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Amorphization of hexagonal ice under pressure at low temperatures has been studied by measuring the
thermal conductivity with time, by keeping the ice in the temperature range 127–130 K and pressure range
0.79–0.88 GPa. The results have been used to examine the relative merits of the Lindemann melting and the
Born instability as a mechanism for amorphization of ice. Thermal conductivity decreases continuously with
time according to a stretched-exponential relation. This and the findings that,(i) amorphization pressure is
lower than the available values calculated for an ideal ice crystal by using the Born theory, and(ii ) amorphiza-
tion of cubic ice occurs at about the same pressure as that of hexagonal ice, seem inconsistent with both
mechanisms. The findings can be reconciled with the Born mechanism if the effect of the existing lattice faults
and/or the lattice faults produced during the plastic deformation of uniaxially compressed ice are considered to
produce a distribution of collapse pressure. It is argued that the difference between the amorphization and the
low-density amorph to high-density amorph transformation pressures corresponds to the energy needed to
collapse, or randomly distort, the ice crystallites to a structure whose energy spontaneously decreases by
diffusion of a H2O molecule into the first coordination shell of the amorph’s known structure, and persist there
as an interstitial molecule. The newly observed amorphization kinetics has a bearing on the computer-
simulated inference on pressure-induced collapse and/or melting of crystals.
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I. INTRODUCTION

When hexagonal ice at a fixed temperature between 77 K
and 150 K is uniaxially compressed in a confined volume, it
densifies and irreversibly transforms ultimately to an amor-
phous solid, which is known as the high-density amorph
(HDA).1–7 Mechanism of this pressure-induced amorphiza-
tion of the ice to HDA has been postulated in two ways. In
one, it has been seen as thermodynamic melting followed
instantly by vitrification, because the amorphization at 77 K
appears to occur at a pressure of,1.1 GPa, in rough agree-
ment with the extrapolated equilibrium melting curve for
hexagonal ice(ice Ih) to 77 K. Accordingly, the structure of
the amorphized state, HDA, is thought to be similar to that of
dense water that could exist at 1.1 GPa at 77 K,8 but has not
been observed. In the second postulate, it has been seen as
mechanical collapse of hexagonal ice’s crystal structure un-
der pressure.9

A study of the volume and temperature changes on com-
pression of a four-component, ice-Ih oil emulsion kept at
different temperatures has been interpreted by assuming that
the observations can be used for pure ice. This has led to the
conclusion that atT.160 K, ice melts along a thermody-
namic equilibrium curve, but atT,160 K ice mechanically
collapses.7 Spurious thermodynamic effects that occur in an
emulsion have questioned the assumption that pure ice be-
havior is observed in an ice emulsion.10 However, the current
view apparently supported by the emulsion study7 is that
uniaxial compression has different effects on ice Ih, which
are demarked by a certain temperature of 160 K. When ice
Ih is pressurized at temperature above 160 K, it melts to a
high density liquid or a vitreous solid, and when pressurized

at a temperature below this temperature its lattice structure
collapses to HDA.11

According to Lindemann’s classical theory,12 thermody-
namic melting occurs when vibrational displacement of at-
oms on heating a bulk solid exceeds a certain threshold
value. In contrast, mechanical collapse of an ideal crystal
lattice occurs when the crystal is subjected to ahydrostatic
pressure. In the Born criterion13 for the so-called “mechani-
cal melting,” increase inhydrostaticpressure at a fixed low
temperature leads to the softening of phonon modes. This
ultimately brings a crystal lattice to a state of mechanical
instability, and the lattice collapses. Whether this collapse
leads to a denser but randomly distorted structure or an
amorph that can be obtained by cooling a liquid at,1 GPa
is not known. Although thermodynamic melting is a thermal
effect, and an equilibrium phenomenon, and “mechanical
melting” is not, together these have led to the suggestion
that, in a pressure-temperaturesp-Td plane, thermodynamic
melting curve for ice Ih meets the “mechanical melting”
curve at a temperature of,160 K. Thus, pure hexagonal ice
(ice Ih) under pressure melts atT.160 K, and mechanically
collapses atT,160 K.11 A mechanical collapse curve11 cal-
culated by using the Born instability criterion13 and quasi-
harmonic lattice dynamics condition has been found to be in
agreement with the experimentally observedp-T conditions
for amorphization of an ice emulsion.7 These curves in which
the onset pressure for apparent melting and for mechanical
collapse is plotted againstT are seen to yieldp-T conditions
for amorphization of ice Ih.7,11

The above-mentionedp-T boundary has been regarded as
a part of the ice Ih-HDA phase diagram. However there are
certain intriguing features of this amorphization:(i) Instead
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of being abrupt, amorphization occurs over a range of pres-
sure as much as 0.33 GPa at,130 K at a slow pressurizing
rate3 and this range varies with temperature and rate of
pressurization1–7 and becomes much larger for ice Ih emul-
sion at 77 K.7 (ii ) Cubic ice, which has no equilibriump-T
melting line, has been found to transform to HDA beginning,
in the dilatometry experiments,14,15 at a nominal pressure of
0.99 GPa at 77 K14 and,0.6 GPa at 145 K15 and beginning,
in the thermal conductivity measurements, at,0.7 GPa at
130 K.3 (iii ) Cubic ice is mechanically isotropic, therefore
collapse of its lattice by phonon softening alone would nei-
ther occur in the same quantitative manner as that of ice Ih
nor would it produce the same amorph as the one obtained
from ice Ih. (iv) Microcrystalline ice Ih amorphizes at a
lower pressure than larger crystal polycrystalline ice Ih, and
the width of the pressure over which amorphization occurs is
less.5 (v) At p-T conditions above 160 K, where ice Ih is
postulated to melt to a high-density liquid,7,8 one would ex-
pect the structure of the amorph to differ from that of the
amorph formed by mechanical collapse atT,160 K. (vi) A
recent study of ice Ih amorphization has found that there is
not just one HDA but a multiplicity of such amorphs.16 We
find that these features need to be considered in the context
of the postulated two mechanisms for the twop-T boundaries
in Fig. 1, Ref. 11.

