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Shear viscosity v.тas investigated with reference 
to t he dis1ocation mechanism of shear flov-т typical of 
cгystal s. ТЪе activation energy of dislocations in met
al and ion crystals И is kno\vn to Ье 103- 104 times as 
low as t he atomic bond energy Иь. DescгiЬing numeг
ically tЬе viscos ity of а dust crystal witl1 tЬе above 
foгmul a гequires that Uweгe 1500 times \ оwег than 
Иь = Z21iT/ 6 [Shavlov and Dzhumandzhi, 2010]. ТЪ е 
\Т iscosity of а dгор stгuctшe estimated wit \1 tЬе acti
\Тation energy И = Иь/ 1500 was т~ = 10- 23 Pa·s at 
Z = 104, which is mLLch lowe г than the аiг \Т i scos i ty 
10- 5 Pa·s. Ноv-теvе г, already at Z = 105 tl1i s viscosity 
can геасh or even exceed the аiг viscosity. 

Tl1e viscosity increase may lead to а d ecгease in 
convecti \Тe theгmal condнctivity. Fог insta11ce , in 
some co11vectio11 proЫems, t l1 e Ray leigh nL1mbeг 
R = g~Ad3/(xµ) са п cЬaracte гi ze the staЬi li ty of gas 
i11 tЬе gra\Тity fi e ld in the ргеsе11се of а dovvnvvaгd 
tempe гatшe gradient А, v\Тh еге ~ is t l1e tЬeгmal ex
pa11sio11 coef'ficient; х is tЬе gas theгmal diffusi\Тity; ~t 
is t he k iпematic \Тiscosity; d is t l1e characteristic liп
ear size of t he structнre. Viscosity сЬапgеs coпtrol 
tЬе presence (аЬsепсе) of fгее convectioп and the 
heat traпsfer гаtе. 

Tlшs, stГLLctшe formati ол Ьу vva ter d горs i11 ал 
atmospheri c c loud сап chaпge поtаЬlу its l1ydгody
пamics апd heat t raпsfer pattem s. This effect шау Ье 
шоге pгoшinent i п tЬе cloнd s that contaiл ice cгys
tals witl1 their clыrges teпs of tiш es those of \vateг 
drops. 
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The ex isteпce of spatially ordeгed structuгes of 
water drops a11d ice crystals i11 atmospl1e ric cloнds 
and f'ogs, as well as theiг effect 011 шесЬа11iс апd ther
mophys ical propeгti es of clouds арреагs to Ье quite 
realistic. This pl1e11omenon is wогtЬ being stt1died iл 
detail iп teпns of atmospЬeri c pl1ysics, as v\Тe ll as iл 
teпns of Eaгth 's cгyology wl1icl1 is а scie11ce that deals 
with objects co11taiпiпg vvater пеа r or belo\v t he fгeez
ing ( cгystallizatioп) point. 
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Electгocheшical сопоsiоп at t he шeta l-i ce iп te гfacc l1as Ьееп ex ploгed iп l аЬогаtо гу Ьу measш· i пg соррс г 
соггоsiоп гatcs at t l1e fгоп t of \\'ate!' c r·ysta lli zatioп , as "'ell as t l1 e c l ectгode poteп t i a l s of some metals iп \Vateг 
апd iп ice. Tl1e ехрегiшеп tа l data \\~е ге L1 sed to test а 11L1111 ei·ica ll y gгoш1ded 111odel of со ггоs i о п acce l e гat i oп aL 
t l1 e cгysta ll i zat i o п fгопt. 

Desig11 of foш1datioпs with геgагd to pгocesses i 11 
fгozen groll11d is ап iшpoгtant eпgineeri11g isst1 e i11 peг
mafrost areas. Sigпifi cant daшages are i11сштеd уеагlу 
fгom coпosion of engineeгing stru ctшes associated 
vvitl1 electгocЬemical гeactioпs i п vYЬi c li metals loose 
atoms - апd, hence, tliei г mecl1 aпic stгeпgtl1 - at coп
tacts \Vit l1 ice and i ce-гich soi ls. Ассогd i пg to ехрегt 

appraisa \, coпosion of pipelin es laid in permaf1·ost is 
coшmeпsuгate to ог gгeater t \ыл tliat iп tl1e foгest 
steppe zо пе [ Velikotslщ, 2010] , tl10LLgh th e теап aп
nLLal grouпd temperatuгe in t he fопnег is teвs of de
gгees l ovve г t l1 an iп t he latte r'. Tl1e higl1 co 1тosio11 ac
t ivity of'froze11 gгou пd is dlle to t l1 e ргеsевсе of ice алd 
to spec ifi c pЬys icoc l1 e mical pгocesses 011 its s uгface. 
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The e lectгocheтical coпosion of metals гesults 
from half-reactions of meta] oxidation at the metal
Jiquid interface Me -7Meг+ +ze- or, тost often, 
fro m the oxyg e n reductio11 11 a H-г eact i o11s 

