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Abstract: Water ice and gas hydrates can co-exist in the permafrost and polar regions on Earth and in
the Universe. However, the role of ice in the mechanical response of ice-contained methane hydrates is
still unclear. Here, we conduct direct million-atom molecular simulations of ice-contained
polycrystalline methane hydrates and identify a crossover in the tensile strength and average
compressive flow stress due to the presence of ice. The average mechanical shear strengths of
hydrate-hydrate bicrystals are twice as large as those of hydrate-ice bicrystals. The ice content,
especially below 70%, shows the significant effect on the mechanical strengths of the polycrystals,
which is mainly governed by the proportions of the hydrate-hydrate grain boundaries (HHGBs), the
hydrate-ice grain boundaries (HIGBs), and the ice-ice grain boundaries (IIGBs). Quantitative analysis of
the microstructure of the water cages in the polycrystals reveals the dissociation and reformation of
various water cages due to mechanical deformation. These findings provide molecular insights into the
mechanical behavior and microscopic deformation mechanisms of ice-contained methane hydrate

systems on Earth and in the Universe.
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Introduction

Gas hydrates are ice-like host-guest substances that trap suitable-sized gas molecules in the host
hydrogen(H)-bonded water networks of water cages 3. They usually occur as three common structures:
structure I (sI), structure II (sII), and structure H (sH) 14, Structurally, one unit cell of an sI hydrate
structure consists of 46 H,O molecules that form eight cages: two small cages (5'%?) and six large cages
(5'26%) 1. With regard to the sII and sH crystal structures, larger cages, e.g., 5'26* cage in the sII
structures and the 4°5°6° and 5'26® cages in the sH structures, have been identified 136, Other hydrate
structures have also been discovered or predicted, e.g., sT, sK, sIII, sL and EMT 7!, Naturally on Earth,
gas hydrates dominantly occur in arctic or permafrost regions and continental margins 124, Driven by
the abundance and energy significance of sl gas hydrates, their physico-chemical characteristics have
been investigated extensively %13, To date, the energy (e.g., methane, ethane) stored in natural gas
hydrate deposits is conservatively estimated to be approximately twice that of the conventional fossil

fuels found on Earth 1617,

Because of the conditions (e.g., low temperature and high pressure) 14 at which they form, gas hydrates
are very sensitive to changes in environmental conditions. Therefore, they can easily be destabilized by
changes in the thermodynamic conditions. Furthermore, various external forces destabilize the
environmental conditions of the gas hydrates reservoirs, resulting in the geomechanical instability of the
gas-hydrate-bearing sediments. The destabilization of gas-hydrate-bearing sediments causes profound

negative impacts, e.g., global climate changes 1822 and geological hazards 2123, This clearly suggests that
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gas hydrates have practical implications for seafloor stability, safety, and the economics of conventional
petroleum development and the future gas recovery from gas hydrate deposits. Thus, in the past few
decades, there have been numerous attempts to characterize the mechanical properties of gas hydrates

2430 For example, using laboratory triaxial

using both experimental and theoretical techniques
deformation apparatus, polycrystalline methane hydrates are more creep-resistant than polycrystalline
ice under the same conditions 2, Moreover, they exhibit strain hardening at a higher strain than ice in
constant-strain-rate triaxial compressional deformation experiments 22-2%, This hardening phenomenon
may be attributed, or partially attributed, to the stoichiometry change (e.g., ex-solution or
disproportionation), however, the true reason for this hardening phenomenon remains unclear.
Interestingly, strain hardening of methane hydrates was also observed microscopically, due to a lack of
long-distance diffusion of methane molecules when methane hydrates are confined to a finite-size area 3L.
By using large-scale molecular dynamic (MD) simulations, it was determined that nanocrytalline
polycrystalline methane hydrates exhibit pronounced Hall-Petch and inverse Hall-Petch mechanical
strength relationships 22, that resemble those of other solid substances 3225, Grain boundary (GB)
decohesion, GB sliding and hydrate phase transition are mainly responsible for such interesting
mechanical behaviors 2°. Previous studies have shown that although gas hydrates and ice are both solid
state substances mainly composed of frozen water, there are significant differences in the mechanical
behavior between methane hydrates and water ice 227283637 Although inverse Hall-Petch weakening is
38

also found in nanocrytalline polycrystalline ice 2%, the plastic deformation of nanocrytalline ice

polycrystals is mainly governed by a combination of strain-induced amorphization, collective GB sliding,
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and dislocation nucleation and propagation 38,

Notably, gas hydrates also occur in deep polar glacial ice cores, e.g., the Antarctic ice cores 22 and the
ice cores from Dye-3 Greenland %4, indicating that gas hydrates can occur accompanied by water ice in
low temperature regions on Earth. Gas hydrates may coexist with water ice in other regions of the solar
systems and the outer solar systems, e.g., notably icy moons (Titan) of the giant planets, Neptune, and
Uranus #-#7, Recent research shows that the presence of a thin layer of gas hydrates (the most likely
methane hydrates), acting as a thermal insulator at the base of the Pluto’s ice shell, can elucidate both the
long-term occurrence of an buried ocean and the maintenance of ice shell thickness contrasts 8.
Ice-contained gas hydrates is the most likely to occur in this transition area from the ice shell to
subsurface oceans. Consequently, understanding the fundamental mechanical behaviors of ice-contained

gas hydrates is important for various gas hydrate issues, e.g. gas recovery from cold regions on Earth,

geological instability in ice-contained gas hydrates reservoir, and planetary evolution scenarios.

To date, very limited investigations have been conducted, which have concentrated on the mechanical
properties of gas hydrates containing water ice 3!, The results showed that the mechanical strength of
laboratory-formed ice-contained methane hydrates increases as temperature decreases and the ice
content increases within in the range of 70%-100%, exhibiting an elastoplastic strain hardening behavior.
Despite those important findings, the deformation mechanisms of gas hydrates containing water ice
remain largely unknown, especially the role of water ice in the mechanical response at the molecular

scale is unclear. The molecular-level details of their mechanical instability are not easily determined
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through experiments due to the spatiotemporal resolution limits of the-state-of-art experimental
techniques; however, these molecular details can be determined using molecular simulation techniques.
In this study, for the first time, large-scale molecular simulations based on coarse-grained mW water
models were employed to investigate the role of water ice in the mechanical behaviors of polycrystalline
methane hydrates containing water ice. Based on our calculation results, we find that water ice plays a
key role in the mechanical behaviors of the polycrystals. The mechanical strength of the polycrystals is
mainly governed by the proportions of the hydrate-hydrate grain boundaries (HHGBs), the hydrate—ice
grain boundaries (HIGBs), and the ice—ice grain boundaries (IIGBs). Our work sheds light on the
mechanical behaviors of H>O-based solid crystals and improves our understanding of the mechanical
response of the sediments that contain them, which is needed for safe gas hydrate exploration and
exploitation in permafrost regions on Earth. Even more significantly, our findings can be used to predict
and understand planetary mechanical stability and evolution of the solar systems and the outer solar
systems throughout the Universe, where clathrate hydrates are embedded in a cryosphere of large icy

bodies.

Results and Discussion

Microstructures of Bi- and Poly-crystalline Ice-Contained Methane Hydrates

Both naturally occurring and artificial gas hydrates are typically polycrystalline substances, and the

crystalline grains within them are cohesively contacted with each other in random crystallographic
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orientations. Figures la and 1b illustrate the molecular structures of CHs@5'> and CHs@5'?6%> water
cages, respectively. The small CHs@5'? and large CH4@5'%6? molecular water cages are composed of
12 pentagonal faces and 12 pentagonal plus 2 hexagonal faces, respectively. Figure 1c shows the
molecular structure of a cubic monocrystalline sI methane hydrate. Figures 1d-f show molecular
structures of relaxed ice-ice (II), hydrate-ice (HI) and hydrate-hydrate (HH) bicrystals, respectively, and
the grain boundaries (GBs) in these bicrystals are highlighted for clarification. It has been observed that
the structures of the GBs depend on crystalline substances and the contacting crystalline planes. As
shown in Figure 1d, the water molecules located at the GBs of the II bicrystal form ordered membered
rings (green: five-membered ring; purple: six-membered ring; and red: seven-membered ring),
indicating that the IIGB is a crystalline-like structure. The formation of defective five- and
seven-membered rings is consistent with previous studies 2%, However, the GBs of the HI and HH
bicrystals are semicrystalline structures (Figures le and 1f). New water cages can form and become
disorderly distributed in the GBs, in which the 5'2, 5!262, 5!26°, 5!26* unidentified water and methane
molecular structures are highlighted by green, yellow, purple, red, blue and white, respectively. Such
semicrystalline structures are consistent with the molecular structures of hydrates formed in the presence
of ice 233, Moreover, these results are consistent with the results of previous investigations 2. Figures
1g-i show perspective views of the molecular structures of 3-dimensional (3D) polycrystals with an
average grain size of around 6.58 nm and water ice contents of 100%, 50% and 0%, respectively. For the
hydrate structures in the polycrystals, all water cages are initially fully occupied by methane molecules.

The methane hydrate in the polycrystals is rendered by either red or yellow to highlight the GBs. The
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water ice structures in the polycrystals are colored according to the identified structural phases; the
hexagonal, cubic, and unidentified water molecules are rendered by orange, light blue and white,
respectively, for clarification. Similar to the bicrystals, defective structures are dominant in the spatial
networks of the disordered GBs in the polycrystals. Notably, only a very small amount cubic ice is

formed in the IIGBs and HIGBs due to annealing (Figure 1h).

