


The surface of ice, what are its properties, and why is it slippery?
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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
surface of ice, even though it is well below zero degrees. So the
temperature is below the melting point of ice, yet the surface of the ice
has melted. 4nov 2022

Science Daily
https://www.sciencedaily.com > releases » 2022/11

Sp
Surface melting of glass - ScienceDaily

@ About featured snippets + B Feedback

o Phys.org
https://phys.org > Physics > Condensed Matter ~ $
Scientists characterize the phase transitions of melting ice ...
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 ...

Max-Planck-Gesellschaft

https://www.mpip-mainz.mpg.de > ... » Newsroom

How does ice melt? Layer by layer!

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 ...

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

Ice Surface Melts One Step at a Time
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 ...

- ChemistryViews
https://www.chemistryviews.org > details > news > Wh...

Why Ice is Always Wet
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 surface of all ice, even at very low temperatures, because of
the nature of surface chemical bonds. 10 Dec 2013

Nope

Don’t believe that

Naaah!
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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
rozen at the place where they come into contact.




s Ice slippery due to a lubricating
water layer? No!

Pressure melting Premelting

Frictional melting

30 EVeTT I._DUtCTI, UMVETSTLY OT

Ice VII

DO
(52
|

Do
(=}
1

=
o
1

=
o
[l

PRESSURE (102 atmospheres)

(92
l

0

ce = 3 £
PR o i s -
Twle e ! L E { ; 1 !
=80 -60 -40 -20 0 20 40 60 B8O 100 120 n — b N = . -

TEMPERATURE (°C) Conde et al, J. Chem. Phys. 2008 -

Can'’t explain ice skating colder  Only close to melting point Can'’t explain low velocity ice
than —22°C Skating




Lubrication? Stribeck curve

I |
Valvetrain ——————»

- Piston ring pack and piston skirt
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Friction coefficient

Hydrodynamic
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Boundary lubrication

Mixed
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lce skating and water on HDPE

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

(b) Elastic regime
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So we need to think about the surface of ice...... why is it different?
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1. Pressure melting: let’s think
about phase transitions

- Sublimation
" Deposition

,‘ 3 -. ‘
Temperature | SOIId

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

Random Close Packing:
¢= 0.64

Face Centered Cubic lattice
¢p=0.74




Interactions:

e Van der Waals

e Electrostatic

e Covalent bonds

e Metallic bonds

e Hydrogen bonds

e Hydrophobic interactions

And entropy!

F=U-TS




Why are there liguids and gases?
van der Waals EOS

correction factor to
account for

: Correction factor to
intermolecular forces

account for molécule
size
ﬁ Temperature

. b 0
(P+-3)(V—b)=nRT

@ &Measure Volume @ Number of Moles

Measure Pressure

e This is a cubic polynomial with three solutions for V as a function of p, of which two
stable and one unstable.
e Physically that means that there will be two volumes for a given pressure,

corresponding to the liquid and gas state.
e In general a<(, so the pressure is lower than without the correction: van der Waals

forces give an attraction between the atoms/molecules
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critical
point

218 |-------------FEEEEEEEEEE

Ice

The large drawing
is not too scale. A

0.006 |--ee-erermeeeaes
' V a p O r E scale drawing looks

more like the one
above. ,
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Freezing Is a strange phase
transition: Pointy ice drops

+ cold plate

[
1 mm

0]

/’\

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

mbon-Puillet, Noushine Shahidzadeh (Nature Comms. 9



Clausius Clapeyron gives the slope op the liquidus:

Slope~ 1 degree
per 10 MPa

Elephant on an

ice skate:

P~1000kg/1cm2

~10MPa

200 —

150 —

100 —

Pressure (atm)

