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MELTING BELOW. ZERO

New research shows how a layer of water on the surface of ice—even
attemperatures well below freezing—can influence everything from
the slipperiness of a skating rink to the electrification of thunderclouds

by John S. Wettlaufer and J. Greg Dash

he first weather report of the vear warning of a

eold snap sers homeawners o the task of insulas-

ing their most vulonerable water pipes, They know
thar preventing the water from freczng inside the pipes wall
avert damage that could happen as the warer tims solid and
expands. Bul wlial many people do not koo is thar they are
also puarding against an even grearer pressure generated be
cause the surface of the ice remains liguid.

The freezig ol waler and the mnelung of e are among the
mast commmon and deamatic examples of matter changing
phascs, vet basic aspeers of how these rransfarmarinns cocur
have long puzzled the physicists and chenists whio study them.
Tn the past 1.5 years, researchers have discovered some answers
1 & thin laver of waler, only a fow molecules thick,

This quasiliquid flim, a natural state of solid ice formed by
a process called surface melnng, bears some structural char-
acteristics of the solid below 1t but has the mobilioy of 2 foid.
Lyespite its mucroscopic size, this Alm plavs a central role in
the basic principles of melring and freering—and in rtheir
iy enviromnental conseguences, Working both as a path-

2 BUENTIBIAMERIGAN  Febroary 2040

way for Dowing water and ws a carrier ol elecirical charge,
this shck coanng has the power to force boulders fram the
ground and o blast lighming bolts from che sky.

Snowhalls and lee Skates

( ')n hearng the teom *suctace meling,” one's lest reac-
_A non maght Be toormagine how a solid melts from s sur-
face inward as it is heated. A par of burter on a stove or a
lump of soldsr uonder @ soldering iron begins 1o liguely o ils
surface simply because the aurside is hatrer than the inside.
But surface melting relers speabically o a less obvious offect:
event If the sohd 15 the same temperature inside and our, it de-
velops a thin coating of its liquid phase ar several rens of de-
grees Celsius below the overall melting point,

Lo understand the physics of surface melting, pcture your-
self deep inside an ice crysral; where the warer malecules
adopt a hixed and repeated pattern that builds a vigid latlice.
As you move fram the erystal’s center to s surface, vou pet-
odically encounter warer molecules, cach one neatly conrdi-
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FILMS O WALER make
e surfaces shek for skarers,
even ar remperatures below
freezme, because warer mol-
ecules i the 1ce crystals bose
therr rigidhey as they extend
innee the open air (agbt ).

nated with its four nearest neighhors. As vou approach the
crystal’s surface, however, the lattice becomes distorzed as the
outermaost malecules reach our inro rhe unsrecnirsd envi-
romment of the air arcund them, These surface molecules
liave the fewest chemical bonds holding them 1n place, and 55
a rosule they vibrare more violently as the tempueramore warms
than dio the molecules in the interior of the crvstal. At g suff
ciently high temperature  but stll below the nommal meling
point—rhe maoleenles begin o flow in a liquidhke layer [see
whestration aboeel,

The idea that a thin film of liquad exists an the surface of
ice s not 2 new one, but for many vears people misunder-
stood its origin. Anvone who has ever taken sides 10 a snons-

Melseng el Fern

hall fighr knows thar o praduce an effecrive projecrile, the
sorow preeds (o be wel, Doy soowsjust dows o stick logeern
And whar abour the furile amrempr ro manufacrure a “sand-
ball™ an the beach? In the 16305 French scienost and philoso-
pher Beng Descartes wrore down his observations of why ice
sticks rogether. Some 2000 years lacer musings over the same
question challenged English physicise Michael Faraday to he-
win two decades of carelul studies vl snow and ive, *SWhen
wer st 15 sauieered rogethen it freezes inta o lump (wath
water between) wind dows oot full asunder as so muoch weteed
sand or other kind of matter would do,” Faraday wrote in
the fall of 1842, Fxcerprs from Faraday’s diary record the
first movestigation e whae we knove by as surkaee mele
g, I seemed to bum that @ thin lavee ol water coating e
snowflakes must freeze to glue them together "I Tus Jayer, he
comcluded, 15 a nacaral phenomenon of 1ee quse beloswe s
|T.:|1;']Lm}_: ponnt,