According to the Lindemann criterion,12 thermodynamic
melting occurs abruptly at a given temperature, and accord-
ing to the Born criterion13 mechanical collapse of an ideal
crystal lattice occurs abruptly at a given hydrostatic pressure.
Therefore, amorphization of ice Ih is expected to occur over
a narrow range of temperature at a fixedP or a narrow range
of pressure at a fixedT. In an earlier study16 we have noted
that the amorphization is not abrupt. Rather, it occurs over a
wide pressure range, even for pressurizing rate of
0.05 GPa/h at,130 K when it is expected to become rapid,
and the amorphization continues to progress with time within
the pressure range of 0.8–0.9 GPa. Also, the onset pressure
for amorphization has been found to be different by different
groups using the same techniques, as reviewed earlier,5 and
the high density amorph formed by pressurizing ice Ih at
130 K to 0.97 GPa is different from the HDA formed by
pressurizing ice Ih at 77 K.17 Therefore, the time-dependence
of amorphization and the variation of the onset pressure with
the (unspecified) nature of the ice Ih sample are to be re-
garded as a characteristic of amorphization of ice Ih. We
report a study of amorphization of ice Ih at differentp andT,
and as a function of time at thesep and T, and use these
observations to develop a mechanism for amorphization of
ice Ih. Instead of using the volume,1,4–7which is an extensive
property, we have chosen to use the thermal conductivity
k3,16 which is an intensive property, to follow the progress of
amorphization.18 The study shows that the amorphization
pressure is less than that calculated in Ref. 11, and measured
for ice Ih emulsion in Ref. 7, and that amorhization contin-
ues at a fixedp andT in the 0.79–0.88 GPa and 127–130 K
range over a period of several hours to days. We discuss
these findings in terms of thermodynamic melting and
mechanical collapse and suggest that if the grain boundary
effects in the samples of ice Ih could be included, an
incipient premelting that is unrelated to the Lindemann melt-

ing would be expected, and further that the effect of the
crystal defects and lattice faults on the Born instability con-
dition may have to be considered in the amorphization pro-
cess. Finally, we compare the features of the pressure-
induced amorphizationof ice Ih and cubic ice with the
features of the pressure-inducedtransformationof the low-
density amorph(LDA ), which had been produced by de-
creasing the pressure of HDA to below 0.03 GPa at
,130 K,3,15 and which is also produced by heating HDA to
,125 K at 0.1 MPa–20 MPa.7,8,14 This leads us to suggest
that the excess onset pressure foramorphizationof ice Ih
over the transformationof LDA represents the energy re-
quired to randomly distort(or collapse) the ice crystallites to
a structure in which an H2O molecule can be forced to mi-
grate by further pressurizing into the first coordination shell
of its hydrogen-bonded structure, and cause its density to
increase.

II. EXPERIMENTAL METHODS

The equipment and the procedure for measurements of
thermal conductivity by the hot-wire technique have already
been described in detail.3 Hexagonal ice was made by freez-
ing water contained in a,25 ml capacity, can-shaped Teflon
vessel tightly fitted inside a 45 mm internal diameter piston-
cylinder assembly. The change inp andT of the sample were
computer-controlled continuously during the course of the
experiment. The cooling rate was 3–6 K/h and the heating
rate was 6–15 K/h, at temperatures near 130 K. Ice Ih was
pressurized at a rate of 0.05–0.1 GPa/h, and HDA depres-
surized at a rate of typically 0.1 GPa/h. These cooling, heat-
ing, pressurizing and depressurizing rates are at least one
tenth of the corresponding rates used by others in studies of
amorphization of ice.1,2,4–8,14,15Because of the slow rates
used here, a single experiment lasted a period of several
days. During these experiments, ice Ih amorphized slowly
while its T, p, andk were being continuously measured and
the sample remained under pressure over a much longer pe-
riod than in the earlier studies.1,2,4–8,14,15The data reported
are accurate to within ±0.05 GPa forp (at 1 GPa and
100 K), ±0.3 K for T and ±3% fork. But the precision ofk
values is within 0.3%.

Pressure amorphization of ice Ih is identified by the simi-
larity of the change in itsk with the already recognized
changes in the volume,1,4–8,14,15dielectric permittivity,2 ultra-
sonic velocity and attenuation,19 and with our earlier study of
k,3,16,20where it has been called ice Ih to HDA transforma-
tion. (As discussed in detail below, properties of the high
density amorph depend on theT-p path of its formation. In
the earlier papers,1–8,14–16,19,20this distinction was not main-
tained and all products of pressure amorphization of ice Ih
and Ic and pressure-induced transformation of LDA were
called HDA, and identified as single substance. We also use
henceforth the notation “HDA” to maintain this distinction
and to indicate that the amorph studied here is not the one
formed originally.1) In our earlier studies3,16,20 it was found
that, after the amorph had been formed by pressurizing ice Ih
at 130 K up to 1.2 GPa, decompression at 130 K decreased
its k value, and an increase in temperature of the amorph at
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a fixed pressure increased it. Also, after cooling to 77 K and
depressurizing to 0.05 GPa, the sample shows a slight de-
crease ink of the amorph.3,16,20When the amorph depressur-
ized to p close to 0.05 GPa was heated, it transformed to
LDA and then to cubic ice.3,16 Under thesep-T conditions,
transformation of either ice Ih or its amorphized state did not
occur to another crystalline phase.21,22

In the detailed operation of the equipment for our study of
the time dependence of the pressure amorphization, ice Ih
was pressurized to a certain pressure higher than 0.78 GPa,
the control program was switched from the pressure-increase
mode to the fixed-pressure mode and the sample maintained
at a fixedp and T by a feedback control, while itsk was
being measured with time normally up to,4 ks s70 mind
and in one case much longer.23

