PE GMXs. The data provided herein are
invaluable for improving the durability and perfor-
mance of geosynthetics in field applications. This
innovative approach and detailed findings make
a significant contribution to the fields of polymer
science and environmental engineering, paving the
way for enhanced longevity and reliability of waste
containment systems.

Impact Arficle

Nanoscale structural evolution -

Check for

and phase transformation
of geopolymers: In sitv SAXS/WAXS
investigation under uniaxial tension
at elevated temperatures

S.A.K.V. Miyurudarshi Piyathilake,*® Ivan Kuzmenko,
Luckshitha Suriyasena Liyanage, and Christopher Bareither

Accepted: 27 November 2024

This investigation delves into the degradation mechanisms of high-density
polyethylene geomembranes (PE GMXs) under a spectrum of conditions,
replicating real-world scenarios within a rigorously controlled laboratory setting.
The treatment protocols applied induced a notable increase in the crystallinity
of the treated specimens relative to the untreated controls. Small-angle x-ray
scattering (SAXS) analysis identified an initial long period (interlamellar distance)
of 16.9 nm for the untreated polymer, which expanded by 19.5% at a strain
of 16.7 percent. Conversely, the treated PE GMXs exhibited a more gradual
elongation of the long period, with an increase of merely 10.6% at a strain
of 23.3 percent. At an elevated temperature of 65°C, both samples exhibited
pronounced strain hardening, with the treated PE GMXs demonstrating superior
stability even at a strain of 150 percent. Wide-angle x-ray scattering (WAXS)
experiments corroborated these observations, revealing that the diffraction
patterns of the untreated PE remained stable up to a strain of 16.7%, whereas
those of the treated PE remained distinct up to a strain of 46.1 percent. Scanning
electron microscopy (SEM) images substantiated the formation of a shish—-kebab
structure in the treated samples. The study concludes that the geopolymer
underwent oxidation and material degradation as a result of the chemical and
mechanical treatments, transitioning to a more crystalline state and concomitantly
losing its initial elasticity.

Introduction

Geosynthetics play a crucial role in geoengi-
neering applications across the globe, which
include functionality such as filtration, sepa-
ration, drainage, barrier, and reinforcement.!
In particular, these versatile materials can
be used as impermeable liners in waste con-
tainment systems, including municipal, haz-
ardous, and mine waste applications. Com-
monly used geosynthetics in barrier systems
are textured geomembranes (GMXs) and
geosynthetic clay liners (GCLs), which

when used together create a robust, compos-
ite waste containment solution.>™ The goals
of a geosynthetic barrier system are to iso-
late waste, prevent contaminant release into
the environment, and protect human health.'

A GMX is a thin polymeric film (e.g.,
1- to 2-mm thick) primarily composed of
polyethylene variants such as high-density
polyethylene (HDPE), low-density poly-
ethylene (LDPE), or linear low-density
polyethylene (LLDPE). These polyethyl-
ene geopolymer materials can experience
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progressive material degradation and mechanical property
alterations over time, ultimately leading to the potential failure
of liner components.® Notably, GMXs are susceptible to oxida-
tive degradation, wherein metal ions present in the surround-
ing leachates accelerate the generation of free radicals.” The
heightened temperatures within waste impoundments, arising
from exothermic reactions induced by waste, further exac-
erbate the oxidation kinetics of geopolymers. Additionally,
the substantial mechanical stress resulting from the weight
of waste impinges upon the original strength properties of the
polymer matrix. The coupled impact of elevated temperatures
and mechanical loading can induce significant alterations in
the internal molecular architecture of the polymers. Thus,
the interplay of chemical surroundings, thermal conditions,
and mechanical forces gradually compromises the materials
properties of geosynthetic polymers, ultimately affecting their
long-term performance.®’

The goal of this study was to understand the effect of
the surrounding solution chemistry, external stress, and
heightened temperature on degradation on a high-density
polyethylene geomembrane (PE GMX) and to understand
and analyze the in situ structural transformation within the
internal framework of the polymer. This was done to monitor
alterations at the nanoscale, with the aim of understanding
these changes as they occurred in real time. To achieve this, a
controlled laboratory environment was created that simulated
the challenging conditions found in real-world contexts and
conducted the in situ experiments for the exposed PE GMX
materials.

The approach of this study involved creating a laboratory-
controlled environment to expose PE GMX followed by char-
acterizations. Bauxite-based process solution (B-PS) was syn-
thesized in the laboratory which was specifically designed to
mirror the chemical environment encountered at actual bauxite
mining sites.'® To replicate real-world pressures, an external
load was applied on the samples, simulating the weight-
induced stress. Subsequently, these treated samples were sub-
jected to elevated temperatures and simultaneously performed
in situ small-angle/wide-angle x-ray scattering (SAXS/WAXS)
under tension to understand the real-time structural evolution
of HDPE geopolymers. This methodology offered significant
insights into the dynamic transformations within these intri-
cate structures under specific conditions.

