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‘'VAPCRIZATION MECHANISM OF ICE SINGIE CRYSTALS

John Gordon Davy

Inorganic Materials Research Division, Lawrence Radiation Laboratory
and Department of Chemistry

University of California, Berkeley, California

ABSTRACT

The kinetics of the vacuum sublimation of ice single crystalé has

been investigated>by a vacuum microbalance technique in the temperature

nange';90° to -40°C. The vaporization coefficient o = (observed vapori-
zation rate) < (theoretical maximum rate) and the activation enthalpy of

sublimation,AHf, vary markedly with temperature in this range. Neither

surface cooling nor gas-phase collisions can explain the observed behavior:

(1) At temperatures below about -85°C, a, = 1 and AHY equals the

thermodynamic enthalpy of ;ublimation AH;. |
,(2)  ﬁetween about -85° and -60°C, o decreases slowlvaith increas-
ing ﬁemperature, AH:' < AH;.

(3) Bétween about -60° and —hO°C, av decreases progressively more
rapidly with increasing temperature and-AH: decreases to a high-temperature
limiting value of =~1/2 AH;.

The effects of various experimental paranetérs such as crystal orienta-
tion;fdpping with hﬁpurities and adsorbed gases on the ice vapérization
kinetics are presentéd and discussed: Neither grain boundaries nor
.crystalline orientation has a measurableieffect on the rate. Ice dqped
with monovalent impurifies was found to vaporize at steady—state rates
thaf.were unifomly lower over the entire temperature rénge of the study.
Also, NH5(gas) and HF(gas), présent in the ambient at pressures ~lO—5 to

i~ . A . . . .
10 =~ torr, reduce and increase respectively the ice vaporization rate

compared to the rate in vacuum.
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The experimenfal'results; alohg with previously reported physical-

“chemical properties of ice are used to arrive at a vaporization mechanism:

Ice at equilibrium with the vapor has a uniforn surface population of a
highly hqbilé species assumed to be water moleéulés hydrogen-bonded to
only one nearest neighbor. At sufficiently low temperatures, vapo;iza-
tion doesvnot oceur rapidly enough to alter this populatioh. Sublimation
at higher temperatures however, dépletes the population to a progressiveiy
greater extent with increasing temperature. Thus the rate limiting step
in vaporization, which is the desorption of the mobile water molecules

at low temperatures, changes to their formation at high temperatures.



I. INTRODUCTION

A thorough study of the evaporation kinetics,falong with other

physical-chemical propefties.of a solid or liquid,. may'be‘used to arrive .

~at a sequence of steps or mechanism by which molecules from thé con-

densed phaSé-entef into the vapor phase. Although the vaporization rates
for many materials have been measured,'vaporization mechanisms have been
proposed for only a few, due fo'the lack of more detailed kinetic infor-

mation. , Thus, the vaporization rate of (polycrystalline) ice has been

.previously measured by several researchers (see Section III) but none 

has suggested a mechanism. Ice is an important material, and it is of
interest Ebth in its own right and as a prototype of all hydrogen-bonded
compbﬁnds, I have measured the vacuum vaporization (sublimafion) rate
of icevin the temperature rénge -90° to -L0°C. The samples included
orienfed single-crystal and polycrystalline ice, and ice doped with a
variety of ionic impurities. In addition I have investigated the effects
of different gases on the ice vaporization. The data accumulated in these
studies,‘along with physical—chemical propertiés‘reported by others
suggests a vaporization mechanism.

Before presenting the experimental procedure‘and results of the pre-
sent investigation of ice vaporization, it will be desirable to review

the existing information, both about the principles of vaporization

‘studies and about various phySicalfchémical'properties of ice..
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' *
. IT. PRINCIPLES OF VAPCRIZATION

The following discussion will considef only the vapqrization of solids,
although much éould also be applied to liquids. It wiii be assumed that
the only vapor molecules in the vicinity of the vaporizing surface are
those df.the solid being vaporized; that is, the vaporizing molecules
are not écattered from any other kinds of molecules in'the ambient vapor
near the surface. (Ekperimentally, this means that the vaporization is
carried out in vacuum. The mean free path of ambient molecules éhoﬁld
be greater than thé diﬁensions'of the vaporizing surface, meaning that the
pressures should be less thah 10;2 torr). It is also assumed that there
are no composition changes (asséciatioh or decomposition) that occur
in the process. I thus treat only the simple case . of the vaporization for
a one-component, two-phase system.