50 —

Temperature
oK 50K 100K 150K 200K 250K 300K 350K 400K 450K 500K 530K GO0K 650K
1TPa T T ey | Mbor
Xlithexagonal) -1
100GPa T S l00K 62G2a 'X"' EEssssE: S 1 Mbar
Vil oo Hiiiiiiiaaiic
10GPa % 3 S==mmmmmmae: —= 100 kbar
iSSSSSE===_ o
@ v V278K 21 i |
500K, 2216 GPa
1l XV [ 218k 620 MPa oS ivssoc=ssiEE 10kbar
X 245855, 314.3 WP, 164 K, 350.1 MPa
23005 K 2129 MPa ||\ . 209.9 MPa
1001Fa N T Critical point 15
so Id """"" I i quuld 647 K, 22.064 MPa
i i i ¥ T 100bar
¢ EEERRANI
ilwa T i' x EErEr T S
e XI PERERRERI NREE
100k [{orthp- | Freezing point at 1 atm | /" Bailing point at 1 atm 1o
rhombic) 27315 K 101.325 kPa | 373.15 K 101,325 kPa
1
Spevg HARRNNR NN NNNREANRRR RRANI I 1
: IR R (=27
! !
s T =mm T 10mbar
f EEE| qui pour poin
T -~/ 27316 K 611.73Pa f
100Pa T | T ¥ Lmbar
- Vapour
10Fa T 100 pbar
1Pa— —r T T T 10 bar
2250°C 200°C -150°C -100°C  .S507C o 50°C 100°C 150°C 200°C 250°C 300°C 350°C
500 —
400 —
ICE LIQUID WATER
€
£ 300 —
L Critical point
v 373.99°C,
7 217.7 atm @
) ]
2 200
et
= 00 LC/ 00
100 —
Triple point WATER
0.01°C,
0.00604 atm VAPOR

100 200

300

Temperature (°C)

dP

And no skating below -22 °C

ICE

=T85G
100 atm

(C/

=1},
el 50 atm

LIQUID WATER

—1,0°;

?1 atm

©® -o.5°C,

100 atm

Triple point
0.01°C,

0.00604 atm

-1.0

I
—0.5 0

Temperature (°C)

\
0.5



-3 WIKIPEDIA

* w3/ TheFreeEncyclopedia

2. Premelting. Let’s think about surface tension and wetting
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 (7},,). The thickness of the film is temperature (7') 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 7 ,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.

History

The first to mention premelting might have been Michael Faraday in 1842 for ice surfaces.[!] 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]



Digression: what 1s a surface tension?

Molecular Dynamics ulr) =4e 1\ 2] 5
Liquid-vapor interface
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Surface tension

In a liquid, molecules are in a condensed state. 000 ®g0%0 09%¢0
0909009090 404000
A molecule in the bulk: 0%0¢00¢0% 0 g 0¢0 e
cohesive interaction OO L) U000 OO
with neighbouring moelcules (YT ) 9 0900 ¢ 00e

A molecule at the surface
0000000090090 0¢0e

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).

Liquids tend to reduce their surface.

E 47T 3
ere ———= = —
P 15—

smallest ratio of surface to volume

rface to volume ratio=6/r)




surface tension: a force (/length)

Many movies: DVD “Interfaces mobiles”,
(coming with the De Gennes/Brochard/Quere book... )



How to measure the Surface tension?

balance

The Wilhelmy plate technique

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.

F

V= Pcos6@

Perimeter P = 2(L + t)

Du NoUy ring method

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

f is correction factor which depends:

F -Ring (R,r)
Yy = —f -wettability (6)
Pcos@ -fluid density (p)

Perimeter P = 4mR

Encyclopedia of Swface and Collaid Science
Copynight £ 2002 by Marcel Deldker, Inc. All nghts reserved.
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Surface tension

Direct measurement of surface free energy and entropy: not possible for 3d systems
WATER
80

70 .
60 Slope=-surface entropy——_

50 y =-0.1704x + 76.09

40
30
20
10

0

Surface tension (mN/m)

0 50 100
T (°C)
thermal motions reduce the effect of intermolecular
|:> attractions (’ cohesion’).
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Wettability: cohesion vs. adhesion







Cohesion vs. Adhesion: contact angle 6,

drops on teflon




Wettability and contact angles

Three interfaces meet at the contact line:

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

Solide

Young'’s relation

Ysv= Vsi + YipC0SO

Perfect wetting (spreading): ©=0°
Partial wetting: 0° < @ < 90°
Non wetting: 90° < @ <180°
Perfectly non wetted ©=180°

Young Thomas lawrence
1773




Back to ice: does water wet ice?

critical

o b0 00 ... f)oint

The large drawing
is not too scale. A

0.006 [---ee-erreeees
' Va p O r scale drawing looks

more like the one
above. ,

v :\ 100 372




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

O ~0 V()= -C/16

@ — % V(D= -W/I3
7 Voawoy= -W/ 12

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

ILa()=-dV 44/dlI= -W/67° : Disjoining pressure



| Thus: calenlate




Works well for the liquid-vapor surface tension!