Background

The structure of a polyethylene-based polymer is typically
semicrystalline, composed of both lamellar and amorphous
structures. The lamellar structure is formed when polyeth-
ylene chains fold to create lamellar crystals, whereas the
amorphous structure consists of polymer chains oriented
randomly. Factors such as external stress, exposure to chemi-
cals, and high temperatures can modify the initial orienta-
tions of the lamellar and amorphous regions, thereby chang-
ing their original properties. The SAXS/WAXS technique is
an effective method for examining the nanoscale changes in
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both amorphous and lamellar crystals within polyethylene.'!
The combination of in situ SAXS and WAXS is a powerful
method to study the hierarchical structure of polymers in real
time. !?

Jiang et al. explored the structural deformation of high-
density polyethylene subjected to tensile deformation during
annealing.'® The authors investigated the structural modifica-
tions in polymer under uniaxial tensile stress using the SAXS
technique. Key findings include the activation of interlamellar
block slips at minor deformations, leading to fragmentation
and recrystallization, and the formation of thinner, more stable
lamellae. Annealing resulted in the melting of original crystal-
lites and the emergence of distinct lamellar stacks. Notably,
lamellae formed during moderate strain stretching remained
stable at lower temperatures, only melting at high annealing
temperatures. This study illuminates the complex structural
changes in HDPE during tensile deformation and annealing,
emphasizing the influence of strain, stress-induced processes,
and temperature.'?

Different research examined the structural changes in
distinct preoriented isotactic polypropylene (iPP—which
is also a polyolefin similar to polyethylene) cast films sub-
jected to uniaxial stretching at room temperature.'* The study
employed in situ SAXS/WAXS to explore the transforma-
tions induced by stretching. For low-oriented films, the tensile
stress induced the amorphization of lamellar crystals parallel
to the stretching direction, while the shear stress triggered
the shearing of lamellar stacks at other angles through crystal
slipping. For high-oriented films, under tensile stress, micro-
buckling or bending replaced the lamellar shearing to trigger
the initial deformation instability of crystals. Stress-induced
amorphization of lamellar crystals could also occur at large
strains in the strain-hardening zone. This study uncovered
the different structural evolution pathways of low- and high-
oriented films, which will aid to deepen the understanding of
the effects on the deformation mechanisms of other semic-
rystalline polymers.

Defebvin et al. used x-ray techniques (SAXS/WAXS) to
study how poly(vinylidene) fluoride (PVDF) films change
when stretched.!’ They found that the crystal phase of PVDF
transforms from alpha to beta across all temperatures between
the glass transition and melting points, which is key for its
electroactive properties. The initial PVDF structure was
analyzed using SAXS and WAXS. The patterns showed an
isotropic distribution of crystal lamellae and a regular stack-
ing of amorphous and crystalline layers. They have observed
the polymer’s structural changes and proposed two mecha-
nisms for evaluating crystal structure under stress. First,
the alpha—beta crystalline relaxation due to intracrystalline
molecular motions significantly impacts PVDF’s deforma-
tion behavior. Second, in the high-temperature domain, plas-
ticity occurs through crystal block shearing and fibrillation.
However, within the alpha—beta transition range, cavitational
modes interfere with fibrillation, reducing ductility. The study
offers a morphological evolution scheme based on the in situ
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SAXS/WAXS data to understand PVDEF’s structural changes
upon stretching.

Crystallization under flow is another key concept in poly-
mer deformation, focusing on how flow-induced alignment
of polymer chains form “shish” (extended) and “kebab”
(folded) structures, especially under extreme environmental
conditions such as high temperature and tension.'® A study
by An et al. examined the evolution of gel-spun ultrahigh-
molecular-weight polyethylene (UHMWPE) fibers during hot
stretching. They used techniques such as in situ small-angle
x-ray scattering and wide-angle x-ray diffraction measure-
ments to observe structural changes. As stretching strain
increased, the fibers’ long period increased at lower tem-
peratures. However, at higher temperatures, it has increased
initially followed by a rapid decrease. The kebab’s thick-
ness remained nearly constant, while the diameter decreased
consistently. The formation of shish—kebab structures was
identified using SAXS 2D images. The length of shish
crystals decreased slightly, while their quantity increased.
The degree of crystal orientation remained high throughout
the process.!” These shish—kebab structures significantly
enhance the mechanical properties of polymers such as pol-
yethylene, improving their stiffness, strength, and crystal-
linity.'32° Additionally, factors such as oxidation and crys-
tallinity change further alter polyethylene behavior under
extreme environmental conditions. Given that polyethylene
geomembranes are exposed to nonstandard chemicals, stress,
and elevated temperatures in field conditions, it becomes
crucial to study their effects on geopolymer performance,
especially in real-time scenarios.