GB Structure-Dependence of Mechanical Properties of Bicrystals

Tensile and Compressive Behavior of Bicrystals

Figures 2a and 2b show the overall uniaxial stress-strain curves of bicrystalline hydrate-ice with
different connecting crystallographic planes under both tension and compression loads that are
perpendicular to the straight GBs at 223.15 K and 10 MPa, respectively. Three distinct deformation
stages caused by tensile strain can be roughly identified in all of the bicrystalline hydrate-ice structures.
Initially, in the first deformation stage, all of the bicrystals exhibit linear stress-strain curves, indicating
linearly elastic behavior. In the second deformation stage, the tensile stress-strain curves are nonlinear
due to significant stretching and dissociation of the H-bonds in the bicrystals. Finally, in the third stage,
a sudden drop in the tensile stress to almost zero occurs in the mechanical loading curves, indicating
brittle failure of the bicrystals. This is consistent with the mechanical behavior of monocrystalline
methane hydrates, hexagonal ice, and II bicrystals at some specific conditions 2228, Similarly, such the
tensile mechanical response is also observed in HH bicrystals (Figure 2c¢). Intriguingly, the maximum

tensile strength of the HI bicrystals is not strongly related to the connecting crystallographic planes.

9 /46



However, this behavior is not observed in HH bicrystals, in which the {110 }|{1 11} GB structure
presents a maximum tensile strength of around 530 MPa. Whereas, inthe {100 }|{1 1 0} GB structure,
it is about 405 MPa, which is lower than that of the HI bicrystals. The differences in sensitivity to the
connecting crystalline planes between hydrate-ice and hydrate-hydrate bicrystals are mainly attributed to
the different water structures at interfacial regions. The grain boundary structures in HI and HH
bicrystals are mostly connected with disordered water molecules. Besides the common water cages, such
as 5'2, and 5'26?, some uncommon water cages, e.g., 526>, can also occur at HI and HH bicrystals.
However, the larger water cages (e.g., 5'26%) is also observed at hydrate-hydrate grain boundaries in HH
bicrystals (Figure 1f). Moreover, more uncommon larger water cages, e.g., 5'26° and 5'?6* in HH
bicrystals is found than these of HI bicrystals (Figures le-1f). More intrinsically, water cage structures
are connected with several types of membered rings. Disordered water molecules at grain boundaries
can also form membered rings, which is similar to those of the ice-ice grain boundaries (Figure 1d). On
the other hand, guest molecules trapped in the polyhedral water cages formed by host water molecules
greatly affect the molecular-level structures of the grain boundaries, and water cage occupancy of guest
methane molecules will also influence the stability of water cages 22. The metastable large cages and
their occupancy at GBs can partially explain the difference in tensile strength between HI and HH
bicrystals. By comparing with previous studies of II bicrystals 28, the ultimate tensile strength of the II
bicrystals are higher than those of both the HI and HH bicrystals. This indicates that the GB structures of
bicrystalline ice-ice are more mechanically robust than those of HI and HH bicrystals under tension.

However, upon pressurization, the HI bicrystals show more complex loading curves. Six deformation
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stages were roughly identified according to the loading curves of the HI bicrystals in Figure 2b,
demonstrating their more complicated deformation mechanism. The first and second deformation stages
are similar to the tensile case. In the third deformation phase, depending on the GB structures of the HI
bicrystals, the compressive stresses gradually decrease by approximately 30-60 MPa from the first peak
strengths within the finite strain regimes. This differs from the tensile case, in which extreme decreases
in stress occur. In the fourth deformation stage, interestingly, the compressive stresses once more
increase as the applied strain increases. When the critical strain is reached, the compressive stress
reaches at the second peak. However, the mechanical strength corresponding to the second peak is
higher than that of the first peak. This is in contrast with the HH bicrystal case (Figure 2d) and
demonstrates the distinct plastic deformation characteristics of HI bicrystals. In the fifth deformation
stage, much deeper stress drops are observed, implying significant plastic deformation. Finally, the
mechanical loading curve of the last deformation stage is characterized by a nearly constant compressive
flow stress. In comparison, the maximum compressive strength of the HH bicrystals are higher than
those of the HI bicrystals, but they are comparable to those of the II bicrystals 8. Figure 2e shows the
corresponding tensile and compressive elastic moduli of the HI bicrystals. It is observed that the elastic
modulus of the HI bicrystals varies from around 6.2 to 7.5 GPa, depending on the relative contributions
of the GB accommodation structure and the bulk of the crystals. The Young’s modulus was determined
by linearly fitting the stress-strain curves in the elastic strain regime (See Supplementary Materials
sections S4. Mechanical Parameters). With regard to the HH bicrystals, the elastic modulus ranges from

6.75 to 7.5 GPa (Figure 2f). Both the HI and HH bicrystals are elastically softer than the ice and
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9,31,57,58

methane hydrate monocrystals 22313738 a5 well as the II bicrystals 25

The asymmetry of
tension-compression responses in the molecular structures in these bicrystals mainly explains the large
difference of Young’s modulus between tension and compression loads for some cases, such as HI

bicrystals with {1120}|{110}, {000 1}|[{1 10}, and {0110}|{100} GB structures.

In order to reveal the mechanical deformation mechanism, several typical structures of one hydrate-ice
bicrystal with a {01 iO} |{1 00} GB structure were captured under mechanical straining (See Figures
2g-2i, and Supplementary Materials Figure S1). Under elastic tension and compression, the first
deformation stage is mainly characterized by misshapen water cages in the hydrates and hexagonal ice
lattices, as well as the GB accommodation. In the second deformation stage, significant changes in the
GB structures are dominant. It can be observed that the latticed water ice at the GBs is more easily
dissociated than that of the water cages in the hydrates. However, after the bicrystals yield, there are
differences in the plastic deformation characteristics. Apparently, separation of the bicrystal occurs at the
GBs as the tensile strain becomes greater than the yield strain, resulting in the release of the methane
molecules trapped at the GBs (Figure 2g, Supplementary Materials Figure Sla, and Movies S1-S2).
Such tension induced direct separation is also observed in other HI bicrystals (Supplementary Materials
Movies S5 and S7) and all HH bicrystals (Supplementary Materials Figure S2a, Movies S9, S10, S13,
and S15). For the compressive load case (See Supplementary Materials Figure S1b and Movies S3-S4),
more complicated structural changes occur to eliminate the mechanical stress as indicated by the loading

curves of Figure 2b. Intriguingly, the latticed ice of the bicrystals firstly destabilizes by fracturing
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(Figure 2h) when the applied compressive strain becomes larger than the strain at the first mechanical
peak stress, which corresponds to the third mechanical stage (Figure 2b). This indicates that sI methane
hydrates are more mechanically robust than hexagonal ice at low temperature from our deformational
simulations, which is in agreement with the results of previous theoretical and experimental
investigations 22%, Moreover, the rotation of the fractured ice and the emission of the dislocations in the
fractured ice are found at the same time. The dislocations highlighted by solid colored segments are
mainly identified as 1/3 (1 21 0) (See Supplementary Materials Figure S1b and Movies S4). This results
in the distinct recovery of the mechanical stress in the fourth deformation stage. The appearance of two
peak stresses can be attributed to the different mechanical strengths between monocrystalline hydrate
and hexagonal ice. The higher second peak in mechanical strength than the first peak ones mainly results
from the higher mechanical strength of the monocrystalline hydrate, the dislocation nucleation in the ice
part, and the lattice reconstruction of the ice. Then, further compression leads to fracturing and
amorphization of the hydrate in the HI bicrystals, which is accompanied by the amorphization of the
hexagonal ice (Figure 2i, and Supplementary Materials Movies S3-S4). Similar structure changes were
also be found in other HI bicrystals (See Supplementary Materials Movies S6, S8). For HH bicrystals
under compression, crystal cleavage occurs on both sides of bicrystals under compression (See Figure
S2b, Supplementary Materials Movies S11-S12, S14, and S16) after the drop of the mechanical stress

(Figure 2d).
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Shear Behavior of Bicrystals

Figure 3a exhibits the mechanical shear stress-strain curves of the hydrate-ice bicrystals. Three
deformation stages can be concluded. Initially, all of the HI bicrystals show linearly elastic shear
response. However, the shear elasticity strongly depends on the GB structure. By comparison, the HI

bicrystal with a {11 EO}|{1 0 0} structure exhibits the highest mean shear modulus along the

(1120)[0001]
(100)[010]

direction, while the one with a {0 0 0 1}|{l 0 O}structure shows the lowest mean

shear modulus along the direction. The second deformation stage is characterized

(000n)0110]
(100)[010]

by the drop of the shear loading stress, indicating failure of the bicrystals. Overall, the average shear
strength of the HI bicrystals is around two times lower than that of the HH bicrystals (See
Supplementary Materials Figure S3a), indicating that the HHGBs and HIGBs have distinct cohesive
forces. Finally, the shear loads of the bicrystals are featured by sawtooth-like shear stress-strain curves.
Oscillations in the shear strength are detected during the shear deformation stage, suggesting that the
bicrystals undergo a series of repeating local shear strain and stress relaxation processes. Such
mechanical behaviors are also observed in the HH bicrystals (See Supplementary Materials Figure S3a).

This is in good agreement with the mechanical shear behaviors of ice-ice bicrystals along the

(1120)forio] (1120j0001] (0001)[1120]

(0oonforio] (o110)ooo1]  (0110)[1120] directions =% By comparison, the average

shear strength of the HI and HH bicrystals can be either higher or lower than those of the II bicrystals 38,

which can be partially attributed to the difference in the crystal face binding energy (See Supplementary
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Materials Figure S24). On the other hand, the shear strength of ice-ice bicrystals is closely related to the

shear directions 38. Figures 3b-3g show the typical structural evolutions of the HI bicrystals with

_ 1120)[0110
1120}|{1 0 0}GB structures subjected to ( )[ }directional shear load. A specific region
(100)[001]

covering hydrate, GBs and ice is highlighted by gray to reveal shear deformation characteristics. Grain
boundary sliding is detected and indicated by the highlighted region (Figures 3d, 3g, and Supplementary
Materials Movies S17-S18), This shows that grain boundary sliding is responsible for the relaxations in
the sawtooth-like fluctuations of the shear strength on the loading curves. The GB sliding is
accompanied by reformation and dissociation of membered rings (e.g. five-, six-, seven- membered rings)
at the GBs, indicating the subsequent healing of the interface. Unlike the tension case, the thickness of
the GBs does not change during GB sliding. GB sliding is also detected in the HH bicrystals (See

Supplementary Materials Figures S3b-g, and Movies S19-S20).