( _!_02 +н+ +е- -7_!_Н20) where Ме is t he тetal, z 
4 2 

is its oxidation degгee, and е- is the e lectгon. I n the 
absence of oxygen, а few metals \vit h negative elec
t t·ode potential may reduce hydrogen ions instead of 

oxygen redнctioп, nameJy н+ + е- --7 _!_ I-12 . Coггosion 
2 

тау a lso occur Ьу а cheтical гаth е г thaп e l ectгo
cheтical m echaнism: Ме +Ох --7 Мен + Red , \Vhere 
Ох, Red аге the oxidized анd геdнсеd foпns of the 
reactaнts, гespect i ve ly. 

We have explored coпosion at the metal -ice i11-
teгface (wJ1ere ice acts as liqL1id) iп labo гatory Ьу 
тeasuгing copper сопоsiоп гates at tl1e f'гонt of \Vateг 
cгystalli zatioп апd ice тe l ting and t he electгode po
teпtial s of AJ, CL!, Fe, and РЬ in ice. Then, оп th is ba
sis, \Ve tested а teпtat i ve model of the coпosion pгo
cess. 

The expeгiтenta l ргосеdнге consisted in гecoгd
ing electгi ca l co11dL1ctivity vaгi ation s iп а thin meta] 
f'ilm [Shavlov et al., 2006], vvith the basic assш11ptio11 
tlыt тeta l atoms involved in t he геdох гeaction qllit 
the electron tгanspo гt pгocess thL1s d ecгeasing t he 
coпdL1cti vity. Tl1e method a llovved гecordiпg coпo
sio n \vl1i] e it is going 011. We L1sed thi11 сорре г films 
deposited on qllaгtz ог \VO\'eп-glass гei11foгced "''a feгs 
in а VUP-5 theгmal vacL1um еvарогаtог. Th e fi]ms 
]1ad а SL1rface агеа of 0.5 х 2.0 ст , at an e l ectгod e 
spacing of 2 cm, а гes istance aboL1t 10 Q , a11d а tem
peгatuгe coeffici ent of гes i sta n ce aboL1t t hat i11 соррег. 
Tl1 e aveгage tl1ickп ess of t l1 e filтs 'Nas 20 moпoat
omic layeгs (estimated fгom t l1e amoL111t of evapoгat
ed тeta l and the dista11ce to t l1 e vvafel'). Tl1e fi lms 
\Vеге ex posed to аiг fш тоге tЬап 12 hoшs, vvh ereby 
ан oxide lауег foп11 ed on tЬ e i г sнгfасе and the гesis-
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Fig. 1. Measured (1) and predicted ( 2 ) tiтe 
dependences of the surface density (!) of copper 
atoтs involved in the reaction. 

ta11ce staЬilized. Tl1e films t hat wei-e exposed to air 
for а long time wei-e noted to Ье то~-е vL1ln eraЬl e to 
coпosion i11 the following tests . Accoгding to its posi
tion in the гeactivity seгies, соррег can сопоdе 011ly 
Ьу redнctioн of oxygens, the redнction of hydгoge11s 
being theгmodynamically forЬidden. 

А prepai-ed copper film, with а 3- 4 m.ш di-op of 
distilJed water рошеd on its surface, was vacuшned 
iп ан enclosed vo lume. The drop parti ally evaporated 
and froze Lip quickl y Ьу heat loss with vарог. As the 
dгор fгoze нр, the film гesista11ce iвcгeased iпevers 
iЬl y for -2 %, as measured vvith а V7-34A ohтmeter 
to an епоr less than 0.1 %. In some tests, wate r \vas 
f'rozen with а 11itгogen cгyostat but the resistaпce 
cha nge \vas t he11 less prominent , poss iЬly, because 
cooliвg vvas slovver. See Fig. 1 ( cu rve 1) fог ал em
pirical surt·ace deвs i ty time seri es I( t) of the reactant 
соррег atoms since tЬе oпset of cгysta!Ji zatioп (sur
face densit ies \Vere calculated fгош tЬе resistaпces of 
t he Шms). The film thickпess cЬange was -5.10- 10 m, 
or аЬонt опе monoatomic layer. Repeated tests with 
\Vater freez iлg at tЬ е same film surface site gave mоге 
or less tЬе same film tЬickness decrease. Thus, coпo
sion appareвtly developed with sufficient aтounts of 
the iвitial reactaпts, апd нeit]1 er t he latteг воr tl1e re
actioп prod нcts we1·e involved in diffL1sio11 tгапsрогt 
to and from t he 1·eaction fгопt. Corros i oп may Ье coп
st rained Ьу t l1e reaction potential ba rri er it has to 
oveгcome . No corros ion acce leгatioв \'v'as obseгved оп 
ice melting. 