Experimental

Materials and preparation

High-density polyethylene geomembrane (PE GMX) films
with 1.6 mm of average thickness were used for this study. The
impact of harsh chemical environments and the mechanical
stress on the morphological and atomic changes of the poly-
meric material were evaluated via submerging polyethylene
geomembrane films in a laboratory synthesized mine process
solution followed by an applied stress at room temperature.
Bauxite mine process solution (B-PS) was prepared via pro-
cedures in Ghazizadeh et al.'” to simulate chemical conditions
encountered in mine waste containment systems. The recipe
for the B-PS is provided in the Supporting information. After

10 months of submersion, the materials were subjected to a
normal stress of 2000 kPa to simulate potential stresses acting
on the geomaterials in a field application. The polymeric sam-
ples tested in this study were collected following the chemi-
cal submersion and stress application.?! Untreated reference
polyethylene samples were obtained at the same time from
the same batch, in the as-received conditions, from the poly-
ethylene geomembranes delivered by the manufacturer. The
untreated reference sample was aged in normal environmental
conditions at 25°C for 10 months.

Following the above experimental procedures, the poly-
ethylene geomembrane samples were subjected to different
characterization techniques: Fourier transformation infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC),
simultaneous small-/wide-angle x-ray scattering (SAXS/
WAXS), and tensile testing.

Fourier transformation infrared spectroscopy

A Nicolet iS-50 FT-IR Fourier transform infrared spectrometer
with a single pass ATR (diamond and ZnSe crystals) was used
to obtain Fourier transformation infrared spectroscopy (FTIR)
spectra in both the untreated reference and the treated GMX
specimens at room temperature. The spectrometer was set at
4 cm™! of resolution and each spectrum was averaged over 64
scans. The carbonyl index (CI) and the hydroperoxide/alcohol
indices (HI) were calculated as the ratio of the area integrals
of the carbonyl peak (1650-1800 cm™") and hydroperoxide/
alcohol peak (3200-3550 cm™!) divided by the C-H peak
(1420-1500 cm™ ), respectively (Equations 1 and 2).2?

CI Index __ Area under band 1800—1600 cm™!
(Carbonyl compounds) ~ Area under band 1500—1420 cm—!’
1

HI Index _ Area under band 3200—3550 cm™!
(Hydroperoxide and alcohol) ~ Area under band 1500—1420 cm=!"
2

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on
a DSC 2500 (manufactured by TA Instruments), for thermal
analysis and to estimate the degree of crystallinity. The degree
of crystallinity (%) was estimated by Equation 3. The heat of
fusion of a 100% crystalline polyethylene sample is taken as
293 J/g* and the heat of fusion observed in the sample was
calculated by integrating the area under the melting peak dur-
ing the heating curve.?*

Enthalpy of heat of fusion of the PE specimen x 100

%Crystallinity =

Enthalpy of heat of fusion of the 100% crystalline PE specimen’
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In situ SAXS/WAXS and simultaneous tensile testing
SAXS and WAXS were carried out on the tensile specimens
with simultaneous uniaxial PE GMX specimen elongation.
SAXS/WAXS measurements were carried out using the
Synchrotron radiation (beamline energy range 7-14 keV
and usually tuning to 13 keV) at Advanced Photon Source
(APS) in the Argonne National Laboratory (Lemont, IIl.).
The q range is of 0.002-0.5 A™! for 3.6-m camera length and
0.0035-0.9 A™! for 2.0-m camera length for SAXS detector
(Pilatus 2M) while up to 2.8 A™! for WAXS detector (Pila-
tus 300K). Uniaxial elongation was done using the Linkam
tensile stage (TMS600) shown in Figure 1 with a 200-N
load cell. The instrument enabled the sample to be elongated
horizontally and symmetrically, ensuring that the x-ray beam
always impinged the same area on the sample during the
deformation process. The equipment also facilitated heating
the specimens enabling testing at elevated temperatures dur-
ing tensile loading. In this study, PE GMX specimens were
tested at room temperature and at 65°C. The initial specimen
length between the end clamps was fixed at 50 mm. Defor-
mation was carried out at a constant rate of 5 mm/min to a
maximum elongation of 200% of the initial specimen length.
Time-resolved x-ray and stress—strain measurements were
carried out simultaneously.

The sample-to-detector distance was calibrated using silver
behenate. Two-dimensional SAXS and WAXS patterns were
recorded every 10 s along with the tensile stress—strain traces.
Intensity traces were plotted as a function of the magnitude
of the scattering vector q. Untreated PE and the treated PE
specimens were tested under the above conditions at 25°C
and 65°C. These specific temperatures of 25°C and 65°C for
tensile tests were selected to demonstrate different real-world
scenarios as 25°C represents ambient temperature (serving as
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changes in geopolymers
at ambient temperature
and to cover the possible highest field temperatures, 25°C and
65°C were used in this study.