A. Condensation and Vaporization

Consider a crystal in the presence of its own vapor at pressure P.
The vapor molecules impinge on the surface (see Fig. 1) with a flux

-1/2 P, where m is the mass of the vapor molecdles; Ji has

J; = (2mmkT)
the dimehéions of molecules per unit area per unit time, and k and T have
their usual meaning. . Of this impinging flux, a smaller flux ch will
leave the gas phase and enter the crystal lattice (condense), and the
remainder Jr will depart from the surface and return to the gas phase.

Also departing from the surface is a flux of molecules ch tat leaves

the crystal and enters the gas phese (vaporizes). The total departing

¥ . . . .
This section is not meant to be a comprehensive review of the sub-
Jject; many excellent works are available. See for example, Somorjai and

Lester (1967).



flux'Jd is the sum of these two components. The net departing flux is

the observable rate of vaporization J_. = J. - J,.
obs d 1

T . . .. _T9°_r° s o
At equilibrium, JobS = -0, and Jd'_ Jd = Ji . (In this figure the

superseript ° is used to fépresént equilibrium). Tﬁe équilibriumﬂpressure
o :
is the saturation vapor pressure PS.

In thé figure are defined two parameters, ac (condensation coeffi-
cient) and a, (vaporization coefficient). Atvéquilibrium,vav = &} under
any other conditions these coefficients may or may not be equal, but in
he absence of information to fhe contrary it is usually assumed that
they Qre equal. (Condensation coefficients are rarely measured when the
net process éccuring is. vaporization, i.e., when P < PS.)

By using these relat ionships,. one can relate the observed vapori-
zation rafe-Jobs to the vaporizing and condensing fluxes; and to pressure:
-1/2

T bs ='ch - ch = (2mmkT)

the maximum possible value for the net vaporization rate is for the case

(ay PS - a, P). PFor a given temperature,

Je =0, & = 1. This rate I will call J . DNote that J is equal to
gc v : max max
t he rate at which the surface is struck by molecules from the saturated

vapor. Thus J = (271ka)-1/2 P .
max s

B. Egquilibrium and Non-Equilibrium Vaporization

Vaporization rates are measured under "equilibrium" and non-equili-

~brium conditions. "Equilibrium" measurements are those in which J. =J,

so that Jobc is negligible.by comparison. Stated alternately, the vapor

‘above the solid is virtually saturazted. The extreme of non-equilibrium

vaporization occurs when J, = Oand J , = J,=J .
i obs d cg

One example of the difference between these measurements is given

in Fig 2 . In this example it is interesting to note that vaporization
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is entirely analogous to the emission of.photons by thermal radiation
(Rossman and Yarwood, 195k). The substance in the "equilibrium" case is
in a container which hds only alsmall orifice through which vapor cén
escape, while the's01id_in the non—eéuilibrium case has a'Surféce of
known (projected) area eprsed directly tb the Vacﬁum. |

The 'Bquilibrium"case (analogous to blaékbody radiation) is called
Knudsen vaporization. 'The orifice servés as a virtual source of holecﬁles
at the safuration vapor pressure Ps’ which under ideal conditions can be
calculated by measuring the rate at whichvmoleculés emerge fran the orifice:
P = '(znka)l/e T ps

C. Langmuir Vaporization

"Equilibrium" measurements contain no information about kinetic
procesées occurring on or in ﬁhe solid. (Analogéusly, emiss ivity cannot
b e measured by "equilibrium" techniques.) Kinetic prOcesées are studied
by the non-equilibrium method of Langmuir vaporization (analogous to gray-
body radiation). Here under ideal cmditions no vaporized molecule
returns to the surface. |

In Langmuir vaporizétion the cbserved'fate ié often below the maximum
rate, as is indicated by Fig l . The rétio'Jobs/JmaX is the vaporization
coefficient av, ~Since all the details of the vaporization mechanism are
lumped into this one ﬁarameter, it is insufficéent to merely record OQ
values, which in general depend on temperature, incident flux, and various
olid-state properties of the vaporizing surface. Some of the factors
influencings Jobsuare discussed under the following headings, and also
in greater detail in Sections IV and V.