Mechanical Behavior of Ice-Contained Hydrate Polycrystals
GB Microstructure of Ice-Contained Polycrystalline Methane Hydrates

Both polycrystalline methane hydrate and ice have complex 3D network grain boundaries, which are
mainly composed of H-bonded water structures. Previous investigations have shown that polycrystalline
methane hydrates have different mechanical characteristics from polycrystalline ice 2228, Experimental
observations using a field-emission scanning electron microscope (FE-SEM) revealed clear 1IGBs,

HIGBs and HHGBs in micrometer-sized polycrystals with polyhedral faces 2. Figure 4 shows the
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cross-sectional snapshots of hydrate polycrystals with 50% water ice. The centro-symmetry parameter
(CSP) is employed to differentiate hydrate grains, water ice grains, and GBs. As shown in Figures 4a
and 4b, the water molecules in GBs of the polycrystals show different CSP values with those in the
crystalline grain interiors, indicating different local lattice disorder between the GBs and crystalline
grain interiors. The distribution of the molecular potential energy and the von Mises stress in the
polycrystals reveals that the GBs possess higher potential energies and are higher stress-concentrated
than the internal crystalline grains (Figures 4c-f). Figures 4g-i show the typical localized relaxed
microstructures of the IIGBs, HIGBs and HHGBs in the polycrystals, respectively. The GBs in the

polycrystals are similar to the bicrystals after relaxation with MD.

Tensile and Compressive Properties of Ice-Contained Hydrate Polycrystals

Figures 5a and 5b show the uniaxial tensile and compressive stress-strain curves of methane hydrate
polycrystals containing different water ice contents at 223.15 K and 10 MPa, respectively. Both the
tensile and compressive mechanical response are significantly different from those of the HI and HH
bicrystals. Similar to those of conventional polycrystalline pure metals, ices, and methane hydrates, our
results suggest that the topology and density of the GBs play a crucial role in the mechanical behavior of
ice-contained hydrate polycrystalline solids. Ice-contained hydrate polycrystals show ductile mechanical
characteristics. Furthermore, for example, the polycrystals with 0% ice content contain the 3D network
grain boundaries as shown in Figures 5g-5i. Therefore, the stress-strain response of polycrystals with 0%

ice content is closely related to the synergistic response of 3D network grain boundaries. In contrast, the
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HH bicrystals have only one hydrate-hydrate grain boundary. Such difference in the grain boundaries
can account for the different stress-strain response of polycrystals with 0% ice content (Figure 5) and the
HH bicrystals (Figure 2). Upon tension, either four or five distinct deformation stages can be roughly
identified, depending on the water ice content. Initially, ice-contained hydrate polycrystals exhibit a
linearly elastic response under both tensile and compressive loads. Subsequently, the slopes of the
stress-strain curves decrease gradually with increasing mechanical strain, and the maximum mechanical
strengths reach the critical strains. This is due to the fact that coupled elastoplastic deformation occurs
instead of nonlinear elastic deformation, due to the spatial network of the GBs. Intriguingly, the
reduction in mechanical stiffness is closely related to the ice content of the polycrystals. Polycrystals
with a low ice content are more mechanically robust than those with a high ice content. The third
deformation stage is characterized by a clear drop of tensile stress on the mechanical loading curves,
indicating significant structural changes in the polycrystals. In the fourth deformation stage, the
post-peak stress-strain curves of polycrystals with a high water ice content exhibit a long-range
strain-hardening (e.g., strain ranging from about 0.1 to 0.25 for 100% water ice content) behavior.
However, polycrystals with a low water ice content exhibit an initially short-range strain-hardening (e.g.,
strain ranging from about 0.1 to 0.15 for 0% water ice content) behavior, and then, they exhibit a
strain-softening behavior corresponding to the last deformation stage of polycrystals with a low water
ice content, similar to the tensile failure as shown in Figure 2a and 2c. In sharp contrast, upon
compression, three distinct deformation stages are identified. The first and second deformation stages

are similar to the tension case. In the last loading stage, all of the polycrystals deform with a monotonic
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strain-softening. Both the maximum tensile and compressive strengths are lower than those of the
monocrystalline ice, methane hydrates, and hydrate-ice bicrystals. This is because polycrystals contain a

high density of 3D grain boundary structures.

Figures 5c¢ and 5d are plots of the maximum tensile strength and average compressive flow strength as a
function of the ice grain content of the polycrystals, respectively. Although the polycrystals are mainly
composed of water molecules, they exhibit significantly distinct mechanical performances, which
strongly depend on the ice content (See Supplementary Materials Table S1 and Figure 5). The
polycrystals are mechanically weakened when water ice is present. This indicates that, at low
temperature, the geo-mechanical performance of gas hydrate reservoirs become weakened when water
ice forms. Intriguingly, transitional behavior is observed in both the maximum tensile and compressive
flow stresses of ice-contained hydrate polycrystals. For ice contents of 0% to 70%, the polycrystals are
monotonically weakened for maximum tensile and compressive flow stresses of around 410 to 230 MPa
and 425 to 305 MPa, respectively. However, as the polycrystals become dominated by ice grains (>
70%), they are strengthened for maximum tensile and compressive flow stresses of around 230 to 250
MPa and 305 to 310 MPa, respectively. This strengthening behavior was also observed in experiments
conducted on the mechanical strength of polycrystals with ice content of 70% to 100% 2. By comparing
the two critical structures, in other, polycrystals composed of 100% nanocrystalline ice and 100%
nanocrystalline hydrate, we determined that the polycrystalline methane hydrates have a higher

mechanical strength than polycrystalline ice, which is in good agreement with the experimental findings
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where the crystalline grains are micron to millimeter-sized 2°. However, it is noted that, as a result of
limitations of MD technique, our simulations reveal the mechanical behaviors of icing water-based
nanostructures under a high deformation rate. More importantly, these findings could provide the
detailed information at microscopic scale for the mechanical behaviors of methane hydrates containing
water ice. Due to the fact that the mechanical strength of polycrystalline materials closely depends on
grain size, grain morphology, and grain boundary structure, for example, the polycrystalline methane
hydrates exhibit a Hall-Petch effect as the grains are larger than a critical size 22; and the Hall-Petch
effect is also experimentally found in polycrystalline ice 23¢!; and the polycrystalline methane hydrates
and ice both show an inverse Hall-Petch effect when the grains are smaller than a critical size 23, To

show the converged results as the models are enlarged, a large number of works should be carried out in

the future.

Our molecular simulations indicate that the mechanical strength of ice-embedded hydrate polycrystals
significantly depends on the ice content. Surprisingly, we find that an apparent crossover in both the
tensile strength and the average compressive flow stress. This transitional behavior can be mainly
attributed to the 3D network GBs and the proportions of IIGBs, HIGBs, and HHGBs in the polycrystals.
In general, as shown in Figure Se, we find that the percentages of IIGBs, HIGBs, and HHGBs in the
polycrystals are changing with the changing ice content. For example, the percentages of IIGBs, HIGBs,
and HHGBs are approximately 33.62%, 62.23%, and 4.15%, respectively in a given polycrystal with an

ice content of 70%. This corresponds to the weakest mechanical strength of the polycrystals with an ice
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content of 70% in our molecular simulations. Furthermore, taking into account mechanical strengths of
GBs as shown in Figure 5f, these results offer a reasonable explanation for the transitional behavior in
the mechanical strength of the polycrystals. The HIGBs have the lowest average shear strengths,
whereas the HHGBs have the highest average shear strength. Moreover, our investigations of bicrystals
show that the average shear strength of the HH bicrystals is around two times higher than that of the HI
bicrystals. However, the IIGBs have an average shear strength intermediate between those of the
HHGBs and HIGBs. The IIGBs also exhibit the largest fluctuations in shear strengths, ranging from
about 30 MPa to 200 MPa, depending on the combinations of ice crystal planes. For a given 3D
polycrystal containing a similar number of crystalline grains, as the ice content increases, the proportion
of HHGBs in the 3D networked GBs decreases, and the proportion of IIGBs increases. Therefore, the
distinct cohesive forces between the HHGBs and HIGBs and the proportions of the [IGBs, HIGBs, and
HHGBs are most likely responsible for the decrease in the maximum tensile and compressive flow
stresses as the ice content increases from 0 to 70%. The higher mechanical strengths of the IIGBs than
those of the HIGBs, the largest proportion of the IIGBs, and the dislocation nucleation in the ice grains
mainly account for the increasing mechanical strength, rather than weak GB sliding induced by shear
forces. In the polycrystalline samples, the 3D networks of GBs are very complex. The quantitative
changes in the mechanical strengths of ice-embedded hydrate polycrystals significantly depend on the
percentages of the IIGBs, HIGBs, and HHGBs. In nature, more or less structured water always occurs

62,63

between hydrates and sediment minerals 2. The water adsorbed on mineral surfaces possesses extreme

densities, and the water in the first adsorbed layer shows low chemical potential. These implies a
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mechanical stability limit of gas-hydrate-bearing sediments. Future studies, e.g., the interface mechanics
between hydrates and minerals, are inspired. Figures 5g-i show the typical localized structures captured
from the polycrystals with an ice content of 50% in the initial state and relaxed state. Different GBs are

clearly clarified. These results can help us to understand the 3D network of GBs.