Results and discussion

Geopolymer characterization section was divided into two
phases: (1) Phase [——understand the effect of solution immer-
sion and stress application on geopolymer degradation, and
(2) Phase II—study the structural evolution of the polymer,
and associated material changes, with application of external
stress at elevated temperatures. Phase I included polyethylene
geomembranes that have been exposed to the B-PS solutions
and stress and were characterized by FTIR and differential
scanning calorimetry (DSC) techniques. Phase II characteriza-
tion included SAXS/WAXS and tensile strength testing.

Phase |

FTIR

FTIR characterization provides detailed understanding of the
chemical changes, functional groups, and structural alterations
that occur during polymer oxidation.?’ This technique is used
to assess the effectiveness of oxidation processes, monitor deg-
radation, and optimize materials properties.

The FTIR spectra for the untreated and treated specimen
(i.e., after 10 months of immersion) are shown in Figure 2a
and the associated bar charts for CI and HI indices for the same
two specimens are shown in Figure 2b—c. The peaks relevant to
hydroperoxide/alcohol (3200-3550 cm™') and carbonyl com-
pounds (1600—1850 cm™") increased in intensity after treatment
with respect to the untreated polymer. This indicated the treated
specimen had undergone oxidation via free radical formation
that can generate oxidative products such as hydroperoxides,
alcohols, ketones, and carboxylic acid.?® These qualitative
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Figure 2. (a) Fourier transform infrared (FTIR) spectra for untreated reference (orange) and treated (green), (b) carbonyl index (Cl) for untreated
reference and treated, and (c) hydroperoxide/alcohol index (HI) for untreated reference and treated specimens.
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Figure 3. Differential scanning calorimetry heating curves of
untreated reference PE and treated PE samples.

data are quantitatively analyzed by defining CI and HI indi-
ces as given in Equations 1 and 2. A 219% increase in the
CI index and 496% increase in the HI index were computed
for the geomembranes after 10 months of immersion in the
B-PS solution and the stress treatment relative to the untreated
reference material. These findings indicate that the treatment
process increased oxidation in the geopolymer, which can ini-
tiate breakdown of the polymer macromolecules and lead to
polymer degradation through chain scission.

DsC

The DSC thermograms of the untreated PE and treated PE are
shown in Figure 3. The curves present the heating cycles and
the endothermic melting peaks of both specimens. The crys-
tallinity of the treated specimen (computed via Equation 3)
increased by 5.8% relative to the untreated PE. This obser-
vation, combined with FTIR results, suggests that the chain

scission mechanism was dominant in the treated polymer. Free
radical formation via oxidation can induce chain scission that
can increase the crystallinity of the polymer.2°=3!

This chain scission process is enhanced by the externally
applied tensile stress, which can accelerate the degradation
process of polymers. The presence of tensile stress separates
radicals formed from the newly broken molecule and prevents
recombination, which would potentially cause an increase in
chain scission. Furthermore, the applied stress can enhance
alignment of the polymer chains and could induce strain
crystallization to heighten crystallinity.3>*? Considering the
analysis from both FTIR and DSC findings, the geopolymer
underwent oxidation, chain scission, and material degradation
due to the chemical and mechanical exposures. Consequently,
the geopolymer evolved into a state with higher crystallinity.
A higher crystallinity implies increased stiffness and reduced
elasticity. This suggests that the geopolymer loses its initial
elasticity after exposure, a characteristic crucial for compre-
hending deformation under applied load in field applications.

Phase Il

SAXS with simultaneous tensile stress at 25°C

The 2D SAXS images from 0% strain to 200% strain at 25°C for
the untreated PE and associated stress—strain curve constructed by
the Linkam tensile stage during the simultaneous tensile test are
shown in Figure 4. The 2D images are numbered from b (1) to
b (11) with corresponding strain values and are stated in the top
right-hand corner of each image. In addition, the relevant positions
for 1-11 images are marked in the tensile stress—strain curve. The
first portion of the stress—strain behavior to 50% strain is magni-
fied and shown to the left of the complete stress—strain curve.
Finally, distinct regions representing yield strain (g,), strain soften-
ing (&), the onset of the strain plateau (g,), and strain hardening
(g,) are identified in the tensile stress—strain curve.'