1. Gas-Phase Collisions Near the Surface (B-Effect)

Vaporizing molecules leave the surface in a distribution of angles,

from normal to nearly parallel (Hirth and Pound, 1963). For high vapori-
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zation rates, there is'a,finité probability that two.vaporizing molecules
will_collide near the surface and thaf oﬁevof the two will be diverted
'back and strike the'surféce again. By the law of conservation of mdmentum,
the maximim fraétion of molecules that cduld;affer their last collision 
strike fhe surface is 1/2. This value applies to.ﬁélecules'witﬁ a pre-
collision moﬁentum normal to the sﬁrface equal to zéfo. For a1l othér
collisions, the fraction will be smaller.

The Vaporization.fate for which such collisions becomes appreciable
can be estimated from knowing the pressure af which the mean free path of
moleculés in the saturated vapor becomes of the same magnitude as the dimen-
sions.of the vaporizing surface. (This sets a lower limit since the vapori-
éing flux has a net velocity, and thus a meén freebpath greater than the
equilibrium vapor.) |

One caﬁ define a paraméter B as thét fraction of the vaporizing mole-

cules which escapes and does not returnvto the surface. (1-B) is then the
fraction which by colliding with other vaporizing molecules does return. By
neglecting the net momentum‘of the vapor flux normal to the surface, one
cbtains an extreme lower limit for B of 1/2, but as has been argued, thé
trﬁe lower limit may be cansiderably above this (Burrows, l95ﬁ, 1957) .
The B-effect is considered further in Secticn V.

2. Surface éooling

Another phenomenon which can cause JObS to be tOO';ow at high.vapori-
gation rates is surface cooling. ‘Since.vapbrization is an endothennic_
reaction tﬁe vaporizing surface may_Ee cooler than the bulk if it relies.
on solid-state thermal conduction to supply the heat of vaporiz&ﬁibh.

This is a problem that is frequently encounﬁered in vaporizaticn studieé,

but it can be overcome by supplying heat radiantly directly to the vapori-



6

zing surfaces so that temperature gradients do not occur. If this is not
done, it is nécessary to restrict vaporization studies to a temperature
range in which the evaporation rates are low enough that the solid-state
heat flqw‘does not produce a significant temperature gradient. The sur-
face éooling problem is discusséd in greater detail in Section IV,

3. Impurities

"impurities in the bulk or on the surface may also affect Jobs' In
addition to having a possible chemical influence on the host SOlid, they
hay also physically block a certain fraction of the vaporizing surface

and thus lower the rate. On the other hand, it is important to recognize

that many potential contaminants may have no effect whatever on the steady-

state vaporization rate because they are efficiently removed by vaporizing
molecules.. Deamer and Branton (1967) showed that on ice a complete mono-
layer of stearic acid was unable to permanenti& retard the vaporization,
even at the relatively low temperature of -100°C, where the rate at which
the surface recedes is about lEOOK per minute. In ten minutes approxi-
mately one-half of the monclayer had been broken up and removed with
the vaporizing water_molécules.
L. Gas Effects

For mést‘cases it is reasonable to assume that gaseous impurities
impinging on the surface at a rate Ji will have no effect on JO; as

bs

long as Ji < J However, if Ji‘V J then it is possible that

obs” obs’

a physical or chemical influence on Jobs will be observed. An observed
gas effect i.e., a change in Jobs may be of value in arriving at a vapori-

zation mechanism.

.



5. Use of Single Crystals

The vapofizdtion rate of a material may'dépeﬁd on which érystal face
is vaporizing, as well as on érystal defects such as grain boundaries and
disloéatiéns. For a wgll-defined study, it is necessgry to use oriented -

.singie crystals, ‘at least until if can bé demonstrated that orientation
and'grdin boundaries have. no effect én.the vaporization of the solid
being invesﬁigated.

6. Surface Roughness

'Jobs is calculn ted from ﬁhe observed weight loss and a geopetrical
or projected area. Many materials dévélbp a rough surface.duriﬂé vaporiza-
tioﬁ and so it is necessary to consider the effeét on Jobs when the trué
surface area exceeds the projected area. It might be expected that a
sample with a rough surface may vaporize more rapidly than one with'a
smooth surface, and in geﬁeral this.is'true,'but the following points

are important to consider: | !