Deformation Mechanisms in Ice-Contained Hydrate Polycrystals

To further reveal the deformation mechanisms responsible for the mechanical stress-strain response of
polycrystals under mechanical straining at the molecular level, microstructural developments of a
hydrate polycrystal with an ice content of 50% are captured and shown in Figure 6. The initial elastic
mechanical response of the polycrystals primarily results from the stretching of the crystalline methane
hydrate, the ice grains, and the accommodation of the complex GBs. The following non-elastic response
of the hydrate-ice polycrystals mainly comes from deformational changes in the microstructural
morphology of the polycrystals, involving GBs such as HIGBs, HHGBs, and IIGBs, and the phase
transformation of ice. Under tension, the remarkable strain-softening behavior following the maximum
tensile stress is mainly explained by collective GB sliding (Figures 6a-6f). Intriguingly, as a result of the
shear forces, both the ice and hydrate grains are able to rotate in the strain-softening stage (Figure 6;).
Ice-contained hydrate polycrystals mainly show intergranular failure behavior, emitting from the GB
junctions (GBJs). As the tensile strain is increased by the rapid GB sliding, nano-voids develop at the
GBIJs (Figures 6¢ and 6f). These structural response leads to the release of the applied elastic strain in

the nanocrystalline grains. The slight strain-hardening behavior that occurs after the rapid
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strain-softening behavior of hydrate polycrystals with water ice contents of 40%-100% (Figure 5a). This
strain-hardening behavior is mainly attributed to the nano-grain arrangements and the phase
transformation of ice. For example, a given pure ice polycrystal has approximately 10265, 13463, and
14720 water molecules in cubic ice form at the strains of 0.15, 0.20, and 0.25, respectively (See

Supplementary Materials Figure S25). The strain-hardening behavior observed in II bicrystals with

(1120)[0001]

_ direction also results from the shear
(0001)[1120]

{1120}[{000 1} structure along the

strain-induced large-scale structural transition from the stable hexagonal phase to the metastable cubic
phase 38, Upon compression, the collective GB sliding also results in the strain-softening behavior
(Figures 6g-61). Moreover, the phase transformation of ice is also observed in the compressive ductile
flow stage. Under larger compressive strains, the crystalline grains diminish in size and the number of
disordered water and methane molecules at the GBs and GBJs increases. The latticed destruction of the
nano-grains initially takes place near the GBs and GBJs, and then, it propagates into the interior of the
grains. The polycrystals are further mechanically weakened because the water-dominated structures are
amorphized at the GBs. Moreover, under compression, dislocation nucleation is identified in the water
ice grains of the polycrystals, but does not observed in the hydrate grains. These findings are consistent

with the results of previous theoretical and experimental studies 386466,

Dynamics of Water Cages in Ice-Contained Hydrate Polycrystals

To provide an in-depth understanding of the structural evolutions within nanograin sl hydrate-ice

polycrystals under mechanical loading, eight types of water cages and amorphous water molecules are
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identified during deformation. The total number of water cages identified in sl hydrate polycrystals
containing water ice under tensile and compressive strains are counted (See Supplementary Materials
Figures S4-S23). Notably, besides the normal sI 5'2and 5'26% water polyhedral cages, many other water
cages are also identified, e.g., the 5!26°, 5264, 4151062, 4151063 415106% and 435°63 cages. In terms of the
number of cages prior to deformation, from greatest to least, the cages are 5262, 5'2, 4151062, 51263,
4151063 415196 51264 and 4°5%6° for polycrystals with a given ice content (See Supplementary Materials
Figures S4-S23). The number of cages is strongly dependent on the methane hydrate content in the
polycrystal; a higher content of methane hydrate grains it has, a larger number of those cages it shows.
These results indicate that various water cages are able to form at the GBs and GBJs, resulting in the
cohesive GB structures of polycrystals. Under tension (See Supplementary Materials Figures S4-S13),
for polycrystals with low ice contents (See Supplementary Materials Figures S4-S7), the number of 5'2
and 5262 cages initially decreases much violently. With the increasing ice content (See Supplementary
Materials Figures S8-S10), the number of cages initially decreases slightly, which differs from that of
the polycrystals with low ice contents discussed above. This suggests that the water cages, e.g., 5'2 and
51262, dissociate at the HHGBs, HIGBs, and GBJs. However, for polycrystals with high ice contents (See
Supplementary Materials Figures S11-S13), the number of identified sI polyhedral 5'? and 5'262 cages
slightly declines prior to yielding. As the tensile strain reaches its critical value, the number of those
cages increases with increasing tensile strain. Concerning the 5'26°, 5!26%, 4151062, 4151963, 415196% and
435%63 cages, complex changes in the average number of cages can be observed, depending on the type

of cage and the ice content. For example, for the polycrystals containing 90% water ice (See
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Supplementary Materials Figures S13), the number of 5'263 cage increases during the entire loading
process, while a negligible change in the number of 5'26* cage and a decrease in the number of 4!51°64
cage are observed (See Supplementary Materials Figures S13c, S13d and S13g). Moreover, the average
number of 4'51°62 and 4'5'°6° cages in the polycrystals initially increase, but after this, they decrease
(See Supplementary Materials Figures S13e and S13f). Interestingly, the polycrystals show initially
decrease, and then, the average number of 435%6° cage increases (See Supplementary Materials Figure
S13h). These complex changes in the water cages indicate the complex recrystallization and
amorphization dynamics of the molecular water cages in the polycrystals under tension. With increasing
methane hydrate grains in the polycrystals (See Supplementary Materials Figures S4-S13), a more
significant reduction in the number of cages (5'%263, 51264, 4151062, 4151963, 415196* and 435°63 cages) is
recognized in the early deformation stage of polycrystals with a higher number of methane hydrate
grains (See Supplementary Materials Figures S4-S9). In the late-stage of deformation, the reduction in
the number of cages is not significant, and an increase in the number of some of the water cages (e.g.,
5126°, 5'26* and 4'5'96? cages) is detected in polycrystals with specific hydrate contents (See
Supplementary Materials Figures S4-S6). Intriguingly, unlike the changes in the number of water cages,
the polycrystals with high ice contents (See Supplementary Materials Figures S8-S13) mainly present a
monotonic increase in the number of amorphous water molecules, indicating the global dissociation of
water-dominant polycrystals. Additionally, the number of amorphous water molecules in polycrystals
with different ice contents significantly increases in the early stretching stage (See Supplementary

Materials Figures S4-S13), whereas in the late stage of deformation, the increase in the number of
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amorphous water molecules is less significant (See Supplementary Materials Figures S8-S13), and a
slight decrease in the number of amorphous water molecules can even occur (See Supplementary

Materials Figures S4-S7).

For the case of polycrystals subjected to compressive straining, the number of water cages and
amorphous water molecules also changes as the strain changes. As shown in Supplementary Materials
Figures S14-S23, hydrate polycrystals with ice contents of 20%-90% (See Supplementary Materials
Figures S16-S23) exhibit a monotonic reduction in the number of 5!'2and 5'26> water cages during the
whole deformation process, which differs from hydrate polycrystals under tension. This reduction
becomes more significant as the ice content decreases. For hydrate polycrystals containing low ice
content (<10%) (See Supplementary Materials Figures S14-S15), the number of 5'2 and 5'262 water
cages initially increases, but then, it decreases during deformation. This indicates that low pressurization
(smaller compressive strains) enhances the formation of 5'2and 5'26 cages at the GBs and GBJs of the
polycrystals; whereas, in contrast to that depressurization (tension) causes the dissociation of these cages.
However, large pressurization (larger compressive strains) results in the dissociation of 5'2 and 526>
cages (See Supplementary Materials Figures S14-S15). With regard to the large 5'263, 5'26% 4151962,
4151063 415196% and 435°63 cages, a different change in their numbers occurs. Hydrate polycrystals
containing different ice contents exhibit a transition in their number of these cages; the number of cages
initially declines, and then, it increases under the compressive straining. As the ice content becomes less

and less, the transition behavior becomes more significant. This indicates new water cage formation
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during collective GB sliding in the post deformation stage. For amorphous water molecules, an almost
linear increase in the number of water molecules is identified for all polycrystals. This increase in the
number of amorphous water molecules suggests the global dissociation of ice-embedded hydrate
polycrystals during mechanical straining, although localized recrystallization of water cages occurs.
Based on the analysis of water cages and amorphous water molecules during deformation, complicated
structural transformation of nanograin ice-contained hydrate polycrystals can occur under mechanical

deformation. Such findings provide the detailed molecular information for deformation mechanism.

Conclusion

The mechanical instability of gas hydrates can trigger global climate change and geohazards in both
terrestrial and extraterrestrial environments. At cold regions, e.g., the permafrost regions on Earth and
the cryospheres of large icy bodies throughout the Universe, natural gas hydrates often coexist with
water ice. In this work, we conclude that hydrate-ice and hydrate-hydrate bicrystals show comparable
tensile and compressive strengths. However, in particular, the average mechanical shear strengths of
hydrate-hydrate bicrystals are twice as large as those of hydrate-ice bicrystals. Upon tension, both
hydrate-ice and hydrate-hydrate bicrystals exhibit brittle failure, initiating from the grain boundaries.
Upon compression, two apparent peaks occur on the stress-strain curves prior to the steady compression
flow stresses of the hydrate-ice bicrystals; whereas only one peak occurs for the hydrate-hydrate
bicrystals. Subjected to shearing, all of the bicrystals exhibit a sawtooth-like mechanical stress response

due to grain boundary sliding and the subsequent healing of the interface structures. For ice-contained
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methane hydrate polycrystals, both the ultimate tensile strength and the average compressive flow stress
strongly depend on the ice content. For ice contents of 0% and 70%, the polycrystals are mechanically
weakened; whereas for ice contents of 70% to 100%, they are strengthened. The later result is consistent
with previous experimental measurements of polycrystals with ice contents of 70%-100%. Combining
with the calculated results of bicrystals, we demonstrate that the mechanical strengths of ice-contained
polycrystals are mainly dominated by the proportions of HHGBs, HIGBs, and I1GBs, resulting from that
the mechanical strengths of the HHGBs and IIGBs are much higher than those of the HIGBs. This may
raise an interesting question: Can the pure clathrate hydrate or hydrate with ice layer support the top ice
shell on Pluto? If not, how much ice should occur in the hydrate layer at most or at least? Our future
work will try to investigate it by micro- and macro-mechanical calculations. Furthermore, quantitative
analysis of the microstructures of the water cages in the polycrystals indicates the dissociation and
reformation of various water cages including normal (e.g., 5'* and 5'26%) and abnormally large (e.g.,
4151062, 51263 4151963 4151064 5126% and 435°6°) water cages during mechanical tensile and compressive
loading. Plastic deformation in polycrystals is mainly governed by grain boundary sliding, grain rotation,
and solid-state phase transformation in the ice and hydrate grains. This plastic deformation is also
accompanied by the complex competitive dynamics of recrystallization and amorphization of the
molecular hydrate water cages and ice structures. In contrast, upon compression, dislocation nucleation
occurs in ice grains. Our findings improve our understanding of the mechanical instability of
ice-contained methane hydrate systems on Earth, and the evolution of the planetary mechanical stability

of methane hydrates embedded in the cryosphere of large icy bodies throughout the Universe.
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Methods

