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STUDIES OF THE VAPORIZATION MECHANISM OF ICE SINGLE CRYSTALS
~J. Gordon Davy*and_G._A. Somprgalh
. Inorganic Materials Research Division,
‘ Lawrence Radiation Laboratory
and :
“The Department of Chemistry,

University of California,
 Berkeley, California

ABSTRACT
The Kinetics of the vacuum sublimation of ice single’erysﬁals‘hds

vbéen inresfigated by a vacuum micrpbalanee technique in ﬁhe temperature
range -90°>£e'-hOfC.‘ The vaporization coefficient dv_ﬁ (observed vapor- -
izatioh rate) + (theoretical maximum'rate)'agd the activation enthalpy of
.sublimaﬁion, AH:, vary markedly with tempereture in this range; At fempf
eretures_'beléy‘about -85°c, a, = 1 and Q% equals the"therﬁodynamic
enﬁhalpy of'Sﬁblimation AH° 'Betweeh about -85° and -60°C, a, decreases
’ slowly with 1ncrea51ng temperature, AH* < il Between about -60° and
.-hQ C, av decreases progress1vely more rapidly with 1ncreas1ng temperature
end AH: Qecreases to a hlgh-temperature limiting value of x> EﬁH;' The
effeets.of various experimental peremeters‘such as crYstal orientatien{
doping wifh’impuriﬁies and adsorbed gases on the ice vaﬁqrization.kinet¥ -
'ics'h&ve_elso'been investigefed. Neither grain boundaries nor crystalline
orientation hasvavmeesurable effect'en the.rate; Ice‘doped withLmbne7v
'valent iﬁpurities was found to vaporize aﬁ steady-state rates thet were
| L:uniformlj 1owerfovéi the entire temperature:range of the study.lﬁAlso,

Nﬂsv(gas).and HF (gas), present in the ambient at pressures ~iQ-3 to lOt?
fqrr, reduee and increase respectively, the ice raporizatibn raie-
* fresent‘addreSS° RCAIDavid SarnofffResearch Center, Princeton; New Jersey.

¥ Based on the Ph D. Thesis by J. G. Davy presented to the Unxvers1ty of

Californla, Berkeley, California 94720.
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The experlmental results, along with prev1ous1y reported phy31ca1-

hemical propertles of ice are used to arrlve at a vaporlzatlon mechanlsm
Ice at equ111br1um with the vapor has a surface populatlon of a hlghly

_moblle specles-assumed to be water molecules hydrogen—bouded to only'

one nearest neighbor.- These energefic molecuies are the sourcevoffthe vapor

flux iegving'the surface. At sufficiently 1cw‘temperatu¥es, vacuum vapcre

ization does-nofucccur rapidly enough.tonaltef this_eduilibiium surface

: populdtion) Sublimaticn at higher temperatures however; depletes the"

population to a prOgressivel& greater.extent with increasing-temperature.

 Thus the rate llmltlng step in vaporlzatlon, whlch 1s the desorptlon of

the moblle water molecules at 1ow temperatures, changes to their formatlon :

at hlgh temperatures.
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INTRODUCTION

A thorOughfstudy'of the evaporation kinetics; along withﬁother

- phys1cal—chem1cal propertles of a solid or 11qu1d, may be used to arrive

_at a sequence of steps or mechanlsm by wh1ch molecules from the con-
densed’ phase enter into the vapor phase. Although the vaporlzatlon rates
-tfor many materlals have been measured, vaporlzatlon mechanisms- have been
proposed for only a few, due to the lack of more detalled klnetlc 1nfor-‘
| matlon. Thus, the vaporlzatlon rate of (polycrystalllne) ice has been
‘prev1ously measured by several researchers but none has suggested a |
mechanlsm., Ice is a material of great 1mportance in our ehvironment and
itvis of interest both 1n 1ts own right ‘and as a.prototype of hydrogen-
bonded compounds. ’ |
- We have studled ‘the vaporlzatlon of ice crystal surfaces (the ordlnary
hexagonal mod1f1cat10n, commonly called ice I) into vacuum (free or
Langmuil vaporlzatlon) over 8 temperature range -90° C to -MO c. The
. effects of a) crystalllnlty and crystal orlentatlon, and b) various impur-
ities invthe crystal lattice and the influence of different gases_over the :
vaporizing surface on the euaporation rates were also investigated. In
this paper we report the results of'these inuestigations.and'propose,a
1'vaporization-mechanism that is'consistent.with'the‘ekperimental findings.vv
" and with other'known properties of ice. -
The theoretlcal maximum p0851ble rate of vaporlzatlon J (T) ‘can
- be computed from the equllibrlum vapor pressure Péq of the solid accordlng

to the equation, : :

' o ( mole )‘3
J - \"=——1\
mex \cm“sec

‘ A
P (2MRT) "%
eqg



since in equilibrium the condensation_and.yaporization rates are identical.
Here M is the molecular weight of the’vapcr mOlecules'and ‘R and T

', have their uSual'meaning. It is custqmary to define a vaporlzatlon coef -

J(T

qmax T

- the departure of the actual vaporlzation rate from the theoretlcal maxlmum

fiCient,f a(T), as o (T) Its magnltude is a measure of

By a Clausius- Clapeyron treatment it may be shown that a plot of log J
AHS T

) | | | "h6 » |
equilibrium enthalpy of,sublimation.-‘The second ‘term is always less than

’vs.-Tvi' glves a line whose.slope is where AH; is the
5% of theffirst and if it is igncred the slope can he taken to give LHG
- directly. lf'instead log J vs. 7= is plotted, the slope can be taken
to give'a.corresponding parameter AH::" the activation enthalpy of'sub- B
1imaticn;.'A more detailed discussion of the various'vaporiaation parameters
_is reported'elsewhere.1

" We have found that both the actlvation enthalpy of sublimatlon and the .
vaporization coefflcient for high purity ice decreases markedly with in-
creasing'temperature in the range -90° to -ho°c.- At temperatures below
8s5°c, AHE = MHS and o = 1. Toward -4o°C oM} 'aecregses to a high-
temperature value .AH:vc ;S and a, is already less than O,MIat' L5°cC.
The vapcrizatlcn mechanism of ice changes in cur'temperatureurange of
study, Tt appears that at low temperatures (< -80°C) the rate-limiting
;step in the vapcrization of ice is'the desorption of water molecules,.while
at highrtemperatures (> -4o° ) the rate- limitlng step is the formatlon

) at the surface of water molecules that are held by one hydrogen bond.
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- SELECTED PHYSICAL-CHEMICAL PROPERTIES OF ICE

" The literature available on ice is voluminous and covers a wide range

.of topies; including glaciblogy:end'reports on thevsuitebiiity of ice for

‘airplane runways. Out of this wealth of information we will review only

" those physical-chemical properties of ice which will be of importance in

our attempt to interpret the mechanlsm of ice vaporlzatlon.'wﬁere possible in
thls section, references are given to review articles. :

' Vapor Pressure. The seturatlon vapor pressure of ice is best known

at the triple point: T_ = 273.16°K, P_= k.58 torr. The standard enthalpies

of sublimation at the triplet point and -at absoiute zero are given by
, _ .

.Eiseﬁberg and Kauzmann; AHg = 12 203 and 11,317 keal mole,l respectively .

