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Abstract

In this article we review some of the most important and relevant
literature on the properties of ice. We focus on three of its surface
properties, namely, the slipperiness of ice, the phenomena of a string
under load passing through a block of ice without cutting the block
in half, and pressure melting and adhesion of blocks of ice. We then
provide an argument for the most plausible factor responsible for
each of these effects.
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1. Introduction

Perhaps the most interesting solid that we encounter in our everyday
life is ice. Ice is one of the few materials in nature with the property
of expansion when its liquid form freezes. The cause of this expan-
sion is the formation of a hexagonal ring structure. However, none of
the other materials with this property (such as bismuth) are nearly
as important in life as water is. Another interesting property of ice
is its unusual slipperiness. At the macroscopic level, the coefficient of
friction on ice is about one order of magnitude lower than other solid-
s; however, it is not constant and varies with factors such as sliding
speed, temperature, and the normal force [1]. This small coefficien-
t of friction makes ice even more distinct from other materials since
generally the coefficient of kinetic friction increases with temperature,
whereas the coefficient of kinetic friction of ice decreases with an in-
crease in temperature [2]. Therefore, one should really compare the
coefficient of friction of ice at a few degrees below its melting point to
that of other materials when they are also a few degrees below their
melting points. The difference would certainly be greater than just
one order of magnitude.

Yet another uncommon property that makes ice distinct from other
materials is regelation, where two pieces of ice bond when pushed
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together with a fairly small force, and when a string under load passes
through an ice block without cutting it in half [3-8].

The question is how the unique behaviors of ice can be explained
based on what we know about this solid and its surface properties. In
what follows, we describe various behaviors that are specific to ice and,
in each case, discuss the reasons that have been given in the existing
literature. We then provide, to the best of our judgment, what seems
to be the most logical reason for the behavior. But first, let us see
what is responsible for the formation of the so called quasi-liquid layer
on ice.

2. The Quasi-Liquid Layer

Beginning in 1842, Michael Faraday carried out a series of experiments
which in 1859 led him to suggest the existence of a “liquid-like” layer
on the surface of ice that continues to exist well below its freezing
temperature. Although Faraday’s idea was ignored for many years,
advanced experimental techniques, in recent years, have shown that
in fact such liquid-like layer, also known as a “quasi-liquid” layer does
indeed exist. Perhaps the most convincing evidence for the existence
of such layer are X-ray diffraction studies that show a liquid-like layer
on different crystallographic surfaces of ice in the temperature range
of —13.5°C to 0°C [9]. Furthermore, atomic force microscopy has
shown that the thickness of this layer at —24°C is about 12 nm, and
that surface melting starts at about —33°C [9,10]. But Petrenko [11]
suggests that pressure melting vanishes at —22°C.

Whether this premelting quasi-liquid layer on the surface of ice is a
liquid or some disordered phase of ice is not yet completely understood.
This disorder structure has been verified by molecular dynamics sim-
ulations [9]. However, its physical properties are quite different from
that of liquid water. For example, the atomic force microscopy ex-
periments have indicated that the viscosity of this quasi-liquid layer
must be two orders of magnitude greater than that of bulk supercooled
water [1,12-14]. Nevertheless, this premelting layer is not unique to
ice [1]. Using ion backscattering from lead crystal, Frenken and van
der Veen have concluded that lead has a melting transition of 20°C
below its bulk melting temperature of 327°C, and that the thickness of
the premelting layer increases logarithmically with temperature [9,15].
On the other hand, low energy electron diffraction studies of bismuth,
which, similarly to ice, undergoes a negative volume change on melt-
ing, indicated no premelting [16].

The phenomenon of surface premelting is not limited to ice [17]. In
many solids as the bulk melting temperature is approached, the surface
of the solid becomes disordered due to large amplitudes of thermal
atomic vibrations. For example, at —1.8°C the mean amplitude of the
vibrations of near-surface oxygen atoms in ice exceeds that of the bulk
by a factor of 3.3 [9,18]. Because of this, Golecki and Jaccard have
suggested that the term “liquid-like” should not even be used [18-20].