Our molecular simulations were carried out based on the monatomic model derived from the
Stillinger-Weber (SW) potential, which describes both water and methane molecules. Each water and
methane molecule is represented as a single interaction site, respectively, in the monatomic model 28,
Such a coarse-grained mW water model is computationally efficient and can accurately describe the
thermodynamic and mechanical properties of water, ice, and methane hydrate. Despite the
coarse-grained mW water model eliminates the electrostatic interactions for the sake of computational
efficiency, it can also accurately capture the mechanical properties of methane hydrate and ice,
compared with other popular full atomistic water interaction models e.g., SPC/E, TIP4P, TIP4P/2005
and TIP4P/ICE. The efficient performance of such mW water model has been verified in previous
studies 22. Mechanical loadings subjected to all of the bicrystals and polycrystals were performed by the
deformation control technique. Such technique has been widely used to study the mechanical properties
of nano-systems. All deformation procedures were performed at a strain rate of 1.0 x 108 s'. More
simulation details are provided in Supplementary Materials Sections S1-S5 (Section S1. System
Preparations, Section S2. Forcefield for System Simulations, Section S3. Mechanical Test Simulations,
Section S4. Mechanical Parameters, Section S5. Quantitative Analysis of Water Cages, Section S6.
Crystal Face Binding Energy, Section S7. Centro-Symmetry Parameter, and Section S8. Average
Percentages of Three Grain Boundary Types)
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Figures and Tables

Figure 1:

Figure 1. Molecular structures of methane hydrates. (a)-(c) Water molecular cages of CHs@5"
35/ 46



composed of 12 pentagonal faces, CHs@5'%6? composed of 12 pentagonal and 2 hexagonal faces, and
the sl crystal structure of methane hydrate, respectively. (d)-(f) Localized grain boundary structures of
ice-ice (I), hydrate-ice (HI), and hydrate-hydrate (HH) bicrystals, respectively. (In Figure 1d, green:
five-membered ring, purple: six-membered ring, and red: seven-membered ring. In Figure le and 1f, 5'2,
51262, 51263, 5126%, unidentified water and methane molecular structures are highlighted by green, yellow,
purple, red, blue and white, respectively. In Figure 1d and le, the hexagonal ice and unidentified water
structures are rendered by orange and blue for clarification, respectively) (g)-(i) 3-dimensional (3D)
polycrystals of ice-contained methane hydrates with an average grain size of around 6.58 nm with ice
content of 100%, 50%, and 0%, respectively. Ice is colored according to the identified type of structural
phase; the hexagonal, cubic and unidentified water structures are rendered by orange, light blue and
white for clarification, respectively. The methane hydrates are rendered by either red or yellow for

clarification.
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Figure 2:

Figure 2. Mechanical response of bicrystals. (a)-(b) Mechanical tensile and compressive response of
hydrate-ice (HI) bicrystals under tension and compression, respectively. (c)-(d) Mechanical tensile and

compressive response of hydrate-hydrate (HH) bicrystals under tension and compression, respectively.
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(e) Histograms of the Young’s modulus of HI bicrystals. D-® represent {1120}\{1 00}, {1120}\{1 10},
112044111, {000 1} {100}, {000 1}[{1 10}, {000 L}[{1 11}, {0110}[{100}, {0110}|{1 10},and
{0110}|{1 1 1}, respectively, in Figure 2c. {1120}, {000 1}, and {0110} planes are three common

crystallographic planes of hexagonal ice. The {1 00},{1 10}, and {1 1 1} planes of the sI hydrates are
considered in this study (f) Histograms of the Young’s modulus of HH bicrystals. (D-® represent
{100}[{110},{100}|{11 1},and {1 10}|{1 1 1}, respectively, in Figure 2f. The {1 00}, {1 1 0}, and
{1 11} planes of sl hydrate are considered in this study. (g) Localized snapshots of HI bicrystals with
{0110}|{1 00} grain boundary structures at a tensile strain of 0.13. (h) Localized snapshots of HI
bicrystals with {01 iO} |{1 00} grain boundary structures at a compressive strain of 0.10. The latticed ice
fracturing areas are marked by a black ellipse in Figure 2h. (i) Localized snapshots of HI bicrystals with
{01 iO} |{100} grain boundary structures at a compressive strain of 0.18. The latticed hydrate fracturing
areas are marked by a yellow ellipse in Figure 2i. The water particles in snapshots #(g)-(h) are rendered
according to their potential energy. The water particles which form the hexagonal ice in snapshots #(i)
are colored according to the identified type of structural phase; the hexagonal, cubic and unidentified
water structures are rendered by orange, sky-blue and blue for clarification, respectively. The water
particles which form the sl structure methane hydrates in snapshots #(i) are colored by purple. All

methane particles in (g)-(i) are rendered by white for clarification.
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Figure 3:

Figure 3. Mechanical shear response of hydrate-ice (HI) bicrystals. (a) Mechanical shear
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stress-strain curves of HI bicrystals with different grain boundary structures under nonequivalent

directional shear deformation, respectively. (b)-(g) Localized snapshots of HI bicrystals with

_ 1120){0110
{1120}|{1 00} grain boundary structures subjected to ( 0 0))%) o] ]directional shear loadings at

different strains, respectively. The black arrows indicate the shear loading directions. The water particles
in (b)-(d) are rendered according to their potential energy. The water particles which form hexagonal ice
in (e)-(g) are colored according to the identified type of structural phase; the hexagonal, cubic and
unidentified water structures are rendered by orange, sky-blue and blue for clarification, respectively.
The water particles which form sl structure methane hydrate in (e)-(g) are colored by purple. All
methane particles are removed to clearly observe the grain boundary changes. The selected water

particles are rendered by gray in (b)-(g) to monitor grain boundary sliding.
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Figure 4:

Figure 4. Typical localized molecule structures of hydrate-ice polycrystals with ice content of 50%.

(a)-(b) Cross-sectional snapshots of polycrystals before and after molecular dynamics (MD) relaxation,
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respectively. All water particles are colored according to the centro-symmetry parameter (CSP) values.
All methane particles are not shown to exhibit the different local lattice disorder clearly. (c)-(d)
Cross-sectional snapshots of polycrystals before and after MD relaxation, respectively. All particles are
colored according to the von Mises stress. (e)-(f) Cross-sectional snapshots of polycrystals before and
after MD relaxation, respectively. All particles are colored according to the potential energy. (g)-(i)
Cross-sectional snapshots of ice-ice, hydrate-ice, and hydrate-hydrate grain boundary structure in

polycrystals, respectively. All particles are rendered according to the grain number.
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Figure 5:

Figure 5. Mechanical properties of polycrystalline methane hydrate contained ice grains. (a)-(b)
The stress-strain curves of polycrystals with different ice content under tension and compression,

respectively. (¢) Tensile maximum stress as a function of ice grain content. (d) Average compressive
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flow stress as a function of ice grain content. (¢) Percentages of three grain boundary types (IIGBs,
HIGBs, and HHGBs) in polycrystals as a function of ice grain content. Firstly, all methane particles,
water particles in both ice grain and hydrate grain interiors are removed as shown in Figure 6h and 6i.
Secondly, the number of water particles located at [IGBs, HIGBs, and HHGBs can be roughly counted.
Thirdly, the percentages of three grain boundary types can be roughly obtained through the number of
water molecules located at three grain boundary types divided by the total number of water molecules at
grain boundaries (See Supplementary Materials Note 3. Average Percentages of Three Grain Boundary
Types). (f) Average mechanical strengths under different mechanical loads obtained from this
simulations and a recent study # (See Supplementary Materials Sections S4. Mechanical Parameters). (g)
Localized structures captured from the polycrystal with ice content of 50% at initial state. (h) Localized
grain boundary structures captured from the polycrystal with ice content of 50% at initial state. Water
atoms in polycrystals are colored according to the coordination number of water particles in Figure 5g
and 5h. (i) Localized grain boundary structures captured from the polycrystal with ice content of 50% at
relaxed state. Water particles in hydrate grains and ice grains are colored by red and blue, respectively, in

Figure 5i. All methane particles in (g)-(i) are removed to clearly show grain boundaries.
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Figure 6:

Figure 6. Cross-sectional snapshots of hydrate-ice polycrystals with ice content of 50% under
uniaxial loadings. (a-c) Typically localized structures captured from the polycrystal at tensile strains of
0.00, 0.06 and 0.15, respectively. Atoms in polycrystals are colored according to the von Mises stress.
(d-f) Typically localized structures captured from the polycrystal at tensile strains of 0.00, 0.06 and 0.15,
respectively. Atoms in polycrystals are colored according to their potential energy. (g-i) Typically

localized structures captured from the polycrystal at compressive strains of 0.00, 0.06 and 0.15,
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respectively. Atoms in polycrystals are colored according to their potential energy. (j) Grain rotation of
hydrate grain in the polycrystal under tension is captured. (k-1) grain boundary sliding in the polycrystal.
Atoms in polycrystals are colored according to the values of displacement vectors in Figure 6j-61. Grain

1-2 are ice grains and grain 3-5 are hydrate grains.
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Supplementary Materials and Methods

