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A B S T R A C T

The temperature and strain rate-dependent compressive behaviour of ice-1h was investigated through molecular
dynamics simulations. The ice strength increased in response to a decrease in the initial temperature and an
increase in the strain rate. Various deformation mechanisms depended on the ice’s initial temperature. Solid-
liquid phase transformation was more likely to at a relatively high temperature. However, solid-solid phase
transformation and dislocation-like glide were observed at relatively low temperatures. Experimental observa-
tions on the strength versus strain rate relationship of ice could be interpreted based on a prior study by Wu and
Prakash [1].

1. Introduction

The dynamic behaviour of ice plays a crucial role in diverse subjects
such as glaciology [2], avalanches, icebreaking in the Arctic, and cli-
matology. For instance, the prediction of the movement or breakup of
glaciers, which can change the landform, requires knowledge of the
dynamic behaviour of ice.

Many studies have focused on the mechanical behaviour of ice
[3–13]. Schulson et al. [7] observed that the strength of ice increased
with the increasing strain rate in a range from 10-2 to 1.6 s−1, consistent
with the results of Jones [14] at a higher strain rate up to 101 s−1 and a
temperature of −11 °C. Moreover, Jones [14] showed that the strength
of freshwater ice was higher than sea ice at a relatively low strain rate.
Kim et al. [15] studied the dynamic behaviour of ice through the split
Hopkinson pressure bar (SHPB) in a strain rate ranging from 400 to
2600 s−1. They concluded that the ice compression strength was con-
stant at 19.7MPa in the test strain rate range. The high strain rate
behaviour of ice was also tested by Shazly and Prakash [16] through
SHPB. Their results showed that the compressive strength of ice ex-
hibited positive strain rate sensitivity over the strain rates ranging from
60 to 1400 s−1. A similar conclusion was derived by Wu and Prakash
[1,17]. Wu and Prakash [1] reported that the peak compressive
strength demonstrated two different types of temperature sensitivity,
that is, the strength increased from 32 to 112MPa as the test tem-
perature decreased from −15 °C to −125 °C, followed by a nearly
constant value in a range of 110–120MPa with a further decrease in the

temperature to −173 °C. Although Wu and Prakash [1] speculated that
phase transformation might occur during ice compression at ultralow
temperatures, the actual cause remains unknown. Further studies are
required to understand the dynamic compressive behaviour of ice at
various ambient temperatures.

A variety of microstructures, that is, 13 crystal structures and two
amorphous states, that have been discovered to date depending on the
growth temperatures and pressure conditions cause the complexity of
mechanical behaviour of ice as previously noted. The study of micro-
structural evolution during compression provides a pathway to better
understand the properties of ice. Many molecular dynamics (MD) si-
mulations have been performed to study the properties of ice [18–27].
Karim et al. [19] reported via MD simulations using the TIP4P model of
water that the interface of ice/water was stable at temperatures of
240 ± 1.5 K. Gay et al. [28] studied the melting process and stability
of ice using the SPCE model of water. The results showed that ice-1h
structures at 1 atmosphere were almost identical as the temperature
increased close to the melting transition point. Matsumoto et al. [29]
investigated ice nucleation and growth behaviour. The results demon-
strated that the nucleation of freezing necessitates sufficient long-lived
hydrogen bonds developing spontaneously at the same location before a
rapid expansion. Despite numerous MD simulations of the properties of
ice and its freezing/melting mechanics, to the best of our knowledge,
studies on the initiation of complex dynamic behaviour of ice that are
required to better understand the phenomenon observed by Wu et al.
[1] remain limited.
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With this as a motivation, MD simulations focused on the phase
transformation of ice during high strain rate loading were performed.
This study investigated the temperature and strain rate effects on the

strength and the deformation mechanisms of ice.
This paper is organised as follows. The atomistic models of ice and

the details of the simulation method are described in Section 2. The
phase transformation, temperature effect on the strength of ice, and
temperature-crystal structure interactions during compression are dis-
cussed in Section 3. The results are summarised in Section 4.

2. Methods

Large-scale atom/molecular massively parallel simulation
(LAMMPS) [30], a widely used open-source software, was used to
perform the MD simulations. Fig. 1 shows a single crystal cell of ice,
where a 4-index notation for the hexagonal system is adopted for the
coordinate axes. As demonstrated in Fig. 1, a water molecular was
constructed using one oxygen atom (red sphere) and two hydrogen
atoms (blue sphere). The bond length between the oxygen-hydrogen
atoms is 0.99 Å and the angle of the hydrogen-oxygen-hydrogen atoms
is 104°. The ice structure is adopted by ice-1h [26], that is, there are
four neighbouring oxygen atoms around one oxygen atom to construct
a regular tetrahedron.