204 INTERMOLECULAR AND SURFACE FORCES

Taste 11.4 Comparison of experimental surface energies with those calculated on the basis
of the Lifshitz theory

Surface energy, y (mjm~?)

Theoretical

Material (g) A A/24nD} Experimental®
in ordering of increasing & {@0-28)) (Do = 0.165 nm) (20°C)
Liquid helium (1.057) 0.057 0.28 0.12—-0.35(4-1.6K)
n-Pentane (1.8) 3.75 18.3 16.1
n-Octane (1.9) 45 21.9 216 :
Cyclohexane (2.0) 5.2 25.3 25.5 i
n-Dodecane (2.0) 5.0 24.4 254 &
n-Hexadecane (2.1) 52 253 27.5 3
PTFE (2.1) 38 18.5 18.3 2
CCl, (2.2) 5.5 268 29.7 3
Benzene (2.3) 5.0 24.4 28.8
Polystyrene (2.6) 6.6 32.1 33 E
Polyvinyl chloride (3.2) 7.8 ot aglo 39
Acetone (21) 41 20.0 237
Ethanol (26) 4.2 20.5 22.8 &
Methanol (33) ' 36 18 23 4
Clycol (37) 5.6 28 48
Clycerol (43) 6.7 33 63
Water (80) 37 18 73 -

H,0, (84) : 26 76
Formamide (109) ; 30 58




ILau()=-dV 4/dI= -W/67° ‘ Disjoining pressure

Israelachvili, J., Intermolecular and Surface Forces, N1 =Nvapor
Academic Press (London, 1985), p.145

W =W+ W, No=Nwater

W= 3T (£:00£4(0) y  £(0)-63(0)

AT Ve (0)+es(0) " £2(0)+e5(0)

and

W .= 3hve (n12-n3?) |§ N2*-nz?)

v>0 "
8\/2 (n12+n32)1/2(n22+n32)1/ 2{ (n12+n32)1/2+(n22+n32)1/ 2}

W positive -> pressure tends to approach the two surfaces -> no
wetting
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\;(-'? ice / ——— ’
= 1,320 ‘ | “~=Qu. -
a ] w s Eapenewnial :
1,316 1 % | :;::r-;_e. h sl 47 0 (Th) and pad 46 D 1 kquid :
0 5 0 5 10 15 20 25 950 503 555 r |
Temperature, °C LK)
n >n : WATER DOES NOT WET ICE Small differences, large absolute value:
SR probably irrelevant contribution
Israelachvili, J., Intermolecular and Surface Forces, n1=nvapor
Academic Press (London, 1985), p.145
W = Wv=0 + Wv>0
3 €1(0)-&5(0) y / €2(0)-€3(0)
W= 3 KT )( )
€1(0)+€3(0)" " €2(0)+e3(0)
and
W, = 3hve (n12-n3?)|(n2?-n3?)

8\/2 (n12+n32)1/2(n22+n32)1/ 2{ (n12+n32)1/2+(n22+n32)1/ 2}



Wettability and contact angles

Three interfaces meet at the contact line:

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

Solide

Young'’s relation

Ysv= Vsi + YipC0SO

Perfect wetting (spreading): ©=0°
Partial wetting: 0° < @ < 90°
Non wetting: 90° < @ <180°
Perfectly non wetted ©=180°

Young Thomas lawrence
1773




Usual Zisman Plot

Zisman Plot for a Low Density Polyethylene Film
1.10
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Modified Zisman Plot (Silanized Glass)
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Contact angle of water on ice

Contact angle ~ 12 degrees at freezing: no wetting

0 °C e

| | | | |
262 264 266 268 270 272
T(K)

X
X




Premelting film?

critical
e ,_ooint
1 | - - - p— 1l a0 S R
atm \
Premelting?
5 trlp_/e
0.006 [
i : HisdeLal
vapor : R
700 374

/: :
¢ oy T°C

)= -W/64° + Au =0 Mechanical equilibrium
Leads to [~Au 173 ~ AT-1/3 temperature distance fr