The 1D plots of Intensity versus q are presented in Figure 5.
These plots were derived from the corresponding 2D images
where the process involved integrating the intensity of each 2D
image over a complete circle (360° azimuthal angle), starting from
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Figure 4. (a) Tensile stress—strain curve and the corresponding (b) 2D small-angle x-ray scattering images of untreated reference PE at
25°C (g, yield strain, & strain softening, €, the onset of the strain plateau, and g, strain hardening).
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the beam center and extending radially outward along the q vec-
tor. A 1D curve for a specific strain is obtained by integrating the
2D image that corresponds to the particular strain. All the inten-
sity versus q value curves that were integrated from the relevant
2D images (from 0% to 150% strain) are shown in Figure 5a. The
peak at the q value ~0.4 A™! is constantly visible in all the plots
and that originates from the machine setup. The squared area of
Figure 5a is magnified and presented as in Figure 5b.!%33

The initial 2D SAXS image of the untreated PE at 0% strain
exhibits isotropic characteristics and appears bright as shown in
Figure 4b. This isotropic SAXS pattern corresponds to the signal
of spherulites with macroscopically homogenized and randomly
oriented structure of lamellae. The particular 1D curve for 0%
strain (as shown in Figure 5a) is used to determine the interlamel-
lar distance, also known as the long period (L)), using Equation 4.

According to Figure 5b, at 0% of tensile strain, the e
is equal to 0.037 A™". Thus, the initial long period (L) of the
untreated PE at 25°C is 16.9 nm (using Equation 4).'"+1336:37
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2
Long period(interlamellar distance) = L, = —TC

During the stretching process, the peak intensities of the 2D
images remain relatively stable, showing no significant altera-
tions up to a strain of 10.0 percent. However, when the strain
reaches 16.7%, a noticeable decrease in intensity begins to
manifest in both 2D and 1D representations as depicted in Fig-
ures 4 and 5. The initial isotropic representation has evolved
into an anisotropic state and exhibits compression along the
meridional direction. At this deformation stage, the gy, has
reduced down to 0.031 A™' and the long period has raised up to
20.2 nm (19.5% increase) indicating the occurrence of lamel-
lar separation and an extension of the interlamellar amorphous
in meridional direction.>®

After that, in the strain softening zone, the lamellae along
the stretching direction undergo more separation as indicated
by the continuous increase of the long period. After the strain
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Figure 5. (a) One-dimensional small-angle x-ray scattering curves of azimuthal intensity versus q for untreated PE at 25°C from
0% tensile strain to 150% tensile strain, and (b) magnified peak area of (a).

100

plateau, strain hardening begins; however, the slope of the strain
hardening appears to be quite minimal. As the material enters
the strain-hardening phase, a sudden decrease in the long period
is observed in the 1D curve (Figure 5b), particularly after reach-
ing 23.3% strain. This observation is clearly visible in the 2D
SAXS image at 23.3% strain (Figure 4) as well. The deforma-
tion of the 2D representation has further intensified, and the
signal intensities in the meridional direction have undergone
additional compression. This suggests an accelerated disinte-
gration of the lamellar structure under the applied tensile stress.
Around 30.1% strain, an equatorial streak signal appears in the
2D SAXS patterns. This phenomenon suggests that under that
particular range of tensile strain the lamellar stacks break into
blocks through pulling out chains from crystals, which promotes
the formation of microfibrils.® This is further confirmed by a
fast decrease of the SAXS azimuthal intensity.

Contrasting with Figure 5, Figure 6 includes both the col-
lection of 2D SAXS images and the corresponding 1D curves
for both the untreated PE and the treated PE during stretching
from 0% to 150 percent. Those 2D SAXS images and the cor-
responding 1D curves in Figure 6 compare the structural evo-
lution of untreated versus treated PE specimen under uniaxial
tension at 25°C. Upon application of tensile stress, the treated
PE sample demonstrated a slower propagation of the long
period extension compared to the untreated reference PE.
This behavior is clearly visible in Figure 6a—b. The intensity
of the qy,, decreased more rapidly in the untreated sample
(16.7%) compared to the treated sample (23.3%).

This suggests a higher resistance to deformation in the
treated sample. Moreover, the long period at a strain of
23.3% for the treated sample was measured to be 18.7 nm
(10.6% increase), whereas it was 20.2 nm for the untreated
sample at a strain of 16.6 percent. This indicates that
the treated polymer has less deformation of the lamellae

compared to the untreated polymer. Supporting this obser-
vation, the 2D SAXS images showed a noticeable distor-
tion of image isotropy at a strain of 23.3% for the untreated
samples, while this distortion was only observed at a strain
of 46.6% for the treated sample signifying that the lamellar
separation is slower in the treated samples in the meridional
direction. This observation is further corroborated by the
rapid decrease of the g, intensity at a strain of 46.68%
in the treated sample, compared to a strain of 23.3% for the
untreated PE, as depicted in Figure 6b—c 1D curves.

The preceding analysis indicates that the treated PE
exhibits less structural deformation and increased rigidity
following treatment. This could be attributed to the effects
of oxidation and applied stress, which have influenced the
crystallinity and molecular structure orientation, culminating
in a highly oriented crystal structure in the treated polymer.

The pronounced orientation of lamellae and chains in the
treated polymer inhibits the deformation of the lamellae struc-
ture at the initial stages of uniaxial stretching. Consequently,
the treated polymer exhibits reduced elasticity compared to the
untreated reference PE. This could be interpreted as a degrada-
tion of the polymer materials, given that these materials are
engineered to resist and preserve a specific level of elasticity.