' A thorough evaluation of the ice vapor pressure, “based on both experl-_
mental‘measurements and on thermodynamic calculations ‘has been made recently
by-Janeso, Pupezin aud Van Hook.3 Tue most exteusiVettabulation.of the -
seturation vapor presSure_of ice'is>coutained iu.the'Smithsonian Meteoro-,

iogical'Tables.h Use of these tables make calculetions’frOm analytical :

expressions rarely, if ever, necessary.

Previous Measurements of Ice Vaporization Retes. The results of all

-previous investlgatlons of the vaporization rate of (polycrystalllne) ice

is given in Flgure 1l, along with the results of the present study ExceptV

as noted the ice samples. used by these workers were prepared by degas51ng

- and then freezing distilled water under vaeuum just prior to performing

their measurements.

Delauey et al.,5 used aAnon-steady-State.techuique_to_obtain'a value -

@ = 0,014k £ .0020 for temperatures between -13° and -2°C, and for an

i. nearly equal'todthe departiug'flux de; i.e., J-i/'Jd <1l
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The two.lines marked D in'Figure l_were.obtained by plotting values of
o, Jh#x for the tWO.runs they report. thevthatethe'predicted rates at
these temperatures are near those observed between -50° and . -hO C.
.However, since “v may depend on J. /J sy it is not certain that these . y
results are directly comparable to the results from free vaporlzation
‘studies (1 ce., J, /J << 1). o
Ba.ranaev6 used the method of Alt] to obta.in the vaporizatlon rate at» _

-48°, -h6°,~and -Lyec. A straight line fitted to these values is marked

B in Flgure 4. Although Baranaev calculated his results assumlng that

J& << Iy the low values G;v = 0.068) obtained make his assumption doubtful.
'Ahother possibility is that the temperature measurements were in error due

to themal-'gradients in the sample. Baranaeu' does not 'state whether_th'e

water from which he froze his sample had.been degassed. |

' Strickland-Constable and B;-ac? used a balance techrique with &
liquid-airtCOoled condenser subtending part of theisolid angle above the a
vaporizihgisurface. Apparentlj they did not degaS"their'water prior to
freezihg;r'Their results, for -55° to -50°C, are shown by the line labeled
“SCB.IiThese"workers considered’gas-phase collisions and'suggestithat a =1
‘Kramers and.Stemerdihé;also_used:a balance techhique andvanplanee_

_parallel'condenser, which they oositioned at distances between l3.and by mm

from the'vaporizing surface. = They experienCed,difficulty4maintaihing a %
uniformfsurface temperaturet' Because of the large scatter of their results -
o between 0.5 and l.4--only their temperature range ( 60 to hO ¢) is
;1nd1cated (between arrowvs marked KS) Forrthese'studies, the;condehser
Mtemperaturevwas‘never more ‘than 12 °C below the temperature'of the vaporiz-
ing‘surface. ThlS resulted in a non-negllgible flux 1nc1dent on the vapor- =
izing surface, which. they took into account._ Withln the.accuracy of-their .Ti;b

results there wAS No annarent tendencv for the 1ncident flux to lower a .
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in.fact they copcluded'théﬁ qv.= 1 dver their temperature‘range and that
departures of J bei6w'the calculated rate were due to'gas-phase collisions
and wallféffects. ' | |

Tgchudi%oused an elethical balance and a liquid-air cooled condeﬁser
poéitianed a few millimete?é over thevvaporizing shxface. After making
'h3 raté measurements between';85§C and -60°C, he concluded that a, =
O.9hvt 0;96 over the temperature range (shown in Figure L betweeﬁ'arrqws
 marked'T§);

, T | | oo ,

. Koros. et al.measured the condensation coefficient of water molecules
on icé5using'a moleculér beam apparatus. In the temperature range -140°
to -115°C, they report a value for oLc of 0.83 £ 0.15. Because these re-

Suits are for cbndensation rather than-vaporization,'they are not shown.
Isono &nd IWai measured a condensation coefficieﬁt of about 0.06
~ﬁetweeﬁ -50° and -80°C; below this temperaturé they.obsefved that the con-

densation:coefficient incregses to abéut 0.5 at -110°C.

Association of Water Molecules in the Vapor. In our consideration :

of ice vaporization thé pdssibility of the presence of watervmolecule
‘polymers such as the dimer (Héo)2 in the vapor has been ignored.

Eisénberg and Kauzmang review various attempts to calculate the dimer
éoﬁcentration iniwater vapor. A dimer/monpmer molecﬁlar ratio of only
about 5 x‘lo-u mﬁy be estimated at'O°C.. More reééntly, Milne and Grgenel.3
‘and Greéne gﬁ_gi;havé carried oﬁt mass~spectrometric samﬁling-of near-‘ |
satuiatediwater Vapor, obtgining a.dimer/monomer ratio Varyingibétween

3 x 10-,h at 0°C and 1.6 x 1072 at 100°C. No measurements of the dimer con-
cehtration in water vapor at'tempefatures below Q°C have been reported.

. While it=is possible that the dimer/ﬁonomer ratio for free vaporization :
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of ice is someWhat‘different than for saturated water vapor, it would need
to be at least two orders of'magnitudevhigheriin order to_be an important_,
- feature in”the vaporization kinetics.

The Morphology of the Ice Surface.‘ The nature‘ofithe ice surface .

has been the subject of actlve interest s1nce the tlme of Faraday, who
1n 1850 proposed that ice at temperatures near the melting p01nt was covered
. by a llquld-llke film. The blbliography now avallable on this- one toplc o
alone isiiong, andvr:‘we' mention here only the review by Jelllnek'}5 The
liquid-like film was postulated to explain the ease with which two pieces
of ice stick together. This property was termed'"regelation" by Tyndall,
but'is now explained as sintering. 'This sintering is attributable to sur;,
face molecules of high surface moblllty, and occurs at measurable speed
down to -25 C or below 1n a water-saturated atmosphere, but only to -3°C-
in a dry atmosphere. For present purposes, this is one of the more im-
portant characteristics of the ice surface: the population of the highly .
dmobile'speciesv(liquid-like or.other) is observedvto:be,greatly'reduced
under dry:(high'net vaporization) conditions. N ' |

~ An electron:micrOScope study of the sublining ice surface has been
published recently}ﬁ»One of the conciusions that could be draWn-from'this
study_was:that the ice surface becomes progressively rougher with increas-

ing temperature above -90°C.