(l) CIf a§ =1, the‘vaporization rate per unit of projected area is
entirely independént of true surface area. This follows from the thermo-
dynamic condition that the flux across any plane cannot exceed fhe flux
corresponding to the saturation vapor éreséure. Melville (1936) shpws
that if Qb = ac = i, the'initially larger.fluk fran a rough surféce is.
reducéd to the smooth-surface value because molecules vaporizing frcm e
part of the sufface'can strike another part of the suffaée>and?recondenée.

(2) Only in the'iimit of a reéondensatioﬁ rate of zero (dv, dc.—>O)
does. the vaporization_fate become proportional to true éurface area
(Rosenblaﬁt, 1963). |

(3) .For a single crystal face, the steady-state surfaée area may .

not be an independent variable. That is, a sample with an initially
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smooth face may become rough and a sample with an artifically roughened
sirface_méy Become'smcother, and Jobé may not.take on a steady valué
"until this occurs- |
'v(h)v‘Thé.increage in true surface area obsefved on most evaporating
single crystals is iesé than a factor of two over ﬁhe projected area; and
in view of the prévious threé points it may be asserted that Jobs takes

an intermediate value bétween J (flat surface) and J .

D. Vaporization Enthalpies
So far the discussion has been for.one temperature. By varying the
temperature it is pbssible to study'fhe energetics of the vaporization
procéss; The Clau31us—Clapeyron equation relates the temperature depen-
dence of the saturation vapor pressure and the Qtandard enthalpy of
sublimation, AH;

a gnP AR
S S

Wiy T TR O

. ' ' . -1 . .
where R is the gas constant. Thus a plot of log Ps vs T 7 gives a line

with aﬁslope of : : —AH;
2.3R
. o . -1, .
see Fig. 3. If 1nst¢ad,:log Jmax vs T is plotted, thgn since Jﬁax = PS
(2nka)ﬁl/2,'the line will have a slope
-}
wAHS T

2.3R * 4.6 _'

X B

If follows from the assumptions of the Clausius-Clapeyron treatment
that AH the true enthalpy of sublimation at pressure Py, is the same as
AHE, the standard enthalpy of sublimation, where the superccrlpt ° denotes
golid nnd gas in their standard svates. The subscript s is used with A
to denote aUtll”llen, for although throuzhcout this discussion the term
vaporization is used, it is the enthalpy of sublimation (fusion plus
vaporization) which is required.



The sécond term is always less than 5% of the first term and is often
ignored.: Also, AH;‘ordinarily varies only slowly with temperature..
Thus such plots are usually drawn as a straight line.

If we now treat the kinetic data in the same manner as the equilibrium
data, i.e., if log JObs instead of log-J’max is plotted, then the slope of

the line will be
“AH *

Q

2.3R ke

wheré:AHs* can be called the "experimental activation enthalpy of
sublimation", by analogy with AH;, fhe equilibrium standard ehthalpy of
sublimation.* | \

Although it is necessary that JObS < Jmak; the only restriction on
<AHS* is that it be positiYe. It is not necessary that it have a constant
or néaf-constant value; in fact the experimental activation enthalpy
énd its température dependence can be.iméortant clues to the vaporization
mechanism, as will be discussed in>Section VI.

It is'wbrth mentioning that AHS* could also be obtained by alternate
methods. Let P' be defined as the apparent saturation vapor pressure:

P'= a P . Then
= v s

d log P! _ _:AH-S*
a(y/ty 2.3R ’
and
d log o AH® - AH®
v S S
a(1/T) = 2.3R

. . : - *
so that a plot of log P' or log o, vs T 1 would yield AHS_.

i
It is important to note that AH: is an experimentally determined
parameter, and is different from AH*,'the activation enthalpy employed in -
absolute reaction rate theory. This point will be discussed further in
‘Section VI.