III. RESULTS

Two typical plots of k, one on both pressurizing and
depressurizing of ice Ih at 115 K and the second only on
pressurizing of ice Ih at 129 K, are shown in Fig. 1. Sincek
for a crystalline substance normally increases with increase
in pressure, the gradual decrease ofk on increasing the
pressure on ice Ih and cubic ice is quite unique, and
indicates, as discussed below, a molecular process that be-
gins slowly and gradually grows in strength, leading to a
more rapid decrease ofk when the lattice collapses. The
onset pressure for amorphization observed here is,0.8 GPa
at 129 K, which agrees with that observed in the earlier
studies.3,16,20 A similar plot of k againstp for cubic ice at
129 K, taken from an earlier study,3 is also shown for com-

parison. The onset pressure for amorphization for cubic ice is
,0.7 GPa. For comparison, we have also shown in Fig. 1 the
plot of k againstp for LDA that was produced by decreasing
the pressure of “HDA” to below 0.03 GPa at,130 K.3 Its
onset pressure for gradual transformation(not amorphiza-
tion) to HDA is 0.36 GPa, at 129 K, which is 0.32 GPa less
than that of cubic ice.

In a second set of experiments lasting for several days,
measurements were made with time at several conditions of
fixed p andT, seven of which are listed in Fig. 2, along with
the corresponding plots ofk against time. A further set of
experiments was performed in which ice Ih was kept at
128 K and 0.8 GPa and itsk was measured over a period of
106 kss30 hd. The measured value is plotted against time in
Fig. 3(a). It shows a much larger decrease ink over time and
the decrease itself seems to occur in an asymptotic manner,
but with little indication of an approach to a limiting value in
a reasonable time.

IV. DISCUSSION

A. The time-, temperature-, and pressure-dependent
amorphization

Once ice Ih has been pressurized, brought to the amor-
phization range and kept at a fixedp and T, the process of
amorphization continues. The time dependence of thermal
conductivity at thesep-T conditions may indicate one or both
of the two occurrences:(i) ice Ih (or cubic ice) crystallites
transform at different rates by mechanism that changes their
Born-instability condition, and(ii ) the amorph formed is ki-
netically unstable, the consequent relaxation would be negli-
gible in the early period of amorphization, because the
amount of amorphous sample is negligible, and significant
only when the sample is mostly amorphous.(This latter ef-
fect appears to have produced HDAs with different diffrac-
tion and other features7 and further densification on heating

FIG. 1. Thermal conductivity of ice Ih, cubic ice is plotted
against pressure showing its amorphization range and of LDA
showing its transformation range to “HDA.” The change onk on
depressurizing HDA at 115 K is also shown. During pressurization
slow temperature variations within ±1 K cause slight variations in
k. Note the qualitative similarity of these plots with those observed
for volume changes.

FIG. 2. Thermal conductivity of ice Ih during the course of its
amorphization is plotted against time. The pressure and temperature
conditions for the amorphization are labeled.
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at fixed pressure of 1 GPa.4) It is evident from the plots in
Figs. 2 and 3 thatk decreases with time asymptotically to-
ward a limiting value that varies with thep-T conditions.
Also the rate of the asymptotic approach depends upon thep
andT conditions. We express this more clearly by normaliz-
ing the kstd values for each set of measurements given in
Fig. 2 by the initial valueks0d, and then plotting it against
the time in the same graph. Figure 3(b) shows the plots of
these normalized,fkstd /ks0dgp,T values. It also shows that
fkstd /ks0dgp,T decreases with time and tends toward different
values of fks`d /ks0dgp,T, for different fixed p and T. The
plots in Fig. 3(b) also indicate thatfkstd /ks0dg values at a
given time differ even when thep-T conditions are almost
the same, as for the plots at 130 K and 0.86 GPa and 129 K
and 0.85 GPa. This means that the rate of amorphization
differs even for closely similarp, T conditions. Moreover,
the latter plot and that at 127 K and 0.88 GPa cross over,
thus showing that there is a time reached at which
fkstd /ks0dgp,T is the same for differentp-T conditions, al-
though the rate of the decrease with time differs. Clearly a
given value ofk can be reached by differentp-T-t paths.
Altogether these findings indicate that the initial conditions
of ice Ih sample determine the rate of its amorphization and
that the degree of amorphization or thek value reached at a
given p, T andt are determined by more variables than have
so far been considered.

We find that the asymptotic nature of the decrease in ther-
mal conductivity with time at 0.8 GPa and 128 K can be
described by a stretched exponential relation,

kstd = ks`d + fks0d − ks`dgexpf− st/t0dbg s1d

where ks0d is the value of k at the instant when the
fixed pressure experiment at 0.8 GPa was begun,ks`d the
limiting long time value of k, and t0 the characteristic
amorphization time. The fit of Eq.(1) to the data is shown
by the smooth line in Figs. 3(a) and 4(a). The values
obtained are: ks0d=3 W m−1 K−1, ks`d=1.8 W m−1 K−1,
t0=90.9 kss1500 mind and b=0.6. From these parameters
we calculate that, at 0.8 GPa and 128 K, it would take 120 h
to reach an amorph whosek value is within 5% of theks`d
value of 1.8 W m−1 K−1. Moreover, the plot in Fig. 3(a)
shows that at 0.8 GPa and 128 K,k of the amorph formed
would not decrease to the same value as that of the amorph
formed at 1.15 GPa and 129 K in the plot of Fig. 1, which
has been previously called HDA, and will henceforth be re-
ferred to as “HDA.” To elaborate, the thermal conductivity of
the “HDA” formed at 1.15 GPa and 129 K, as seen in Fig. 1,
is ,0.7 W m−1 K−1, but ks`d of an amorph formed at
0.8 GPa and 128 K is 1.8 W m−1 K−1, which is
1.1 W m−1 K−1 larger than that for “HDA.” Therefore it
would seem that either an amorph formed after annealing for

FIG. 3. (a) Thermal conductivity measured during the
amorphization of ice Ih at 128 K and 0.8 GPa is plotted against
time. The line represents a fit of Eq.(1). (b) Normalized values
of the thermal conductivity with respect to the initial(zero-time)
values for the samples kept at different pressures and temperatures
is plotted against time. The pressure, temperature conditions are
labeled.