T oM

Structur%7and Lattice Defect%eof Ice. Under ordinary pressures

ice has a hexagonal crystal structure commonly called N
‘ice I. The.structure of the oxygen sublattlce of 1ce I was determined by :
Bragg in 1922 to be that of wurtz1te, ‘but the positions of the hydrogen atoms‘

were in questlon untll 1957, when they were determined by neutron dlffractlon of

Dag ice. Each oxygen atom has two hydrogen atoms attached to 1t along the
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oxygenJQXygen directionsvat a distance of-0”99}2;~ahd_is'tétréﬁedraliy
?sdrrOUﬁded~by fouf oxygen atOms; In ice all thé HOH bond angles are very
_'heaf the tetrahedral angle of 109%°;> Upon vaporization the bond angle for
"tﬁe vﬁpor‘mdlecﬁle changeé to.105°.. ‘v o |
"'A.§ubié form of ice (Ic) has #lsd beenuprepared'byidepositing water
;ébor on'a¢§old substrate. The cubic mddification transforﬁs into hex-

h
‘Much hés_ been writtén about defects in the lattice of real ice, but

a.gonall iCéGI. structure hpon warﬁing abdve:about -iOO°C.
thefe ;eﬁaih subégantial UﬁCertainties about each of the variousrtypés.
Diéiocations; which play a centtal’roleiin ice méchanical properties, are
known to exist in unStrainedvice in very low concehtfations; but quantita-
'.tivelestimétesvvary widely'oy 1 ém-z, Wéﬁbland_Hayéslg; ~,i04 cm-2; 
Fukuda andbﬁigashizo); Aithough dislocations are known to influence the
vaporiiation rate of.NaCI,zl'wé couldbfind‘no effect attributable to them
in ‘ice vapbfizaﬁion. | : |

The moét thoroughly studied ice defects are'those first &escribed in
:1951 by'ﬁjéfrum:' ioﬁic'(H3d+ and HO") and orientational (L'and D, deéscribed
ihvmore detail below): ' These defects account for the observed dc and éc'_
eiectricai pfoperties_of ice. A'serieé of three papers by A. Von Hippel
' and.co-workgrs22 that‘appeared recéntly has shown theat many previous
,meaSUreménts of these pfbperties,have béén'subjegt to greét unceftainty, and
reportgdiQalues are often artifacts of‘ﬁhe'measﬁrihg ﬁéchnique. As a
result, valuesvfor the concentrations, mobilities, and activation energies
'ifor ionié and ofientational défects, péitigularly aflfhe_temperatures of
present interest, must be considered as uncert&iﬁ..

Neveftheless, it should be possiblé to @aké some qualitative commgnts;'

The éoncentration of all point defects in pﬁre ice even close to the melting o
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point is'certainly very‘small (for example, von Hippel et al.zz‘estimate"

the ion concentration at -4° to be about 3 x'101_1

cm-3).' It seems .
reasonablevthat unless defects were in some way directly involved uith the
vaporization of each nolecule; their effect would be too small to be
observable’ | |
The number of defects in ice should in princ1p1e be alterable by doping 23

The total ion concentration in ice doped with strong acids and bases remains
'vsmall, however, both because of their low solubillties and their low ioni-
zation constants in ice 24‘ Orientational defects on the other hand'can‘>
be introduced more readily by doping ' In pure ice,.these defects are
formed by an intramolecular proton jump between bonds (as opposed to the
intermolecular proton jump along a bond which creates an ion_pair). Thus
an L-defect is an oxygen—oxygen bridge without a.proton; a D-defect is a
bridge With two protons. The D-L defect pair ¢reation step may also be
thought of as a molecular rotation, further rotations can separate the
defects (or annihilate them) and once separated they can migrate 1ndepen-
dently through the crystalllattice. o

; Orientational'defect concentrations can be altered appreciably by suitable
doping: each HF or NH3 molecule substituted on an H20 site B
introduces an L- or D-defect. 23 Jones and Glenzsvfound that ice doped
'with HF in concentrations up to 67nppm was softer than pure ice, whilevice'

doped with NH appeared to be harder than pure ice. They attribute the

3
v softening to the formation of excess Ledefects, and suggested that D-defects“
did not cause softening either because D-defects produced by NH# were not
mobile (trapped by NH3), or because Dedefects were immobilized by disloca-
tions. 1If D-defects are not mobile and cannot cause softening'in_the manner

~ of L-defects, then the net result of NH doping is a reductiOn‘in the mobile

3



-9-  UCRL-20530

L-defects ééncehtfétion"bg16w tﬁe.pure ice value aﬁd‘subseQUentihardening.

: Ihé literature on the role of impurities in the ice lattice is extensive.
The impufiﬁiésvprdduée a variety'éf effects (even at very low concentras
tions) many of whith’are bnly partially understood. 'For,a.recent'thorough
reviéw, see.G;qés. | | .

Sincé"bonaing”in ice is predominantly by hydrogen bonds it is not.
surprising that abvariety of-physical-chémicai.phenoména, sﬁch as subli-
ma;ion;zselffdiffusion,_dieléctric‘:elaxatibn, etc.,'réquife’activatiOn
enefgies close to that required té break one‘of_more hydrogen bonds; In
‘fact; the activation energies of diffétgnt molecular processes in the ‘ice
lattice should be predictable after taking_account the lattice relaxation
energy,aﬁout the méleéule-with broken hydrogen bpnds.. An excellent review
of lattice défepts,rdf variqus lagtiée-proceéses and their mechanisms;
~ and theit fé1ationship with the hydrogen-bond energy, is given bylonsager‘

~and Runnels,26

EXPERIMENTAL

ngplé'PreparatiOn. For vacuum yaﬁorizatioﬁ:i;'is desirable to use
singlé‘cf§éfais.of kﬁoWn oriehtation, at least until it can be demonétrated
that neither orientationnnoi the presence Qf'grain bouﬁdaries affect the
obsérﬁed vapofization rate»of:ice.._The method employed by Jona and Séherrer27
was.used'tQ‘prefare-Single crystals of‘ice for most of éur vaporization'
studies. The icevcrfstal gfowth was carried dut in avwaik;in freezer
maintaihéd at -IOfC.. | |

Lafée pieées of véry clear ice are pbtained-from distilled water by
-slow grthh‘ih a 600 ml beaker. Beﬁause icé iS'transparént and opticaliy
active,.évguitéblg'Singlé-crystalline regibnvcan Be readily selectedfhsing
v ﬁolarizéd light and cutting away ffom its neighbdrs with a hot ﬁire.' The

orientation of the
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crystal»is‘determined in a polarizing microscope?BAThe desired sample _
has one exposed face. of known surface area,]so an alumlnum sleeve (5/16"
dla., 1/&" long, O. 005" wall thickness) is melted down into the ice and
the‘excess is trimmed away with a knlfe. .A small thermoCouple (o. 003"
copper;constanten) is welded" to the back face of the crystal with a few
drops of water and then this face is covered. The flnlshed sample is then
ready to be_suspended from.the mlcrobalance. |
Thefsame:growth technique wastSed'to prepare "doped ice samples.
ice was grown from 0.1M and 0o. OlM solutions of NHhOH LaOH, NaOH, HF, HNO3
'NHhF, 1iF and NaF t0'cause thelrvlncorporatlon_lnto the ice lattlce 1n‘order )
'to‘investlgete the‘influence of ‘these impuritlesvon the vaporation rate.-;‘..-
| It is remarkable that while water is-an excellent'solvent, the s01- :
ubility of all these materials in_ice;with the exception'of NH, F, is on
: the order'ofvparts per million or.less?3 NHhF, which is iSoelectronic with
two H,0 molecnles and has the seme crystal'Structnre'as ice has e'solubi-

2
lity in ice of 7 mole percent at the eutectic temperature of 28° 29

How-
ever, large, clear s1ngle crystals of NHM -doped ice are obtalnable only

- for concentratlons below about 0.1 mole percent, for NHuOH and HF the
solublllty llmlt is about 0.01 mole percent (X 100 ppm).- The solublllty

of most other dopants is unknown, but they are llkely to be very low.‘

HC1 and ‘NaOH dissolve only to about 0.1 ppm?h For purposes of;thls drscuseij
slon, the ice grown by the Jona-Scherrer method»from distilled water will
be calléd.undoped. As another method of preparing‘icel(clear; ‘but poly-
crystalllne, with a graln size ~ l mm), dlstllled water with a conduct1v1ty
:below lO (ohm-cm) was degassed under vacuum AR
o - ) . still -
for‘seweralvhours; Then the‘degessed water wastfrozen:(under'vacunm)‘et
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~ a rate of aboutvlo u/sec. These samples we call high-purity, because it
is pOSSible:to'keep ﬁhéir total contamihantklevel lower thanfin the so-

called undoped samples.

