
Slippery when wet?



The surface of ice, what are its properties, and why is it slippery?

Daniel Bonn, Soft Matter group, University of Amsterdam
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In 1842, the famous British researcher Michael Faraday made an
amazing observation by chance: A thin layer of water forms on the
su"ace of ice, even though it is well below zero degrees. So the
temperature is below the melting point of ice, yet the su"ace of the ice
has melted. 4 Nov 2022
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https://www.sciencedaily.com › releases › 2022/11

Scientists characterize the phase transitions of melting ice ...

Phys.org
https://phys.org › Physics › Condensed Matter

13 Dec 2016 — 150 years ago, physicist Michael Faraday discovered that at the surface of
frozen ice, well below 0°C, a thin film of liquid-like water is ...

How does ice melt? Layer by layer!

Max-Planck-Gesellschaft
https://www.mpip-mainz.mpg.de › ... › Newsroom

12 Dec 2016 — We all know that ice melts at 0°C. However, already 150 years ago the famous
physicist Michael Faraday discovered that at the surface of frozen ...

Ice Surface Melts One Step at a Time

University of California, Davis
https://www.ucdavis.edu › news › ice-surface-melts-on...

14 Dec 2016 — Victorian scientist Michael Faraday discovered over 150 years ago that ice is
coated with a thin layer of liquid, which both makes ice ...

Why Ice is Always Wet

ChemistryViews
https://www.chemistryviews.org › details › news › Wh...

3 Dec 2016 — In 1842, the British physicist Michael Faraday observed that ice is always wet

and forms a thin layer of liquid water.

People also ask

Why is ice always wet?

A thin layer of liquid water is what makes ice slippery and not directly the ice itself. Liquid
water naturally forms on the su"ace of all ice, even at very low temperatures, because of
the nature of su"ace chemical bonds. 10 Dec 2013
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Nope

Don’t believe that

Naaah!



Ice is slippery

Jorrit Bergsma, 2015



Two pieces of thawing ice, if put together, adhere and become one ; at a place where liquefaction 
was proceeding, congelation suddenly occurs. The effect will take place in air, or in water, or in 
vacuo. It will occur at every point where the two pieces of ice touch; but not with ice below the 
freezing-point, i.e. with dry ice, or ice so cold as to be everywhere in the solid state.

Three different views are taken of the nature of this phenomenon.

• I explained it by supposing that a particle of water, which could retain the liquid state whilst 
touching ice only on one side, could not retain the liquid state if it were touched by ice on both 
sides; 

• Professor J. Thomson, who discovered that pressure lowered the freezing-point of water, 
attributed the regelation to the fact that two pieces of ice could not be made to bear on each 
other without pressure; and that the pressure, however slight, would cause fusion at the place 
where the particles touched, 

• Professor Forbes assents to neither of these views; but admitting Person’s idea of the gradual 
liquefaction of ice, and assuming that ice is essentially colder than ice-cold water, i. e. the 
water in contact with it, he concludes that two wet pieces of ice will have the water between 
them frozen at the place where they come into contact.

Conclusion: in a solid molecules cannot move, so there must be a liquid present



Pressure melting

Is ice slippery due to a lubricating 
water layer? No!

Premelting Frictional melting

Can’t explain ice skating colder 
than −22∘$

Only close to melting point Can’t explain low velocity ice 
skating

Conde et al, J. Chem. Phys. 2008

Steven I. Dutch, University of 
Wisconsin-Green Bay



Lubrication? Stribeck curve



Ice skating and water on HDPE

Ice skating and skating on HDPE with water: no lubricated regime



So we need to think about the surface of ice……why is it different?



Pressure melting

Is ice slippery due to a lubricating 
water layer? No!

Premelting Frictional melting

Can’t explain ice skating colder 
than −22∘$

Only close to melting point Can’t explain low velocity ice 
skating

Conde et al, J. Chem. Phys. 2008

Steven I. Dutch, University of 
Wisconsin-Green Bay



1. Pressure melting: let’s think
about phase transitions

Figure 4

This diagram shows the names of the phase transitions between
solids, liquids, and gases. The arrow to the right of the diagram
demonstrates that these three phases have different enthalpies: gas has
the highest enthalpy, liquid has an intermediate enthalpy, and solid
has the lowest enthalpy. Hence, each of the phase transitions shown in
this figure involves a change in the enthalpy of the substance.

