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Abstract

Sediment-hosted gas hydrates have profound impacts on global energy sources and climate change. Their mechanical properties
play a crucial role in gas recovery and understanding their evolution in nature, however, the deformation mechanisms of gas
hydrates have not yet been elucidated owing to the difficulties in experimental measurements. Direct molecular dynamics
simulations of the material instability of polycrystalline methane hydrates under mechanical loading have been carried out. The
results show an unexpected ductile ultimate strength as a result of crossover from strengthening to weakening in polycrystals. The
Hall-Petch type strengthening behavior arises from grain-junction mediated failure mechanism while the inverse Hall-Petch type
weakening originates from grain boundary mediated deformation mechanism.
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1. Background

Natural gas hydrates, also called clathrate hydrates, typically form from freezing concentrated mixtures of gas
molecules and water into an ice-like crystalline substance in which guest gas molecules are physically trapped inside
solid lattice cavities of water molecules to deter hydrogen-bonded strain and breakage'. They occur abundantly
underneath petro-production lines and in hostile environments such as seafloor sediments, arctic or permafrost regions*
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5. There are three different crystallographic structures in gas hydrates and the cubic structure | (sl) is the most common
one.

Despite the surging interests and worldwide research activities in gas hydrates, their mechanical properties and
deformation mechanisms remain poorly understood. This lack of understanding attributes mainly to the remarkable
difficulties in experimentally characterizing the deformation of hydrates and the limited availability and
reproducibility of synthetic hydrates®. Recently, large-scale molecular dynamics simulations of polycrystalline sl
methane hydrates under both tensile and compression loading have been performed’. The results show dislocation-
free brittle failure in monocrystalline hydrates and an unexpected ductile ultimate/super strength as a result of
crossover from grain-size strengthening to weakening in polycrystals. Unlike metallic materials, no dislocations were
observed either inside the grains or at the grain boundary, and the existing dislocation based models can not be used
to explain the observed phenomenon. In this paper, we for the first time present mechanics-based models to explain
the dislocation-free Hall-Petch type and inverse Hall-Petch type behavior of polycrystalline gas hydrates.

2. Molecular dynamics simulation results

Two distinct types of microstructures were simulated by the molecular dynamics simulator LAMMPS. The
nanograins were created by using a Voronoi construction® with the grain centers placed on a 3D periodic b.c.c. lattice.
The as-constructed samples with size of Voronoi grain ranging from 5.61 to 28.1 nm contain approximately a total
water and methane molecules varying from 93000 to 11700000. Both the host water and guest methane molecules
were described with the monatomic model which represents each molecule as a single particle. Tetrahedrally short-
ranged interactional functions of monatomic model of water (mW) with the form of the Stillinger—Weber potential
mimic hydrogen-bonded water structures®. The water — methane and methane — methane interactions were modeled
through the two-body term of the Stillinger—Weber potential’®. Such a coarse-grained molecular model of water and
methane is over twofold more efficient than atomistic models for reproducing a range of properties of liquid and solid
phases of water and methane. Prior to the molecular dynamics simulations of uniaxial loading, polycrystalline methane
hydrates were initially quasi-statically relaxed to a local minimum configuration via the conjugate gradient method.
Subsequently, the relaxation was performed with simulation time 200 ps under cold and pressurized hydrate-forming
conditions with NpT ensemble based on Nosé-Hoover barostat and thermostat, allowing unfavourable configuration
in the grain boundaries to relax. The total consumption of the simulation time in this study is around 165 central
processing unit years in the Norwegian Notur metacenter system for computational sciences. The atomic stress per
atom was calculated according to the virial definition of stress using the forces on the atoms collected during the
molecular dynamics process. Details about the simulation and calibration of the coarse-grained model against full
atom simulations can be found in’.

The highlights of the molecular dynamics simulation can be summarized as follows. Firstly, new structures which
are dissimilar to the base hydrate structure sl, 0CH,@5'%6*, 2CH,@5%6°, 1CH.,@5'%6*, 2CH,@5%6* were discovered at the grain
boundaries. These new structures are necessary in order to structurally join the crystals together to form polycrystals.
Obviously, due to either under- or over-occupancy these new grain boundary structures are greatly misshapen and
thermodynamically less stable. Secondly, brittle failure was observed in monocrystalline gas hydrates while
polycrystalline hydrates show unexpected ductile behavior. Unlike metallic materials, no dislocations either inside the
crystals or at the grain boundaries were found. The ductile behavior of the gas hydrates mainly comes from the
contribution of grain boundaries. Finally, it was shown that both the maximum tensile stress in tension and average
flow stress in compression are strongly dependent on the grain size. Above a critical grain size about 15nm, the strength
increases with the decrease of grain size. When the grain size is below the critical one, further refining the grains will
reduce the strength. The crossover behavior for the cases with random grains are presented in Fig. 1, where the grain
size in the abscissa represents the average value. The peak value of the flow stress at the crossover (called super or
ultimate strength of the material) is around 180 MPa.
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Fig. 1 Crossover behavior of polycrystalline gas hydrates occurring at a grain size about 15nm. a) maximum tensile stress versus grain size for; b)
average flow stress versus grain size for compression.