"Vapcrization'System:‘“A”diagram'of_thevmicfobalanééHSystem ﬁsed‘to
measure{the7ﬁapof12atidn'rate; J, of iégvis Shown'in Figﬁre 2a. Both
the weightfioss.and the rafé may be continuouSiy monitored és a function
of tiﬁéfby eléétronically taking‘the tiﬁe derivative of the sample weight
change méaéﬁréd by}thé microbalancé. The measured noiSé.lefels are:
 ‘Balancé,‘_£'1 Qg; ‘differentiator, * 1 ug/min; Estimated erfdrs for both
balanée and’ differentiator measureméntsvare dn‘the ofder of 1%. The
miéféﬁalance’and_differentiator'are deséribed in detail elsewhere. . Thus
: with‘thiS'micrdbalance éystem it is poésiblé to obfain accurate absolute
weight-loss orvrate measurehenﬁs continﬁbusl&'and thé_sample temperature
can be.ménitored'Simultaneously: ”

' In‘order to install'thevsamplé.in the vacuum chamber wifhout haste,
we»found it helpful to first insert axminiature:cdid chamber to partially .
surround thg iée samble and kéep_it from'melting whi;e the thermocouple
leads were cbnnected and the sample wQé‘suspended from the baiance arﬁ.
The>cold chanber has two compartments: oné_for'thévsample‘and one which '
isifiiiedIWith a dry-ice acetone slurry. It was removed from the vacUﬁm
.chémber just prior to pumpdown. '- | |

fpnce_evacuation of the chamber has started; it takes less ﬁhah five
,1minute§ to reaéh a steady-state pressuré_ghd sample £emperaturé; frém‘
that time on ifvis pdssible tb obtain vaporization rates. The sample is

thermally isolated in vacuum as indicated by Figure 2b.

~
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."when the”vacuum chamber walls are at room temperature, an 1ce t
sample s steady state temperature is about -68 C. For. lower '
temperatures, most of the chamber walls can be chllled by liquid nitrogen
Within about lB'minutes. The lowest ice'sampleftemperature attainable in

q

the cold vacuum chamber is about -90°C. Since surface cooling giwes a

. vaporizatlon rate too low for the 1nd1cated temperature 1t 1s 1mportant
(especially_at higher rates of vaporization) that the true surface tempera7
'ture_be known. From the heat balance between the_heat loss by sublimation o
and radiative»heat*input one'can-estimate'avtemperature difference of at
most 0.1°C between the,vaporizing front and the covered backside of the_'

sample where the thermocouple is located.p In order to eliminate'possible

surface-cooling,vheat‘is supplied radiantly to the same surface that is

losing it'by'vaporization'as shown in Figure 2b. Thus, under steady-state

‘vaporization conditions, temperature gradients within the solid should not
‘be expected to occur. The radiant heater is a small coil of nichrame wire.p

The.heater control is a‘high-gain‘proportional controller capable of maintaine; '

ing the sample temperature conStant to within 0.01°C. The power,(heat input),a- .

| required to maintain the 0.5 em® of ice surface at -70 C, -60 C, -50 C and

- _ho°C assuming J T nax - h3, 170, 660 and aooo milliwatts respectively |
The lowest sample temperature attainable depends prlmarily on the |

success 1n shieldlng the sample from warm (room-temperature) surroundlngs.,

| The high temperature limit is set by success in supplylng adequate radlant .

l power to the sample surface. It must also be p0831b1e to make a steady-

“state rate measurement before the surface recedes far'lnto the sleeve,'

[
|
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siﬁce iéfiéction‘of watér molecules from the holdef wélls wii;
mddify the obéerved vaporization rétesl'Finaliy, it was observed that ét tﬁe
highest .rates obtained (~ 35 mg - min-;) the sémple.begén to-swing due
to the sizeable momentun transfér ocdurring at the vaporizing surface.
For thé Syétem described here, these difficulties réstricted the measure-
 ments td‘témperatureé'not higher than about -4O°C.

When the chamber is warﬁ (robm temperature), the ambient pressure
- of watér.vapor is measured to be negligible compared to the effective
saturation vapor pressure overvthe'acceSSible temperature rahge;' that is,
the‘fiux»of.watei molecules incident upon thé surfacé is small compared
~ to the flux leaving the sﬁiface.éo that condensation effects need not be
considered. When the chamber is cold, thé ambient preséure is ~ lO-6
torr, and the partial preésure of water vapor is presumsbly much smaller |
than this.

‘Forjﬁvestigating the effects of ambient gases on thie evaporation fate
of ice it is desirable to‘introduce a éas iﬁté‘an isolated chamber to some'
arbitrary pressure and have that pressure remainbreaSOnably fixed;vthis
is feadily accomplished by:haviﬁg'the vacuum chamber wails cold. The
 walls act'aé an effective cryopump for water vébor and ﬁhe background
pressurei riéés at avnegligibie rate. Even for condensible gases such |
.“és ﬁF and NH3, the partial pressure femains fairly constant in the cold

chamber, presumably because these gases first condense and then slowly

desorb from warmer regions of the wall area.
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RESULTS

Vgporizatlon Rates of Undopgd and High Purlty Crystals.' The time.

required to reach a steady-state temperature and vaporization rate depends
on the temperature, but is on ,

/the order of thirty seconds to 8 few minutes. (Cooling to very low -
temperatures takes somewhat longer. ~ hr.'from>¥75° to 80°) ' Conse_
quently, a large number of rate measurements can be carried out on a

' Single samplevin a matter of hours. (ForAsome WarmaChamber'measurements,‘,
over & dozen: experimental p01nts may be obtained in less than thirty
minutes) We have found that for all of the ice samples studied the rate
is a function only ofAtemperature, and not -of the thermal history or of the

~amount of sample vaporized. Even for large temperature changes, the observed
rates become constant at the same time as the temperature. On the basis of

'electron micrographs‘of the vapor1z1ng 1ce surfacel® it appears that the
sur- 7_ . ' . R . . RV :
face morphology that gives the steaoy-State rate develops hy.the time 100CA
(4_306 mOlecular layers) have sublimed,:independent of temperature.
| For-each ice sample, the values onJ; when'plotted as the 1ogarithm -
of J vs T-l, all lie quite accurately on a smoothncurve. The evaporation

_rates of'a typical undoped and a typical degassed.high purity ice sample
as a function of temperature are shown in Figure 3a and 3b, respectively.
The uncertalnty in the p01nts in these figures is much smaller than the
c1rcles_used to represent them.l,Each'p01nt represents a separate deter-
mination»of,the steady-State vaporization rate; the riumbers give the order
in which they were taken. ‘The curves are drawn somewhat above the high-

vtemperature points; & correction was made 1 for the reflection of -

molecules from the exposed holder valls due to the recesSion of the ice

surface.

