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PUBLIC SUMMARY

= Controlled mechanical loss underpins the long-term integrity of methane hydrate reservoirs.
= Grain size and loading frequency dictate elastoplastic fracture or viscoelastic dissipation.

= Measured low-frequency limit explains exceptional natural stability.

= Cage transformations and phase transitions at GBs efficiently release strain energy.

= To Dissipate is to Stabilize: Mechanical Loss in Methane Hydrates
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Natural gas hydrates (NGHSs) represent a vast potential energy resource, yet
their mechanical instability under geological or anthropogenic stresses
threatens seafloor stability and poses climate risks. Using large-scale
molecular dynamics simulations, we demonstrate how ultralow mechani-
cal loss enables long-term stability in polycrystalline methane hydrates
under cyclic shear. Our analysis reveals two distinct deformation regimes
governed by grain size, temperature, and loading frequency. Under high-
frequency, small grained methane hydrates undergo transgranular fracture,
whereas large grained methane hydrates deform through elastic kink band-
ing, maintaining structural coherence. Under low-frequency and elevated
temperature conditions, which is characteristic of geological settings, the
response becomes viscoelastic, with energy dissipation dominated by grain
boundary activities including molecular diffusion, cage structure transfor-
mations, and sl < sll phase transitions. These grain boundaries, enriched
in metastable noncanonical cages, serve as dissipation hotspots where
cage restructuring and phase transitions efficiently release strain energy.
Crucially, the frequency-dependent mechanical loss follows the Cross
model, exhibiting an ultralow loss tangent limit of 0.22 that underpins the
exceptional stability of natural hydrate systems. This work establishes a
molecular-to-macroscopic framework linking dissipation mechanisms to
reservoir-scale stability, providing fundamental insights for assessing
hydrate integrity under natural and anthropogenic perturbations.

INTRODUCTION

Natural gas hydrates (NGHs) are non-stoichiometric ice-like crystalline
compounds wherein water molecules form hydrogen-bonded (HB) polyhe-
dral cavities under low-temperature and high-pressure conditions. This
unique clathrate structure enables methane entrapment while stabilizing the
crystalline framework."™ Three primary crystalline structures of NGHs occur
in both natural and lab-settings, including sl, sll and sH clathrate hydrates,”®
with sl NGH dominating natural deposits across continental margins and in
permafrost regions.”'” Moreover, the potential occurrence of gas hydrates on
extraterrestrial bodies'' " expands the relevance of NGH research beyond
Earth, hinting at broader planetary implications.

NGHSs are prone to destabilization when environmental conditions change
due to natural and anthropogenic factors, such as earthquakes or petroleum-
related activities, which impose excessive mechanical stress or strain. Large-
scale destabilization of NGHs can trigger geological disasters, including
submarine landslides, and release methane, which has a significant impact
on global climate change."*'” Therefore, the mechanical stability of NGHs
critically governs seafloor stability, the safety of NGH exploitation, and even
planetary evolution,'®'" attracting considerable research attention. For exam-
ple, mechanical compression creep experiments on polycrystalline methane
hydrates (PMHSs) revealed that at temperatures slightly below freezing, the
mechanical strength of PMHs can be 20 to 40 times higher than that of
ice,*' and PMHs undergo extensive work-hardening, accompanied by a
solid-state disproportionation process.”” Triaxial compression tests of sand-
contained methane hydrates (MHs) showed strong time-dependent mechan-
ical behaviors, with creep life predictable via relationships between loading
rate and strength.”' ™’ Using molecular dynamics (MD) simulations, PMHs
under uniaxial tension and compression exhibited pseudo Hall-Petch and
pseudo inverse Hall-Petch behaviors in ultimate strength, originating from
grain size-induced grain-boundary (GB) accommodation and hydrate phase
change.” This not only provides molecular insights into the intrinsic mecha-

nism of deformation-induced hydrate dissociation observed in macroscopic
experiments but also bridges the gap between microscopic and macro-
scopic observations, which is a key step in multiscale analysis™. In addition,
MD simulations of creep loads of PMHSs revealed that the mechanical creep
responses of PMHSs are primarily affected by grain size (d), temperature (7)
and static load stress.”

The relaxation dynamics and viscoelastic properties of subduction zones
play critical roles in assessing and predicting the physical properties of the
earthquake cycles, ™" and the influence of the deformation mechanism of
seafloor sediments on their subduction process is of great significance.”®”
The seafloor sediments contain massive PMHs in hydrate reservoirs. As a
result, the relaxation dynamics and viscoelastic behavior of PMHs are essen-
tial for assessing the long-term stability of subduction zones and seafloor
sediment-hosted hydrate reservoirs. This is not only helpful for sustainable
commercial exploitation of NGHs but also for hydrate-based geological CO,
storage. Currently, however, there is a lack of information on the viscoelastic
properties of NGHs, as well as a lack of understanding of molecular insights
into time-dependent viscoelasticity. In polycrystalline metals, microstructural
heterogeneity drives internal dissipation, with GB diffusion and viscous slid-
ing as primary energy-dissipation mechanisms across timescales.”” For
NGHSs, however, it still remains open questions as how to connect macro-
scopic dissipation with micro/nanoscale deformation mechanisms in PMHs,
and mechanical cyclic responses to internal dissipation.

Beyond its fundamental rheological significance, mechanical dissipation in
hydrate-bearing materials is also closely related to the practical utilization of
NGH resources. During gas production processes such as depressurization,
thermal stimulation, or CO,-CH, replacement, hydrate reservoirs are
subjected to cyclic stresses and time-dependent deformation, where
mechanical loss governs how strain energy is dissipated and redistributed
within the sediment framework. These processes can influence reservoir
integrity, gas recovery efficiency, and the long-term stability of CO, storage in
hydrate-bearing sediments, highlighting the importance of understanding
dissipative mechanical behavior of NGHs for sustainable energy production
and climate mitigation.

Herein, we delve into the dynamic mechanical behaviors of PMHs under
cyclic shear loading, identifying two distinct deformation modes governed by
d T and loading frequency (w). Depending on w, PMHs exhibit elastoplastic
or viscoelastic deformation. Small-grained PMHSs fail via transgranular frac-
ture, while large-grained ones undergo intragranular elastic bending defor-
mation, avoiding transgranular fracture and demonstrating robust stability. At
low w and high T, the microstructure and composition of GBs play a crucial
role in the mechanics of PMHSs, driving a transition from elastic to viscoelas-
tic behavior. PMHs show nonlinear relationships between d and w and
dynamic moduli, with mechanical loss versus w well-described by the Cross
model for non-Newtonian fluids. 7- and w-dependent dynamic moduli reveal
time-temperature superposition in mechanical properties. These findings
establish the connections between factors of d T and w and dynamic
mechanical properties of PMHs while elucidating the origins of mechanical
loss. This work advances understanding of the dynamic mechanical proper-
ties of NGHs, enabling predictions of NGHs reservoir stability under tectonic
or anthropogenic disturbances.