In addition to the simple interpretation of disorder of the surface
structure near melting point, several other explanations have been giv-
en by investigators to explain the liquid-like layer on the ice surface.
Ikeda-Fukazawa and Kawamura have suggested that the dangling mo-
tion of the free O-H bonds at the surface of ice is one of the dominant
factors for the surface melting [21]. Another explanation is based on
the minimization of surface free energy as a result of formation of a
liquid layer [22-25]. The idea of free-energy minimization, however,
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applies to other surfaces as well.

Makkonen, on the other hand, has argued that based on the exper-
imental evidence free-energy minimization is not possible in the case
of ice [26]. He then proposes another mechanism for the formation of
the liquid-like layer, which is unique for ice. Makkonen’s suggestion is
based on a concept according to which the surface phase equilibrium
temperature differs from that of the bulk. Based on this theory, the
imbalance of the molecular forces on the surface molecules results in
a pressure difference of 180 MPa between the bulk and the surface
of ice, being higher on the surface. This pressure difference lowers
the melting point of the surface of ice to —13°C. Therefore, at any
temperature higher that —13°C, the surface of ice is above its melting
point as explained in the next section.

3. Pressure Melting of Ice

Ice is one of the few solids that undergoes a negative volume change
upon melting. Figure 1 shows the pressure-temperature phase diagram
for the water system, showing the coexistence curves for each pair
of the phases. The slope of each coexistence curve is given by the
Clausius-Clapeyron equation [27]

i 1)
dT  TAV

where AH and AV are the changes of the enthalpy and volume during
the transformation, respectively. Because AH and T are both posi-
tive, a negative volume change during melting of ice gives dP/dT < 0,
as can be seen in Figure 1 for the ice-water coexistence curve. There-
fore, an increase of pressure will decrease the melting temperature
of ice, and a decrease of pressure (tension) will increase its melting
temperature [6], in accord with the Le Chatelier’s principle.

As ice melts, the enthalpy change is AH = 333.5 kJ/kg, and the
densities of ice and water at 0°C are, respectively, 916.8 kg/m® and
999.8 kg/m? [28]. Therefore,

1 1 m?3
AV=(-— )= 9055x107° = 2
v <999.8 916.8) 9095 > 1077 2)

Then from Equation (1), we find

dP 333.5 x 103 Pa atm
i =-1.348 x 10" — = —133 — (3
dT ~ 273.16(—9.055 x 10-9) UK g

Therefore, the melting point of ice decreases by 1 K (or 1°C) for every
133 atm increase of pressure. Note that since the ice-water coexistence
curve in Figure 1 is nearly a straight line, the variation of the melting
point with pressure is fairly constant over a wide range of pressures
and temperatures.

4. The Slipperiness of Ice

The slipperiness of ice, particularly in connection with ice skating and
skiing, has been a subject of debate over a very long period of time. In
1886, Joly calculated a pressure of 466 atm and a corresponding melt-
ing point of —3.5°C for ice. Joly suggested that pressure melting was
making ice skating possible [9]. But the problem is that the optimum
temperature for any sport involving ice skating is considerably lower
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T

Figure 1. The P — T phase diagram of water system near its triple point
(TP). Note that the liquid-vapor coexistence curve terminates at the critical
point (CP).

than —3.5°C, and that objects as light as a hockey puck can slide just
as well [29]. In fact, skating and skiing are possible at temperatures as
low as —35°C. Therefore, Joly’s idea was not supported by the exper-
imental evidence. Nonetheless, pressure melting remained the main
explanation for the slipperiness of ice for nearly a century [9].

Years later, it was argued that pressure melting could not be re-
sponsible for the low friction of ice [30]. Because the coefficients of
friction of metal skis on ice turned out to be higher than those for
wood skis, scientists concluded that friction melting was the main
reason for the slipperiness of ice at low temperatures, although pres-
sure melting could remain a factor at temperatures near the melting
point. A review of relative contributions of each of the mechanisms
to the slipperiness of ice, as well as the surface premelting is given by
Dash et al. [31].