The results for five samples each of high-purity and of undoped ice
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are shown in Figures 3c-d. The points shown are the averaged rates for

L

five_sampleé,'in incremenfs.of iO- in TL. The baré'inaiCate the Spread.
between‘the‘highest ﬁhd lowest rates obsérﬁéd. The  line ﬁpich would be
obtained if the ice vaporiZediwith.a‘méximum rate is.sﬁowhvfér comparisoﬁ.
The generai shapégof the vdporiiation curvévisbmaintaiped fof'all samples
inciuding the doped samples (to be diScussed below) with the exception
of‘th0se:doped with high’concentrations of ammonia and ammonium fiuoride,
which will be discuséed sepaiately.. The average vaporization rate for
undoped ice is about 10% lower than for high—puiity ice (see Figure 3c);
the rate‘fOr'ice of even higﬁer purity might‘beéliéﬁtly_higher. |

| Fof'a given sample, the vaporization rate at steady state flﬁctuatés
about an average value. The magnitude:of this fiﬁctuation is small for
the-higthurity~&nd the doped samples (<t 5 pg cm-amih-l)vand large for
the undopéd”samples (~ £ 50 ug Cm_emin-l) a@d is independent of.tempera-
ture. The f1uctuation appears to be due to local Variations in impurityf1
content'ahd will be discussed latér.‘

'There.ié a‘spfead’in observed vaporizationviétes from sample to sam~
'ple.for samples.of'the same'type. For aegassed high-purity samples, thev
épréad between'fhe highest'ahd lowest rates observed at #Igiven tempera-~-
. ture is about 10%; for undoped samples,'about'ls%f
| At low tempefatures the vacuum evaporation rates of,degassedlhigh-:
pﬁriﬁy iée éamples apérdach the maximum vaporizatioﬁ;rate Jmai(T)' Un-
doped'crjstais yield rates_at low.temperafures‘that afe somewhat below
the maximuﬁ rate (av ~ 0.9); Nevertheless, below -7550,the activaﬁion
| enthalpy of'sublima_tion, AH: is equal to the 'e‘quilibriu'm)'enth_alpy of

Sublimationé.AH: ='AH§ = 12.2 kcal/mole.withinvthe accuracy of the
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'experiments; At'higher temperatures theZuacuum'vaporization:rate\of_ice
falls'progressively helou the maximum rates. ”Thejactivation,enthalpy of
suhlimation'v AHS decreases with 1ncreas1ng temperature,asymptotlcally |
approachlng a value that corresponds to §AH 6 1 kcal/mole. In Flgure
3d the corresponding variation of the‘vaporizatlon coefficient {fav‘ w1th
increa81ng temperature 1s also dlsplayed. ' . |

Effect of Crystal Orientatlon and Grain Boundarles. The exposed“

Vaporizing surface for all flve:undoped samples reported in'Figures 3c
and 3d was the c-face (c-axis normal'to the'surface) Undoped samples‘
that had other orlentatlons (1nc1uding c-axis parallel to surface) all
had vaporlzation,rates that fell w1thin.the samplehto-sample varlatlonv

for c—face.crystals. Also, polycrystalllne, undoped samples had vaporl-

zation rates 1nd1st1ngu1shable from those for the s1ngle crystals. Obser-f;_'

avation by—optlcal mlcroscope of the surface after_vaporlzatlon (and suo-:“J
sequent‘eXPosure to air) showed, for'allvsamples, macroscopically flat
but rouéhened surfaces. The polycrystalline samples showed no’evidence '

of grain-boundary grooving;

 Effect of Surface Roughness. In every case, the vacuum evaporation

rate, J, is calculated from the obServed'Weight loss and the geometricalv'

or projected surface area of the vaporizing sample. The electron micro-
gcope study by Davy and Branton16 has shown that the surface of a vapor-:

izing 1ce crystal is relatively smooth whlle vaporizing at low temperatures

v(< -85 C for which ., = 1), and ‘that the surface becomes 1ncrea81ngly rough

at temperatures > -85°C (for which a, < l) Slnce many materlals develop'

-a rough surface durlng vaporlzatlon it is necessary to con31der the effect

of surface,roughness on J
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'whén‘theitrue'surfaoe-area exceeds the projected’afeaf It might be ex-
pected that a.sample with a rough surfaoe may vaporize more_rapidly than
one with a smooth surface, but the folloWing points;are important to oona
sidér:»t | o :

(a) If a, = 1, the.vapofiZation rate per'unit of p:ojected.area

is entirely independent of true surface area. This follows from the‘thermo-' o
dynamiCFCOnditiOn that the flux across any plane cannot exceed the flux‘ |
corresponding to the saturation vapor pressure. _MelvilléQShows that if
a;’=.l, the initially largef flux from a rough surface'is reduced'to the.
smooth-surface value because molecules vaporizing from One'part of the
surface can strike another part of the su}face and recondense.

(v) Only in the limit of a zero condensation coefficient does the
vaporization rate become proportional to the true surface area. This limit
is approached by arsenic and phosphorus, as discussed by Brewer and Kane, 3
and by Rosenblatt.3k

(¢) For a single crystal face, the surface area of the vaporiz-

_ ing sample may not be an independent variable.. That is, a sample with an

1n1t1a11y smooth face may become rough and a sample with an artlflcally

roughened surface may become smoother, and J may not take on a steady

value until this occurs.

(d) The inorease in true surface area obServed;on most evapora-
ting s1ngle crystals, even those that become quite rough, is probably less
than a factor 'of two over the projected area, and it may be asserted that
J takes on an intermediate value between J (flat surface) and J .
In sum;'thevlack of knowledge of true surface area'is often not as serious
as it mlght seen, |

Effect of Impurltles in the Ice Crystal Lattice on the Vaporization Rate

sThe’vacuum vaporization rates of the doped ice crystals listed above were
'investigated in order to determine the effect of these impurities on the

evaporation kinetics.
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| Plots'of.the logarithm of the evaboration rate vs Tt for doped

_ samples have the Same appearance.as those for undoped~samples. There'was~
héwevér;,é general-overalltreduction in the vaporization‘rate.' The're;_
sults'for‘a‘number of'monovalentvimpuritiesvare sunmariZedhianablelI

which gives the values_for_the.vaporizatlon coefficient, o = Jdoped/Jmax’

evaluated at -65°C. The effect of one‘trivalent'impurity was investigated;

the vaporlzatlon rate of ice grown from a saturated solution of . Cr(NO3)
was measured. The vaporlzatlon behav1or was 1ndist1nguishable from that
of an undoped sample and there was no suppress1on of the rate fluctuatlon '
"mentioned above.

The results for 1ce doped w1th NHhF dlffered from those for other

d0pants;‘a rate’plot for several such :samples is given in Figure 4. Since

-NHuF is much more soluble in ice than other materials are, it is not
surprising that its effect on reduc1ng the ice vaporlzation rate is more

pronounced: 'av for ice grown from m NHuF solutlon is about 0.06; the

activation enthalpy is sOmeWhat-above the thermodynamic enthalpy of subli-

mation.
Of speclal 1nterest is the behavior of the sample from 1M NHMOH,
whlch was qulck frozen over dry ice. The result was a slush of small

ice grains coated with aqueous ammonia (eutectlc tqnperature -120°C).