Faraday and fellow Brinsh physicise John Tyadall conduct-
ed madepemndent experiments that proved—at least to thern—
that a hguid flim exists on the surface of we at equilibeum,
bur come powerful contempararies were unconvinced, In
1849 James Thompson and his brother William Thampson
{who later became Lord Kelving countered with o suggestion
that the thin layer of warer resales only from the remporary
fowering ol e el poang which cecurs when anther
('rhl:l.'f e contact with the e mereases che pressure aganst i,
Maolecules are packed more tighely i warer than inice, so
hLIEI{."L'(...i“_i_;"l I‘\Jﬂ: u"dﬂr lhi,.' h!l:.!.l:'{] |:‘|;.|.dﬂ.' :!l " | 3k.:||.‘.'1.[[:lr [rJ.NL;-“M.!(;‘
takes the solid a step closer to ies ligquid forn,

This phenamenan, called pressure melomp, became the ae-
cepted explanation foe the slipperiness: of dce and s sl
found 1n many exthaonoks todayv. A simple caleulation, how
ever, shows that pressure melting cannar explain rhis slick
surlace excepl al tenperalures close to jee’y norel melting
poing, A person gliding across a frozen lake on a convention
al skare lowers the meloing ponnr of the e by ne more than a
coupleol degrees €. Sol pressure melong were the only fae-
or, & skate would shide only when the wmperature hovered
around freezing, a rarher unsafe ime ro he our on an ce-powv-
ered lake anvway. To account lor this disceepuney, Frank B
Rewden and T. P [ Tughes of the Universioy af Cambridge ar-
gued in 1939 thar a different factor dominares at lower reme
peraturss: fricoon between the ice and the skate blade creales
enongh hear ro Farm 2 thin laver of water,

Both pressare meling and frictional heating have held sci-
enists” acention for more chan 100 vears, but neither ex-
platns why, as any skarer could rell vau, it 15 50 rricky to
stand still on skates. WNor do these theortes explain the ander-
lying dynamues of frost heave or the elecoritfication of thun-
derclonds, rvo important environmental effects of e [see
Bewe e next treo prages ], For complere answers, we turn hack
to Faraday’s observations of surface melting, ¢ phenomenon
inerinsic ro virrually all solids.

Wer Surfaces

‘.-ll[:hough phyvsicists e addition o Faraday had predicled
A % the exdstence of surface melung by the 19505, no ane ac-
tually ohserved the microscopic laver of liquid on a meldng
sirface wobl the mud- 19805 In 1933 Jowst M. W Frenken
and J. Friso van der Yeen of the Insttute for Atonue and
Molecular Phyvsics in Amsterdam fred beams of ions ar a
crvstal of lead as they heated it to near the metal’s meling
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Environmental Effects of Surface Melting
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THE HARD, COLD GROUND

Hw a fall freeze, tarmers In rock-ribhed
regions such as MNew Hampshite may
awiken 1o an upheaval of thelr previously
cleared ficlds: stones stand on pedestals of
ice needles, and soil bulges up arcund larger
rocks, This occurrence-—called frost heave—
Fell 1] rﬁil'li Al edgrie ultiral ANNYANDE T an
Industrial nightmare, Despite s dramatic of
fects, frost heave owes its strenath 1o micro-
soople gl filrs o the surface of e,

Frost heave begins when chilly air conls
the soil and freczes some of the water near
the top of the greund, but the real damage is
wiraght atter this initial freeze. Molecular
Torces and impurities on the ice surfaces can
prevent the molsture from freczing solid wntil
the termperature drops several tens of de-
grees below zero Celsius, Until then, a micro-
scopic flm of water coats the ice crystals,
which grow between the tiny fragments of
rack and clay thal make up the soil.

Water frorn deeper solls feeds the growth of
the ice crystals. Warm waler conlains maorne
free energy than cold water, and ke all com-
pounds,itwants to reach a state of lowes! free
energy. In freezing solls this tendency trans-
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lates into what scientists call thermamalecular
prressure: warrm water s deawn toweaed areas
where it can lose some of [ts energy by form
g e Comvernienthy, the water bas & built=in
roadway  the liguld films on the ice surfaces.