There is, however, a major logical issue with the concept of friction
melting. For heat from the friction to melt the ice, the object must
first slide on the ice. Ice does not melt in anticipation of receiving some
heat later! Therefore, friction melting as a reason for the slipperiness
of ice is not a logical explanation. Consequently, at low temperatures
the slipperiness of ice must be mainly due to the premelting quasi-
liquid layer [1], or a combination of the premelting layer and pressure
melting when the temperatures are close to the bulk melting point.
In fact, other solids, such as lead. zinc, tin, and cadmium also exhibit
lower friction near their bulk melting points [9].

5. String Passing through the Ice

It is a well-known experiment that if two heavy masses are attached
to the end of a string, and the string is placed over a block of ice, as
shown in Figure 2, the string gradually passes through the ice without
cutting it in half. This is a situation where pressure melting is the
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sole cause of the process.

Ice

7
/7777777777777 77777777

Figure 2. A loaded string gradually passes through the ice without cutting
it in half.

Let us consider a wire of length { = 5 cm and diameter d = 0.5 mm,
with hanging masses of m = 2 kg each. Then the pressure under the
wire will be [7]

F  2mg  2(2)(9.80)

P = — = =
A~ Tld ~ 0.05(0.0005)

=157 x 10° Pa=15.5 atm  (4)

Since this pressure is in addition to the existing atmospheric pressure,
and for every 133 atm increase of pressure, the bulk melting point of
ice decreases by 1°C, as explained above, the melting point of the ice
under the string decreases to about —0.12°C. Admittedly, this change
of the melting point is very small. However, since this experiment is
normally carried out in an open area under room temperature where
the ice is gradually melting, the temperature of the block of ice is very
close to 0°C and the pressure under the string lowers the melting point
enough to cause pressure melting.

As the ice under the string melts, the string moves down slightly,
and the liquid water moves to the top of the string where the high
pressure no longer exists, and it freezes. As these steps are contin-
uously repeated, the string passes through the ice without cutting it
in half. However, during the process heat transfer should take place
across the diameter of the wire. As ice melts under the string, it ab-
sorbs heat (AH = 79.7 cal/g) [5]. Then when it refreezes at the top
of the string, it releases the heat. This heat must now be transferred
across the diameter of the string to its lower part. Therefore, a ther-
mally conducting string (such as copper) should pass through the ice
faster than a nonconducting string (such as nylon) assuming the same
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diameters and hanging masses. This, in fact, has been very clearly
demonstrated experimentally [4,32]. In these experiments, however,
the outside sections of the wire should be well insulated to avoid heat
transfer into the ice from outside [7].

6. Adhesive Properties of Ice

The first systematic investigation into adhesion of blocks of ice togeth-
er started in 1842 by Michael Faraday. Faraday observed that when
two moist blocks of ice are placed into contact even with a small force,
they would stick together [33]. He attributed this phenomenon to the
existence of a liquid-like layer on the surface of ice. In 1848, James
Thomson explained Faraday’s experiment using pressure melting. His
idea was that ice would melt under external pressure due to lowering
of the equilibrium melting point and then refreezes when the pressure
is removed [33]. Despite the fact that some references claim pressure
melting cannot be responsible for regelation of ice blocks [26, 33, 34],
in what follows we argue that in fact both Faraday and Thomson were
correct and that pressure melting and the quasi-liquid layer are both
responsible for the phenomenon depending on the temperature.

The argument against pressure melting when two block of ice stick
together under a small force is that even at a temperature slightly
below the melting point, very large pressures are needed to premelt
the ice. To dispute this argument, consider two moist blocks of ice that
are brought in contact with a small force, say 1 N, and let the apparent
area of contact between them be 1 cm?. Like any other material, the
surface of ice is very rough due to asperities, as determined by atomic
force microscopy (AFM) [10] and scanning force microscopy (SFM)
and force curves (FC) [11]. In fact, it is known that the actual area of
contact due to asperities can be 10* times smaller than the apparent
area of contact [35]. This can generate a pressure of about 100 MPa
or 987 atm at the contact area, which lowers the melting point of
ice to —7.4°C. But since there is moisture on the surface of the ice
cubes, they are in thawing state and their temperatures are slightly
below 0°C. As a result, the ice premelts under this pressure at the
contact point and refreezes when the pressure is removed. Therefore,
Thomson’s explanation was correct.