<10~

IIT. SELECTED PHYSICAL-CHEMICAL PROPERTIES CF ICE

The litératuré available on ice‘is volumihoﬁs and covers a wide

' range of topics, including glabioiogy'and reports on the suitability of
ice for airpiane runwéys{ Out of this wealth of information, Ilwill pre-
sent in this seétion only a few topics that will be of greatest value in
connection with ice vaﬁorization and its mechanism. ‘Ige vaporizat ion
properties, surface properties,‘and bulk pfopefties are covered in Parts
A, B, and C. In additipn, I present in the Appendix a brief discussion
of yarious books and.collected works onrice topics of physicalfchemigal

interest.

A. Tce Véporization Properties

1. The Saturation Vapor Pressure of Tce

Although many physical-chemical properties of ice are presently under
intensive study, the saturation vaporbpressure is one property which seems
to be fairly well established.* However, because much of the information
is published in journals that may not be readily available, I review here
'in some detail the work which ﬁas been reported.

‘-The last'reporfed ﬁeasurement of thé saturation vapor pressurevof

ordinary ice was carried out by Weber in Leyden in 1915. Weber used a
number of pressure gauges; he made his loﬁest temperature measurements
(to -100°C) with an absolgte manometer. No study of the vapor pressure ;
of ice by the Knudsen technigue has ever been reported.

The absence of recent measurements does not mean that accurate values-
are not available; gince the saturation vapor pressure is calculable at

any temperature using thermodynamic functions by an- integration of the

* ' .
Measurements and calculations for various isotopic ices have appeared
recentlv - see for example Van Hook (1968). :
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Clausiﬁs-Clapeyron equation. In order to calculaté the saturation vapor

pressufe Pl at temperature T it is only necessary to know its value P

1’ 0

at temperature T

0
ture: - /Tl AH_® . N
. log (Pl/PO) = m TO T dT. ' : (1) .

1 1 1 1 4T
. = AH e e |+ S —_
Log (Py/Py) 2.3R 55T, <T T> ,/,; 2

0 1
TO .
(f° cumfy, o)
A\JT ps 'TO pg

where AH;

(2)

T is the standard enthalpy of sublimation at temperature’Tb,
%% o |
and Cpé and Cpg are the constant-pressure heat capacities of solid and
gas.

' The saturation vapor pressure of “ice is best known at the triple

point: T, = 275.16°K, Py = 4.579 torr. The standard enthalpies of

s ublimation at the triple point and at absoulte zero are given by Eisen-

berg and Kauzmann (1969) to five places: AH; = 12,203 and 11,316 kcal

1 L ~ |
mole, = respectively. Kelley (1935) reports AH; = 11,260 + 7.66T -

i5’.6$<_lo'3T2 + 0. 4461001

o

. . ) S A
) whlch yleldqi Hs,273.l

The vaiues given by the two authors aie thus qﬁite close at the triple

6= 12,197 kcal mole. -

point_but somewhat farther apart at absolute zero. Keliey also giveé
analytical expressions in T for the heat capacities of solid and gas.

: The-saturation vapor pressufe is giVen as a function of tenperaturé
by an expression of the_ form ioglO(Pl/Po)' -6 (1/27%.16 - 1/Tl) + £(T).

6 is a fixed sublimation enthalpy divided by 2.3R and has dimensiéné of .

'temperatﬁre. The expression f(T) represents all other terms. For ease

of calculation, an expression in which f(T) = O can be used; for tempera-

O, . . . . !
Lures neay O°C it Is desirable for this purpose to use 6 to

o
Hs,273.l

calculate 8. Using the enthalpy value given by Eisenberg and Kauzmann,

, and the enthalpy of sublimation as a function of tempera-
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L B= 2,667°K which gives the simpiified expression»log Py = 2667
(1/273.16 - 1/1)) - log p, = 10.425 - 2667/ . For temperatures above
v;lOO°C, the saturation vapor pressure of ice calbulated by this equation
gives values that diffeg:'by less than'l% from the best tabulated valges
(Smithsoniaﬁ, see below). |