Note that t he irrevers iЬl e condu ctivity decrease 
of t l1e соррег film о п water crystallizat ion vvas поt 
dL1 e to а 11011-chemical process , sн ch as mecЬaпi ca l 
disturbaпce of the film surface Ьу fгict i oп on ice. Tests 
\'v' ith nоЫе metals ( e.g" silver \vl1i ch is si milar to cop
per iв its mechanic propeгti es ) did поt show апу re
s i staвce с lывgе on water cгystallizati o n . 

The measuгed metal electrode poteпtial s in ice 
have impli cations fог t he tЬ eпnodyn amic effic i eпcy 
of а react io11. Diгect poteпtiaJ measuremeпts аге dif-
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Fig. 2. Time dependences of the potential ( И) of 
copper-lead galvanic couple and the temperature 
( Т) of cooler during water freezing. 
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ficlllt becaLtse of hardly геmоvаЫе polari zation of 
e l ectгodes associated \>J ith their passivatioп a11d oveг
pote11 t ial оп ciгcLt it closi11g. Тhегеfоге, the mai11 foc Lt s 
was о п the be h avioг of vo ltage i11 ga lva11ic collples 
foгmed Ьу e lectгodes of diffeгeпt metals a11d а liqllid 
(dist ill ed \Vate г) as the l atteг fl'oze up. Water 'Nas 
cooled dow11 wit l1 а сооlег совпесtеd to а tlow t l1 e г 
mostat. The pote11 tial was meas Ltгed to а 11 епоr of 
±10 mV; the tempeгatшe absolLt te епог \Vas ±1 ° С. 

F i gшe 2 shovvs typ ical voltage авd temperatшe 
time se гi es . Tl1e galvaпic collple co 11sisted of а соррег 
(posit ive) апd а lead (л egati ve) el ectгod es . The po
te11tial diffeгeпce betvvee11 t he e lectгodes iл vvateг \.\ras 
0.17 V. As tЬе electrod es wеге polari zed, t he potent ial 
of th e couple vvas less t l1 a11 that fог t he sta11d aгd elec
tгode poteл ti a l s of 0.47 V. Cooli11g caused almost л о 
voltage сЬавgе. Afteг t l1 e liquid in t l1 e space bet\>Jeeл 
the e l ectгodes fгoz e Ltp as th e сооl е г tempeгat L1гe 
reached - 8 ° С, vo ltage iл cгeased to 0.38 V. Voltage i11 
tЬе ga l vaлi c coLtples Cu - Al, Сн-Fе , алd Fc- Pb be
lыved iп tЬ е same vvay: i п сгеаsеd Ьу а facto г of 1.5-
2 as t l1 e liqнid froze Ltp . Wh e11 ice lllelted, t l1e poten
tials геtнгnеd to the pгevioнs valL1 es fог v\rate г. 

Tl1e obseгvecl fгeez i11 g- гe lated be h av i oг of volt
age iл ga!Yanic coнples iпdicates tЬat tЬе staпda гcl 
electrode poteп t ia l s in c гease at t he \vater ~ ice tгan
siti o11. As а гes нl t, t he геdох reactions in ice, in clнd 
iпg сопоs i оп , а ге шоге t l1 eпnodyп amicall y efficient 
than t hose iп liqнid , t l10L1gl1 the vегу pгocess iп ice 
may Ье slo\v. 

Tl1e ехрегi meпta l data оп сопоs i оп of metals at 
the cгystallizat ioп fгопt \Vas explaiп ed Ьу пoп eqL1ilib
гiш11 accumнlat i o 11 of ice с lыгgе са ггiегs (iоп апd oгi
e11 tat io11 defects ) гepul sed Ьу t l1 e ice [Shavlov and 
Ryabtseva, 2007]. Tl1ese сапiегs тау diffllsc to \>Jard 
tЬе ice- metal i11 teгfa ce vv l1 e гe t hey гecomЬi ne vvit l1 
e n eгgy гe lease. The гe l eased е 11 егgу сап Ье fшtheг 
tгa11sfeпed to t l1 e 1·eacta11ts Ьу теапs of co ll is i oпs and 
L1 sed to ОУегсот е t he гeaction Ьаггiег, \>J l1i cl1 pusl1es 
Ltp t l1 e coпos i on. 