Phase transitions are a type of chemical reaction. Most of the chemical reactions studied in Chem
151 and 152 involve the breaking or forming of bonds within molecules; phase transitions involve
the breaking or forming of intermolecular forces (attractive interactions between molecules).
Hence, as with other chemical reactions, it is necessary to discuss the energy that is absorbed or
given off during the breaking or forming of intermolecular interactions in a phase transition.

Phase transitions involving the breaking of intermolecular attractions (i.e., fusion (melting),
vaporization, and sublimation) require an input of energy to overcome the attractive forces
between the particles of the substance. Phase transitions involving the formation of
intermolecular attractions (i.e., freezing, condensation, and deposition) release energy as the
particles adopt a lower-energy conformation. The strength of the intermolecular attractions
between molecules, and therefore the amount of energy required to overcome these attractive
forces (as well as the amount of energy released when the attractions are formed) depends on the
molecular properties of the substance. Generally, the more polar a molecule is, the stronger the
attractive forces between molecules are. Hence, more polar molecules typically require more
energy to overcome the intermolecular attractions in an endothermic phase transition, and release

Refrigeration and Phase Changes http://www.chemistry.wustl.edu/~edudev/LabTutorials/Ther...
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There is one ordered phase, but two disordered ones. Why?



Why are there crystals? Piling up oranges
can be done in 2 ways: random or regular

(see, though, the Jar of Life 
https://www.youtube.com/watch?v=SqGRnlXplx0)

Random Close Packing:
f = 0.64
Face Centered Cubic lattice
f = 0.74



Interactions:
• Van der Waals

• Electrostatic

• Covalent bonds

• Metallic bonds

• Hydrogen bonds

• Hydrophobic interactions

And entropy!

F=U-TS



Why are there liquids and gases? 
van der Waals EOS

Page 1 (states-of-matter.php) Page 2 (gaseous-state-laws.php) Page 3 (dalton-law-partial-pressure.php)
Page 4 (vander-waals-equations.php) Page 5 (liquefaction-of-Gases-liquid-state.php)

The Vander Waals constant (a) Signify the magnitude of intermolecular forces of attraction between the gas particles while (b) signifies the
effective size of gas molecules.

Important Note
1. Real Gases shows ideal gas behaviour when pressure and temperature is such that intermolecular forces are negligible.  Real gases show
ideal gas behaviours when the pressure approaches zero. At low pressure, all gases have Z=1
2. Gases show ideal gas behaviour when volume occupied is so large that volume occupied by the molecules can be neglected. i.e. when
pressure is low
3. Real gases show ideal gas behaviour at low pressure and high temperature
 
Example

Question 1
A 39 dm3 cylinder contains 212 gm oxygen gas at 21o C. What mass of oxygen will be released to reduce the pressure in the cylinder to 1.24
bar. (r = 0.0821 dm3 bar K-1 mol-1

Answer
Volume = 34 dm3

Temperature = 21o C = 273 + 21 K = 294
Pressure = 1.24bar
P V =nRT
1.24×34=n×.0821×294
n=1.7 mole
Now,        
 1.7 =w/32
 w=545.4 gram
Weight of air released:
=212 – 54.4 gm= 157.6 gm
Question 2
What is the SI unit of expression 
Answer
 
 
 

link to this page by copying the following text

(P + )(V − nb) = nRTan2

V 2

Moles = Weight

MolarMass

PV 2T 2

N

= Nm−2(m3)2K2(mol)−1 = Nm4K2(mol)−1PV 2T 2

N

SHARES

Real Gases | Vander waals equations https://physicscatalyst.com/chemistry/vander-waals-equations.php
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• This is a cubic polynomial with three solutions for V as a function of p, of which two 
stable and one unstable.

• Physically that means that there will be two volumes for a given pressure, 
corresponding to the liquid and gas state.