Equations with a lérger number of terms have been given by three
previous authorsy(l) E. W. Washburn (1924), who reported the details
of his caluclations in the Monthly Weather Review. Washburn used Eq. (2),
first gsSuming Ops and opg were constant and then modifying the values of
© and the heat capacity terms to fit the experimental séturation;vapor
préssure‘data.‘ His value for 6 is 2&&5.56&6°K.* The values (in torr)
are given in tenth-degree increments from 0° to -BOOC and in one-degree
inerements to -100°C in the Iﬁternafional Critical Tables (1929), but with_
3-place accuracy only to ~T4’°C. They are also given in Dorsey (1940) and
in editions of the Chemical Rubber Company Handbook. (2) S. Dushman (1962)
.uses Eq; (1) and Kelley's expression for AH;§ he tabulates the saturation
vapor pressure to three places in ten-degree increments to -140°C. Be-
céuse the term in T_l is based on'AH;’O, the value for & is smaller
(6=2461°K) and it is necessm ry to include at least the terms in T and T2
for computations "(the calculated saturation vapor pressure is about 2-1/2
times too high at -100°C if these terms are neglected.) (3) The most
accurate saturation vapor pressure data for ice and the most extensive
tabulations come from work by Goff (1942) and Goff and Gratch (19L46).
These calculations were based on Eqg. (2), with corrections not only for
the heat capacities and their temperature dependences, but also for gas

nonideality. (The volume correction for the solid was found to be entirely

*
A simpler formula based on Washburn's data is proposed by Whipple
(1927). The value of 6 from this proposal is 2717 K.
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negligible.) -The O values from their expressions are 2689°K‘and 2668°K.
Their calcuiatioﬁs were carried out in engineefihg units, énd tabulated’
(Goff-Gratch) in pbi'and ;nches of mercury, along with other thermodynamic
properties, in one-degree increments between 32°F and -160°F.

The saturation vapor pzeséure of ice 1s tébulated most extensively
in the Smithsonian Meteorological Tables @dst,.l95l), in millibars, in tenth-
degree incfémeﬁts from O° to -100°C. _According to a note in fhis book,
the tabulated values are derived frém Goff and Gratch (1946). However,‘the
expression given in the‘Smithsénian Tables differs from that of Goff and
Gratch and has a 6 of 2h85°K. ih any éase, the Smithsonian tabulation is
S0 extensiVé that calculation from anaiytical exﬁressioné should rarely,

if ever, be necessary.

2. Previous Measurements of Tce Vapérizatioh Ret es

: Thé results of all previous investigations of the vaporization rate
of (polycrystaliiné)vice is given in Fig; L s aiéng with the results of
the pfesent study, which will be discussed in Séction-v; This figure
is a plot of the'logarithm of the vaporization-raﬁes vs. reciprocal ﬁembefé—
tﬁre,ias-discussed in Section II. Except as noted the ice'samples used
by these workers were prepared by degassing and then freezing distilled
water ﬁnder vacuum Jjust prior to performing their measurements.

r(i)' Delaneybet al., (196k4) ~ used a non-steady—state'téchnique

to obtain a value a, = 0.014k+.0020 for temperaﬁures between -13° andvf2°C,
and for an incident flux Ji nearly equal to the departing flux Ja, i.e;,

J*/Jd < 1. The two lines marked D in Fig. % were obtained by plotting

-~ values of GV Jmax for the two runs they report. Note that the _prédicted

rates at these temperatures are near those observed between -SOO_and -Lo°c.
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However, since a, may depend on Ji/qd, it is not certain that these
results are directly comparablehﬁo the results from free vaporization
studies (i.e., Ji/Jd << '1). | '

(2) Baranaev (1946) used the method of Alty (1937) to obtain the
vaporization rate at -L8°, -U6°, and -LA°C. A straight line fitted to
these values is marked B in Fig. 4 . Although Eéranéev calculated his
results assuming trat J, << J;, the low values (5& = 0.068) ogtained
make his assumption doubtful. Another possibilitybis that the temperature
measurements were in error due to thermal gradients in the samplé. Earanaev
does-not state whether the water from which he froze his sample had been
degassed.

(3) Striékland-Constable and Bruce (1954) used a balance technique
with a liquid-air cooled condenser subtending parﬁ of the soLid angle
above thé vaporizing surface. Apparently they did not degas their water
prior to freezing. Their results, for —55° to —50°C, are Shown by the
line labelled SCB. These workers considered gas-phase collisions (B-
effec't).and reported a value Y =  P; they suggest that o = land y=§ .
(The values they report for ¥ are too low; only.their values of Jobs were
used to plot their results in Fig. &4 ).