MATERIAL AND METHODS
Molecular models of PMHs
The Voronoi tessellation algorithm (VTA) is utilized to construct molecular
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Figure 1. Distribution profiles of potential energy of water molecules (E,) in polycrystalline methane hydrates (PMHs) (A) Schematic diagram of shear load of PMHSs, in which
the white balls indicate the methane particles, while the water particles are colored based on the formation type of clathrate cages. (B) Variation in the number of clathrate cages
with the number of water molecules or d. (C) and (D), Distribution profiles of £, in 5'2 and 5'%6? cages in PMHs with different d, respectively. (E) and (F), Distribution profiles of £,
in clathrate cages of 5'%, 5'%6% 5'?6° 5'?6%, 4'5'°%6% and 4'5'%6° in PMHs with d = 8 and 14 nm, respectively. The vertical axis represents the relative frequency, defined as the
number of water molecules with a given E,, divided by the total number of water molecules.

models of PMH structures.* The unit-cell crystalline structure of sl hydrate
serves as the seed by VTA to construct PMHSs, in which the starting position
of oxygen atoms of water molecules and the center of mass of guest
methane molecules are derived from the X-ray diffraction data of ethylene

oxide hydrate.”® To examine the effect of d on dynamic mechanical proper-
ties, PMH samples with d = 8, 11, 14 and 17 nm are constructed, where d
denotes the edge length of the cubic polycrystalline simulation cell contain-
ing four grains generated using the VTA. Our as-constructed PMH samples
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are composed of 4 grains with random crystal orientations but identical size
because X-ray analysis of lab-prepared PMHs of identical size but random
crystallographic orientations.”” When constructing PMHs, the Cartesian coor-
dinates are expanded into Voronoi polyhedra with periodic boundary condi-
tions (PBCs) to eliminate surface effects for mimicking large samples.
Depending on d, MD samples of PMHs are generated with dimensions vary-
ing from around 9.1 9.1x 9.1 t0 18.1 x 18.1 x 18.1 nm®,

Forcefield for PMHs

The monatomic water (mW) model is adopted to describe the interactions
between water molecules,”™*" in which each water molecule is coarse-grained
as a single particle. The mW model is capable of forming tetrahedral HB
structures by water molecules, and the interactions between water molecules
is described by the Stillinger-Weber (SW) potential function. In the mW model,
the guest methane molecule is also treated as a monatomic model repre-
sented by the SW two-body interaction. This mW forcefield can not only
reproduce a range of properties of the liquid and solid phases of water and
water-methane systems,”* but also accurately describe the mechanical
properties subjected to various loads.”* Moreover, its computational  effi-
ciency is 2-3 orders of magnitude higher than that of the all-atom models.”’

MD simulations

Prior to dynamic cyclic loads, as-generated PMHs undergo structural
relaxations as follows. Initially, as-generated PMHSs are structurally optimized
to a local configuration with energy and force tolerances of 1.0 x 10 eV and
1.0 x 107 eV-A™", respectively. Subsequently, as-optimized PMHSs are further
relaxed to alleviate unfavorable GB configurations with 10 ns at temperature
of 270 K and confining pressure of P =10 MPa under NPT (constant number
of particles, constant pressure, and constant temperature) ensemble. Tand P
are regulated using Nosé-Hoover barostat and Nosé-Hoover thermostat with
damping time constants of 74 = 0.1 ps and 7, = 1 ps, respectively. Following
these MD relaxations, MD relaxations with another 10 ns are performed at T =
270 K under NVT (constant number of particles, constant volume, and
constant temperature) ensemble, in which Tis controlled using Nosé-Hoover
thermostat with damping time of 7+ = 0.1ps. Finally, cyclic shear loads on as-
relaxed PMHs are carried out to explore the dynamic mechanical behaviors.
In the cyclic shear loads, a sinusoidal strainy (t)=yOsin (wt) with angular
frequency of w in the x-y direction is applied to PMHs using the deformation
control technique, where y; is represented by the largest shear strain ampli-
tude assigned in the loads. FigureTA illustrates a schematic representation of
PMHSs subjected to shear strain. In this work, y0 = 8% is adopted to ensure
that the system remains within the linear viscoelastic regime, where the
dynamic moduli are independent of strain amplitude, while maintaining a
sufficient signal-to-noise ratio in the stress response. The effects of wand T
on the dynamic mechanical responses of PMHs are examined. For example,
when wTy = 1.0 x 107, T varies from 240 - 290 K, and wr, varies from 0.1 -
1.0x 10* as T = 270 K. In the MD simulations of dynamic shear loading of
PMHs, the particle motion follows the Newtonian equation with integration
using the velocity-verlet algorithm with timestep of 75 = 2 fs. The atomic
stress of each particle is computed according to the definition of virial stress.

Identification of polyhedral cages and water structure

Understanding the microstructural changes in PMHs subjected to cyclic
shear loads is crucial to uncover the deformation mechanisms behind the
viscoelastic properties. To accurately identify various microstructures such
as polyhedral cages, the type of clathrate hydrate in PMHSs, the Hierarchical
Topological Ring (HTR) and HTR+ algorithms developed by Liu et al.*’ and Shi
et al.*” are utilized. The HTR algorithm identifies all types of intact polyhedral
cages and distinguishes topological isomers that encapsulate multiple guest
molecules.”’ Additionally, the HTR+ algorithm provides accurate identifica-
tion of the type of crystalline clathrate hydrates such as sl, sll and sH hydrate
phases, as well as structural transformations of clathrate cages.

RESULTS
Microstructural characteristics in PMHs

For conventional crystalline materials, d, the distribution of GBs, and their
microstructures  significantly influence dynamic mechanical behaviors of

materials under load. In PMHs primarily composed of water molecules, these
molecules form polyhedral cage structures by weak HBs. Figure 1B shows
the variations in the number of conventional 5'%6? and 5'? cages and uncon-
ventional 5'%6% 5'?6* 4'5'%6? and 4'5'%6° cages with the number of water
molecules. However, conventional cages significantly outnumber unconven-
tional cages, signifying sl type PMH samples. Specifically, the number ratio of
5'?6°-t0-5'% cages is identified to be around 3:1, matching the proportion of
5'?6? and 5'2 cage in the unit-cell of sl hydrate. This linear dependence of
cage number on water numbers and the consistent 3:1 ratio of 5'%6*to-5'
cage confirm that din PMH samples is proportionally controlled. Remarkably,
the GBs in PMHs are primarily composed of unconventional clathrate cages,
with the 4'5'%? cage being the most prevalent unconventional cages.”"***

Figures 1C&D illustrate the distribution profiles of potential energy of water
molecules (E,) within the 5'%6% and 5'2 cages in PMHs with varying d. For the
5'? cage, two prominent peaks are observed. The first peak corresponds to
blue water molecules located on the pentagonal face of the 5'°6° cage,
shared with adjacent 5'2 cage, displaying relatively lower E, with approxi-
mately -0.552 eV. The second peak corresponds to the green water molecule
located on the hexagonal faces of the 5'?6? cage at angle of 150°, also shared
with adjacent 5'% cage, with higher £, (about -0.538 eV). Interestingly, for the
5'?6? cages, a third peak appears at £, = ~ -0.535 eV, relating to water
molecules located on hexagonal faces at an angle of 60°. These results
demonstrate that £, depends on the specific position of the water molecule
within the crystalline hydrate lattice. Furthermore, with increasing d, the
distribution peaks corresponding to water molecules located inside the grains
become more pronounced, reflecting the increasing dominance of conven-
tional cages within the crystalline regions. These distribution profiles of £, are
dictated by the microstructures in PMHs, namely, PMHs with larger d corre-
late with a higher crystalline volume fraction and a lower GB volume fraction,
potentially impacting overall structural stability and mechanical properties.