FIG. 4. (a) The normalized value of thermal conductivity mea-
sured during the amorphization of ice Ih at 0.8 GPa and 128 K is
plotted against time on a logarithmic scale.k0 is the value at the
beginning of the measurements.(b) The degree of amorphization of
ice Ih at 0.8 GPa and 128 K, calculated from Eq.(2), is plotted
against the time on a logarithmic scale: For the solid linek` is
assumed to be 1.8 W m−1 K−1, and for dashed linek` is assumend
to be 0.7 W m−1 K−1. The dotted lines correspond to extrapolations
by using Eq.(1). (Note that the plot calculated by assuming that the
sample is a mixture of ice Ih and “HDA” ofks`d of
,0.7 W m−1 K−1 does not reach a long time limiting value of 1
because the sample remains a mixture of amorph and ice at that
time.)
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a formally infinite time at 0.8 GPa and 128 K is different
from “HDA” or Eq. (1) does not apply for the entire trans-
formation. In view of the recent finding thatk further in-
creases on heating the amorph formed at 1.1 GPa,16 and that
“HDA” at 1.1 GPa further densifies on heating from
77 to 165 K to an amorph whose x-ray diffraction features
in the recovered state at 1 bar pressure are different from
those of “HDA” recovered at 1 bar pressure,4,24 we conclude
that the final state of an amorph formed on pressurizing ice
Ih depends upon thep-T conditions.

In molecular relaxation studies, Eq.(1) has been fitted
to the relaxation spectra; in structural relaxation studies,
it has been fitted to the enthalpy and volume changes; and
in chemical reaction kinetics it has been fitted to the extent
of transformation. In all these studies, the quantityb has
been found to be less than 1. In dielectric and mechanical
relaxations and in calorimetric structural relaxation studies, it
has been interpreted in terms of a broad distribution of re-
laxation times25–27 and microscopic heterogeneity in the
liquids and solids,28–30 and in chemical reaction kinetics, it
has been interpreted in terms of a diffusion-controlled
kinetics, dispersive kinetics, or a distribution of the reaction
rate constants, an idea developed by Plonka.31 He has
concluded31 that in the(transformation) reaction kinetics, its
physical meaning is that homogenization in a viscous liquid
and solid does not occur over the time scale of the transfor-
mation, and consequently a molecular level heterogeneity of
the reactants and products develops within the bulk of a
sample on the transformation time scale. On extending this
interpretation31 to the amorphization process of ice Ih, it
means that molecular level regions of the amorph and ice Ih
exist in the bulk of the sample over the transformation time
scale.

B. The extent of amorphization

We now consider the decrease ink with time in terms of
the extent of amorphization. There are at least three different
possibilities for the sample’s state during the course of amor-
phization at 0.8 GPa and 129 K:(i) The sample is a mixture
of Ih and an amorph whoseks`d is ,1.8 W m−1 K−1. (ii )
The sample is a mixture of Ih and “HDA,” whosek is
,0.7 W m−1 K−1. Since ks`d of ,1.8 W m−1 K−1 at
0.8 GPa and 129 K remains higher than the characteristick
of ,0.7 W m−1 K−1 for “HDA,” this would mean that the
sample does not fully become “HDA” even at a formally
infinite time.(iii ) The entire sample is an amorph that gradu-
ally transforms to its ownks`d value of,1.8 W m−1 K−1 at
0.8 GPa and 129 K. This last possibility is analogous to the
structural relaxation of a hyperquenched glass which sponta-
neously densifies with time toward a state of lower fictive
temperature, or to a glass of higher fictive pressure if formed
by sudden pressurization.

From their studies of pressure-induced amorphization of
ice Ih by using the diamond anvil high pressure cell, Hemley
et al.32 have reported that marked changes in the texture of
the sample occur with increasing pressure. They also ob-
served extensive fracturing of the sample occurring at
,0.5 GPa and the sample becomes turbid by the time pres-

sure reached,1 GPa, with new phase appearing along the
fracture faults.32 This indicates the possible existence of ice
Ih together with a new phase of different texture, probably
“HDA,” at least up to a pressure of,1 GPa. Other studies
have occasionally reported that x-ray diffraction spectra of
the recovered sample at ambient pressure and 77 K contain
features for both “HDA” and ice Ih and they have also con-
sidered the possibility that some of the ice Ih may have
formed during the handling of the samples.33 Thus the state
of the sample may be described by cases(i) and (ii ) above.
The state described in case(iii ) seems less probable because
it requires that all ice Ih amorphize abruptly or else the ice
structure throughout the bulk begins to distort uniformly at a
certain pressure, and thereafter the amorphous or distorted
structure relaxes with time. But no study of ice Ih or cubic
ice has shown that amorphization occurs abruptly,34 and it
seems inconceivable that the amorphous and crystal states
would have the same thermal conductivity.3 Therefore we
would not consider case(iii ) as a reliable possibility, i.e., we
would not consider that the entire sample is in a kinetically
unstable amorphous state which is tending, at 129 K and
0.8 GPa, via a series of sequentially lowerk-value (or
denser) states, to its final state whose characteristick is
,1.8 W m−1 K−1.