Section S1. System Preparations

This paper aims to present a systematic study of mechanical properties of hydrate-ice micro system by
means of molecular dynamics (MD) simulations. Prime atomic structure of monocrystalline hexagonal ice
was obtained by the X-ray diffraction experimental analysis data . One unit cell of monocrystalline
hexagonal ice is composed of 16 water molecules. The starting positions of water oxygen atoms of initial
hydrate structure configuration were also taken from the X-ray diffraction analysis results for ethylene
oxide hydrate 2. One unit cell of structure I (sI) hydrate contains 46 water molecules. For hydrate-ice (HI)
bicrystals, nine distinct bicrystals formed by two different adjacent monocrystals separated by a grain
boundary (GB) were specifically constructed to study mechanical characteristics of HI bicrystals under
tension, compression, and shear (See main manuscript Figure le). Each HI model contains around
19,242 ~ 23,544 water and methane molecules. For hydrate-hydrate (HH) bicrystals, three different
bicrystals were also created to investigate mechanical properties with the same methods (See main
manuscript Figure 1f). Each HH model has approximately 14,052 ~ 21,945 water and methane
molecules. Polycrystalline hydrate-ice samples with ice content of 0%~100% were constructed with
dimensions of 40 x 40 x 40 nm?> based on a Voronoi construction 2 (See main manuscript Figureslg-i).
Both small 5! and big 5'26? water cages were fully occupied by methane molecules. Each polycrystal
contains around 54 grains. The grains in samples were taken to be random for crystalline orientations. The
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average grain size in our study was about 6.58 nm. Four different polycrystals at each specific ice content
were constructed and calculated to facilitate further statistical analysis. Molecules which were in a
nearest-neighbour distance of less than 0.1 nm were deleted to form GBs and to avoid artificial atoms
overlaps in each polycrystal. Each polycrystal contains around 2,034,000 total water and methane
molecules. To obtain stable bicrystalline and polycrystalline structures, all created bicrystals and
polycrystals were equilibrated with relaxation time of 2,000 ps to eliminate low-or high-density regions
near GBs and GB junctions (GBJs). Firstly, all created bicrystals and polycrystals were all
quasi-statically relaxed to a local minimum energy configuration via the conjugate gradient method with
an energy tolerance of 1.0 x 10™* eV and a force tolerance of 0.0 eV A™!. A simulation time of 1,000 ps
was chosen to relax all molecular structures at temperature of 223.15 K and pressure of 10 MPa under the
NPT ensemble (constant number of particles, constant pressure, and constant temperature) based on a
Nosé—Hoover barostat and Nosé—Hoover thermostat with damping times of 7, = 1 ps and 77 = 0.1 ps,
respectively. Subsequently, MD relaxation simulations were also performed with another simulation time
of 1,000 ps under the NVT ensemble (constant number of particles, constant volume, and constant
temperature) using the Nosé—Hoover thermostat with damping times of z7= 0.1 ps. The temperature and
pressure were controlled by Nosé-Hoover thermostat 4* and barostat methods ¢, respectively. A constant
integration timestep of 1.0 fs with the velocity-Verlet algorithm was adopted. Periodic boundary
conditions were applied in 3-dimensional (3D) directions. Herein, stable specimens for mechanical tests

were prepared.
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Section S2. Forcefield for System Simulations

All of our works were carried out based on the monatomic model that derives from the Stillinger-Weber
(SW) potential £ to describe both water and methane molecules in our models. Each water and methane
molecule is represented as a single sphere, respectively, in the monatomic model. The coarse-grained mW
water model omits hydrogen atoms or electrostatics. The water molecules can be able to form tetrahedral
structures through three-body nonbonded interactions. This SW potential can model the tetrahedral
short-ranged interaction potentials of monatomic water and those of water-water, water-methane and

8

methane-methane interactions 2. More importantly, such a coarse-grained mW water model could

significantly reduce the computational cost compared to the full atomistic models ¥, and it has been

successfully verified to study mechanical properties of ice and methane hydrate systems 2.

Section S3. Mechanical Test Simulations

All calculations were performed using the Large-scale Atomic-Molecular Massively Parallel
Simulator (LAMMPS) software package 1. Periodic boundary conditions were applied along the three
directions in our simulations. The mechanical loadings subjected to all bicrystals and polycrystals were
simulated by the deformation control technique under the NPT ensemble. The procedure was performed at
a strain rate of 1.0 x 108 s”!. Both tensile and compressive loadings on bicrystals and polycrystals as well
as shear loadings on bicrystals were simulated to investigate mechanical properties under the NPT

ensembles. For shear loadings on bicrystals, simulated pressures in the directions that are perpendicular to
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shear directions were carried out to be 10 MPa during shear loadings. This NPT ensemble with a Nosé—
Hoover barostat and thermostat with damping time constant of 77 = 1 ps and 7, = 0.1 ps, respectively,
allowed the bicrystals and polycrystals to experience expansion/contraction in the transverse directions as
a result of the Poisson effect. A timestep of 1 fs with the velocity-Verlet algorithm was employed to
integrate the equation of atomic motions. The deformation increment for bicrystals and polycrystals was
updated every 1,000 time steps. The atomic stress per atom was calculated based on the virial definition of
stress, using the forces on atoms collected during MD simulations. The atomic potential energy and

atomic stress were averaged every 1,000 timesteps in order to eliminate the thermal oscillations.

Section S4. Mechanical Parameters

The Mechanical parameters used in this study are stated in this section. The engineering strain is defined
as the ratio of total deformation length (AL) to the initial original length (L), tensile strain is defined as the
ratio of total deformation length (AL) to the original length (L) under tension, and compressive strain is

defined as the ratio of total deformation length (AL) to the original length (L) under compression.

AL |I-1]
== 1
E=— =7 M

where ¢ is the engineering strain (e.g. tensile strain for tension and compressive strain for compression),
Lis the original length and/is the final length. Young's modulus defines the relationship

between stress and strain in a material in the linear elasticity regime of a uniaxial deformation. Young’s
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modulus can be calculated by dividing the engineering stress by the engineering strain in the linear elastic
regime of the loading curve as following,

=2
&

)

where E is Young's modulus (GPa), ¢ is the uniaxial stress (GPa), ¢ is the engineering strain. In this work,
the Young’s modulus was determined by linearly fitting the stress-strain curves in the elastic strain regime.
For the mechanical strengths in Figure 5f in our main manuscript, the Average mechanical strengths under
different mechanical loads obtained from the work in our manuscript and a recent study 2. For example,
upon mechanical tensile strengths, they are the average values of the first peak strength obtained from the

stress-strain curves of bicrystals with different GB structures.
Section SS. Quantitative Analysis of Water Cages

In this work, to identify water cages made of H,O molecules in ice-contained polycrystalline methane
hydrates, the half-cage order parameter (H-COP) was utilized 1314, H-COP was developed to recognize
water cages based on the topological analysis of the tetrahedral network. And H-COP can be able to
identify the water ring structure, half-polyhedral cages of water molecules, and the unique building blocks
of water-based hydrates. H-COP was employed based on a cutoff distance of 3.2 A in present work. To

identify the hydrate cages, the computational protocol is shown as follows:

Firstly, a ring-statistics algorithm is utilized to distinguish all the four-membered rings, five-membered
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rings, and six-membered rings. These membered rings can be used for the building blocks for the

polyhedral cages in the hydrate systems.

Secondly, a topological analysis is employed to distinguish the formation of half-cages, i.e., 5%, 56!, 5%62,
415%6%, 425%6! and so on. For example, the 5° half-cage contains 15 water molecules, making up one
central five-membered ring and five peripheral five-membered rings. Those half-cages are the key basis to

form the water cages.

Lastly, a cluster-walk algorithm is preformed to identify the connectivity of the half-cages. Two half-cages
are regarded to be connected if either of the following two criteria is met: (a) two half-cages share one and
only one ring, regardless the types of the half-cages, and (b) two half-cages match their edges to form a

complete cage. Hydrate water cages are obtained by iteratively finding all connected half-cages.

Section S6. Crystal Face Binding Energy

In this work, to compute the crystal face binding energy of bicrystals, all the simulation settings are
identical to the procedure in preparing samples in the Section S1. System Preparations in our
supplementary materials. Firstly, the energy of each given bicrystal at the equilibrium state is collected
based on the mW water model. Secondly, the energy of each monocrystal with the same system size with
the corresponding given bicrystals at the equilibrium state is also collected. Thirdly, the crystal face
binding energy of bicrystals can be computed from the collected energy of the given bicrystal and the

corresponding two monocrystals as the following equation:
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bicrystal 1 2
Ebinding energy = (Eenegfy - E energy - Eenergi) / S (3 )
where E,, .. werg, 18 the crystal face binding energy of each given bicrystal, Ef;i’g“l is the energy of each

given bicrystal at the equilibrium state, Eelnergv and E:ng is the energy of two monocrystals with the

same system size with the corresponding given bicrystals at the equilibrium state, respectively. S is the

connecting interfacial area of the given bicrystal.
Section S7. Centro-Symmetry Parameter

In solid-state systems, the centro-symmetry parameter (CSP) is a useful parameter of the local lattice
disorder around a particle, and it is able to characterize whether the particle is part of a perfect lattice, a
local defect, or at a surface. In our work, the CSP value is computed using the following equation

from Kelchner et al.

N2 )
csp :Z‘Ri+Ri+N/2‘ 4)

i=1

where the N is the nearest neighbors of each atom, R, and R, are vectors from the central atom to a
particular pair of nearest neighbors. The nearest neighbors of each given water molecule in
monocrystalline hydrate and ice grain interiors is different from that of each given water molecule in grain
boundaries. In our work, the four nearest neighbors of each water molecule is used, and all the methane
molecules are not shown to exhibit the different local lattice disorder clearly. As shown in Figure 4 in our

main manuscript, the water molecules in GBs of the polycrystals show different CSP values with those in

11/ 68


https://lammps.sandia.gov/doc/compute_centro_atom.html#kelchner

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

the crystalline grain interiors, indicating different local lattice disorder between the GBs and crystalline

grain interiors.