• In general a<0, so the pressure is lower than without the correction: van der Waals 
forces give an attraction between the atoms/molecules







Freezing is a strange phase
transition: Pointy ice drops

5uL drop of dyed water,  video speed x0.5

1 mm

With Etienne Jambon-Puillet, Noushine Shahidzadeh (Nature Comms. 9, 4191 (2018)) 
(see also Snoeijer and collaborators)



Clausius Clapeyron gives the slope op the liquidus: 

Slope~ 1 degree 
per 10 MPa

Elephant on an 
ice skate: 
P~1000kg/1cm2
~10MPa

And no skating below -22 oC



Premelting
From Wikipedia, the free encyclopedia

Premelting (also surface melting) refers to a quasi-liquid film that can occur on the surface of
a solid even below melting point ( ). The thickness of the film is temperature ( )  dependent.
This effect is common for all crystalline materials. Premelting shows its effects in frost heave, the
growth  of  snowflakes  and,  taking  grain  boundary  interfaces  into  account,  maybe  even  in  the
movement of glaciers.

Considering a solid-vapour interface, complete and incomplete premelting can be distinguished.
During a temperature rise from below to above T_m, in the case of complete premelting, the solid
melts homogeneously from the outside to the inside; in the case of incomplete premelting, the
liquid film stays very thin during the beginning of the melting process, but droplets start to form on
the interface. In either case, the solid always melts from the outside inwards, never from the inside.

The first to mention premelting might have been Michael Faraday in 1842 for ice surfaces.[1] He
compared  the  effect  which  holds  a  snowball  together  to  that  which  makes  buildings  from
moistured sand stable. Another interesting thing he mentioned is that two blocks of ice can freeze
together. Later Tammann and Stranski suggested that all surfaces might, due to the reduction of
surface energy, start melting at their surfaces. Frenkel strengthened this by noting that, in contrast
to liquids, no overheating can be found for solids. After extensive studies on many materials, it can
be concluded that it is a common attribute of the solid state that the melting process begins at the
surface.[2]

There are several  ways to approach the topic  of  premelting,  the most  figurative way might be
thermodynamically. A more detailed or abstract view on what physics is important for premelting
is given by the Lifshitz and the Landau theories. One always starts with looking at a crystalline
solid phase (fig. 1: (1) solid) and another phase. This second phase (fig. 1: (2)) can either be vapour,
liquid or solid. Further it can consist of the same chemical material or another. In the case of the
second phase being a solid of the same chemical material one speaks of grain boundaries. This case
is very important when looking at polycrystalline materials.

In the following thermodynamical equilibrium is assumed, as well as for simplicity (2) should be a
vaporous phase.

History

Theoretical explanations

Thermodynamical picture for solid gas interface

Premelting - Wikipedia https://en.wikipedia.org/wiki/Premelting
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2. Premelting. Let’s think about surface tension and wetting



Digression: what is a surface tension?

Molecular Dynamics
Liquid-vapor interface



Surface tension

In a liquid, molecules are in a condensed state.

A molecule in the bulk: 
cohesive interaction
with neighbouring moelcules

A molecule at the surface
Interaction with its neighbors below and to either side, 
No attraction operating in the 180° solid angle above the surface.

As a consequence, a molecule at the surface will tend to be drawn into the bulk of the liquid.

Intermolecular attractive forces act to minimize the surface 
area of a liquid (‘cohesion).

21

Liquids tend to reduce their surface. 

(e.g. cube: surface to volume ratio=6/r)



surface tension: a force (/length)

Many movies: DVD “Interfaces mobiles”, 
(coming with the De Gennes/Brochard/Quere book… )
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A plate with a good wetting properties is put in
contact with the horizontal surface of the liquid.

The force (F) vertically acting on the plate is 
measured using a microbalance.

Measurement of the force (F) needed to remove  a  ring 
from the liquid using a microbalance  

Du NoÜy ring method

The Wilhelmy plate technique

f is correction factor which depends:
-Ring (R,r)
-wettability (q)
-fluid density (r)

How to measure the Surface tension?
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thermal motions reduce the effect of intermolecular 
attractions (’ cohesion’).

WATER

Surface tension
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Direct measurement of surface free energy and entropy: not possible for 3d systems 

Slope=-surface entropy



z



Wettability: cohesion vs. adhesion





Cohesion vs. Adhesion: contact angle θe

qe

drops on teflon



Young Thomas lawrence
1773

Wettability and contact angles
Three interfaces meet at the contact line:

The balance of forces projected in the plane of
the solid surface:

Liquid 2

Air 1

Solide

γ
lv

θ

γ
S1

γ
sv

Young’s relation



Premelting? 