A question that one might ask is does the moisture on the surface
of ice play any role other than ensuring that the surface temperature
of the ice is close to thawing conditions? For example, is the moisture
required because when ice undergoes pressure melting at the asperities
and absorbs heat from the surrounding moisture it causes the moisture
to freeze? To answer these questions, we performed two experiments.
In one experiment, we submerged two blocks of ice that were at the
thawing stage in a saturated saline solution (freezing point —21°C),
and in the other experiment we submerged them in isopropyl alcohol
(freezing point —89°C). We then stirred the liquids for about a minute,
and then brought the ice blocks together with a small force. In each
case the blocks adhered together. Therefore, the role of the moisture is
to ensure that the temperature is only slightly below the bulk freezing
point of the ice.

The second factor for the adhesiveness of ice is the existence of the
premelting quasi-liquid layer on its surface, which persists to temper-
atures far below its bulk melting point. As stated earlier, according
to Makkonen [26] the formation of this layer is due to a higher surface
pressure of about 180 MPa compared to the bulk and, therefore, the
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surface phase equilibrium temperature of ice differs from that of its
bulk. This pressure difference is caused by imbalance of the molecular
forces on the surface molecules and, consequently, the surface melting
temperature is reduced to —13°C.

Now suppose that two blocks of ice are brought into slight contact,
as shown in Figure 3. The quasi-liquid layer on each block is under
a pressure of 180 MPa higher than the bulk. These pressures are al-
so shown in the figure. When the two blocks make contact, at the
contact point these pressures cancel out, hence the molecular forces
become balanced and the quasi-liquid layer freezes. Therefore, Fara-
day’s reasoning that the liquid-like layer is responsible for regelation
of ice was also correct. To this end, we mention that several result-
s predicted by the Makkonen’s theory are in quantitative agreement
with experimental data.

i
| )

Quasi Liquid Layers

Figure 3. A schematic diagram showing cancellation of surface pressures
on quasi-liquid layers when two pieces of ice are brought together.

Finally, out of curiosity we placed two blocks of ice in liquid nitro-
gen. After thermal equilibration, we pushed them together for several
minutes with large enough force to cause the ice blocks crumble. We
observed that the blocks of ice did not adhere together. This is because
at the liquid nitrogen temperature (—196°C) there is no quasi-liquid
layer on ice and the pressures required for its pressure melting is u-
nimaginable.

7. Summary

Ice has two unique properties. First, it is the only solid that we ordi-
narily encounter in our everyday life that is only a few degrees below
its melting point. Under normal conditions, other solids are usually
very far from their melting points. Second, ice is one of the few solids
that contracts on melting, therefore, can undergo pressure melting.
These characteristics of ice are responsible for many of its interesting
properties.

The first and, perhaps, the most important property of ice is its
slipperiness or low coefficient of friction. Although various reasons
have been suggested to explain this effect, each has their strengths
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and weaknesses. However, it seems that existence of the quasi-liquid
layer on the surface of ice is the most plausible reason, especially since
some other solids exhibit low coefficients of friction near their melting
points as well.

The phenomenon in which a loaded string passes through a block
of ice without cutting it in half is solely due to pressure melting of the
ice. The pressure caused by the string lowers the bulk melting point
of the ice and, as a result, if the temperature of the ice is only slightly
below its freezing point, it melts. The water thus formed moves to the
top of the string and refreezes.

Finally, when two moist blocks of ice are brought together even with
a small force, they adhere together. This phenomenon was originally
explained by Faraday and Thomson using two different factors: exis-
tence of the quasi-liquid layer and pressure melting, respectively. As
we have argued in this article, both mechanisms are correct and can
contribute to the process.
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