(4) Kramers and Stemerding (1951) also used a balance teéhnique
and a plane-parallel C§ndenser, which they positioned at distances be-
tween 12 and 44 mm from the vaporizing»surface.r They experienéed diffi-
culty maintaining a uniform surface temperature. VBeéauée of the large
scatter of their results 4xv between 0.5 and l.h4~-only their temperature
mnge (-62° to -h0°C) is indicated (between arrovs morked XS). For these

studies, the condenser temperature was never more than 12°C below the

&
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tempefature.of the vaporizing surface. Tﬂis resulted in a'non-negiigible
flux incident on fhe vaporizing surface, which they took iﬁto account.
Within‘the aécuracy of their results there wéé no apparent tendency for
the ingidént fluk tq'iowér d&i in fact they conciuded that avv= 1 over
‘their teﬁpefature range and that departurés of Jobs'below the célculated
rate Wére'due to gas-phase collisions and wall effects.

(5)  Tschudin (194%6) used an electrical balance and a liquid-air
‘cooled condenser pOéitioned a feﬁ‘millimeters over the vaporizing surface.
After mékiﬁg 43 rate measurements between -85°C and -60°C, he conéluded-
that o = 0.94%0.06 over the temperature range (shown in Fig. k4 between
arrowé marked TS). ‘

(6) ‘Koros et él._(1966)'measured the condensation coefficieﬁt of
water molecules on ice using a molecular beam apparatus. In‘the temperature
range f1MO° to —ll5°C, théy report a value for av of O.85i@.l5.- Becéuse
these results are for condensation réther“thén.vaporizatién, they are nét
shown.

'(7)' Isorn and Iwai (1969) "mea sured é condensation coefficient of
about”0.06 between -50° and —8O°C§Fbelow this temperature they observed
@ to increase to about 0.5 at -110°C. | |

3. Association of Water Molecules in the Vapor

In Section II, the discussion of vaporization Qas limited to one vapor
species: the-monomer molecule with the same composition as that of the
solidf-'For ice vaporization, this means that the possibilitybof thé presence
of water molecule polymers such as the dimer (H20)2 in fhe vapor is‘ignored.
I wiil try to show here the polymers can bevexpected to make up only an
insignifiéant paxrt of the total water-vapor compositioh_i.e, Qater vapor

is predomirantly monomeric, and the restriction imposed in Section IT is

_therefore justifiable.
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Eisenberg and Kauzmann (i969) devote most of one chapter of their book
to an analysis of the forces between water molecules in the vapor phase.
They observe that hydrogen-bonding; which is of great importance in the
condensed phases of water, 1is rare or.non—existent.between water molecules
in the va;of.*

Eisenberg and Hauzmann discuss various attempts to look at the dimer
concéntration in water vapor; they present a calculation by Rowlinson
from which it is possible to compute the dimer/monomer molecular ratio in
the saturated vapor: it rises with temperature, but is only about 5x10
at 0°C. More recently, Milne and Greene (1967) and Greene et al. (1969) -
have carried out mass-spectrometric sampling of near-saturated water vapor,
obtaining a dimer/monomer ratio varying between BXlO—u at 0°C and 1.6x107°
at lOOOC.‘ No measurements of the dimer concentration in water vapor.at
temperatures below o°c héve been reported. While it is possible that the
dimer/monomer ratio for free vaporization of ice is somewhat different
than for saturated water vapor, it would need to be at least two orders
of maghitude higher in order to be an important feature of the vaporiza-
tion mechanism. |

k. Possible Charging of the Ice Surface During Vaporization

Vafious electrical charging mechanisms for ice, water, and water vapor
have been proposed to explain thunderstorm electricity. However, Cross and
Speare (1969) have shown that for'ice vaporization at temperatures near O C
under a vacuum of 0.5 torr, the largest cufrent density geneiated was of

the same magnitude as their experimental uncertainty (-~10 15 amp cm 2).

*
In contrast, the concentration of hydrogen-bonded dimers and ring-

hexamers in saturated HF vapor can be calculated from data in Franck and
Meyer (1959) to oxceed the concentration of the monomer, at least for tem-
poratures bolow Lhe bolling point (lQOC). Little is known about polymeri-’
zation in NH5'wxw»r.