Back to ice: does water wet ice?



W positive -> energy decreases with decreasing separation
-> attraction between the two surfaces -> no wetting

VvdW(l)= -C/l6
l

l

VvdW(l)= -W/l3

l

VvdW(l)= -W/12pl2

Long range forces: van der Waals (dipole/induced dipole)

PvdW(l)= -dVvdW/dl= -W/6pl3 : Disjoining pressure





Works well for the liquid-vapor surface tension!



PvdW(l)= -dVvdW/dl= -W/6pl3 : Disjoining pressure

W positive -> pressure tends to approach the two surfaces -> no 
wetting



n
3
>n

2
: WATER DOES NOT WET ICE Small differences, large absolute value: 

probably irrelevant contribution



Young Thomas lawrence
1773

Wettability and contact angles
Three interfaces meet at the contact line:

The balance of forces projected in the plane of
the solid surface:

Liquid 2

Air 1

Solide

γ
lv

θ

γ
S1

γ
sv

Young’s relation



Usual Zisman Plot



Modified Zisman Plot (Silanized Glass)



Contact angle of water on ice
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Contact angle ~ 12 degrees at freezing: no wetting

0 oC



Premelting? 

Premelting film?

P(l)= -W/6pl3 + Dµ =0 Mechanical equilibrium
Leads to l~Dµ -1/3 ~ DT -1/3  , temperature distance from

melting



Surface melting of lead
(Frenken vd Veen 1981)

Surface melting of ice? 4 out of 5 techniques say no…

Angelos Michaelides, Ben Slater PNAS 2017







Wetting of water on ice, or: 
On the shape of icicles

With Menno Demmenie- Paul Kolpakov – Lars Reus – Sander Woutersen –
Noushine Shahidzadeh 



Motivation
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Controversy
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҂ New J. Phys. Morris et al., 2013, 15, 103012† Phys. Fluids Ueno et al., 2007, 19, 093602* Phys. Fluids Shorts, Goldstein., 2006, 18, 083101 

* Icicles grow towards an 
ideal mathematical shape

† Icicles exhibit ripples with 
a universal wavelength of 
~1cm

҂



Setup
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T = -15C

T = 36C

Q = 60 mL/h

Thermal 
Bath



Experiment

0.26 g/L NaCl MilliQ
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Similar to the work of Stephen Morris (A.K.A. ‘the Iceman’) and collaborators



Cone shape?
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(Roughly) self-similar
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Instability?

* New J. Phys. Morris et al., 2013, 15, 103012

*

† Phys. Fluids Ueno et al., 2007, 19, 093602
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Liquid solid interface Perturbative correction: amplifying wave

k = 628 1/m -> λ = 1 cm 

†



Q

L
a

L
b

L
a

L
b

Ice

Water

L
a 

> L
b 

Ripple theory

Air

Phys. Fluids Ueno et al., 2007, 19, 093602

Assumption: complete wetting
Outcome: wavelength ~capillary length



0.65 g/L NaCl

y
x
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Peak at 7.25 !"#$

λ = %&'.%) = 0.87 ± 0.06 !"



Ripple analysis

First order Landau: !"#$% = ' ( − (* +.-

≈ 0

Phase transition at critical concentration (*?



MilliQ Salty

Small salt concentrations create a 
thin wetting film

MilliQ water flows along the icicle 
as distinguishable droplets in 
stick-slip motion

See, again, Stephen Morrris’ similar video’s https://www.youtube.com/watch?v=L5UzN52AWkI



Effect of salt on the contact 
angle

57



0.01 g/L 0.05 g/L              0.65 g/L                    5 g/L   13 g/L

NaClMilliQ
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SDS          CTAB                          Triton Gypsum            
Sucrose

All 0.1 wt%



Conclusions

● The ice surface is not ‘wet’ for the practical purposes 
of ice skating and icicle growing

● Beautiful icicles need a pinch of salt, to prevent the 
drop edge from freezing (stay tuned……)
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