Section S8. Average Percentages of Three Grain Boundary Types

In this work, the water molecules belonging to hydrate and ice grains were marked with different symbols
when we papered the polycrystals, e.g., the water molecules in hydrate and ice grains were denoted by the
“Onydrare” and “Ojc.” respectively. As shown in Figure 5h and 5i in our main manuscript, all methane
particles are removed at first, and then the water particles in both ice and hydrate grain interiors are also
removed based on the so-called coordination number of a particle. The coordination number represents
the number of neighbors of each particle which are within a given cutoff radius. As we know, in perfect
hydrate and ice grain interiors, each water molecule is able to connect with four nearest water molecules
as neighbors. However, most of water particles at grain boundaries mainly have the different
coordination number. Though very few water particles at grain boundaries may have the same
coordination number as the water particles in both ice and hydrate grain interiors, this effect is negligible
as shown in Figure 5h in our main manuscript. To further eliminate this effect, four different sample
cases at each given ice grain content are analyzed to obtain the average percentages of three grain

boundary types (IIGBs, HIGBs, and HHGBs) in polycrystals as a function of ice grain content.

The water particles, which belong to hydrate and ice grains, can be distinguished from the marking
symbols above. Therefore, the water particles located at IIGBs, HIGBs, and HHGBs are able to have the
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different combinations of marking symbols for water particles. For example, the water particles at
HIGBs are marked by the two symbols of “Onyarare” and “Oicc” belonging to hydrate and ice grains,
respectively. Firstly, the number of water particles belonging to hydrate and ice grains can be roughly
counted based on the marking symbols, respectively. Then, if the distance between one water particle
belonging to hydrate grains and the other water particle belonging to ice grains is less than the given
value, we can roughly define that the two water particles belong to HIGBs. In this study, the given value is
set as 10 A based on the analysis of the width of grain boundary structures and the diffusion of the water
particles at grain boundaries. Moreover, the number of water particles located at [IGBs and HHGBs can

also be roughly counted as the following equation:

N = No—hydrate + No—ice (5)
NO*HHGBS = Nofhydrate - NO*H[GBS (6)
N, 685 = Nosice = No_ G (7)

where the N, N

o—hydrate >

and N

»_ie 1s the total number of water particles at grain boundaries, the
number of water particles belonging to hydrate grains, and the number of water particles belonging to ice
grains, respectively. The N, ..., N, s.and N, .. 1s the number of water particles at HHGBs,
HIGBs and I1GBs, respectively. At last, the percentages of three grain boundary types can be roughly

obtained through the number of water molecules located at three grain boundary types divided by the

total number of water molecules at grain boundaries.
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223 Supplementary Figures and Tables

224  Table S1:

225 Table S1. Maximum tensile strength of hydrate-ice polycrystals in our molecular simulation.
Ice Content (%) 0 10 20 30 40 50
Confining Pressure (MPa) 10

Maximum Tensile Strength (MPa)  411.38 351.96 298.38 269.65 254.04 237.56

Ice Content (%) 60 70 80 90 100

Confining Pressure (MPa) 10

Maximum Tensile Strength (MPa)  229.57 22842 230.20 236.79 247.15

226
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227  Figure S1:

228

229  Figure S1. Localized snapshots of hydrate-ice (HI) bicrystals with{0110}|{1 00} grain boundary
230  structures. (a) Molecular snapshots of HI bicrystals under tension at different strains, respectively. (b)
231  Molecular snapshots of HI bicrystals under compression at different strains, respectively. Water particles
232 which form hexagonal ice in snapshots #1-4 are colored according to the identified type of structural

233 phase; Hexagonal, cubic and unidentified water structures are rendered by orange, light blue and white for
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234

235

236

237

238

239

clarification, respectively. Strain-induced dislocations in HI bicrystals are illustrated by solid segments.
Different colored segments represent different type of dislocation; 1/3(1 21 0y, (0001, (1100Yy, 1/3
{1 iOO) , and unidentified dislocations are rendered by green, yellow, pink, sky-blue and red for
clarification, respectively. Water particles and methane particles which form sl structure methane hydrate
in snapshots #1-4 are colored by purple and yellow, respectively. All particles in snapshots #5-8 are

rendered according to their potential energy.
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240  Figure S2:

241

242  Figure S2. Localized snapshots of hydrate-hydrate (HH) bicrystals with {1 0 0}|{1 1 0} grain
243  boundary structures. (a) Molecular snapshots of HH bicrystals under tension at different strains,
244  respectively. (b) Molecular snapshots of HH bicrystals under compression at different strains, respectively.
245  Water particles and methane particles in snapshots #1-4 are colored by purple and yellow, respectively.

246  All particles in snapshots #5-8 are rendered according to their potential energy.
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247  Figure S3:

248
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249

250

251

252

253

254

255

256

257

258

259

Figure S3. Mechanical shear response of hydrate-hydrate (HH) bicrystalline structures. (a) The
shear stress-strain curves of bicrystals with different grain boundary structures under nonequivalent

directional shear deformation, respectively. (b)-(g) Localized snapshots of bicrystalline HH with

(100)[001]
(110)[nnn]

{100} {1 10} grain boundary structure subjected to directional shear loadings at

different strains, respectively. Black arrows indicate the shear loading directions. The notation of “n n n”
represents these undetermined shearing directions. As we seen in in Figure S3a, all shear responses are
very similar in molecular dynamics simulations. It is not important to determine the shearing directions.
Water particles in Figure S3b-S3d are rendered according to their potential energy. Water particles in
Figure S3e-S3g are colored according to the von Mises stress. All methane particles are removed to
observe the grain boundary changes. The selected particles are rendered by gray in Figure S3b-S3g to

monitor grain boundary sliding.

19 / 68



260  Figure S4:

261

262  Figure S4. The number of identified water cages in sI hydrate polycrystals containing 0% water ice

263  under tension. Eight types of water polyhedral cages and amorphous water ice are respectively identified
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264  during the whole tensile deformation. (a) 5! water cages. (b) 5'26% water cages. (c) 5'26 water cages. (d)
265  5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5!°6% water cages. (g) 4'5'°6* water cages. (h) 4°5%° water

266  cages. (i) Amorphous water molecules.

267
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269

270

271

272

273

274

275

276

277

278

279
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280  Figure S5:

281

282  Figure SS. The number of identified water cages in sl hydrate polycrystals containing 10% water

283  ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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284  identified during the whole tensile deformation. (a) 5'2 water cages. (b) 526> water cages. (c) 5!26° water
285  cages. (d) 5'26* water cages. (e) 4!5'%6? water cages. (f) 4!5'°63 water cages. (g) 4'5'%6* water cages. (h)

286  4°5%° water cages. (i) Amorphous water molecules.
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287  Figure S6:

288

289  Figure S6. The number of identified water cages in sI hydrate polycrystals containing 20% water

290 ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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291  identified during the whole tensile deformation. (a) 5'2 water cages. (b) 526> water cages. (c) 5!26° water
292 cages. (d) 5'26* water cages. (e) 4!5'%6? water cages. (f) 4!5'°6° water cages. (g) 4'5'°%6* water cages. (h)

293 435%° water cages. (i) Amorphous water molecules.
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294  Figure S7:

295

296  Figure S7. The number of identified water cages in sI hydrate polycrystals containing 30% water

297  ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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298  identified during the whole tensile deformation. (a) 5'2 water cages. (b) 526> water cages. (c) 5!26° water
299  cages. (d) 5'26* water cages. (e) 4!5'%6? water cages. (f) 4!5'°63 water cages. (g) 4'5'°%6* water cages. (h)

300  4°5%6° water cages. (i) Amorphous water molecules.
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301  Figure S8:

302

303  Figure S8. The number of identified water cages in sl hydrate polycrystals containing 40% water

304 ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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305 identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5!262 water cages. (c) 5'26° water
306  cages. (d) 5'26* water cages. (e) 4!5'96 water cages. (f) 4'5!°6° water cages. (g) 4'5'%6* water cages. (h)

307  4°5%6° water cages. (i) Amorphous water molecules.
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308  Figure S9:

309

310  Figure S9. The number of identified water cages in sl hydrate polycrystals containing 5S0% water

311  ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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312  identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5!262 water cages. (c) 5'26° water
313 cages. (d) 5'26* water cages. (e) 4!5'96 water cages. (f) 4!5!°6° water cages. (g) 4'5'%6* water cages. (h)

314  4°5%63 water cages. (i) Amorphous water molecules.
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315  Figure S10:

316

317  Figure S10. The number of identified water cages in sI hydrate polycrystals containing 60% water

318 ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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319  identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5'262 water cages. (c) 5'26° water
320  cages. (d) 5'26* water cages. (e) 4!5'96 water cages. (f) 4!5!°6° water cages. (g) 4'5'%6* water cages. (h)

321  4°5%63 water cages. (i) Amorphous water molecules.
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322 Figure S11:

323

324  Figure S11. The number of identified water cages in sI hydrate polycrystals containing 70% water

325 ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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326 identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5!262 water cages. (c) 5'26° water
327  cages. (d) 5'26* water cages. (e) 4!5'96 water cages. (f) 4'5!°6° water cages. (g) 4'5'%6* water cages. (h)

328  4°5%63 water cages. (i) Amorphous water molecules.
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329  Figure S12:

330

331  Figure S12. The number of identified water cages in sI hydrate polycrystals containing 80% water

332  ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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333 identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5'262 water cages. (c) 5'26° water
334 cages. (d) 5'26* water cages. (e) 4!5'96 water cages. (f) 4!5!°6° water cages. (g) 4'5'%6* water cages. (h)

335  4°5%63 water cages. (i) Amorphous water molecules.
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336  Figure S13:

337

338  Figure 13. The number of identified water cages in sl hydrate polycrystals containing 90% water

339 ice under tension. Eight types of water polyhedral cages and amorphous water ice are respectively
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340 identified during the whole tensile deformation. (a) 5'2 water cages. (b) 5!262 water cages. (c) 5'26° water
341  cages. (d) 5'26* water cages. (e) 4!5'°6 water cages. (f) 4'5!°6° water cages. (g) 4'5'%6* water cages. (h)

342 4°5%63 water cages. (i) Amorphous water molecules.
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343  Figure S14:

344

345  Figure S14. The number of identified water cages in sI hydrate polycrystals containing 0% water

346  ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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347  identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'%26>

348  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

349  (h) 4°5%> water cages. (i) Amorphous water molecules.
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350  Figure S15:

351

352  Figure S15. The number of identified water cages in sI hydrate polycrystals containing 10% water

353  ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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354  identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'%26>