The extent of amorphization,aamorph, for the above-
mentioned three states can be determined by using theks0d,
kstd andks`d values. Here, the extent of amorphization may
be calculated for case(i) above, i.e., by assuming that the
sample is a mixture of ice Ih and an amorph ofks`d of
,1.8 W m−1 K−1 at 129 K and 0.8 GPa or as in case(ii )
above, i.e., by assuming that the sample is a mixture of ice Ih
and “HDA” of ks`d of ,0.7 W m−1 K−1 at 129 K and
0.8 GPa(or even as in case(iii ) above, i.e., that the sample is
an amorph tending toward another amorphous state), all by
using a single equation,

aamorphstd = S ks0d − kstd
ks0d − ks`dDp,T

, s2d

to calculateaamorph. Its value calculated from bothks`d of
,1.8 W m−1 K−1 at 129 K and 0.8 GPa ks`d of
,0.7 W m−1 K−1 at 129 K and 0.8 GPa is plotted against the
logarithmic time in Fig. 4(b). (Note that the plot calculated
by assuming that the sample is a mixture of ice Ih and
“HDA” of ks`d of ,0.7 W m−1 K−1 does not reach a long
time limiting value of 1 because the sample remains a mix-
ture of amorph and ice at that time.) This plot has an ex-
tended sigmoid shape, although we can obtain only part of
this shape from our data. It resembles the shapes of the plots
for slow crystallization, phase transformation, chemical reac-
tions and structural relaxation.

C. The pressure-induced amorphization mechanism

For convenience of our discussion, thep-T values corre-
sponding to thermodynamic melting and to mechanical col-
lapse of ice Ih taken from Fig. 1 in Ref. 11 have been replot-
ted in Fig. 5. In it are included Mishima’s data for the onset
of amorphization pressure(with real pressure being 90% of
the value) he had obtained for ice emulsion,7 the data for the
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onset pressures for amorphization of ice Ih at 115 K
s0.87 GPad and 129 Ks0.78 GPad from Fig. 1, and the onset
pressure for amorphization of cubic ice at 129 Ks0.68 GPad.
These pressures are accurate to ±0.05 GPa. We note that
Tse,9 and Tseet al.11 have used the mid-point pressure
of their calculated amorphization range and compared it
with the onset pressure determined by Mishima for transfor-
mation of ice Ih emulsion to “HDA” emulsion.7 It is to
be stressed that Mishima7 had stated that, “The pressure of
the sample is,90% of the nominal pressure.”7 Based
upon this comparison, Tseet al.11 concluded that “transfor-
mation to the high-density amorph is due to compaction
of the ice structurevia the filling of interstitial voids
and does not correspond to the formation of a liquid-like
structure.”11 Accordingly, pressure amorphization at
T,160 K and p.0.6 GPa should occur by mechanical
collapse. Considering the non-equilibrium character of
the ice Ih-“HDA” demarcation line in thep-T plane, and the
above-mentioned uncertainty of the comparison between
the calculations and measurements on ice emulsions, we
deduce that at temperatures in the 127–130 K range of
our study, ice Ih would begin to amorphize only after the
pressure, according to Fig. 5, has exceeded 0.82
s0.9130.9d GPa. But in Figs. 1–3 here, we find that
amorphization begins at,0.78 GPa at 129 K, and it begins
at ,0.68 GPa for cubic ice at 129 K. Although, thep-T
range of our study is within the(apparent) mechanical
collapse range in Fig. 5, we still need to consider the
consequences of our observations for mechanisms for
amorphization.

First we consider whether or not thep-T conditions for
amorphizing a single crystal can differ from those for amor-
phizing a polycrystalline sample. We recall that calculations
based on the Lindemann melting theory apply to an ideal
single crystal without point defects or lattice faults, and this
is not true for pressure amorphization of ice Ih and cubic ice

samples. Johari5 has mentioned that uniaxial compression of
a ,2 mm diameter and,3 mm long single crystal of ice Ih
embedded in,5 mm thick-wall indium cup at 77 K showed
no volume decrease up to,2 GPa, thereby suggesting that
ice Ih single crystal did not collapse to “HDA.” Effects that
are peculiar to a polycrystalline sample also occur. For ex-
ample, it is also known that grain boundaries in such samples
contain a liquid-like layer, and significant premelting occurs
at the three-grain and four-grain junctions when a polycrys-
talline material is heated in the temperature range far below
its bulk melting point.35 In this incipient melting process, the
melt and solid remain at an equilibrium as the change in the
solid-liquid interfacial energy compensates for the change in
the bulk energy. The surface layer of ice crystals has been
known to be disordered or water-like.36 The amount of water
present at the junctions of micron size grains in polycrystal-
line ice Ih has been determined from both experiments,37 and
calculations,35 at ambient pressure and this amount is ex-
pected to change at high pressures, because the relative ratio
of the surface energy to bulk energy changes. The piston-
cylinder (uniaxial) loading on polycrystalline ice Ih in an
amorphization experiment plastically deforms the ice Ih
crystal grains anisotropically, converting the uniaxial load to
hydrostatic pressure within less than 30 s. Like other mate-
rials undergoing this process, ice Ih crystallites reorient, the
sample recrystallizes, new grain boundaries form and the
population of the three- and four-grain junctions changes.
This in turn would change the conditions for incipient melt-
ing at the grain junctions and grain boundaries. Although it is
still the process of melting, it differs from the Lindemann
melting.

According to Born’s theory, a crystal becomes mechani-
cally unstable when an increase inhydrostaticpressure soft-
ens the transverse acoustic phonon modes and the elastic
modulus decreases. The collapse occurs homogeneously
throughout the crystal lattice, and the pressure at which it
occurs is determined by the manner in which the elastic con-
stants change on compression. Born13 had mathematically
described these conditions for an ideal crystal lattice, and Tse
et al.11 have used his theory to calculate, in a quasi-harmonic
approximation, the mechanical collapse pressure of an ideal
ice Ih single crystal at different temperatures. This is neces-
sarily a calculation for an idealized crystal. But single crys-
tals contain point defects, impurities, and dislocations, which
are expected to alter the pressure required to reach the
Born instability, and polycrystalline samples contain grain
boundaries and three- and four-grain junctions in which im-
purities segregate. Plastic deformation of ice Ih that occurs
on uniaxial loading of a sample, causes its crystal grains to
reorient, dislocations population to increase and dislocations
to move. In this respect, it is significant to note that from
their extensive studies of mechanical relaxation of single
crystal ice Ih, Perez and co-workers38 have concluded that in
a single crystal of ice Ih, dislocations in the ice Ih lattice
have an extended core, which is non-crystalline. Thus it
seems that there are two mechanistically different occur-
rences in an ice sample subjected to a pressure that ulti-
mately amorphizes it. First, the incipient melting at the inter-
granular regions in a polycrystalline sample and second an
increase in the population of dislocation cores containing