When this sample was placed in the vaporization chamber, its first vapori-t:'

zation rate values were well above Jmak due to rapid vaporization of

excess ammonia. It eventually reached a steady-state rate with3'ov,&'6;9 '

over the temperature range investigated up tol-SO°C). .The vacuum
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vvaporiiﬁtibn rates df-doped‘ice.samples were independent'of fime, i,e.,
ﬁhéfe waé.no indication oﬁ/time-dependent éccumuiation of impurities at
thevvépofiéing surface. ' Thus, due to their loﬁ solubilities,the‘sﬁrfaée
concentrationbof impurities shou&d aiways be muchvémaller than the surface’
doﬁcentrafion of vaﬁorizing water molecules.

Effect.of Gases on Ice Vaporization Rate. The influence of the fol-

' ldﬁing gases.on J was inyeétigaﬁgd: Hz, He, Né, 02’,Cdé’ CQHQFq (Ffébn llh),_CeF6
(Frebn‘ll6),HéS, NH3,.HCilahd HF. The gas was admitted to a pressure of about 1073 '
tofr‘whiie thé temperature 6f'the ice sample was such that its saturation:
vepor pressure was about 5 x 1073 torr. Thus, the yaporiéation‘flux and -

the gas flux-incidént on the surface were of similér'magnitﬁde; |
All of these gases except NH , HC1 and HF caused a slight decrease'in
the vaporization rate attribﬁtable to gas-phase collisions near fhe vapor-

rizihg sﬁrfacé.

The effect of NH, was a éonsiderably greater redudtion in the vaporif

3

zation rate. HC1 did not decrease the rate below the evaporation rate in

the vacuum, and HF increased the evaporation rate.

These three gases and N2 as a reference gas were investigated further

to'findvthe temperature and pressure dependence of Jgas/J and the results

are given in Figure‘5a and 5b..
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Effeot‘Of Collisions 3etweeh Vepor . vﬁolecuies}‘ In most discus-
sions of vaporization, it is'assumed.that.the hean free path for the
vaoorizihg molecules ie large .compared to the.rize of the vaporizing
surface, and that none of thevholeeuleS{which leave return as a reeolt
of collisions. At high vaporization ratee:thie COnditioh is'no_longerb
‘met: if avparameter B is define§35‘as that fraction which does escaoe,
then (1-B) is the fraction of molecules which;after their lastheoiliéion
return to the vaporizing surfaoe.h By the law of conservation of momentuﬁ,
this fraetioh‘eannot exceed %, and for'collidihg.molecules with a het :
momentum,awayhfrom the sorface,'the returniné fraetion'willlhe<leés'than
"%, so that P varies only from unity at Low veporization rates, to a minimum
valoe'greater‘than'% at high rates.

Since high vaporization rates occur 1n the present study, it is of
interest to consider the qualitative influence of gas-phase’ collisions
near -the vaporizing'surface. Using as worst-case estimates the calculated
mean free peth'of molecules'in the equilibrium water vaoor, and a minimum_‘
B of k; eod aESuming a hypothetical 0% = 1 over the ehtire‘temperatureh
range, it:iSfoossible to plot the influence of a diminishing meah free .
péth.and B on the vaporization rate of ice samples‘ﬁith ; diameter of‘a
few millimeters (Fig. 6). Note that gas-phase collisions have no 1nf1uence
_on AH in the high and low limits of B, and}/mo‘:;.y a small effect for inter-
mediate values. . Since the high-rate limiting value for AHS actually.observed
.for ice_isvmuch less_than_AH;, the lowering of the observed'a vcannot‘be

A entire1y>attributed to gas-phase collisions. The true a may be somewhat

higher, but the influence of COlllSlonS (which lowers Q ) is' offset by

' sqrfacevroughening_(which raises 0%). Moreover, 1n the case of the IM NH40H :

' sample a cohstaht Q% was observed up to very high rates. Had either surface
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coolingior;gas-phase collisions been importént effects, the pfonounced'
curvature that was exhibited in the rate plots of all other samplesbwould

have been seen for this sample as well.

DISCUSSiON
_Thé foliowing stateménts'summarize the egperimental observations
which may'#é of.Qalue in de#ermining the'Vaporization mechanism of ice
single crystals.
| 1) The vacuum éﬁblimatioﬁ rate of undoped and high-purity ice has
been measured in the température range of -90° to -40°C. The sublimatibﬁ

rates of the
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different samples were reproducible within # 10%_'§ﬁa uere'notidependent
on crystaltorientation'(basal or.ceface vs,7prism'orla-face) cr on cr&stal-
linitj’(single~crystal vs. pol&crystalline'Samples); Thejsteadyjstate’
sublimatiou'rate is’attained just as rapidly as the steady-state temperaturef
2) The:plot of log Jvs. TV is a curve with a'characteristiC»shape '
for all;iceVSamples'(eXcept those grouh from’COncentrated‘solutions'efj
NHhF'and’NHuoH). The activation enthalpy of sublimation AN, is equal
to the equillbrlum enthalpy of sublimation AH vat low temperaturesp:
(< 85°) and approaches a limiting value of about §AHS ‘at high temperatures
(> -4o%). o
3) fhe“surface'cf freely vapcrizing ice is smooth (apartpfrdm'transi} i
ent etch pits) in the temperature'range for’wﬁich dv'esl (<'—85§)"apd'
becames'increasingly'rough in'the'teﬁperature ranget (5';85§C) fdr which
av decreases progressively from unlty.. v
h) Ion1c 1mpurities in ice in very small (ppm) concentrations appear o
to cause a shlft in the characteristic subllmatlcn rate curve’ (decrease
‘the sublimation rate) The 1mpurit1es do not have a cumulatlve effect on
the rate and do not appear to collect on the surface. 7
5) NH (gas) implnglng on the vaporizing surface causes a‘reductlon »
‘bln J, HF(gas) implnglng on the vaporlzlng surface causes an 1ncrease in J;---
_ The most 1mportant feature of the vaporlzatlon characterlstlcs of ice 3
is the-marked curvature in the plot of log J vs. T;l, vlmplylugra large
"chanée in the experimental activation enthalpy AH: within the tenperature . !
trahge'studied (see Figures 2c and 2d).  This feature#has_never’pefore 5eén

reported ‘in vaporization rate studies of ice.
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It will be noted that at low temperatures AH evAHQ,‘ and for the
high- purity samples, av -1, At high temperature it is more.difficult
to_determine the llmiting Slope:with certainty; rate measurements up'to' '
;35° or ;30°CjWOuld”be‘of great value. An argument will be given below
suggesting that the‘probable high-temperature limiting value for .AHE is
'%AH°; as indicated in Figures 3c and 3d. | |

A change of the activation enthalpy of sublimation 1nd1cates a change
‘in the mechanism of subllmation. The observatlon that at low temperatures
the'maiimum‘vaporization rate is obtained 1nd1cates that under these condi-
.tions'the vaporizing species are present in their maximum_(equilibrium)
concentrationvat the surface and are in'eouilibrium‘with the various sur-
face Sites;.-The vaporization’rate'is thus'limited hy the desorption ofb
these water molecules. As the temperature is increased the vaporization 1

but not as rapidly as Jpgx.

rate increases rapidly- as well,/ It appears that the surface concentratlon
_of water molecules that are avallable for vaporization is no longer large
enough to'maintain the maximum rate. There is no longer equilibrium be—'
tween the vaporizing specles and the different surface sites. A lower-
than- equillbrium surface concentratlon of vaporlzlng water molecules would '
decrease the evaporation rate but would not necessarlly give rise to a

enthalpy :
change in the activation/ of vaporlzation;_ Thus, it appears_that_not
onl;7the}surfaCe concentration of vaporizing molecules is changed, but alsop
/that‘the_rate-limiting reaction step that“controls”the-vaporizatiOn rate
has changed from desoprtion of water molecules to somevother reaction step.