3. Dislocation-free strengthening and weakening mechanisms of gas hydrates

It should be noted that the crossover behavior has been reported for conventional metallic polycrystalline materials

2, However, it is the first time to observe that also in gas hydrates. For metallic materials, the strengthening behavior
can be explained by dislocation pileups and described by the well-known Hall-Petch equation. On the other hand, the
weakening behavior can be explained by dislocation based models or grain boundary shearing hypotheses®® 4. Since
no dislocations were observed in either inside the grains or at the grain boundary, the dislocation-based model do not
work for gas hydrates. New models are needed to depict the intrinsic deformation mechanisms of gas hydrates.

3.1. Weak grain boundary in polycrystalline hydrates

Both full-atom and coarse grained simulations showed that the grain boundary and in particular the grain junctions
in an equilibrium state possess high potential energy and internal stresses’. It is reasonable to postulate that the grain
boundary consisting of these new structures necessary to structurally form the polycrystals are weaker and less stable
than the base crystals. It can be further assumed that the thickness of grain boundary is finite and independent of the
grain sizes.

3.2. Weakening mechanisms in polycrystalline hydrates

For the cases with small grain sizes (below about 15nm), Fig. 1 shows an inverse Hall-Petch behavior - further
refining the grains will lead to a decrease in strength both in tensile and compressive loading. With the assumption of
constant thickness and weak grain boundary, the total volume fraction of the weak grain boundary in the hydrate
material increases with the decrease of grain size. This can well explain the weakening effect. Fig. 2 schematically
show two cases with grain size | and 21 (21 <15nm). Keeping the grain boundary thickness b, it is evident that the case
with grain size | is weaker than the case with grain size 2.
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Fig. 2 a) weakening mechanism for gas hydrates with identical grain boundary thickness and structures. When the grain size is below a critical
value (21 < 15nm), the relative volume fraction of the weak grain boundary increase with the decrease of grain size, which depicts the weakening
mechanism; b) grain junction mediated strengthening mechanism when the grin size is larger than a critical value (L > 15nm).

3.2. Strengthening mechanisms in polycrystalline hydrates

When the grain size is larger than the critical value, the total volume fraction of the grain boundary becomes
insignificant compared with that of the hydrate crystal matrix. Because there is strong strength mismatch between the
base crystals and the grain boundary, the grain junctions are exposed to a tri-axial stress state and become the most
critical part of gas hydrates. For the sake of simplicity, we assume that the grains behave in a rigid manner during the
loading, all the deformation will then be undertaken by the grain boundary. For the case with grain size L (L>15nm)
and under a uniaxial strain ¢, the displacement applied to the grain junction will be ¢L. At the same overall strain level,
the displacement to the grain junction will be 2¢L for the case with grain size 2L, Fig. 2b. The larger the grain size,
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the higher the mismatch and the severer deformation exposed to the grain junctions, which will naturally result in
earlier failure initiation and propagation. Refining the grains will delay the grain junction failure and lead to
strengthening effect, which resembles a typical Hall-Petch type behavior. The experimentally observed Hall-Petch
behaviour of polycrystalline water ice arising from the operation of a Zener-Stroh cracking mechanism’ or
intergranular cracking resulting from elastic anisotropy is also shown.

Strength

Zener—Stroh cracking
Hall-Petch mechanism

~15-20nm Grain size

Fig. 3 The deformation mechanisms of gas hydrates. The experimentally observed Hall-Petch behaviour of polycrystalline water ice arising from
the operation of a Zener-Stroh cracking mechanism or intergranular cracking resulting from elastic anisotropy is also shown.

4. Conclusions

Understanding the structure-mechanical property relationship of gas hydrates is of great importance. Our large scale
molecular dynamics simulations have shown that there is strong dependence of strength on grain size and an
unexpected crossover from strengthening to weakening at a grain size around 15nm. New mechanics based dislocation-
free models have been developed in this paper to depict the intrinsic mechanisms. The Hall-Petch type strengthening
behavior of gas hydrates can be explained by the grain junction-mediated failure mechanism while the inverse Hall-
Petch type weakening originates from the grain boundary mediated deformation mechanism.
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