Figures TE&F show the distribution profiles of £, within the clathrate cages
of 5% 5'%6%, 5'?6% 5'%6* 4'5'°6% and 4'5'°6° for PMHs with d = 8 and 14 nm,
respectively, while the cases for d = 11 and 17 nm are shown in Figure ST.
Comparison reveals sharper peaks in the distribution profiles of £, within
conventional 5'? and 5'?6* cages for PMHs with larger d than those with
smaller d. This difference arises because smaller d lead to a larger contact
area between grains and GBs, resulting in a higher proportion of water
molecules located at these interfacial regions. Note that the thickness of GBs
in PMHs is independent on d. In contrast, for unconventional 5'?6°, 5'%6*,
475192 and 4'5'°%6° cages within GB regions, the distribution profiles of £, are
broader, with less distinct peaks.”“”**“* Moreover, these distribution curves of
E,, show no dependence on d. Water molecules within unconventional cages
consistently exhibit higher £, than those within conventional cages. £,
rendering maps confirm that water molecules with high £, in unconventional
cage are primarily distributed at GBs and at the surface of grains contacting
GBs.”****> Among unconventional cages, water molecules in 4'5'°6% cages
show a lower E, distribution than those in other unconventional cages,
explaining the higher prevalence of 4'5'%? cages within GB regions.

Mechanical loss and energy dissipation in PMHs

Figure 2A shows the typical cyclic shear stress o (blue balls) responses of
a PMH with d = 14 nm subjected to a sinusoidal shear strain
y(t) =, sin (wt) (red balls and red line), as well as the sinusoidal function
fitting of cyclic o (blue line). The cyclic oand cyclic strain y are out-of-phase,
characterized by a lag between the cyclic o and cyclic y, namely, where 6 is
the phase shift between the cyclic o and the cyclic y. This phase shift is
evident in the sinusoidal fitting of the stress data by o(t) = g, sin(wt+0) in
Figure 2A.

Figure 2B displays the resultant o curves for PMHs with d =14 nm at T =
270 K subjected to w1y =2.0x107%1.0x10%20x10%1.0x10%20x10™
and 1.0 x 10™ while Figure 2C shows the resultant o curves for PMHs with
d =14 nm subjected to w7y = 1.0 x 107° at T = 240, 250, 260, 270, 280 and
290 K. Results for PMHs with other d are presented in Figure S2. Both
increasing T and decreasing w cause a clear reduction in the maximum
cyclic gy and an increase in the phase shift 8. Figure 2D plots ¢, against w for
PMHs with d =8 - 17 nm at T = 270 K, demonstrating a strong d-depen-
dence of g, At a given w, PMHs with smaller d exhibit higher c,. Moreover,
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Figure 2. Dynamic mechanical properties of polycrystalline methane hydrates (PMHs) (A) Typical cyclic shear stress o and shear strain vy relationship in PMHs, illustrating the
viscoelastic response of PMHs under oscillatory loading. (B) Cyclic shear stress oresponses of PMHs with d = 14 nm under frequencies ranging from 1x10™ to 2x1072, showing
the frequency-dependent variation in stress amplitude. (C) Cyclic shear stress o responses of PMHs with d = 14 nm at T ranging from 240 to 290 K, highlighting the temperature

sensitivity of the mechanical response. (D)-(F), g, 6’ and 6” of PMHs plotted against w7, (1x107 to 2x107?) for grain sizes d =8, 11, 14, and 17 nm at T = 270 K, demonstrating
the combined effects of loading frequency and grain size on elastic and viscous behavior. (G)-(H), Temperature-dependent g, ¢' and 6” of PMHs with grain sizes d = 8, 11, 14,
and 17 nm, obtained at wT, = 1x107° over the temperature range of 240—290 K, revealing the evolution of viscoelastic properties with temperature.

PMHs with smaller d show stronger sensitivity of g, to change in w. Increas-

G (w) =G (w)+IiG"(w)

ABiauj uonpnouu| ay|

ing w causes a more pronounced enhancement in gy in PMHs with small d. with
To quantitatively characterize the dynamic mechanical properties of PMHs, G’:%cosé
the complex modulus is introduced as follows 0
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6'=2ino
0
where the real part of the complex modulus G’ is defined as the storage
modulus that characterizes the elastic properties of PMHSs, while the imagi-
nary part of the complex modulus G” is defined as the loss modulus, charac-
terizing energy dissipation of PMHSs.

Figures 2E&F show the response of G’ and G” of PMHs with d=8 - 17 nm
to wat T=270 K. Increasing w causes G' to rise and G” to fall. The rate of
increase in G'and decrease in G” diminishes at higher w. Under high w, shear
straining suppresses structural relaxation within the PMHs, minimizing the
mechanical strength difference between crystalline grains and GBs. Conse-
quently, G’ significantly exceeds G” at high w, and PMHs exhibits primarily
elastic deformation. Conversely, decreasing w promotes structural relaxation
of PMHs, including diffusion, GB sliding, and structural transformations,
resulting in significant energy dissipation. At lower w, G” approaches G’ and
changes rapidly with w, resulting in viscoelastic deformation.*

Figure 2G shows the variations of g with T for PMHs withd =8 - 17 nm at
w7y = 1.0 x 107 As T increases, g, decrease more sharply. PMHs with d =
8 nm shows stronger sensitivity of gy to T, showing a more pronounced
reduction in gy with increasing 7. This arises because PMHs with smaller d
possess higher volume fractions of metastable GB structures. Figures 2H&l
display the responses of G’ and G” of PMHs at w1, = 1.0 x 10 to 7, respec-
tively. As T increases, G of PMHs increases, while G' of PMHs decreases.
Both G’ and G” exhibit nonlinear relationships with T, similar to their behavior
with w. Comparison of the w and T spectra of G' and G” indicates that, simi-
lar to viscoelastic polymers, time and T have a synergistic effect on the
dynamic mechanical behaviors of PMHs, following the time-temperature
superposition principle.”** Increasing T has an effect equivalent to decreas-
ing w on deformation of PMHSs. This implies that for sediment-hosted PMHS,
increasing T or decreasing w equivalently impacts rheological behavior.

The ratio of G"-to-G' is the tangent of , known as the loss tangent (tan 0),
which characterizes the magnitude of mechanical loss. Figure 3A shows tan
0 versus d for different wr, values at 270 K. For each w, tan 0 exhibits a
nonlinear relationship with d. PMHs with smaller d or subjected to lower w
yield higher tan 0. This indicates that for a given T, as d and w decrease,
PMHSs dissipate more energy under cyclic shear loads, causing PMHs to
transition from elastic to viscoelastic behavior with significant mechanical
loss. Here, we next focus on the dependencies of G’ and G"on d. Figure 3B&C
shows the relationships between G’ and G” of PMHs and d under wt, = 1.0 x
1072,1.0x 107 1.0 x 107 respectively. Both G’ and G’ of PMHs vary nonlin-
early with d, describable by exponential functions. With increasing d, reduc-
tions in both G’ and G” become less pronounced. Moreover, the nonlinear
changes in G’ and G” with d differ. At low wT,, the reduction in G' with dis
less pronounced, while the opposite trend is observed for G”. This indicates
that PMHs with different d show distinct responses of dynamic moduli to
wT,. PMHs with smaller d subjected to low w1y readily transition from elastic
to viscoelastic behavior, suggesting that sediments-hosted NGHs with small
d show reduced mechanical resistance to dynamic disturbances. Conse-
quently, geo-mechanical properties of seabed containing small-grained
NGHs are easily weakened under dynamic force due to large mechanical loss
reducing cementation.