Many potentials such as SPCE [28], TIP3P [31], and TIP4P [32]
have been developed to describe the interaction of water molecules.
SPCE was used in this study because of its high efficiency and ability to
describe the properties of bulk water [28,33].

Fig. 1. Structure of a single crystal cell of ice-1h.

Fig. 2. Ice structures of the simulation model. (a) Before relaxing from [0 0 0 1]. (b) Before relaxing from [2 1̄ 1̄ 0]. (c) After relaxing at 263 K from [0 0 0 1]. (d) After
relaxing at 263 K from [2 1̄ 1̄ 0].
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Fig. 3. Atomic structural evolution of ice at an initial temperature of 242 K from the perspective of (a) all of the atoms and (b) only one layer of oxygen atoms for
clarity.
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The entire simulation model with a dimension of
4.0 nm×3.9 nm×4.4 nm included 2160 water molecules. The period
boundary condition applied on the three dimensions was employed to
diminish the size effect. The initial ice structure is shown in Fig. 2(a)
and (b) in the [0 0 0 1] and [2 1̄ 1̄ 0] directions, respectively. The time-
step was 1 fs. During thermo-relaxing, the Nose-Hoover method [34]

was used to control the temperature and pressure. The initial tem-
perature was 263 K and the pressure was 1 atmosphere. The entire re-
laxing time was approximate 300 ps, achieved by 3×105 steps, which
was sufficiently long for the structure to attain thermal equilibrium.
The structure of the ice after relaxing is shown in Fig. 2(c) and (d).

After relaxing, the system was cooled at 0.1 K/ps to 242 K, 191 K,
and 163 K, respectively. Then the systems were further relaxed for
100 ps before loading. The compressing loading that aligned with the
armchair direction of the honeycomb structures, [0 1̄ 1̄ 0], was realised
by controlling the displacement of the atoms with a strain rate of ap-
proximately 3×107 s−1 in 6 ns and 3×108 s−1 in 600 ps, respec-
tively.

3. Results and discussion

3.1. Temperature-dependent phase transformation

The atomic structural evolution of ice, the changes in the lengths of
a typical hexagonal cell of ice in the melting front, and the radial dis-
tribution function (RDF) [35] of oxygen atoms at an initial temperature
of 242 K are shown in Figs. 3–5, respectively. As demonstrated in
Fig. 3(a), melting occurred at a strain of approximately 6.0%. The ap-
parent solid-liquid interface formed as the strain increased to approxi-
mately 9.0%. Afterward, the solid-liquid interface began to move to-
wards the opposite side, that is, the [0 1̄ 1 0] direction. Despite the
gradual melting process, a shear melting process with a solid-liquid
interface of (1 1̄ 0 0) occurred at a strain of 9.0%. Then the newly
formed solid-liquid interface migrated through the [1 1̄ 0 0] direction,
leading to an expansion of the shear-induced melting zone. To better
illustrate the structural evolution of ice, one slice layer of oxygen atoms
on the (0001) crystal plane is shown in Fig. 3(b) (the hydrogen atoms
were hidden for clarity). As demonstrated in Fig. 3(b), the hexagonal
structures at the upper side of the system were damaged in response to
the increase in the strain, and no regular structures were observed in
this area, indicating the solid-liquid phase transformation.

To better understand the development of hexagonal cells, the
changes in the lengths of one typical hexagonal cell of ice in the melting
front area are provided in Fig. 4(a) and (b). The six lengths of each
selected hexagonal cell were indexed counter-clockwise in No. 1–No. 6
as shown in Fig. 3(b) for clarity. The No. 6 cell length of the hexagonal
cell in the melted region increased rapidly when the strain exceeded
6.8%, indicating the local melting of ice. Before melting, the lengths of
the hexagonal cell changed slightly due to the compression of the cell,
that is, the decrease in the No. 2 and No. 5 cell lengths and the increase
in the other four cell lengths indicated the elongation of the hexagonal
cell along the [1 0 1̄ 0] direction. In addition, the RDF of the oxygen
atoms as shown in Fig. 5 demonstrated that the positions of the first and
the second peak did not change, indicating no solid-solid phase trans-
formation.