Tl1 e con ceпt гation N of noлequilibгiL1m c h a гge 
caпie 1·s гeqL1iгed to accouп t for the cxpeгim eпta l S LJГ 
face d e пsities of t l1 e г eacta n t сорр е 1 · ato ms 
(! = 2· 10 19 m- 2, f ig. 1) \>Jas calc нl ated as N = I/ L, 
vvheгe L is tl1e diffнsio 11 length. Tl1 e obta in cd va lLJ es 
v\r e гe N = 1025 т -3 (at L = 3.10- 6 111) fог iоп defects 
(Ьуd гоgеп and Ьyclгoxid e i oпs ) a11d N = 1028 т-3 (at 
L = 2.10-9 m) for oгientat i o п defects. T l1e l atte г co 11 -
cent гatio11 is гca l ist ic be i11 g about t l1 e equilibгiL1111 
con ce 11 t гat i o11 of oгie11tat i o п defects i11 vvate г v\rhil e 
the foгllleг valLtc сап n eveг Ье ac l1i eved in pгact ice as 
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it is огdегs of magлitнde in excess of tЬе eqнilibгiulll 
concentгation of protons in water (1020 m-3) . Thu s, 
t he Oiieлtatio п defects аге the most ргоЬаЫе сопо 
siоп ageпts 011 wateг cгystallizatioп . 

We calcнlated tЬе concentrat io11 of o rientatioп 
defects at the crystallizatioп fголt апd t l1 e in tensity 
of theiг гecoll1Ьi11atio11 iп ice ап d iл wate г. At а lovv 
cгystalli zation rate, almost all 11onequilib1·iLJlll defects 
(99.5 %) vveгe found to Ье 1·epulsed Ьу tЬе crysta lliza
tion fгоп t and to гесошЬiпе iп wateг, авd onl y 0.5 % 
гeco lllЬiпed iп ice. At fast c гystalli zation , instead, t l1 e 
пo11eqL1ilibгiшn defects гесошЬinеd lllost ly iп ice fо г 
tЬе lack of ti llle fог гepнls ion. Note tЬ at tЬ е гесошЬi-
11а t i о11 en e гgy iл ice is mн c h 11i g l1 c г tl1aл iл vva te г 
(0.68 agaiлst - 0.03 eV, гespecti ve l y) алd is su fficieп t 
to oveгcome t he coпos io n Ьаггi ег, v\rhi ch is 0.52 eV 
fог соррег. Тhе геfоге, 0 11 е can expect соггоs iоп to Ье 
tl1e most iпteл se at а Ьig l1 cгystalli za tion гаtе. It сал 
exceed the i sot l1e г111al сопоs i оп al геаdу afteг th is гаtе 
becomes fasteг t lia11 10-7 m/ s. 

Ву t he potentia l Ьаггiе г of e l ectmcЬemi cal co1·
гos i o11 vYe mea 11 the e 11 eгgy-co11s L1111i11g foпnatio11 of· 
hydгogc 11 io11s, i.e., t ll e active pa гt i c1es гeq lliгed fо г 
t l1e 1·eaction. We ЬypotЬ es i ze tЬ at l1 ydгogen ioвs шау 
foгm d н riлg d issocia tio11 of \\rate г lllo lecu les at t he ac
c0 Lt11 t of tЬе гeco111Ьi11a t i o11 епегgу of oгi c 11 tatio 11 de
fects . Iп t l1 e case of' cl1 ellli cal co rгosioп , tl1e геасti о п 
Ьаггi ег coпespoпds to t l1e евегgу 1·equiгed fог оУе г
соm i 11g s l1 oгt-d istaпce ге рнlsiоп i n tЬ е гeactaлts . 

The discL1 ssecl шec lian i sm of' coпos i on acceleгa 
t i oл is гаtl1 е г LJПi Yeгsa l. It тау accouпt fог i11 te11sifi 
catio11 of апу гcactioл s i11 fгozen li qLtid v\1l1icl1 are coл
tгoll ed Ьу t l1e capacity of' OYeгco ming t he pote11t ial 
Ьа1тiе г. 111 add it io11 to t he сопоs i оп issues, otheг ap
pli cat io11 s аге im pгovi n g the t ec l111ology of 11011de
stп1ct i Уе lovv-tempeгatшe stoтage of Ьiol og i ca l pгep
aгations апd med icines, 01· food . 
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