Figure 3D illustrates the relationship between tan & and d for PMHs at
different T but constant w7, = 1.0 x 107 At different T, PMHs show nonlin-
ear changes in tan & with d. PMHs with smaller d or at higher T yield higher
tan O. This indicates that PMHs with smaller d or at higher T dissipate more
energy under cyclic shear, making them more prone to viscoelastic deforma-
tion with greater mechanical loss. Figures 3E&F show the relationships
between G' and G” of PMHs and d at T = 240, 270 and 290 K, respectively.
Similar to the results upon different wt, both G’ and G” change nonlinearly
with d. At a given 7, PMHs with larger d yield smaller G’ and G”. The reduc-
tion in G' with d becomes less significant with increasing T, whereas for G,
opposite reduction is found. This demonstrates that PMHs with different d
demonstrate different dynamics moduli in response to 7. PMHs with smaller
d or at higher T more readily transition from elastic to viscoelastic behavior,
indicating that NGHs with small d in sediments tend to undergo mechanical
loss under disturbances at elevated T. Thus, seabed containing small-grained

NGHs are more easily destabilized by mechanical disturbances at higher T.
To further elucidate the unique relationship between G”, wt, and d for
PMHs, the Cross model™** for non-Newtonian fluids is adopted as follows

No —N..

- ”
-F T e wr)

where n, and n_ are the loss moduli at the low- and high-w limits, respec-
tively. k is the "characteristic” time scale, related to the relaxation time of a
material. n is the flow behavior index or non-Newtonian index. The fitted
Cross-model parameters (n,, n.. k, and n) are summarized in Table S1 in the
Supporting Information.

Figure 3G compares MD results for G” against wT, for PMHs with d = 11,
14 and 17 nm against fits using the Cross-model. The model accurately
describes the nonlinear relationships between G” and wrTy. This indicates that
PMHs exhibit non-Newtonian fluid properties, transitioning from elastic to
viscoelastic behavior with decreasing w. Figures 31&J show the changes of
the characteristic parameters n,, n., k, and n with d respectively. Both n, and
n.. monotonically reduce with increasing d. PMHs with larger d yield smaller
elastic viscoelastic limits, indicating poorer inherent elastic properties and
reduced susceptibility to viscoelastic behavior. With increasing d k
decreases, implying that smaller-grained PMHSs require longer relaxation time
to accommodate cyclic y, resulting in larger energy dissipation. Conversely, n
increases with increasing d, signifying that larger-grained PMHs exhibit better
elastic performance and resist energy dissipation under cyclic shear. In a
nutshell, the microstructure of PMHs is a key factor governing their dynamic
mechanical behaviors.

Dissipation mechanisms in PMHs

The G' and G” spectra reveal that dissipation in PMHs subjected to cyclic
shearing loads exhibits monotonic change across a broad range of wt, and
T, lacking significant GB internal friction peaks, which is characteristic of a
‘high-temperature background (HTB)' dissipation mechanism.”  Similar
observations have been reported in ceramics and geological materials,
particularly concerning high-T viscoelastic relaxation in polycrystals.**" For
instance, melt-free and basaltic (complex alumino-silicate) materials exhibit
only HTB dissipation linked to transient diffusion creep. Similarly, dense, high-
purity polycrystalline MgO show monotonically w- and T-dependent dissipa-
tion without superimposed peaks. This phenomenon is primarily attributed to
the suppression of elastically accommodated GB sliding.” GB sliding, diffu-
sion, and structural transformations are critical mechanisms for internal
dissipation in polycrystalline materials.™* To elucidate the dissipation mech-
anisms of PMHs subjected to cyclic shearing, molecular diffusion and
microstructural evolution in PMHs are in-depth investigated at the molecular
level.

Diffusion heterogeneity across microstructures. Figures 4A&B illustrate
the mean square displacements (MSD) of water and methane molecules in
PMHs with d = 8 and 14 nm subjected to cyclic loading at w7, = 1.0 x 107,
1.0x 107 and 1.0 x 10 respectively. The MSD is defined as (|r, (t) —r, (0)[*),
where r,(t) and r,(0) denote the positions of particle / at time tand the refer-
ence time, respectively. Methane molecules exhibit significantly larger MSD
values than water molecules. PMHs with smaller d yield higher MSD for
species due to their larger fraction of metastable GBs structures, leading to
greater energy dissipation. This explains the higher tan & in PMHs with
smaller d. For PMH with a given d subjected to lower wTy, larger MSD values
are observed, consistent with higher tan 6 of PMHSs subjected to lower wTg,

Diffusion coefficients (D) for water and methane molecules in PMHs
subjected to cyclic shearing loads are computed from the MSD curves.
Figures 4C&S3A show the changes in D for water and methane molecules
with d at different wt, For each wt, PMHs exhibit nonlinear relationship
between D and d. Similar to the previously observed nonlinear relationship
between G’and d, the nonlinear relationship between D and d is well-
described by exponential functions. As d decreases, D for both methane and
water molecules increase, attributable to the higher proportion of metastable
GBs where molecules exist in a disordered, non-perfect crystalline states. In
addition, as wr, decreases, D for methane and water molecules also
decrease. This occurs because cages at GBs experience weaker mechanical
perturbation at low wT, enabling structural transformations between
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Figure 3. Relationship between dynamic moduli and din PMHs (A) Variation of the loss tangent (tan &) with d (8, 11, 14, and 17 nm) at 7= 270 K under normalized frequencies
ranging from w7, =1 x 107 to 2 x 1072, where each curve corresponds to a specific frequency, reflecting the coupled dependence of the viscoelastic response on both grain size
and loading frequency. (B)-(C) Grain-size dependence of ¢'and 6” at T = 270 K under different wr, (1 x 1074 1 x 107 and 1 x 10™%), demonstrating the effects of grain size and
frequency on the viscous-elastic response. (D) Variation of tan & with d (8-17 nm) at w7, = 1.0 x 107% over a temperature range of 240-290 K, highlighting the influence of grain
size and temperature on the viscoelastic balance. (E)-(F) The relationship between ¢’ and 6" with d at w7, = 1.0 x 107 under different temperatures (T = 240, 270, and 290 K),
demonstrating the combined effects of temperature and grain size on elastic stiffness and viscous response. (G) Frequency dependence of 6” fitted using Cross model over the
range wty=1x10"1t02x107%for d = 11, 14, and 17 nm, capturing the non-Newtonian viscoelastic behavior. (H)-(1), Cross model parameters (n,, n.., k, and n) as a function of d,
characterizing the evolution of rheological properties with microstructural scale.

clathrate cages, which lowers D.

Figures 4D&E show the MSD of water and methane molecules in PMHs
with d = 8 and 14 nm under cyclic loading at w1, = 1.0x107 and T = 240, 270
and 290 K. At a given T, PMHs with smaller d show larger MSDs, indicating
higher energy dissipation and explaining their increased tan . For a fixed d,
PMHSs at higher Tyield larger MSD values, consistent with the higher tan 6 of
PMHs at elevated T. Figures 4F&S3B illustrate the changes in D of water and

methane molecules with d at different T, respectively. Nonlinear relationships

between D and d are again observed and well-fitted by exponential function.
As d decreases, D of methane and water increases nonlinearly. Additionally,
as Trises, D of methane and water molecules also increase, and D shows
greater sensitive to T than to changes in wTt, This heightened sensitivity
arises because molecular motion within GBs intensifies at higher T.