The atomic structural evolution of ice, the change in the lengths of a
typical hexagonal cell of ice in the large deformation/untransformed
area, and the RDF of the oxygen atoms at an initial temperature of
163 K are shown in Figs. 6–8, respectively. The deformation mechanism
at 163 K was entirely different from that at 242 K. As shown in Fig. 6(a),
no melting phenomenon was observed in response to loading strain as
high as 12.9%. The initiation of the solid-solid phase transformation
occurred once the strain reached 5.7%. The newly formed solid phase
was denoted by an ice-variant as depicted in Fig. 6(c), which demon-
strates that the single honeycomb structure was squashed, and the
newly formed structure was regarded as a monoclinic structure. The
phase boundary between the parent ice-1h and the ice-variant was the
(1 0 1̄ 0) crystal plane. The newly formed ice-variant band widened
with the increase in the strain. In addition, dislocation-like glide phe-
nomenon was observed when the strain reached approximately 10.5%.
The glide plane was the (1 0 1̄ 0) crystal plane with a glide direction of
[1̄ 2 1̄ 0]. The dislocation-like glide initiated inside the ice-variant area

Fig. 4. The changes in the lengths of typical hexagonal cells of ice in (a) the
melted area and (b) the unmelted area at an initial temperature of 242 K.

Fig. 5. RDF of the oxygen atoms at an initial temperature of 242 K.
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Fig. 6. Atomic structural evolution of ice from the perspective of (a) all of the atoms, (b) only one layer of oxygen atoms for clarity, and (c) the single crystal structure
at an initial temperature of 163 K.

Q. Yin, et al. Computational Materials Science xxx (xxxx) xxx–xxx

5



rather than at the boundary between the ice-variant and the ice-1h.
One ice structure slice layer is shown in Fig. 6(b) (only the oxygen

atoms are presented for clarity). As demonstrated in Fig. 6(b), the ori-
ginal orthohexagonal cell transformed into a hexagonal cell in the large
deformation area as evidenced by the RDF evolution shown in Fig. 7, in

which the position of the second peak continuously moved towards the
first peak, indicating the structural transformation from ice-1h into an
ice-variant.

Similarly, the typical change in the lengths of the hexagonal cells of
the ice in the regions with and without phase transformation are de-
monstrated in Fig. 8(a) and (d), respectively. As shown in Fig. 8(a),
after the strain exceeded 5.7%, the No. 2 and No. 5 cell lengths de-
creased slightly while the other four lengths increased rapidly to pla-
teaus, indicating the formation of a new solid state. With the further
increase in the strain, the lengths of the newly formed hexagonal cell
remained almost unchanged, implying the high stability of the newly
formed structure. Afterward, the No. 4 cell length began to increase
again at a strain of 13.0%. However, the other five cell lengths were
likely at a balance length of 4.5 Å. Moreover, the No. 4 cell length began
to decrease to the balance length at a strain of 16.3%, indicating the
reorganisation of the hexagonal cell. However, as shown in Fig. 8(b),
the No. 3 and No. 6 lengths of the hexagonal cell at the untransformed
area increased slightly under loading while the other four lengths re-
mained almost constant, indicating that the original orthohexagonal
cell was elongated towards the [2 1̄ 1̄ 0] direction, which differed from
the results at a relatively high temperature of 242 K.

3.2. Temperature effects on the dynamic behaviour of ice

The stress-strain relationship and the temperature evolution during
compression at various initial temperatures are shown in Fig. 9. As
demonstrated in Fig. 9(a), the strength of the ice increased with the
decrease in the initial temperature, that is, the strength increased from
60.8MPa at 242 K to 121.7MPa at 163 K, which was consistent with
the experiment results obtained by Wu and Prakash [1]. At a relatively
high temperature of 242 K, the stress increased linearly in response to
loading strain smaller than 6.0%. Afterward, local melting started, and
the stress increased slowly in response to further loading, which could
be explained by the loading capacity of water with bulk compressibility
under extremely high loading rates. However, once the initial tem-
perature decreased, different stress-strain curves featuring piecewise
linear stages due to the phase transformation from ice-1h to variant ice
were observed, which could explain the experimental findings obtained
by Wu and Prakash [1]. In addition, the stress dropped rapidly after the
occurrence of the dislocation-like glide, different from that at relatively
higher initial temperatures where the stress experienced no stress drop.

The temperature evolutions during compression at various initial
temperatures are shown in Fig. 9(b). Due to the local melting, that is, a
physical endothermic reaction, the system temperature began to de-
crease continuously with the increase in the strain up to 6.0%. The
temperature difference between the initial state and the final state was
approximately 16 K. However, when the initial temperature decreased
to approximately 191 K, the decrease in the temperature over the
loading history decreased significantly to approximately 6 K compared
to the higher temperature of 242 K, which could be explained by the
deformation behaviour of ice at various temperatures. At 191 K, in
addition to the ice-1h to the variant phase transformation, dislocation-
like glide and local melting also occurred during compression. The
competition between the endothermic solid-solid and solid-liquid phase
transformation and the exothermic dislocation-like glide led to a drastic
reduction in the decrease in the temperature over the loading process.
In addition, when the temperature decreased to 163 K, the local melting
was not obvious during the simulation, implying that the temperature
decrease at 163 K was solely induced by the phase transformation from
ice-1h to the variant. The temperature increased slightly at the begin-
ning of the loading process at 163 K, followed by a rapid decrease in the
temperature due to the predominant endothermic solid-solid phase
transformation with the continuous increase in the strain to 10.5% and
sequentially an equilibrium state at a temperature of 160 K because of
the presence of the exothermic dislocation-like glide. Moreover, at the
end of loading, the temperature slightly increased again, implying the

Fig. 7. RDF of the oxygen atoms at an initial temperature of 163 K.