Proposed mechanism. In order to arrive at a model for the vaporiza-

tion mechanism of ice we may consider the crystal structure of ice which

is shown in Figure 7. Water molecules in ice have at most four nearest



B UCRL-20530

neighbors; It is possible to_distinguish.between ﬁetervmolecules which
. have, in tﬁrn,_h, 3,'2, and 1 neighboring.weter moiecules.
The medel of ice in'Figure}n is small enongh~so-that.all but ¢ﬁe-o:
' theb"mdiecnleS" ere’part of a surface: of the 39fnoieCules represented r
: there arevéight meleeules with 4 nearest neighbors;'twenty;tWO withv3 f
" nearest nelghbors, and nine with 2 nearest neighbors. No.molecules with
only l nearest neighbor ‘are shown, but they may be 1mag1ned as admolecules‘
on one of the,surfaces._ For ease 1n referrlng to the var;ous spec1es, at: .
molecule with n nearest neignbOrs will be ealled "n-bondedf.: | R
A smooth-lowfindex'ice surface contains equsl nuﬁbers'of h-bqndedeand
‘3-b0nded molecules;'a ledge Will necessarily have a large nnmber of-é-
bonded molecnies;.'A rough surface is one with many ledges and it is not
unreasonsble to assume that the number of 2-bonded water molecules ona
rough surface shbuid be.of the.same‘magnitude_as the nunber of 3-bonded
and h-bonded.
We now make the follow1ng assumptions
' In the temperature range of 1nterest
1)/ the oxygen sublattice extends to the surface without magorv
rearrangement v ‘ |
2) The pos1tions of the hydrogens do not need to be cons1dered
as they are randomly ‘arranged.
| 3) 2-bonded water molecules are present on the surface of freely'v

vaporizing ice in a concentration [W2] that is of the same magnitude as

thejéoncentration of 3Jbonded and 4-bonded water'moleculesfv Because [W ] o -

is so large, it does not change markedly with.temperature; Thls assumptlon N

~ may not be justified for low temperatures at which _a;'zrl,_

ra,




but as will be.shown the vaporlzatlon rate is not very dependent on [W ]
in thls temperature reglon. - It is worthwhlle to p01nt out ‘that vapor-‘
ization.ls not expected to.alteﬁ the population of 3-bonded and-e-bonded
‘molecules because they are replenished at thedsame average rate at which -
they'are'used”up.

4y Molecules with only one neighbor are uniformly distributed o&erv
the:ice'snrface.' These admolecules are also most likely_tne.high—surface- -
' mobility species reSponsible for sintering. (Murphy has proposed that»fv
thesevmoleculesimight owe their mobility'to a kind of "bipedal random
walk"_in which a molecule is alternate1y>l-bonded and 2—bonded,as it moves
‘_across the ice surface.)}They arevpresumebly Considerably more
_ mobile than the molecules with 2, 3 or 4 neighbors. At the temperatures
'1nc1uded in the present study, thelr concentratlon [W ] will ve small

compared to the total number of molecules on the surface ([W B ECe lO15 2)
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The proposed vaporization mechanism is

kpyy ¢ k10
—— o
W, &=— W——=¥
klZ ' '
where Wzvand W, are the 2- and 1-bonded water molecules on the ice.Surféce
and wo-is the water vapor molecule. The notation kij denoﬁes the‘rate

constahts~fbr the reaction from state i to state j. ~In each step one-

hydrogen ond is broken' or re-established; k and k1 include the acti-

21 0

v#tion enéfgy té break.one bond. It is customary to assume that k12 is
propoftidﬁél.to.the lédgevéoncentration,l-Which for the ice surface varies
N [wg . . S o
. The above represeﬁfation for this sdrfécé reaction is formally ideptical
to that for the unimolecular gaS*phase-décomposition'treated in kinetics

% .

texts. By assuming the steady-state condi-

tion d[hi]/dt'=,0, the vaporization'rate J can be written
21 Wy
ko

k10

k10

- In the'low-témperéture‘limit, klO << k12, due to thé exponentia1

~ temperature dependence of k In this circumstance ;hé desorptioh'rate

10° : ;
6£ w1 admolechles limits the vaporization rate. There is a virtual'equili-‘f
brium of all species on the ice surfaée forvvaporizaﬁion qoes not occur
rapidly enough to disturb the equilibrium populati@ns} We find this con-
ditibn to be saﬁisfiéd'below -85°.. Note that because k12 1$:prpporti§na1‘

to [Wé] and'k21 and klO each include the activation energy of breéking.ong» 
HydrOgén bond, the prediction of this model is thatfthe lqw;temperature o

vaporization rate will be independent of sufface roﬁghness and that the

activationventhalpy AH: = M.
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vIn.the'high-temperétﬁfe'limit.klb >> kziland.théfrate"equﬁtion
_ réducés tp J.='kél[Wé].:.Ihgfe ié a viftual_deplgtién_qf ;-Sonded mole-
cules, for‘théy vaporize as rapidly»asithey‘fqrmifat‘a rate proportional
to the sqrféce.roughneés. Since reaction steps o¢éqrring after £he rate-
limiﬁing;gtep do notfinfluenée_the kinetiég‘éfvthe_reaction,'fhe activa-
tion.energy:réflécts.only the enérgyvneceSSArybto’ffd&ucg Wl (that is,

the bréakiﬁg_of one,hydrogeh bqu) ahd not the energy necessary for its
sﬁbsequent.deSOrptidn. ,Thé‘model therefore prediqts.fbr‘higﬁ femperatﬁres
that AH:.ﬁﬁéﬂﬁgz nWe‘find this cgndition,to be_apprqa¢H¢d at'temperatures
near -405;  This high;temperature picture of déplétioh of mobile species
is corroboratéd_by the seﬁe?e';etafdatiqn of ice-éihtering in dry'atmos-

pheres.15

lgpﬁri£y Effects. The effects of NH3 (g) apd HF (éas) in lowering
and.raiéiﬁgvthe_Vaporization-rate of ice at both low and high temperatures
- are furthef evidence tﬁat breaking of hydrogen bonds i the rate limiting
step in the éubiimétion process. As pointed out previously, each'NH3 6r

~ HF molecule that is
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'incorporated into the ice lattice produces a Dor L defect respectively.
The orlentatlona] defect concentratlon is most 11ke1y too small compared

to the number of vaporizing water molecules at.the surfaee, in pure or
_erendinvdoped ice'samples, ﬁo heﬁe any detectablereffeef on ﬁhe.sdbiim-
ation raﬁe. If the same condition prevails at'the ice eurface, eacthH3
moiecuie produces a D-defect and each HF molecule an L-defect.  However,
ﬁhe ges‘fluree used in these experiments were of the order_of-magnitﬁde :
-of tﬁe;ieefraporization'rates.‘ Thus, the concentration of adsorbed gas
ﬁoleculq;is_much larger.thEn their surface'concentration that cqﬁld be
eetablished By doping, and so the.adsorptien of theee gas molecules at the
vaporizing surfaee could markedly influence the sublimation rates if;the
L or D~defeets at the surface play a.role in‘the vaporizatioﬁlof ice.
»Ifudnly i—defects heve a direct influence on the rate HF shouid be expected
to increaée the evaporation rate as it'introduces L;defects. Since it-
seems unlikely that D-defects should themselves decrease the vaporization
_ rate, the rate reduc1ng influence of adsorbed NH would be to decrease the

3

surface Lfdefeet concentration below the level for pure ice, in a manfier

similarxﬁo that described by Jdnes and Glen?’ It sheuld be noted

that the actlvatlon energy to form an L-defect is. llkely to be about the -
same as the energy required to break a hydrogen bond.