Figures 4G&H provide localized snapshots of PMH with d = 8 and 14 nm at
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Figure 4. Molecular diffusions in polycrystalline methane hydrates (A) The MSD values of water and (B) methane particles in PMHs with d = 8 and 14 nm subjected to frequen-
cies wTp=1x10721x107% and 1 x 10 (T= 270 K). (C) Corresponding diffusion coefficients of water and methane as a function of grain size d at the three frequencies, illustrat-
ing the frequency-dependent mobility enhancement. (D) MSD of water and (E) methane molecules in PMHs with d = 8 nm and 14 nm at temperatures T = 240, 270, and 290 K
(w7 = 1.0 x 107°). (F) Diffusion coefficients of water and methane as a function of d at the three temperatures, showing the thermally activated nature of diffusion. (G) and (H),
Cross-sectional snapshots of PMHs with d = 8 nm and 14 nm subjected to w7, =1.0 x 10?and 1.0 x 10™*, T = 240 and 270 K, w7, =1.0 x 10™* and T = 290 K. Water particles in
snapshots of 1-4 are rendered according to their normalized offsets of displacement vectors (shear strain); 5, 6 are rendered according to the type of cages they belong.

Wiy =1.0x102and 1.0 x 10% T=240 and 290 K, w1, =1.0x10*and T =
290 K, respectively. In Figures 4G(1-4) and H(1-4), water molecules are
colored based on their normalized offsets of displacement vectors (shear
strain) for clarification, whereas in Figures 4G(5, 6) & H(5, 6), the color scheme
indicate type of clathrate cage, with selected water molecules mint green-
highlighted to visualize potential GB sliding. Water molecule diffusion is
unevenly distributed, being more pronounced near GBs. PMHs with d = 8 and
14 nm exhibit enhanced local diffusion in the vicinity of GBs at lower w or

higher T. At T =240 K, the diffusion pattern resembles that at high wr, = 1.0 x
1072 while at 7= 290 K, the pattern resembles that at low w1y = 1.0 x 107,
demonstrating time-temperature equivalence in PMHs under cyclic shear.
Comparing Figure 4G(5) with Figure 4H(5) reveals that PMHs with smaller d
have a higher proportion of water diffusion at GBs, contributing to larger
energy dissipation. Additionally, methane molecules at GBs can diffuse into
the crystalline cages and displace existing methane molecules, facilitating
exchanges of guest methane molecules. Significant GB sliding is absent,
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supporting the concept of its inhibition by elastic accommodation. However,
from Figures 4G(6) and H(6), slight GB sliding is observed in PMH with d = 8
nm at T = 290 K. As T increases, the thermal motion of molecules at GBs
intensifies, enhancing diffusion and weakening elastic accommodation that
inhibits GBs sliding. The larger proportion of GBs in PMH with d = 8 nm
allows both GB sliding and diffusion to occur concurrently.

Cage transformation pathways in PMHs. Unlike conventional polycrys-
talline materials, PMHs consist primarily of water molecules, forming
clathrate cages through HBs. The insertion, removal, and rotation of water
molecules within the cages drive structural transformations, including cage
interconversions and dissociation/reformation processes, particularly within
GBs region rich in unconventional metastable cages.” Subjected to external
loads, these transformations in metastable cages at GBs constitute a signifi-
cant energy dissipation pathway.

Figure 5A illustrates the roadmap of structural transformation pathways
along 20 identified types of clathrate cages in PMHs subjected to cyclic
shearing, in which color-coded by the number of transformation pathways by
which a cage transforms to or be transformed from another cage. The 5'%,
5262 5'%6%, 5'%6*, 4'5'°6% and 4'5'°6° cages exhibit the highest frequency of
occurrence and the most transformation pathways, indicating their dominant
role in structural transformations to cyclic shear. Cage transformations serve
as a primary mechanism for releasing shear strain energy in PMHs, distinct
from conventional polycrystals such as metallic, semi-conducting materials
where dislocation motion predominates.”'**

Figure 5B illustrates the unique transformation pathways of 5'6?-5'% 5'26%-
4751962, 4'51962-5"% and 4'5'%6?-5'%6% cages that are frequently-identified in
PMHSs subjected to cyclic shear. A conventional 5'?6% cage transforms into
unconventional 4'5'%6% cage by removing water molecules from two five-
membered rings. Conversely, 4'5'°6% cage reverts to 5'%6% cage by removing
water molecules between four- and five-membered rings and inserting
others. As a result, cage transformations of 5'?6% « 4'5'%? occur during the
cyclic shear loads. Similarly, both 5'?6% and 4'5'°%6? cages convert to 5'? cage
via removal/insertion mechanisms. All 20 cage types undergo diverse inter-
conversions through water molecule rearrangement.

Figure 5C quantifies transformation frequencies for the six prevalent cages
of 5% 5'%62, 5'26%, 5'%6* 4'5'%62, and 4'5'°6° in PMH with d = 14 nm subjected
to w1y from 2.0 x 1072 - 1.0 x 10 and T from 240 - 290 K. PMHs under high
T or low wry display enhanced counts of cage transformations. In terms of
the number of cage transformations, the 4'5'%? cage shows the highest cage
transformation activity, while the 5'?6* cage shows the least. This aligns with
E,, observations. The 4'5'%6% cage has the lowest £, among unconventional
cages, and 5'%6" cage demonstrates the highest E,, indicating a preference
for transitions toward lower-energy cage configurations.

Figure 5D shows the largest percentages of other five cages transformed
into frequently-observed 5%, 5'%6% 5'6°, 5'%6*, 4'5'%6% or 4'5'°6° in PMHs
subjected to wty = 1.0 x 107 5'% 5'%6% 4'5'9%6° 4?5862 and 4°5°%6* cages show
the largest percentages to transform into 4'5'°6* cage, and they are sorted as
52 > 5267 > 4'5'9%° > 4%5%% > 4%5%:* cage in terms of the magnitude of
percentage. Whereas for 5'2, 5?62, 5'%6°, 5'%6* and 4'5'°6° cages, their five
main cage precursors, in descending order, are 4'5'°6? 42586, 425862, 415'°6°
and 4°5° cages, and 4'56'%? 4'5'%* 4'5'%6° 4%5%6® and 5'%6° cages, and
475197 51262 415'96% 4'51°65 and 5'%6* cages, and 4'5'%?, 5'%6% 4'5'%, 5'%6°,
and 5'%6% cages, and 4'5'%? 5'°6?, 5'%6° 4'5'%6* and 5'? cages, respectively.
Interestingly, among the cages discussed above, the 4'5'%6% cage acts as a
central transformation hub: it is both the most frequent product of cage
transformations and the cage with the highest probability of converting into
other types, underscoring its pivotal role in the microstructural evolution of
polycrystalline methane hydrates under shear.