SAXS with simultaneous tensile stress at 65°C

The same experimental procedure carried out for treated and
untreated samples at 25°C was followed at 65°C to assess
the geopolymer structural evolution at elevated temperatures.
The samples were stretched at 65°C and the stress—strain trace
along with the corresponding 2D SAXS images of untreated
and treated polymers is shown in Figure 7a(i) and b(i). Cor-
responding 2D images for the untreated and treated PE at 65°C
stretching are shown in Figure 7a(ii) and b(ii)a, and b,. Both
samples at 65°C stretching show prominent strain hardening
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compared to the samples stretched at 25°C. The reason could
be that the higher temperatures enhance the mobility of poly-
mer chains, promote recrystallization, and facilitate secondary
bonding, all of which contribute to strain hardening.***

Similar to the observations made for 25°C, the changes
in the isotropic 2D SAXS patterns can be attributed to the
breaking of lamellae by stretching (Figure 7). In general, for
both treated and untreated samples, the characteristic SAXS
streaks appear in the equatorial direction of 2D SAXS patterns
at higher strains than the 25°C stretching.

However, in the 2D SAXS images of both samples, we
observe the emergence of a new peak. Alongside the equatorial
streak signal, two newly formed two-point signals appear in the
meridional direction. These scattering signals likely originate
from periodically alternating kebab lamellae with an intermedi-
ate amorphous region at heightened temperature.** Also, the
applied strain leads to the formation of fibrillar shish, composed
of stretched chains aligned along the flow direction.** The for-
mation and evolution of shish—kebab crystals can primarily be
achieved through lamellar fragmentation and crystal slip at the
stretching temperature of 65°C. At very high stretching tempera-
tures, they are potentially achieved via stress-induced melting
and recrystallization. As the stretching temperature increases,
crystals orient more easily, and the fibrillar crystals formed at
high temperatures are superior to those formed at low tempera-
tures due to partial chain disentanglement.*®

In this study, the B-PS and stress-treated specimen begins
forming the new structure at approximately 46% strain,
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at 200% strain at 65°C are

shown (Figure 9). The SEM
images effectively highlight the development of a shish—kebab
structure at 65°C.

A noticeable variation of the shish-kebab densities of this
structure is clearly evident when comparing samples that have
undergone treatment and stretching at 65°C to those that were
untreated and stretched at 65°C. This observation underscores
and verifies the findings gathered through the SAXS and con-
current tensile investigations.

WAXS with simultaneous tensile stress

Two-dimensional WAXS images of both untreated and treated
PE subjected to strain ranging from 0% to 150% at 25°C and
65°C are presented in Figure 10. WAXS images were col-
lected simultaneously with the SAXS data. Due to the concur-
rent WAXS/SAXS acquisition mode, the range of the collected
WAXS data does not span the full 360° azimuthal angle; it is
less than that.*

At 0% strain, two isotropic circles are discernible, repre-
senting the congruent diffraction patterns for HDPE. From
the inner circle outward, the diffraction circles correspond to
the (110) plane and (200) plane of the orthorhombic crystals
in HDPE.* Upon the application of tension to the polymer,
alterations in the crystalline structure result in a smearing of
the WAXS crystalline peaks. As previously discussed, PE is
a semicrystalline polymer, characterized by regions where
chain segments align parallel to each other, forming crystalline
lamellae, interspersed with large amorphous areas exhibiting
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Figure 7. Tensile stress—strain curves (a,) untreated PE (b,) treated PE and the most analogous in situ small-angle x-ray scattering 2D images

random orientation. The application of tension forces these
chains to reorient, disrupting the crystalline structure and caus-
ing the WAXS peaks to distort and blur.>%>

Both the (110) and (200) crystal planes of the untreated
and treated specimens exhibit more intense diffraction rings
initially. In the untreated PE, the diffraction patterns remain
stable until 16.7% of strain, corresponding to the end of the
yield region as per the tensile traces provided in Figure 4.
Subsequent to this point, the diffraction patterns blur, poten-
tially indicative of fragmented crystals. In the later stages of
stretching, the diffraction signal transitions from diffraction
arcs to short arcs, suggesting that a significant number of
crystals align along the direction of stretching under higher
strain. At approximately 150% of stretching, the arcs further
shorten, implying that the crystals are more neatly oriented
along the direction of stretching. For the treated PE, the dif-
fraction peaks do not smear up to 46.1% of applied strain,
indicating a more resilient crystal structure post-treatment,
as discussed in the SAXS analysis as well. This observation
highlights the resistance of the crystal structure to deforma-
tion following the treatment process which would not be
ideal for geopolymers in the field.