FIG. 5. Plots of temperature against pressure showing the con-
ditions for the two apparent domains of amorphization of ice Ih.
The thermodynamic melting line and thep-T conditions of our
study and several other earlier studies are also shown. The calcu-
lated data are taken from Fig. 1 of Ref. 11 and the measured data for
the onset of amorphization of ice-Ih oil emulsion from Fig. 2 of
Ref. 7, where the true pressure is,90% of the nominal pressure
plotted. The data for onset of amorphization of cubic ice
(129 K, 0.68 GPa) is taken from Ref. 3. The rest are the data re-
ported here.
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disordered arrangements of water molecules in the bulk of its
single crystal.

If we were to consider, along with Tseet al.,11 that
after the hydrostatic pressure has been established, ice Ih
mechanically collapses to “HDA” following the Born
instability criterion, we would expect that the lattice faults
in ice Ih crystallites would lower the collapse pressure,
because these faults store energy and make the crystal’s
density deviate from that of an ideal crystal. Moreover, a
variation in the population of the lattice faults would cause
different crystallites in the polycrystalline sample to collapse
at different pressures. Thus one would expect a distribution
of Born instability pressures(of different crystallites) in a
polycrystalline sample. This would broaden the pressure
range for the mechanical collapse of the sample and, even at
a very slow compression rate, full amorphization would be
reached only after the pressure is high enough magnitude to
collapse the near ideal ice crystal of the highest Born insta-
bility pressure. (The situation is analogous to a multi-
component crystalline composite, in which each component
would collapse at its own characteristic pressure.) In
this scenario, ice Ih would coexist with the amorph at for-
mally infinite annealing time, because itsks`d of
1.8 W m−1 K−1 at 0.8 GPa and 128 K is higher thank of
0.7 W m−1 K−1 for “HDA” formed at 1.15 GPa at 129 K,
i.e., the final state would remain a mixture of(stronger) ice
Ih crystallites that did not collapse at 0.8 GPa and 128 K and
the “HDA” that formed by the collapse of(weaker) ice crys-
tallites. This would also explain the observation that the on-
set pressure of amorphization varies with the crystal grain-
size in the sample.5

A further effect is expected during the amorphization
process, namely, that breaking of some H bonds weakens
the strength of the others, because electrostatic interactions
in the ices have been found to be cooperative in nature.39,40

This would mean that at a molecular level, breaking of
some hydrogen bonds as a result of structural collapse would
weaken the neighboring hydrogen bonds in the ice crystal.
If that were to occur, pressure amorphization of ice would
become easier, i.e., its further collapse would require a
smaller increase in pressure after a part of it has already
structurally collapsed. Since the plots of volume and thermal
conductivity against pressure have an inverted, stretched
sigmoid shape, the expected effect of the weakening of
the neighboring hydrogen bonds has not been observed.
Therefore, the regions of collapse would seem to be
small enough not to cause a sudden and rapidly increasing
collapse of the whole crystal. Thus although the Born
criterion remains valid for the mechanical collapse, the
features of amorphization of ice Ih are altered by a distribu-
tion of the mechanical collapse pressure in a polycrystalline
mass.

The observed continuous amorphization of ice Ih over
such a long period of time is comparable with the apparent
small step-changes in the computer simulations of Tseet
al.,11 but it is difficult to scale the computer simulation time
of 40 ps with the macroscopic time of many hours here. We
also note that experimental features of amorphization are
likely to be quantitatively distinct from the computer simu-
lation features of amorphization, and the quantities deter-

mined by the two methods may not be comparable. Never-
theless, the time dependent pressure amorphization of ice Ih
at a fixedp andT may be reconciled with Born’s instability
criterion if occurrence of another molecular process that
changes the crystallite’s microstructure is included and
which continuously alters, with time, the distribution of the
collapse pressure at a fixedp and T. On the basis of our
knowledge of plastic deformation of crystals and their re-
crystallization, we suggest that this process would be diffu-
sion of defects, redistribution of impurities and dislocations
and partial melting.

There is however an additional effect, namely that the
randomly distorted lattice gradually changes to ap-T depen-
dent state of HDA. Thus amorphs ofks`d higher than thek
value for “HDA” may conceivably form asymptotically with
time at a rate that varies with thep-T conditions, even after
all ice crystallites have collapsed. This case differs from the
above described case(i), and in this case, the amorphs
formed at differentp-T conditions would differ in their x-ray
diffraction and properties. This would be elaborated further
in Sec. IV D where the collapse of LDA under pressure is
discussed. Here we conclude that,(a) the rate of plastic de-
formation of crystallites and their recrystallization under a
uniaxial stress,(b) the concentration of lattice faults in the
crystallites,(c) the Born instability pressure of the crystal-
lites and the distribution of this pressure,(d) the redistribu-
tion of impurities and dislocations and partial melting during
the period of amorphization, and(e) the pressurizing rate, all
determine the amorphization pressure, the pressure width of
the amorphization range and the characteristic amorphization
time, t0, at a fixedp andT.

A difference between the x-ray diffraction features has
been found in a number of studies,1,7 but reasons for the
difference have been described in terms of a multiplicity of
energy minima, all belonging to the energy state attributed to
“HDA.” 4,7 But even in the study of HDAs with differing
x-ray diffraction features, there has been no report for the
contamination of the sample with ice Ih.(We recognize
that for an appropriate analysis, the diffraction lines from
ice Ih, if present, might have been removed from some
spectra.) Also recent studies have suggested that there may
be a continuity of amorphs ranging from the low-density
amorph(density of 0.92–0.94 g/ml at 77 K and 0.1 MPa)
to the so-called very high density amorph(density 1.25 g/ml
at 77 K and 0.1 MPa), and “HDA” is just one of those
intermediate states. In this sense it seems that an amorph of
ks`d of ,1.8 W m−1 K−1 formed at 0.8 GPa and 129 K
is also one of the states in this continuity of amorphs. The
differences in the various HDAs may be partly due to
the intrinsic nature of the sample in which transformation has
occurred to only a limited extent and partly due to the insuf-
ficient time allowed for the sluggish transformation to reach
completion.