The effect of these gases may also be viewed as being due to their
differing number of"brotons as coﬁpared te HQO in.the lettiee. rThe'eXcees.:
hyd?ggﬁn-;n“yﬁ3 énd the hydrogen deficiency in HF caould ghdft the equi-

vldbria'between the surface species, Wi

the ice lattice substitutionally. . It is not possible at present to con-

and Wé; if these molecules enter

3

detail since the surface concentration of Bjerrum defects is unknown and

‘sider'the‘effect of adsorbed NH, and HF on the vaporization of ice in more
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the specific nature of the ehemical interactions.of-gaSeous NH3 and HF ;
withbthe Sﬁrface has not been investigated.

- The role of impurities'other than NH3eand HF on the prbperﬁies‘of i
ice has-heﬁ been as extensively studied. Kelley and‘Salomeghehow‘that the
dielectric relaxation time decreases and the acﬁi#atioﬁ energy increases.
with increasing eoheenﬁrations’ef NaOH in fhe'iee iattiee; This'ebser;
'vatioh_is consisteﬁt with a general increase iﬁelatticeebinding energy'
atrribﬁtgble to iong;range ionic interactions. - On the ether hand;‘NHuF:.

. causes a large‘decrease invthe.dielectric relaxation'aetivationvenergy.
Causes for this effect'heve'been ﬁroposed but-remaih uncertain?3

The shape of the'vaporiiafioh curve for ice samples dopedxwiﬁh variOus:
%mpurities indicates théﬁ at low temperaﬁures AHg is still equei>to Aﬁ;,
i.e.,-depingﬂdoes not change the slope. Eqnilibriuﬁ between W2 and Wi"

surface species is maintained but shifted towards W,. Doping thus appears
to cause a reduction in the equilibrium population of‘W1 on thelvaperiiing '

ice surface and Consequently a’ ;reduction in the vaporization rate T

1

mining'étep. Because the doping levels attainable were loﬁ and non-

at temperatures for which desorftion of W _mdlecules-is the rate-deter-
uniform it is'difficult to diaw firm conclusions about theﬁexact rdle:ofv
impuritiee in the ice lattice on the sublimetioﬁ.rates.

:It'seems likely that the”fluctuations in the obseryed rate for the_”
undoped saﬁples are due to an uncontrolled incorporation of trace‘amOunts -
'of impﬁr_ity in the samples during growth. " (The magnitude of vt‘he If]v..uc'vt.ua'; -
tion-- ¥ 50 ug'ch-eﬁin_l-é is unimportant when compafed to vepqyizatioh |
rates abd_x}e about -75°C but it did meke it difficult o collect relisble

A'deta beiow that temperature.) The magnitude of the fluctuatien;was redueed
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at least tenfeid Both by growing-samples'of'highei purity,aud-by deiib-
erate'deping. If the high rate fluctuations for the undoped samp]es are
due to local varlatlons in the type and concentratlon of 1mpur1t1es,
then either an.overall reductlpn in the 1mpur1ty.concentrat10n or moder-
ate dOping with one fype ef impufify uou1d eerve'to suppress this effect.;l
'The,results for iceé doped"wifh:NHhF may be'discussed.Separateiy.

 As mentloned above, the solublllty of NHuF in ice is apprec1able, and it
. 1s llkely (although no measurements were made) that the concentratlon of -
NHhF 1nﬂthe ice samples whose‘pate 1s‘sh0wn 1u-F1gure Y ,1s'only e‘factor
of 10 iouefithan the solution'eoncentrafions.given?3‘SipeevHF(ges) has
been obServed to raise the veporizatiou'fate and»NHj(gas) to lower ib;
it appeers'ﬁhat when they are both present in ﬁﬁe-ice_iatﬁice'in an
aSSOCiated form as NH#F their effect is markedly different from the effecté.
of thetdiseociated“meleculee.b thié'resultvispto-be’expected, however, since
ammOnium'fiuoride is'iikelyvto be»present ih the'ice lattice as ion pairs
NHh+-F'"and‘not as neutrai molecules. 23

Tt is’important to note that for eli:of the impurities investigatedp
there was no apparent.tendenc&'for‘tﬁem to.build up on the sufface and
reduce the rate as VaperiZation‘progressed by permanent bloeking of surface
sites.' This observatiou is corroborateuvby eleetron_micrography of.an ice'i
: single crystal'growh'from a 0.01M solutiou of NHMF' aud vaporized'l'ﬁin.
'at -lOO°C. The surface appeared qulte similar to. the surface of a 51m11ar
orlented pure ice single crystal after the same vaporlzatlon.' H

vExtrapolgtlon of the‘vaporlzatlon‘rate_to the meltlng p01nt.ofpiee

(éssumingvan_activation:enthalpy of vaporization of AH¥ = %AH;) yields an
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-evaporatlon coeff1c1ent a (O C) ~ 0.07. This - value 1s not much hlgher

p) :
than thevalues reported by Delaney et al, (see Flgure 1) It is 1nterest-_3

ing to speculate whether melting w111Achange the mechanlsm of'vaporizatioﬁ;

‘Recent studies of the vaporization of organic liquids (glycerin;“tfi-
ethylene glycol) where hydrogen bonding predeminatee tﬁe'intermoleculér‘
v interaetionj indicate that_the'breakiﬁg othydrOgen_bonds_is elso'the-,

likely rate-determining step in their vaporizatien.and a& <1.
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FIGURE CAPTIONS

Figure 1. :Ice Vaporlzatlon Rates by leferent Investlgators.

Figure 2a., Scheme of Mlcrobalance Vacuum Chamber.

Figure Sb. Heat Flow Model.

Figure 3. Vaporlzatlon Rates of Undoped and ngh Purlty Ice.
Figure L. Vaporlzatlon Rates of Ice Grown from Various Solutlons of NHMF.
Figure 5. Effect-of a)Gas Pressurevand b)Sample Temperature on the

Vaporization Rate of Pure Ice.

‘Figure 6.  _Predicted limiting behavior of'iCe vaporizetion rate for

a, =1 with decrease in mean free path.

Figure 7. The Crystal Structure of Ice.
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The Fvaporatlon Coeff1c1ent a at -65 C for Slngle Crystals"‘w

Grown from Solutlon by the Jona-Scherrer Method. .~ f'°'
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' TABLE I

The Evaporatlon Coefficient, a  at -65 ¢ for Single
Crystals Grown from Solutlon by the Jona-Scherer Method.

l

’ Dopant ' o ,avb(atf-65°C)'
' Solution ConCentration:
0.01M _0.1M
NGOH 80, 60 .64
LiOH | 73 0 .m
NaOH ' . 8 .87
HF : 7T, W73 |
HNO, - | 7
NE, F .64 ko, .29
CLiF ~ .73 '_ - .78

 NaF ' - .80 - ' L7, .5k
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United.
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes

‘any warranty, express or impiied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. .
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