Figure S4 shows the variations in the transformation rate of 5'%, 5'%6% 5'%6°,
5'26% 4'5'%? and 4'5'%6° cages (R) which is defined as the ratio of the
number of transformation-to the number of water molecules in PMHs with d.
PMHSs subjected to different wt, and different T yield nonlinear relationships
between R and d. Subjected to a given wty and 7, PMHs with smaller d
possess higher R due to larger metastable GB fractions, enhancing energy
dissipation. At a given d, PMHs subjected to lower wT, and higher T present
higher R, reflecting longer structural transformation timescales at lower wTy
or thermally activated processes. Figure S5 specifically present the variation
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in Rof 5262 and 4'5'%6* with d, mirroring the nonlinear trends of G"and D. At a
given wT, PMHs with smaller d yield larger R. In addition, with increasing d,
reduction in R becomes less pronounced. At a given T, PMHs with smaller d
exhibit larger R, and reduction in R is also less significant with increasing d.
PMHs with larger dyield lower volume proportion of GBs, resulting in lower R
of GBs and grain cages, which further proves that PMHs with larger d are less
likely to undergo viscoelastic deformation.

GB-dominated phase transition behavior. Polycrystalline structures can
undergo dynamic recrystallizations and phase transformations under
changes in temperature/stress, contributing to internal friction.**> Phase
transformation is one of the mechanisms behind internal frictions in poly-
crystalline materials. Experiments and first-principle calculations revealed
that methane hydrates undergo pressure-induced phase transforma-
tions,'**"" marking structural analysis key to understanding PMH dissipation.
Figures 6A&B show the variations in the percentage of sl/sll phase hydrates
in PMHs with d = 8 and 14 nm at T = 270 K subjected to wT,=1.0x 1072 1.0
x 107 and 1.0 x 107, respectively. Due to the large difference in the fractions
of sl and slI structures, a broken y-axis is used to better visualize the varia-
tion of the less abundant slI phase. Local fluctuations in the percentage of sl
and sll phase hydrate in PMHs during the cyclic shearing indicates dynamic
sl « sll phase transitions mediated by cage transformations. Intriguingly,
such sll — sl phase transitions in methane hydrates and mixed gas hydrates
(methane with small amounts of ethane and propane) under pressure condi-
tions at wide range T were confirmed via experimental techniques such as
time-resolved in-situ neutron diffraction and Raman spectroscopy,”” while
the sl— sll phase transitions in sI methane hydrate remain unobserved.
Lower wT, causes stronger fluctuations and a pronounced increase in the
percentage of sl and sll phase hydrate in PMHSs, indicating enhanced
dynamic sl < sll phase transitions. In addition, with decreasing wr,, the
percentage of sll phase hydrate increases more pronouncedly, whereas for sl
phase hydrate, opposite behavior is detected. This signifies that PMHs under
lower wTt, demonstrate more remarkable sI — sl phase transition than sll —
sl one.

Figure 6C quantifies the number of seven types of cages involved in sl <
sll phase transitions, including 5% 5'%6% 5'%6° 5'%6%, 4'5'%?% 4'5'%*® and
415'%* in PMHs with d = 8 nm at 270 K subjected to w7, = 1.0 x 1072 1.0 x
10% and 1.0 x 10* as well as shear-free condition. Here, the shear-free
condition represents the initial equilibrium state of PMHs before the applica-
tion of cyclic shear. Compared to shear-free condition, PMHs subjected to
high wty exhibit reduced number of each type of cages. At w1, =1.0 x 107,
however, increase in the number of 5" and 5'%6* cages which form sl
hydrate, is observed. Moreover, the number of 5'26° cage increases, while the
number of 5'%6% cage that is one of component of sl hydrate decreases.
These number changes of cages indicate that phase transition from sl — sll
occurs in PMHs subjected to wr, = 1.0 x 107 Figures 6G(1)&(2) show
perspective snapshots of PMH with d = 8 nm subjected to w1, = 1.0 x 1072
and 1.0 x 107 respectively. As is indicated by the arrows, structural transi-
tion from sl — sl hydrate in PMH subjected to w1y = 1.0 x 107 is vividly illus-
trated. Furthermore, the regions where sl hydrate exists indicate that the sl
« sll transformations observed here originate from local and transient cage
conversions within GB regions and defective structures, and do not represent
a bulk thermodynamic phase transition of the hydrate lattice.

Figures D&E show the variations in the percentage of sl and sll phase
hydrates in PMHs with d = 8 and 14 nm subjected to wT,=1.0x 102 at T=
240, 270 and 290 K, respectively. PMH with d = 8 nm shows greater sensitiv-
ity to changes in 7, and with the increase of T, sll phase hydrate decreases
significantly compared to shear-free condition, while sl phase hydrate
remains in dynamic equilibrium. For PMHs with d = 14 nm, compared to
shear-free condition, both sl and sl phase hydrates tend to decrease as T
increases, though the overall reduction is insignificant. This indicates that T
primarily affects the changes in the sl and sll hydrate phases at GBs. Since
PMHSs with smaller d have larger proportion of GBs, they are more sensitive to
changes in T. As T rises, the metastable GB structures are more likely to
dissociate, leading to reduction in solid-state hydrates in PMHs.

Figure 6F displays the number of 5'2, 5'26% 5'?6% 5'%6%, 4'5'%6% and 4'5'°6°
cages in PMHs with d = 8 nm subjected to w7y, = 1.0 x 10 at 7 = 240 -
290 K, as well as loading-free conditions. Compared to shearing-free cases,
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Figure 5. Structure transformations between clathrate cages in polycrystalline methane hydrates (A) Cage transformations identified in PMHs. (B) Structural transformations
of the most frequently-observed 5'%, 5'?62, 5'%6°, 5'%6%, 4'5'%6% and 4'5'°%6° cages in PMH with d = 14 nm, for example, cage transformations of 5'%6°—4'5'%6°, 4'5'°6°—5'26?,
526°—5'?, 4'5'°%6? 52 (C) The number of structural transformations for the most frequently-observed 5'2, 5'26?, 5'?6% 5'?6% 4'5'%6? and 4'5'%° cages in PMH with d = 14 nm
subjected to wT, from 2.0 x 1072 - 1.0 x 10* and T from 240 - 290 K. (D) the percentage of other cages transformed into the most frequently-observed 5'?, 5'%6% 5'%6° 5'%6%,
4'5'°6% and 4'5'°6° cages in PMHs subjected to wt, = 1.0 x 107 5'%, 5'%6%, 5'%6°, 5'26% 4'5'°6%, and 4'5'%6° cages are indicated by the blue, the red, the pink, the green, the purple

and the cyan sectors, respectively.

PMHs show smaller number of those cages, with much more reduction at
higher 7. This indicates that both sl and sll phase hydrates decrease as
T increases. Figures 6G(3)&(4) show snapshots of PMHs with d = 14 nm at
T =240 and 290 K, respectively. It is demonstrated significant reduction in sl
and sll phases at high 7. At low w and high T conditions, the reduction of sl
phase hydrates and the increase of sll phase or GBs are dynamic, which is
one of the main reasons for the decrease in G' and the increase in G"of
PMHSs under cyclic shear, producing the transition of the mechanical behav-

ior of PMHs from elastic to viscoelastic.