Taken together, it seems that pressure-induced amorphiza-
tion of ice Ih and cubic ice is a combined effect of incipient
melting, mechanical collapse and slow change in the struc-
ture of the amorph formed. In contrast, thermodynamic melt-
ing of a polycrystalline sample begins at the grain junctions
and a slight change in temperature from that equilibrium
condition melts the sample completely. It is not time-
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dependent, but when there is a large amount of impurities
dissolved in ice Ih lattice, the impurities diffuse into the sub-
micron size premelted regions of ice by a slow process that
may take months even at temperatures close to 270 K. Since
premelting occurs below the thermodynamic melting curve
of pure ice, which is not the case in the amorphization of ice
Ih, this effect is ignored.

D. Transformation between low and high density amorphs

Finally, we discuss the consequences of our interpretation
for the transformation(not amorphization) of LDA to
“HDA.” In its manifestation of decrease in volume and ther-
mal conductivity on pressurizing, this transformation appears
remarkably similar to the pressure-induced amorphization of
ice Ih, cubic ice15 or microcrystalline ice Ih.5 It is important
to note, however, thatdecreaseof k with increase in pressure
for a crystalline and amorphous solid and for a liquid phase
is very unusual, but the decrease in volume of these phases
on increase in pressure is expected, and is invariably ob-
served. Therefore, the particularly unusual result thatk de-
creases with increasing pressure abnormally for all three
states, ice Ih, cubic ice and LDA,3 and further that the be-
havior of thermal conductivity with changing pressure be-
comes normal only for the “HDA” formed from the three
states, indicates that the pressure dependence ofk of ice Ih,
cubic ice and LDA has a common origin. This may likely be
due to the elastic softening that occurs for all these states
during pressurization, as suggested by Stal’gorovaet al.41

But the LDA to “HDA” transformation has a lower onset
pressure of 0.36 GPa at 129 K.3 Also the apparently com-
plete transformation of LDA to “HDA” occurs over a nar-
rower pressure range than amorphization of ice Ih(and cubic
ice), at comparable temperatures of 0.08 and 0.33 GPa, re-
spectively, at,130 K. It is particularly significant to note
that when microcrystalline ice Ih was pressure amorphized,
the onset pressure and the pressure range of amorphization
was lower than for large crystal sample, and both were found
to be closer to the values observed for the LDA to “HDA”
transformation.5 This indicates that for a polycrystalline
sample containing micron size crystals, the amorphization
onset pressure is lower and the rate of decrease in volume
with increased pressure becomes faster, leading to a narrow
pressure range for amorphization. It is conceivable that in a
limiting case of “near zero” crystal size, the amorphization
pressure of ice Ih would become comparable to the transfor-
mation pressure of LDA to “HDA.”

A structural characteristic of “HDA,” as determined
from neutron diffraction studies,42,43 is that there is one H2O
molecule present in its first near-neighbor coordination
shell, which itself consists of four H-bonded H2O molecules,
and this H2O molecule causes the observed,20% higher
density of “HDA.” Diffraction studies have also shown
that the (reverse) transformation of “HDA” to LDA that
occurs at ambient pressure and 125 K is a result of sponta-
neous migration of this H2O molecule out of the first
coordination shell of the “HDA’s structure.44,45 It is thus
intuitively expected that the pressure-induced LDA to
“HDA” transformation would involve a reverse process, i.e.,

migration of one H2O molecule back into the hydrogen
bonded first coordination shell. More strikingly, it suggests
that if LDA, for example, is pressurized to the middle of
its transformation range to “HDA” and the sample is
then recovered at ambient pressure and 77 K, its structure
would be found to be the same as the structure of the sample
of “HDA” in the middle of its spontaneous transformation
range to LDA at 125 K and measured at ambient pressure
at 77 K.

Both the similarity between the experimentally observed
manners of transformation of LDA to “HDA” and of
amorphization of ice Ih and cubic ice to “HDA,” and the
higher amorphization pressure for the ices relative to
the transformation pressure of LDA to “HDA” indicate that
the energy required for the amorphization is considerably
higher than the energy required for the transformation.
This suggests that amorphization of ice Ih(and cubic ice)
involves two steps, first a random deformation of the ice
crystal structure according to the Born criterion, which
produces highly distorted H bonds, and second the migration
of an H2O molecule inside the first coordination shell which
converts the randomly distorted structure to a high-density
amorph. It is significant to point out that that Stal’gorovaet
al.41 found that the LDA to HDA transformation to occur
over a wider pressure range than amorphization of ice Ih(or
cubic ice). Also, in their study the sample was annealed at
rather (two) low pressures, 9 and 20 min, respectively, and
the density increase observed for the second anneal was
more than three times that observed at the lower pressure,
short-time anneal. If the same mechanism was to occur in the
amorphization at 1 GPa the rate of the amorphization would
be much faster. This would indicate that the amorphization
was not limited by the rate of the mechanism that trans-
formed LDA to HDA.

We recognize that Born theory13 does not suggest that
collapse of a crystal would lead to an amorph. It only sug-
gests that the instability resulting from the pressure-induced
phonon-softening would cause a loss of symmetry of crys-
talline arrangement, and therefore merely a randomly de-
formed crystal lattice is produced with a structure different
from that of “HDA.” In this sense, it is not clear how the
Born theory can be understood to cause phonon softening of
an already amorphous solid, such as LDA, and collapse it to
the same denser structure as formed from collapsing ice Ih or
cubic ice.