Fig. 8. The change in lengths of typical hexagonal cells of ice in (a) the
transformed area and (b) the untransformed area at an initial temperature of
163 K.
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predominance of the exothermic dislocation-like glide in this stage.
The solid-solid phase transformation mechanism obtained in the

present study is helpful for understanding the anomalous phenomenon
of the temperature-dependent strength of ice as observed by Wu and
Prakash [1]. The present study suggests that at relatively high test
temperatures, the solid-solid phase transformation stress was higher
than the ice-1h strength, and the failure of the ice, therefore, was
dominated by the ice-1h strength that increased in response to the
decrease in the temperature. However, with the further decrease in the
test temperatures, the increase in the solid-solid phase transformation
stress was slower than the increase in the ice-1h strength. The solid-
solid phase transformation occurred during the deformation after a
critical low temperature, in which the ice strength might have been
dominated by the competition of solid-solid phase transformation and
fracture/melt and remained constant during phase transformation.
Moreover, the strength of the newly formed phase may have been in-
sensitive to the temperature, resulting in the insensitivity of the ice
strength with the test temperatures during the entire compression
process. Further simulations will be conducted to investigate the dy-
namic response of ice during shock wave propagation to better under-
stand the relationship between the solid-solid phase transformation and
the ice strength.

3.3. Strain rate effects on the dynamic behaviour of ice

The stress-strain relationships at strain rates of 3× 107 and
3×108 s−1 are shown in Fig. 10. The discrepancy of the crystal
structural evolution is also depicted. Fig. 10(a) demonstrates that the
ice strength decreased with the decrease in the strain rate. However, at
each strain rate, the typical characteristics of the stress-strain curves at
different temperatures, that is, two-step piecewise linear stages at re-
latively lower temperatures while only one linear stage at higher tem-
peratures and the dislocation-like glide induced stress drops at lower

temperatures, were similar.
As shown in Fig. 10(b), at 163 K, both the solid-solid phase trans-

formation and the dislocation-like glide were observed under the strain
rates of 3× 107 s−1 and 3× 108 s−1, and the discrepancy in the
structural evolution of the two different strain rates was not obvious,
indicating that the strain rate effect was insensitive at this temperature
range. However, at 242 K, the melting pattern at different strain rates
changed as shown in Fig. 10(c). At the strain rate of 3× 107 s−1, the
melting initiated on both crystal planes of (1 0 1̄ 0) and (1 1̄ 0 0) instead
of gradually melting with the solid-liquid interface perpendicular to the
loading direction at the higher strain rate of 3×108 s−1. At the strain
rate of 3× 107 s−1, the upper melting boundary moved towards the
direction of [1 2̄ 1 0], while the lower melting boundary propagated
along the direction of [1 1 2̄ 0], leading to the eventual junction of the
melting regions at the middle of the simulation cell and the formation
of a melt band with left and right boundaries expanding towards the
[1̄ 0 1 0] and [1̄ 1 0 0] directions, respectively, in response to the addi-
tional loading.

4. Summary

The present research assessed the dynamic behaviour of single
crystal ice-1h via a molecular dynamics simulation. The temperature
and strain rate-dependent phase transformation behaviour under uni-
form compression was investigated. Two different phase transformation
modes, that is, solid-liquid phase transformation at a relatively high
initial temperature and phase transformation from ice-1h to an ice-
variant at a relatively low initial temperature, were observed, from
which the observations of Wu and Prakash [1] could be reasonably
interpreted. Moreover, the dislocation-like glide was observed at a re-
latively low initial temperature. There was a significant reduction in the
temperature decrease over the loading history, ending with an equili-
brium temperature of the system at a relatively low ambient

Fig. 9. (a) The stress-strain curves and (b) temperature evolution of the ice during compression at different initial temperatures.
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Fig. 10. Effects of the strain rate and temperature on the (a) stress-strain curves, (b) structural evolution at 163 K, and (c) structural evolution at 242 K.
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temperature due to the competition between the endothermic solid-li-
quid phase transformation and the exothermic dislocation-like glide in
the ice-1h.
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