At 65°C, as shown in Figure 10c—d, the diffraction peaks
corresponding to the crystalline planes are more stable than
those at 25°C. Among all the samples, the PE treated at 65°C
exhibits the highest stability, as the crystalline peaks remain
undeformed and undistorted even under higher strains.
Even at a strain of 150%, the arc-like diffraction pattern

for the 110 plane is still observable. The presence of the
shish—kebab structure, as discussed in previous sections,
could be the reason for this behavior.

Summary

This study investigates the degradation of high-density poly-
ethylene geomembranes (PE GMXs), a geosynthetic used in
waste containment, under various conditions. The real-world
exposure conditions, including chemical environment and
mechanical stress, were simulated in a laboratory setting
and analyzed structural transformations within the polymer
at micro- and nanoscales. The treatment process increased
oxidation in the geopolymer, leading to polymer degradation
through chain scission. This was confirmed through Fourier
transformation infrared spectroscopy (FTIR) and differential
scanning calorimetry (DSC) techniques. The results showed
an increase in the crystallinity of the treated specimen by 5.8%
relative to the untreated reference PE, suggesting a dominant
chain scission mechanism. The applied stress enhanced this
process, leading to a more crystalline state in the geopolymer
and a loss of its original elasticity. Following this, the research
employed SAXS/WAXS characterization to examine the struc-
tural changes in both untreated and treated PE. These examina-
tions were conducted at temperatures of 25°C and 65°C under
concurrent tensile stress. The rationale for this approach is
that it can simulate the dynamic conditions these materials
encounter in real-world settings, including high temperatures
and stresses.
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Figure 8. (a) One-dimensional small-angle x-ray scattering (1D SAXS) curves of azimuthal intensity versus q for untreated PE
at 65°C, (b) magnified section of (a), (c) 1D SAXS curves of azimuthal intensity versus q for treated PE at 65°C, and (d) magni-
fied section of (c).

Equatorial streak
due to shish

Lamellae stacks (kebab)

Figure 9. (a;) Small-angle x-ray scattering (SAXS) 2D image of untreated reference PE at 0% strain at 25°C, (b;) scanning elec-
tron microscopy (SEM) of untreated reference PE at 0% strain at 25°C, (a,) SAXS 2D image of treated reference PE at 200% strain
at 25°C, and (b,) SEM of treated PE at 200% strain at 25°C (SD stretching direction). (a;) SAXS 2D image of treated reference PE
at 200% strain at 65°C, and (bs) SEM of treated PE at 200% strain at 65°C (formation of shish-kebab crystals*?47).
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Figure 10. Wide-angle x-ray scattering two-dimensional (WAXS 2D) images of (a) untreated reference PE at 25°C, (b) treated PE 25°C,
(c) untreated reference PE at 65°C, and (d) treated PE 65°C from 0% to 150% strain.

The initial long period (L;) of the untreated PE was
16.9 nm. During stretching at 25°C, the peak intensity
remained stable up to a strain of 10.0%, but at 16.7% strain,
the meridional intensities of the 2D images decreased, and the
long period increased to up 20.2 nm (19.5% increase). Around
30.1% strain, an equatorial streak signal appeared in the 2D
SAXS patterns, suggesting the lamellar stacks break into
blocks, promoting the formation of microfibrils. The treated
PE demonstrated a slower propagation of the long period
extension compared to the untreated PE. The long period at
a strain of 23.3% for the treated sample was 18.7 nm (10.6%
increase), whereas it was 20.2 nm for the untreated sample at
a strain of 16.6 percent. This indicates that the treated polymer
has a lower capacity to deform under the extension compared
to the untreated polymer at 25°C.

At 65°C, both samples showed prominent strain harden-
ing compared to the samples stretched at 25°C, likely due
to enhanced mobility of polymer chains and recrystalliza-
tion facilitated at higher temperatures. Changes in the iso-
tropic 2D SAXS patterns, similar to observations made for
25°C, were attributed to the breaking of lamellae by stretch-
ing, after the elastic region. Characteristic SAXS streaks
appeared in the equatorial direction of 2D SAXS patterns
at higher strains than the 25°C stretching for both samples.

However, a new peak emerged in the 2D SAXS images of
both samples, with two newly formed two-point signals
appearing in the meridional direction, likely originating
from periodically alternating kebab lamellae with an inter-
mediate amorphous region at heightened temperature. The
B-PS and stress-treated specimen began forming this new
structure at approximately 46% strain, whereas the reference
PE sample showed this behavior at around 99% strain. SEM
analysis illustrated the formation of a shish—kebab structure
in the treated specimen, with a distinct difference in densi-
ties from the untreated specimen at 65°C.