355  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

356  (h) 4°5%> water cages. (i) Amorphous water molecules.
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357  Figure S16:

358

359  Figure S16. The number of identified water cages in sI hydrate polycrystals containing 20% water

360 ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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361 identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'26>

362  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

363 (h) 4°5%> water cages. (i) Amorphous water molecules.
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364  Figure S17:

365

366  Figure S17. The number of identified water cages in sI hydrate polycrystals containing 30% water

367 ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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368 identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'%26>
369  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

370  (h) 4°5%> water cages. (i) Amorphous water molecules.
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371  Figure S18:

372

373  Figure S18. The number of identified water cages in sI hydrate polycrystals containing 40% water

374  ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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375  identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'%26>

376  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

377  (h) 4°5%> water cages. (i) Amorphous water molecules.
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378  Figure S19:

379

380  Figure S19. The number of identified water cages in sI hydrate polycrystals containing 50% water

381 ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively

507/ 68



382  identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'%26>

383  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

384  (h) 4°5%> water cages. (i) Amorphous water molecules.
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385  Figure S20:

386

387  Figure S20. The number of identified water cages in sI hydrate polycrystals containing 60% water

388 ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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389 identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'26>
390  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

391  (h) 4°5%> water cages. (i) Amorphous water molecules.
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392  Figure S21:

393

394  Figure S21. The number of identified water cages in sI hydrate polycrystals containing 70% water

395 ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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396 identified during the whole compressive deformation. (a) 5'2 water cages. (b) 5'26* water cages. (c) 5'26>

397  water cages. (d) 5'26* water cages. (e) 4'5'°6% water cages. (f) 4'5'°6% water cages. (g) 4'5'°6* water cages.

398  (h) 4°5%> water cages. (i) Amorphous water molecules.
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399  Figure S22:

400

401  Figure S22. The number of identified water cages in sl hydrate polycrystals containing 80% water

402  ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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403  identified during the whole compressive deformation. (a) 5'? water cages. (b) 5'26* water cages. (c) 5'%6°
404  water cages. (d) 5'%6* water cages. (e) 4'5'°6% water cages. () 4!5'°63 water cages. (g) 4'5'°6* water cages.

405  (h) 4°5%" water cages. (i) Amorphous water molecules.
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406  Figure S23:

407

408  Figure S23. The number of identified water cages in sl hydrate polycrystals containing 90% water

409  ice under compression. Eight types of water polyhedral cages and amorphous water ice are respectively
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410  identified during the whole compressive deformation. (a) 5'? water cages. (b) 5'26* water cages. (c) 5'%6°

411  water cages. (d) 5'%6* water cages. (e) 4'5'°6% water cages. (f) 4!5'°63 water cages. (g) 4'5'°6* water cages.

412 (h) 4°5%" water cages. (i) Amorphous water molecules.

413  Figure S24.

414

415  Figure S24. Crystal face binding energy of different bicrystals. Crystal face binding energy of nine

416  hydrate-ice bicrystals with different GB structures, e.g, {1150}]{1 00}, {1150}|{1 10}, {1150}\{1 11},
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417  {0001}|{100} , {0O0OTI}|{110} , {0O0OL}{111} , {01 10}|{100} , {0110}|{110} , and
418  {0110}[{111} are computed in this work. Crystal face binding energy of three hydrate-hydrate bicrystals
419  with different GB structures, e.g., {100}[{1 10}, {100}|{111},and {1 10}|{1 11} are computed
420  in this work. The crystal face binding energy of three ice-ice bicrystals in this figure is modified from the

421  recent work 12,

422 Figure S25.

423
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432
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437

438

439

Figure S25. Cubic ice in polycrystals with 100% ice content under different mechanical strains. (a)
tensile strain of 0.0 (b) tensile strain of 0.15 (¢) tensile strain of 0.20 (d) tensile strain of 0.25. The “N”
represents the number of water molecules in the form of I ice. The structure of I, and I. is identified by the

structure algorithm 1°,

Supplementary Movies:

Movie S1:

Movie S1. Animation of localized hydrate-ice bicrystals with{01 10} |{l 0 0} grain boundary structures
under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55 eV). All

methane particles are colored by white for clarification.

Movie S2:

Movie S2. Animation of localized hydrate-ice bicrystals with{0110}|{1 00} grain boundary structures
under tension strain. Water particles which form hexagonal ice are colored according to the identified type
of structural phase; Hexagonal, cubic and unidentified water structures are rendered by orange, sky-blue
and blue for clarification, respectively. Water particles which form sl structure methane hydrate are

colored by purple. All methane particles are rendered by white for clarification.
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449

450

451

452

453

454

Movie S3:

Movie S3. Animation of localized hydrate-ice bicrystals with{0110}|{1 00} grain boundary structures
under compression strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55 eV). All

methane particles are colored by white for clarification.

Movie S4:

Movie S4. Animation of localized hydrate-ice bicrystals with{0110}|{1 00} grain boundary structures
under compression strain. Water particles which form hexagonal ice are colored according to the
identified type of structural phase; Hexagonal, cubic and unidentified water structures are rendered by
orange, sky-blue and blue for clarification, respectively. Strain-induced dislocations in hydrate-ice
bicrystals are illustrated by solid segments. Different colored segments represent different type of
dislocation; 1/3¢1210), (0001), 1100y, 1/3(1 100), and unidentified dislocations are rendered by
green, yellow, pink, sky-blue and red for clarification, respectively. Water particles which form sl
structure methane hydrate are colored by purple. All methane particles are rendered by white for

clarification.
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468

469

Movie S5:

Movie S5. Animation of localized hydrate-ice bicrystals with {1120}|{100} grain boundary structures
under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55 eV). All

methane particles are colored by white for clarification.

Movie S6:

Movie S6. Animation of localized hydrate-ice bicrystals with {1120}|{100} grain boundary structures
under compression strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55 eV). All

methane particles are colored by white for clarification.

Movie S7:

Movie S7. Animation of localized hydrate-ice bicrystals with {000 1} |{l 00} grain boundary
structures under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55

eV). All methane particles are colored by white for clarification.

Movie S8:

Movie S8. Animation of localized hydrate-ice bicrystals with {000 1} |{l 00} grain boundary

structures under compression strain. Water particles are colored based on their potential energy (-0.40 ~
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483

484

0.55 eV). All methane particles are colored by white for clarification.

Movie S9:

Movie S9. Animation of localized hydrate-hydrate bicrystals with {1 00}|{l 1 0} grain boundary
structures under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55

eV). All methane particles are not shown for clarification.

Movie S10:

Movie S10. Animation of localized hydrate-hydrate bicrystals with {1 00}|{l 10} grain boundary
structures under tension strain. Water particles are colored according to the von Mises stress (0 ~ 6 GPa).

All methane particles are not shown for clarification.

Movie S11:

Movie S11. Animation of localized hydrate-hydrate bicrystals with {1 00}|{l 10} grain boundary
structures under compression strain. Water particles are colored based on their potential energy (-0.40 ~

0.55 eV). All methane particles are not shown for clarification.

Movie S12:

Movie S12. Animation of localized hydrate-hydrate bicrystals with {1 00}|{l 10} grain boundary
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497

498

structures under compression strain. Water particles are colored according to the von Mises stress (0 ~ 6

GPa). All methane particles are not shown for clarification.

Movie S13:

Movie S13. Animation of localized hydrate-hydrate bicrystals with {1 00}|{l 1 1} grain boundary
structures under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55

eV). All methane particles are not shown for clarification.

Movie S14:

Movie S14. Animation of localized hydrate-hydrate bicrystals with {l 0 0}|{l 1 I} grain boundary
structures under compression strain. Water particles are colored based on their potential energy (-0.40 ~

0.55 eV). All methane particles are not shown for clarification.

Movie S15:

Movie S15. Animation of localized hydrate-hydrate bicrystals with {1 1 0}|{l1 1 1} grain boundary
structures under tension strain. Water particles are colored based on their potential energy (-0.40 ~ 0.55

eV). All methane particles are not shown for clarification.
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Movie S16:

Movie S15. Animation of localized hydrate-hydrate bicrystals with {1 1 0}|{1 1 1} grain boundary
structures under compression strain. Water particles are colored based on their potential energy (-0.40 ~

0.55 eV). All methane particles are not shown for clarification.

Movie S17:

Movie S17. Animation of localized hydrate-ice bicrystals with {11 50} |{1 00} grain boundary structures

1120)[0110
subjected to ( n 0))[[0 0] ]directional shear loadings. Except that specific water particles are rendered

by gray to monitor grain boundary sliding. Water particles are colored based on their potential energy

(-0.40 ~ 0.55 eV). All methane particles are not shown for clarification.
Movie S18:

Movie S18. Animation of localized hydrate-ice bicrystals with {11 50} |{1 00} grain boundary structures

1120)0110
subjected to ( i 0))[[0 0] } directional shear loadings. Except that specific water particles are rendered

by gray to monitor grain boundary sliding. Water particles which form hexagonal ice are colored
according to the identified type of structural phase; Hexagonal, cubic and unidentified water structures are
rendered by orange, sky-blue and blue for clarification, respectively. Water particles which form sl

structure methane hydrate are colored by purple. All methane particles are not shown for clarification.
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Movie S19:

Movie S19. Animation of localized hydrate-hydrate bicrystals with {10 0}|{l 1 0} grain boundary

(1 0 0)[0 0 1]
(1 1 O)[nnn]

rendered by gray to monitor grain boundary sliding. Water particles are colored based on their potential

structures subjected to directional shear loadings. Except that specific water particles are

energy (-0.40 ~ 0.55 eV). All methane particles are not shown for clarification.
Movie S20:

Movie S20. Animation of localized hydrate-hydrate bicrystals with {10 0}|{l 1 0} grain boundary

00)[001]

1
(110)[nnn]

rendered by gray to monitor grain boundary sliding. Water particles are colored based on the von Mises

structures subjected to directional shear loadings. Except that specific water particles are

stress (0 ~ 6 GPa). All methane particles are not shown for clarification.
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