Transcrystalline fracture formation

Subjected to high w, structures of PMHs possess short-time relaxations.
As a result, diffusion, GB sliding, cage transformations, and phase transfor-
mations are largely suppressed in response to high wr, leading to high a.
When g, exceeds the strength limit, PMH undergoes plastic deformation via
dissociation of cages in response to cyclic shear, causing mechanical loss.
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Figure 6. Microstructure changes in polycrystalline methane hydrates subjected to cyclic shear loads (A) and (B) Changes in the percentage of sl and sl phase hydrates in
PMHs with d = 8 and 14 nm subjected to w7, = 1.0x 1072 -1.0 x 10 at T = 270 K. (C) The number of 5'%, 5'?6?, 5'%6° 5'%6*, 4'5'%6% and 4'5'°6° cages in PMH with d = 8 nm
subjected to w7, = 1.0x 1072-1.0 x 10 at T = 270K, as well as loading-free condition. (D) and (E) Changes in the percentage of sl and sll phase hydrates in PMHs with d = 8 and
14 nm subjected to w7y =1.0x 10™ at T =240 - 290 K. (F) The number of 5'%, 5'%6% 5'%6°, 5'%6*, 4'5'°6% and 4'5'%° cages in PMH with d = 8 nm at T = 240 -290 K subjected to
wTy =1.0x 107, as well as loading-free condition. (G) Perspective snapshot of PMH with d = 8 nm, in which the color code is based on the type of hydrate phase. Snapshots (1)
and (2) of PMH with d = 8 nm subjected to w7, =1.0x 102 and 1.0 x 10™* at T = 270 K, while snapshots (3) and (4) of PMH with d = 14 nm subjected to T = 240 and 290 K at w7,
=1.0x 10°° Broken y-axes are used in panels a, b, d, and e to account for the large disparity in the fractions of sl and sll phases and to enhance the visibility of variations in the
less abundant sll phase.

The dynamic mechanical behaviors and microstructural evolution of PMHs  with different d subjected to high w7, = 0.1 at T =270 K are uniquely exam-
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ined. Figure 7A presents distribution of ¢, in PMHs with d = 8 - 17 nm
subjected to zero-shear strain. Resembling of the profile of £,, the thickness
of GBs in PMHs is independent on d. In the distribution curves of g, two
peaks are identified, mainly corresponding to the stress of water particles in
526 and 5'* cages within grains. With increasing d, the two peaks of &,
become sharper and the probability distribution of water particles under high
stress at the GBs.

Figure 7B compares the distributions of g, of water particle in 5, 5'%6%,
5'26% 5'%6* 4'5'°%? and 4'5'°6° cages in PMHs with d = 8 and 14 nm. For
unconventional cages at GBs, the distributions of g,,,, of water particle in each
unconventional cage in PMHs with d = 8 and 14 nm are similar, indicating
that PMHs have similar loading stress states at GBs. Figure 7C shows side-
viewed snapshots of localized PMH with d =14 nm, in which the color code is
based on the values of g, It is observed that significant stress concentra-
tion situates at those unconventional cages in GBs. Figure 7D presents the o
curves of PMHs with d = 8 - 17 nm subjected to cyclic shearing. As is seen,
the o curves are not perfect sinusoidal changes, differing from those
subjected to low w. By comparing, PMHs with smaller d yield larger o.
Figures 7E&F display the percentage of sl phase and the number of 5'% and
5'26? cages that are the components of sl hydrate phase in PMHs with d=8 -
17 nm subjected to cyclic shearing. It is evident that PMHs with larger d have
larger percentage of sl phase hydrate.

Figure 7G shows side-viewed configurations of PMHs with d = 8 and
14 nm at shear loading phases, in which the color code is on the basis of the
type of cages. Subjected to the first shear loading cycle from 0 to 2m, PMHs
with smaller d'tend to destruct earlier and yield higher o at failure. PMHs with
d=8and 11 nm fail during the forward shearing (from 0 to m), while those
with d = 14 and 17 nm fracture during the reverse shearing (from 1 to 2rm).
From Figures 7G(1)&(2), it is revealed that when the critical o is imposed,
cages at GBs destruct to form cracks, followed by crack propagation along
the shearing direction. This causes failure of crystalline grains, which corre-
sponds to the first drop in the sl phase percentage. Intriguingly, when the first
loading cycle terminates, cracked grains recover, while the failures of GBs
structures are irreversible. As a result, the percentage of sl hydrate phase and
the number of cages rebound. Because PMHs with smaller d possess higher
proportion of GBs, they tend to fail more severely, resulting in less rebound in
the sl hydrate phase percentage and cage numbers.

During the second loading cycle from 2m to 4m, cages at GBs are further
damaged, and cracks propagate from GBs to crystalline grains, leading to the
second drop in sl hydrate phase and cage numbers. Interestingly, Figures
7G(4)&(5) reveal that, in PMH with d =8 nm, cracks in grains do not disap-
pear but produce transcrystalline fractures, initiating large-scale dissociation
of PMHSs. In contrast, when external o exceed critical value in PMH with d =
14 nm, crystalline grains experience local elastic bending deformations which
is called as kink banding. This type of deformation stores-imposed shear
strain energy, thereby preventing fracture of grains, as illustrated by the
yellow lines in Figure 7G(6). At GB junctions in PMHs with large d, cages
undergo extensive dissociation, generating intergranular fractures. The grains
in PMHs suffer extensive damage, explaining why ¢, sharply increases during
the second loading cycle. Whereas for PMHs with small d, transcrystalline
fractures require greater o.

In this work, we conduct in-depth investigation on the dynamic mechanics
of PMHs under cyclic shearing loads, which mimic the stress fluctuations
encountered during real-world energy extraction. Depending on w, two
distinct deformation regimes in PMHs are identified, covering the overall
picture of dynamic mechanics. The d-w dependency reveals a hierarchy of
deformation mechanisms, namely, d governs microstructural failure path-
ways, while w dictates the time scale of stress application relative to molecu-
lar relaxation. As schematically illustrated in Figure 8A, these behaviors are
represented by two mechanical analog models (I and Il), which capture the
dominant deformation mechanisms at high and low frequencies, respectively.

At high w (Model | in Figure 8A, wT, = 0.1), PMHs exhibit elasto-plastic
deformation governed by a parallel combination of elastic and plastic
elements. This behavior aligns with the Bingham model,””"" where high w
loading suppresses viscous dissipation, forcing deformation through instan-
taneous elastic strain and irreversible plastic slip. Subjected to cyclic shear,
PMHs with smaller d yield larger o, a trend analogous to the Hall-Petch

effect in metals but driven by different mechanisms that GB strengthening in
PMHSs arises from increased intergranular frictional resistance rather than
dislocation pile-ups in metals. Unlike metals, PMHs' molecular crystal nature
of weak vdW-bonding between cages limits dislocation mobility, making GB
sliding the primary plastic mechanism at small d When d is critically small,
failure occurs via transgranular fractures, whereas critically large d promotes
intragranular kinking, reducing g, and mitigating transgranular failure. Addi-
tionally, GB structures decompose under cyclic shear, enabling irreversible
crack propagation along GBs, manifesting as intergranular plastic deforma-
tion. This highlights GBs as weak zones in PMHSs, underscoring grain growth
during hydrate formation dictate reservoir durability.

As w decreases (Model Il in Figure 8A, wTty, < 0.02), PMHs exhibit
pronounced viscoelasticity, governed by time-dependent processes. Lower w
allows sufficient time for molecular rearrangements, activating slow relax-
ation mechanisms such as GB sliding and cage network reconfiguration.
Under low w and elevated 7, analyses of internal diffusion, GBs sliding, cage
structure transitions, and sl <« sll hydrate phase transitions reveal that GB
composition (e.g., amorphous vs. crystalline interfaces) dominates rheologi-
cal behavior, driving the elastic-to-viscoelastic transition. Amorphous GBs
have higher free volume, facilitating diffusion-driven creep, while crystalline
GBs with ordered interfaces resist deformation.