At a temperature of 25°C, the WAXS tests on both
untreated and treated PE samples, which were under tensile
stress at 0% strain, revealed two isotropic circles. These
circles represented matching diffraction patterns discernible
for HDPE. Upon the application of tension, alterations in
the crystalline structure resulted in a smearing of the WAXS
crystalline peaks. The diffraction patterns of the untreated
PE remained undistorted until 16.7% of strain, after which
they blurred, potentially indicative of fragmented crystals.
For the treated PE, the diffraction peaks did not smear up to
46.1% of applied strain, indicating a more resilient crystal
structure post-treatment. At 65°C, the diffraction peaks cor-
responding to the crystalline planes were more stable than
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those at 25°C. The treated PE at 65°C exhibited the lowest
deformation, with the crystalline peaks remaining undis-
torted even under higher strains. Even at a strain of 150%,
the arc-like diffraction pattern for the 110 plane was still
observable. The presence of the shish—kebab structure could
be the reason for this behavior.

In essence, the findings are crucial for understanding the
chemical and mechanical degradation of PE geopolymer in
field applications. The geopolymer has transitioned into a
more crystalline state with exposure to the chemical and
mechanical exposure and the treated PE exhibits superior
strain tolerance and increased rigidity following the treat-
ment process, which could be attributed to the effects of
oxidation, applied stress, and high-temperature effects. This
transformation implies a loss of the original elasticity in the
geopolymer postexposure, which could be interpreted as a
degradation of the polymer material because it is a property
important in understanding deformation under applied load
in field applications.

As the experimental results and findings indicate that geo-
polymers become less elastic and stiffer, it can potentially
reduce the durability of the polymers. Stiffer materials are
more susceptible to cracking and breaking under stress, lead-
ing to premature failure and necessitating frequent replace-
ments. This increases operational costs and downtime and
can compromise the structural integrity of the site. Failures
of geopolymers may result in increased environmental con-
tamination and pollution if not managed properly.>*>>* Stiffer
materials may not provide the necessary elasticity, support,
and stability required to withstand and hold the pressure of
the waste, potentially leading to failures.

Conclusions

e The study found that the B-PS and stress treatment pro-
cess led to an increase in oxidation within the geopolymer.
This oxidation process resulted in the degradation of the
polymer through a mechanism known as chain scission,
which involves the breaking of the polymer chains that was
further enhanced by the applied tension. On the other hand,
the stress can align the crystals and increase the crystallin-
ity. Both of those degradation mechanisms were confirmed
using Fourier transformation infrared spectroscopy (FTIR)
and differential scanning calorimetry (DSC) techniques.
This led to a more crystalline state in the geopolymer and
resulted in a loss of its original elasticity. This loss of elas-
ticity is significant as it affects the geopolymer’s ability to
deform under applied load in field applications.

e The SAXS analysis of the untreated and treated PE under
simultaneous tensile stress at 25°C revealed that the initial
long period (L,) of the untreated PE was 16.9 nm. Dur-
ing the stretching process, the peak intensity of the 2D
images remained stable up to a strain of 10.0%, but at
16.7% strain, the meridional intensity decreased, and the
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long period increased to 20.2 nm. The treated PE demon-
strated a slower propagation of the long period extension
compared to the untreated PE, indicating a lower capac-
ity of the treated polymer to deform under the extension.
The SAXS experiments conducted on the treated and
untreated PE samples under simultaneous tensile stress at
65°C showed that both samples exhibited prominent strain
hardening compared to the samples stretched at 25°C.

e At 65°C, both samples showed more strain hardening
than at 25°C due to increased polymer chain mobility and
recrystallization. Changes in the 2D SAXS patterns were
similar to those at 25°C, attributed to lamellae breaking
from stretching. A new peak in the 2D SAXS images indi-
cated a new structure formation at higher strains, likely
from alternating kebab lamellae with an amorphous region
at higher temperature. The B-PS and stress-treated sample
started forming this structure at around 46% strain, while
the untreated PE sample did so at about 99% strain. The
formation of a shish-kebab crystal structure in treated PE
was confirmed by SEM observations.

e WAXS experiments conducted on the treated and
untreated PE samples simultaneously with SAXS, at
25°C and 65°C revealed that at 0% strain, two isotropic
circles representing the congruent diffraction patterns for
HDPE were discernible. Upon the application of tension,
alterations in the crystalline structure resulted in a smear-
ing of the WAXS crystalline peaks. The diffraction pat-
terns of the untreated PE remained stable until 16.7% of
strain, after which they blurred, potentially indicative of
fragmented crystals. For the treated PE, the diffraction
peaks did not smear up to 46.1% of applied strain, indi-
cating a more resilient crystal structure post-treatment.

e The study concludes that the geopolymer experienced oxi-
dation and material degradation following the chemical
and mechanical treatments. As a result, the geopolymer
transitioned into a more crystalline state. This transforma-
tion implies a loss of the original elasticity in the geopoly-
mer postexposure, a property important to understanding
deformation under applied load in field applications. This
understanding is crucial for the effective use of high-den-
sity polyethylene geomembranes in waste containment and
other field applications.
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