Waler conlinues o imvade the spaces be-
tween the grains of icy soll until the Buildup
of water pressure there can counteract the
fressire of the incoming water, This lorce be-
tween the ice and soil grains tan grow o
about 160 pounds per square inch for every
degree below zero C, until the e freezes
completely, {For comparison, a service sta-
tion's typical hydraulic ift needs only 21
pounds per square inch to raise a 3,000-
pound car) Mostoften, the soif ruptures under-
grevand long before this pressure is reachad.
Water then flows into the void, where it eezes
into a solid layer of ice. The lce layer widens as
miore water flowvs in and freezes, forcing the
qround above 1o heave

In a recent study at the University of Wash-
ington, Larry A Wilen, now at Ohio University,
designed a simple apparatus that enabled
him o make the Arst direct measurement of a
micrascopic equivalent of frost heave. Wilen
fastuuned a dime-shaped chamber which en-
closed an ice crystal encircled by water. A
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FROST HEAVE, which creares featires sncly ag
thiese stone arcles o the Arenic Okvean iskand of
Spirshergen, begms when masture i the soil
frecres, Warmer warer travels npward alang
thie iquidd Alms ehar eoar the see Gk When the
WIMCT PTCRRITY i?'.:T‘I"'l'.'.'ﬂ the e and sl araims
avercomes that of the incoming warer, the soil
ruptures (Al Water rushes inoand freeees,
aml the ground heaves in respomse (6],

glass plate served asonetace ot the chambaer
and a sheet of plastic formed the atbwer, Be
tween sera and =1 degree O, a flm ot water
formed whiore the fce touched the plastic,

Wilen conled the disk's surface so that its
center was the coldest, The watar at the disk’s
warmer pedge, doven by the resulting thermio-
molecular pressure, flowed toward the cenle
of theace crystal along the liquid Alm. Some of
thewater froze along this path and raised the
plashic cover, ust as growing layers of ice un-
derground pushed soil apart, With Grac
Warster of the Universily of Cambridge, we
fave since developed a theory explaining
the microscopic mation of this liguid Alm
that drives frost heave,

ELECTRIFYING COLLISIONS

On a hot surnmer day we may dream of
cooler fimes—and of ice, perhaps. And
then, with a crash of lightning, ice falls as a
downpeour of hailstones. loe is alse there in the
thunderhead, activaly invalved in the genera-

point, 328 deprees C. From the way the ions bounced hack,
the two researchers deduced that the rigid battice ot atoms ar
the crvatal’s surface became increasingly disordered—and be-
wanl to resemble atoms in a fluid—ar onlv 318 degrees € The
film thickened graduallv as the tempersiure continued w
rise, evenmmally melring the ervstal from the surface inward.
I 1986 Dra-Ming Zhu, then a doctoral stadent ar the Univer-
sity of Washingron, and one of us (Dashi found thar thin (s
of argon and neon underpo pradual phase changes below
their nosmal melling points. Since then, researchers hasve
showen that victually all solids undergo surlave melting,

So it 15 with dce. Several investigarors have monnored the
surface melting of jee in the labwratory, but their conclusions
abomt the thickness of the ilm and its dependence on temper
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anirg are not abwavs consistent. The vanabilicy may stem part-
Iy from difficultes interprering results of multiple techniques,
Oiptical rechnigues, bor example, record che densiey difference
berween the bqud film and the solid ice by the way sach oo
fleces lighe, Another method examines the srrucrure of the
crystal surface by measuring the way il scaltirs x-rays.

An addirional facror thar can widen the gap between the re-
sults of expernnents using the same instrument is the grear wne
sitvity of the liquid film to impurities dissolved in the waer,
Atrharne impurities, most aotably salts and carbon dioxide,
wan make their weay inoo the mstrument and haild up on ice
surfaces during freezing, We are just beginning to explore thelr
influence on surface melring, but recent theoretical work by
ong ol us {Wetllauber] suggests that impurices enhanee surface

Meltinge Below Zero



Lion of lightning. One of the most spectacular
phennmena in everyday life, hghtning was
once explained as the thunderbolts of angry
ands; in a later age it stimulated research on
the basic nature of electricity. As it turns out,
the microphysics of ice holds Lhe key 1o how
charge develops in clouds The electrification
invalves a liquid film—unly o few molecules
thick-— that coats the surface of ice crystals
blowing through Lhe clouds,