The mechanical loss factor tan 0 versus reduced wT, for PMHs is well-
described by the Cross model. The applicability of Cross model confirms
PMHSs exhibit shear-thinning viscoelasticity, indicating a moderate transition
from elastic to viscous behavior. Time-temperature superposition is
observed in dynamic modulus spectra, where shifting w spectra by a
temperature-dependent factor collapses the data onto a master curve, vali-
dating the thermo-rheological simplicity of PMHs.

PMHs display distinct mechanical loss factor tan & compared to
supramolecular hydrogel, supramolecular polymer networks (SPN) and SPN-
3% (Figure 8B) that show fascinating dynamic features such as self-heal-
ing, reversibility, and stimuli-responsiveness. Supramolecular materials rely
on reversible non-covalent interactions (e.qg., H-bonds, m-1t stacking), while
PMHs feature semi-permanent water cages held by H-bonds and guest
molecules via vdW forces. For SPN and SPN-3, a rubber-like plateau (tan 0 <
1.0) occurs at w = 107-10° rad/s, reflecting dominant elastic behavior from
network entanglement. As w reduces, tan 0 approaches 1.0, triggering a solid-
to-fluid transition due to reversible bond dissociation. PMHs lack such
reversible bonding, explaining their higher elastic plateau and slower tan &
increase with decreasing w. Supramolecular hydrogels show tan > 1 at high
w = 10°-10" rad/s, characteristic of viscous liquid, transitioning to solid-like
behavior at low w due to network reformation. In contrast, PMHs exhibit a
nonlinear tan o increase with decreasing w, transitioning gradually from elas-
ticity to viscoelasticity. Extrapolating via the Cross model, PMHs exhibit a
limiting tan & value of approximately 0.22 at low w, which is significantly
lower than that of typical supramolecular materials, indicating a compara-
tively weaker dissipative (viscoelastic) response. This value is consistent with
the generally low mechanical damping reported for crystalline ice materials,
where internal friction remains limited due to the dominance of slow dissipa-
tion mechanisms such as grain boundary sliding and diffusion creep.

Following the signing of the Paris Agreement in 2016, carbon neutrality has
become a central global challenge, drawing increasing attention to strategies
that combine clean energy production with CO, sequestration in hydrate-
bearing sediments. In this context, a low tan d is of particular importance, as
it reflects the ability of the system to maintain structural integrity under long-
term, low-frequency perturbations. Although the present analysis focuses on
methane hydrates, the fundamental mechanisms governing mechanical loss
behavior, such as GB-mediated dissipation, cage distortion, and the progres-
sive transition from elastic to viscoelastic response, are primarily controlled
by the polycrystalline framework and interfacial dynamics. These features are
therefore expected to be qualitatively transferable to CO, hydrates, which
share similar clathrate structures and multiphase characteristics. Neverthe-
less, differences in guest molecule properties may lead to distinct quantita-
tive responses. Compared with CH,, CO, exhibits stronger guest—host inter-
actions and a linear molecular geometry, which can influence cage stability,
phase equilibria, and local rearrangement pathways. As a result, CO, hydrates
may display higher structural rigidity and potentially modified dissipation
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Figure 7. Dynamic mechanical properties and microstructural evolution of polycrystalline methane hydrates (PMHs) (A) Distribution of von Mises stress (g, of water parti-
cles in PMHs with d = 8 - 17 nm. (B) Distribution of g,,,, of water particles in 5'%, 5262, 5'%6°, 5'%6*, 4'5'°%6% and 4'5'°%6* cages in PMHs with d =8 - 17 nm. (C) Side-view of PMH with
d =14 nm, in which the color code is based on the values of g,,. (D) Variation in the oin PMHs with d = 14 nm subjected to high w7, = 0.1 at T= 270 K. (E) and (F) The percent-
age of sl phase and the number of 5'? and 5'%6? cages in PMHs with d'= 8 - 17 nm subjected to high wr, = 0.1 at T= 270 K, respectively. (G) Side-viewed snapshots of PMHs with

d=8and 14 nm subjected to high wty=0.1 at T=270K.

pathways under cyclic loading, thereby altering the frequency dependence of
tan 8. Despite these differences, the relatively low tan d limit predicted for
polycrystalline methane hydrates suggests that hydrate-based systems can
effectively preserve mechanical integrity under low-frequency disturbances.
This characteristic is highly advantageous for long-term geological stability,
supporting the feasibility of coupling methane recovery with CO, sequestra-
tion in hydrate reservoirs.

CONCLUSION

We comprehensively characterize the dynamic mechanical behaviors of
PMHs under cyclic shear loading via MD simulations, revealing how d, 7, and
w collectively govern two distinct deformation regimes. At high w, PMHs
exhibit elastoplastic behavior, where small-grained systems fail via trans-
granular fracture, while large-grained PMHs develop intragranular kink bands
that enhance structural resilience through elastic bending. This d-dependent
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Figure 8. (A) Schematic of mechanical model for PMHs. Two mechanical modes are defined: Mode | (high-frequency, wt, = 0.1), represented by a parallel elastic-plastic
model capturing solid-like elasto-plastic response; and Mode Il (low-frequency, wT, < 0.02), incorporating viscous elements to describe viscoelastic deformation with
enhanced time-dependent processes. k; and k; represent the elastic modulus of the grains and the GBs of PMHs, respectively. nis the coefficient of viscosity at the GBs. H;
and H,,, are the initial frictional resistance of the grains and the GBs, respectively. d and T represent the grain size and temperature. w represents the frequency. (B) Loss
tangent frequency spectrum of PMHs, as well as other materials including supramolecular hydrogel,”® SPN,” and SPN-3.%°

mechanical response parallels the Hall-Petch relationship in metallic systems
yet originates from the unique molecular-scale characteristics of gas
hydrates, such as weak vdW bonding and restricted dislocation activity.

Under low w/high T conditions, PMHs transition to viscoelastic regime
dominated by GB-mediated processes. Key dissipation mechanisms include:
(1) accelerated diffusion of water and methane molecules along GBs; (2) local
cage transformations, notably between 5'%6? and 4'5'°6% cages; and (3) sl «
sll phase transitions. These molecular- to meso-scale processes collectively
enable efficient strain energy dissipation and follow - T superposition princi-
ples. The mechanical loss spectra are well captured by the Cross model for
non-Newtonian fluids, with G" exhibiting a characteristic power-law depen-
dence on w.

GBs serve as critical hotspots for mechanical dissipation, enriched with
metastable cage structures that readily reorganize under stress. The nonlin-
ear relationships among d, w, and dynamic moduli indicate that fine-grained
PMHSs are more prone to mechanical instability, which is an insight with direct
implications for hydrate-bearing sediments, where reduced grain cementa-
tion is linked to enhanced landslide susceptibility. By establishing cross-scale
linkages between cage-level dynamics, GB processes, and macroscale
viscoelasticity, this study provides a mechanistic framework for predicting
the long-term NGH reservoir stability under tectonic or anthropogenic
stresses. These insights can contribute to risk assessment in NGH exploita-
tion and inform the design of CO, sequestration strategies in hydrate-rich
formations.
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