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

Surface melting of lead

B 100f (Frenken vd Veen 1981)

mmm X-ray diffraction

- X-ray absorption Pb (110) surface melting
’g m Ellipsometry
£ 104 | ™= Molecular dynamics {15
v F
wv ]
CIC) g 10 @

£ S
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= 5 S
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=/ : E
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Motivation

A MODEL OF ICICLE GROWTH

Icicles are nice to

on buildings

reveals
recognized that icicles are also a problem. They may fall
on people and cause serious injuries. When hanging from

By LASSE MAKKONEN

(Laboratory of Structural Engineering, Technical Research Centre of Finland, 02150 Espoo, Finland)

ABSTRACT. A theory of icicle growth is presented. It is
shown that icicles elongate as hollow tubes of ice with
liquid water trapped inside the tip. A time-dependent
computer model based on the theory shows that the growth

look at, and the

In cold areas of the world icicles are commonly seen.
Wherever cold water flows from an overhang at freezing
temperatures, icicles will form. They hang from the roof’s
of buildings, ledges, and tree branches after periods of
snow melt or freezing rain, and as a result of water
seepages.

Icicles are nice to look at, and they are useful in that
they can be used as a guide to the quality and movement
of ground water (Reesman, 1973), and that their formation
on buildings reveals thermal leaks. It is not always
recognized that icicles are also a problem. They may fall
on people and cause serious injuries. When hanging from
the roof of a railway tunnel they may penetrate the

thermal le:

been made (Hatakeyama and Nemoto, 1958; Laudise and
Barns, 1979), but the only quantitative study of icicle
growth is that by Maeno and Takahashi (1958[a]), in which
empirical  relationships  between icicle growth  and
environmental conditions were obtained by laboratory tests.
In the present paper, a quantitative theory of icicle growth
is developed. The theory can be used in simulating the
evolution of the shape and mass of icicles.

leaks.

that the diameter of the pendant drop, and the diameter of
the tip of the icicle, is 4.8—5.0mm regardless of growth
conditions (Maeno and Takahashi, 1984[a]).

When an icicle grows, the latent heat of fusion released
in the freezing of ice beneath the water film must be
camnuad Feam tha ica/watar intsrface The rate of heat loss

are useful i1n that

| PO e S

small and heat conduction to the interior of the icicle is
negligible. The water l'glm on the surface is supercooled
only by less than 0.02°C everywhere on the icicle walls
(Hillig and Turnbull, 1956), so that changes in the film
temperature do not significantly contribute to the heat
balance. The pendant drop, on the other hand, may cool
more significantly and may therefore release heat to the tip
of the icicle.

Icicles are long spikes of ice. In order to form, their
growth in length must be typically 10—30 times faster than
their growth in width. When idering a cross ion of
an icicle, there are two surfaces growing horizontally and
one growing vertically. Therefore, the elongation rate of the
tim AF an inisla ie tumieally 2N—&N times the radial erowth

It i1s not

vertical and horizontal heat-transfer rates from a cyunaricai
body are of the same order of magnitude. Yet, we know
that icicles do grow much faster in length than in width.
There is only one plausible explanation of the above-
mentioned paradox. As the observed vertical growth rate of
an icicle is much higher than one based on heat loss, it
must only be the vertical dimension of the tip of the icicle
that is growing fast, not the mass of ice. In other words,
aha slm A sha isisla munet arnw wverticallv ac a thin cover of

always



Controversy

L) I | W 574
* |cicloWggow towards an I
ideal mathEMGgical shape o
(=]
8 —
wH
8
[=] =
¢ b2
[ (@)
L l L

;T

1 Icicles exhibit ripples with
TR - a universal wavelength of
~Icm

-

)

4
Ny
Vo

pari i

A o N

p

-4000 4000

(b) © (@

* Phys. Fluids Shorts, Goldstein., 2006, 18, 083101

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

% New J. Phys. Morris et al., 2013, 15, 103012
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Experiment
!

0.26 g/L NaCl

Similar to the work of Stephen Morris (A.K.A. ‘the Iceman’) and collaborators
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Instability?
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Liquid solid interface Perturbative correction: amplifying wave
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* New J. Phys. Morris et al., 2013, 15, 103012
T Phys. Fluids Ueno et al., 2007, 19, 09360.




Ripple theory

Air L >L

Ice

Assumption: complete wetting
Outcome: wavelength ~capillary length

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

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

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