We also note that in a study of pressure-induced LDA to
HDA transformation, Stal’gorovaet al.41 have found the
transformation to be time dependent when the sample was
held at a fixed pressure and temperature, which indicates that
the diffusion of one H2O molecule into the first coordination
shell is a thermally activated process, whose rate increases
with increase in the pressure. This differs from the structural
relaxation on physical ageing of amorphous solids and
glasses, where all molecules undergo small-scale displace-
ments and where the volume decrease is much smaller than
observed for the ices.(For a hyperquenched glassy state, the
volume decrease may be made larger, but still the rate of its
decrease becomes rapid and still all molecules are displaced
from their positions.) Finally, LDA to “HDA” transformation
cannot be seen as Lindemann melting. We also note that the
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conjectured reversibility of such a transition has been put
into question16 by the recent observations of a large number
of amorphous states that form between the two extremes, one
extreme being LDA and the other the very high-density
amorph formed by heating “HDA” at 1.1 GPa from
77 to 165 K.4

As already discussed, pressure-induced amorphization of
ice Ih and cubic ice has been found to occur at a pressure
higher than the pressure-induced transformation of LDA to
“HDA.” If, however, pressure-induced Born instability13

alone was to collapse the ice crystallites which was to be
followed by migration of a H2O molecule into the first coor-
dination shell by further rearrangement of the hydrogen-
bonded structure, thus leading to the crystallite’s amorphiza-
tion to “HDA,” then the excess of this pressure over
the LDA-HDA transformation pressure would decrease
with decrease in the ice Ih crystal size. It is also expected to
decrease if the ice Ih and cubic ice crystals were already in a
highly mechanically deformed state. Experiments may be
able to determine merits of this deduction. Since “HDA”
has also shown a slow transformation to LDA at ambient
pressure, which occurs by slowly diffusing out of an
H2O (interstitial) molecule from the first coordination shell
at a temperature-dependent rate,44–46 it would seem that the
reverse process of the diffusion of an H2O molecule into the
first coordination shell in the LDA to “HDA” transformation
would involve thermally activated diffusion at high pres-
sures. It is to be noted that the finding that heating of
“HDA” at 1.1 GPa to a temperature of 165 K further densi-
fies “HDA” has already indicated that formation of
high-density amorph is a thermally activated process and that
it occurs in an already randomly distorted lattice state or
topologically disordered structure of a state that is one of the
many distinct states between LDA and the very high density
amorph.

Finally we must consider the relevance of several impor-
tant computer-simulation studies of amorphization of crystals
in general and the discussion of the process in terms of the
Born instability and thermodynamic melting, often driven by
the thermoelastic instability,47–49 to our studies. Some of
these studies are related to amorphization caused by repeated
and random mechanical deformation, as in the ball-milling
procedure for amorphizing metal alloys,50 and others are re-
lated to an analysis of the onset of Born instability in a
homogeneous lattice under critical loading.47–49 Most re-
cently, Bustingorry and Jagla51 have provided a two-
dimensional atomistic model for one-step cascade-like amor-
phization of crystals on decompression. They have
considered the possibility of nucleation of a disordered phase
in defective parts of crystal, following Mizushimaet al.,48

who had themselves discussed the lowering of the energy
barrier at the defect sites in crystal-crystal pressure-induced
transformation. Thus Bustingorry and Jagla51 have concluded
that collapse by mechanical instability will gradually come
closer to the(equilibrium) melting line when the sample con-
tains more and more defects. This seems to agree with the
conclusion from our this study that the amorphization pres-
sure is lowered in the presence of crystal defects. However,
according to their model, the amorphization pressure cannot
be lower than the thermodynamic melting line pressure. In

our interpretation, if the crystal size is decreased the amor-
phization pressure would decrease approaching the value for
the LDA to HDA transformation pressure when the ice crys-
tals have reached nanometer size. Inasmuch as the role of
crystal defects and other faults is crucial to our interpretation,
computer simulations and atomistic models47–51 may appear
to be related to our study, but the consequences of these
simulations and models are not the same as observed in our
experiments, namely our observations of continuous amor-
phization with time at a fixed pressure and temperature, and
of the increase in its rate with increase in the temperature.
Hence, we recognize that our study would be valuable for
new and further computer simulation and modeling of the
pressure-induced amorphization process.

V. CONCLUSION

The observed time, temperature and pressure dependent
rates of amorphization of ice Ih and the amorphization of
cubic ice seem inconsistent with the thermodynamic and
“mechanical’ melting criteria for pressure-amorphization
used for the calculations. Thus, either a mechanism other
than Lindemann melting and/or Born instability is involved,
or the Born-instability mechanism may be valid but there is
an additional process that causes the pressure amorphization
of ice Ih to depend upon the pressure, temperature and time.
These processes involve reformation of lattice and micro-
structural defects in the samples, which reduce the pressure
for the collapse and whose rate of formation determines the
rate of collapse with time.

Pressure-induced amorphization of ice Ih and cubic ice
appears to involve two steps, first a random distortion of the
crystal lattice probably according to the Born-stability crite-
rion, with a distribution of pressure for the lattice collapse,
and second is the forced migration of one H2O molecule into
the first coordination shell of the hydrogen bonded structure
of the distorted lattice or the amorph, which requires rear-
rangement of H2O molecules that is made faster by an in-
crease in pressure, i.e., it occurs by a process with a negative
volume of activation. This process is therefore likely to be
fast in comparison with the random distortion of the crystal
lattice that occurs at higher pressures and, thus, not time
limiting for the amorphization of ice and cubic ice to HDA.
The first step in the amorphization process is the develop-
ment of a mechanical instability, and the second is a ther-
mally activated diffusion. In this sense, the excess pressure
of amorphization of the ices over the transformation of LDA
to “HDA” represents the energy needed to randomly distort
the ice crystal lattice until its structure has become such as to
allow the thermally activated diffusion of a water molecule
in the first coordination shell of the randomly distorted struc-
ture.
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