Lightning rypically ariginates from the
base of the cloud, where it s cold encugh
1o frecze droplets of moisture, As these
tiny ice coystals nse inupdralls, hey burnp
into large clumps of hall falling to the
ground, The smaller e crystals tend toric
achet upward trom the collision with a
pomilive Charge, leaving an cgual negative
charge on the talling hail. As a result, the
cloud builds up electrical charge—posi
tive charges near the top of the cloud and
rratpelivee Chiargos near the bottom,

Researchers gathered this information
(e obzervations and laboratory sirmula-
tions, but they have struggled 1o sccount
far the amount or sign of the clouds slec-
trical charga, In 19084 Greg ), Turner and C
Lravid Stow of the University of Auckland
In Mew Zealand proposed that the thin
filrms of water that coat the surfaces of
the ice crystals and the hailstones might
b involved in the charging pracess, Five
years later our University of Washington
colleague Marcia Baker and one of us
[Dash) explained how this mighl work:
electrical charge is carried along with wa-
ter that moves from the hailstones 1o the
ice crystals when they collide.

[irian Mason tested this Lheory in our
laboratory as part of his doctaral research,
which he completed in 1992, Mason
weighed grains of ice before and after a
collision using two quartz-crystal mi-
crobalances, which can detect changes in
mass on the order of a few ten-billionths

minuscule mass of a layars of watcr

malecules He zlsa measurad the alectric cur-
rents that flowed during the collisions to de-
termine whether charge maoved with mass.
As Baker and Dashs theary had predicted,
a transfer of masswas atways assaciated with
the movemnent of charge. The growing ice
crystal

which gained a layer of water anly

ICE CHYSTAL

'-i-

LIGHTMNING rypically ongmares from the base of
thunderclouds, where falling hailstones acoumulate
a negative charge during collisions with ice crystals

FLAR i, AMA frre £y it

hundreds of malecules thick over an area of
one hundredth of a sguare millimeter—
adaptred a positive charge alter Lhe collision.

Ir g surprising and significant result, Mason
found that the amaunt of mass transferred was
far yreater than the basic theory of surface
melting, which depends on termperature aned
the size of the crystal, could explain. This dis-
crepancy was one of Lhe essential cues
that led us to develop a mare rigorous
minded of the collisions that electify clouds.
AL the heart of our theorny is a mechanism
that increases the tenden-
oy of ice to liquety feen
helow s melling point a
frarcefiull collision can create
enough damage in the

iee's seelicd molecular latlice
el - 1 el additional liquid,
Rl © on at 10 or more deqrees

Betlorwe 10 pclting point,
Together with impurities, such as carban
dicice, thal are commuonly proscnt on
ice, callisions lead to an increasingly thick
flrr of water, The thickness of the tilm s
impartant becanse it liberates mion lig)
wned ey and charge that can then move
from one loy surtace to another,

Ihe formation of o liguid alter such an
impact also liberates negatively charged
inns that had accumulated near the sur-
face of the jce crystal as il grew, During a
collision, ice crystals and hallstones share
a malted layer, and the growing crystals
lose some of thelr negative lons, That is
how we suspect that hailstenes falling
through the base of the cloud gather the
negative charge fram which lightning
originates,

Further exparimenls and calculations
will tast these new idaas, but there seems
lirtle densbat that the charging mechanism
that leads to spectacular lightning dis-
plays and the forces thal drive frost heave
lic in a layer of water only a few mol-

of agram  sensitive enough to detect the

melnng. As it murns out, the solid e efficiently rejects impuri-
ties that build up in the liquid films because they do nor fir inr
its crvstal lattice, Dissedved salrs, for example. can thereby -
crease the thickness of the film by lowering both the melong
puint of the ice and the free energy of the liquid. _

hlore than 130 vears after Faraday's first observations of
thin Heuid kayers vn the surlace of ice, we are only starung 1o
Lease out the underlying phyacal mechanisms rosponsible for
its shppenness, adhesive properties and vutnight destouctive
power. Many questions remain. What we do know s thar a
better grasp of the nucrophysics of ice will lead us closer to
understanding its environmental eleds. Delving into the
molecular erigins of {rost heave and cloud elecrrificanon are
bt two possible avenues of research =
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hlowing in updrafis (inset).

acules thick.
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