-17-

Appaiently, thunderstorm charging effects must'involve ambient conditions
which‘are different than those established during'vacuum'vaporization of .

ice.

B. Surface Properties of Ice

1. Surface Morphology of Vaporizing Ice

" Recent microscopic studies of the vaporizing ice surface have shown
that it exhibits a variety of interesting features. One such feature, Which
can develop at temperétures from 510° down to -50°C (and possibly lover)
is fibers, or "whiskers", seen both by optical microscopy (de Micheli
and Licenblat, 1967; Lykov et al., 1968), and scanning electron micro-
scopy (Cross, 1969) . Thése whiskers appear fo form preferentially at
cracké and gréin bounaaries. ‘Examination by transmission'electron micro-
scopy éf'replicas'vapor-deposited on ice sémples vaporizing at tempetatures
between -110°C and 46O°C'(see Fig. 5) have shown features which may be‘
related to these whiskers (Davy and Branton, 1970). This study investi-
gaﬁed the ice surface morphology as.a function of temperature, extent of
vaporiZation and crystal orientation. The results can bé summarized as
foliows: (1) Flat-bottomed etch pits about one micron in diameter
develop, grow larger and shallower, and finally disapﬁear. These etch pits
aré probably due to sUrface dislocations introduced during surface pre-
paration by cleavage. The density of bulk dislocations in the ice appears
to be very small. (2) At temperatures below -90°C, bumps or_asperities
about BOOZ in diameter develop on the subliming surface. Their density
is about 2Xlolo cm—e, and does nof vary appreciably withhtemperature,
extent of vaporization orientation, or sample purity. Tt was not possible
to attribute these asperities to impurities, but they may be related to

the growth of whiskers that have been observed at higher temperatures.
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(3) At temperatures above -90°C, the surface became progressively’réugher,
gnd abbve -85°C, it was noﬁ possible to produce é continuous replica.

This roughness may be produced b& whiskers toé ffagile to be pfeserved

by the:replication teéhniqﬁe.i It is‘important that thé roughness
develops atJthe temperatufes for whiéh avvbegins to depart from unity.-

2. "Liguid-like Layer" on Ice Surface

The nature of the ice surface has been a matter of active interest
sincevfhe'time bf Faraday, who in 1850 proposed that ice at temperatures
near the melting’point was covered by é liquid-like film. The biblio-
graphy now avallable on this one toplc alone is 1oﬁg, and I will mention
here only the review by Jellinek  (1967). The liquid-like film was postu-
lated to explain the ease with which two pieces of ice stick together.
This property was térmed "regelation" by Tyndall, but is now explained
as sintering. This sintering is attributable to surface molecules of high
surfaéé.mobility,vand occurs at measurable speed down to -25°C or below
in a saturated atmosphere, but only to -3°C in a dry atmosphere. For
present purposes, this is one of the mosf'impdrtant characteristics of
| the ice surfacé: the population of the highly mobile species (ligquid-
iike or other) isvobserved to be greatly réduced under dry (high net
vaporization) conditions.

C. Bulk Properties of Ice

1. Structure

Under ordinary conditions ice has a hexagonal crystal structure
commonly called ice I. The structure of the axygen sublattice of ice I
was determined by Bragg in 1922 (see Figs. 6 and 7) but the positions of
the hydrogens were in question until 1957, when they determined by

neutron diffraction of D.0 ice.® The results confirmed the hypothesis tiat

2

.X.
For a stereo view of the ice lattice, including hydrogen positions,
see Hamilton and Tbers (1968).
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Pauling had made earlier (1935):

(1) 1In ice each oxygeﬂ atom has two hydfogen atoms attached to it
at distances of about 6.95K; forming a water mOlecu;e;-the HOH angle
being abéut 105° as in the gas molecule.

'(g)vaach water molecule_is‘oriented so that its twec hydrogen atoms
are.directed approximaﬁely toward two of the four oxygen atams which
surrouna it tetrahedrally, forring hydrogen bords. |

" (3) The orientations of adjacent water molecules are such that
only oﬁé hydrogen atom lies appréximately along each oxygeh-dxyéen axis.

| *‘(h) Under ordinary:cohditions the interaction of non-adjacent mole-
cules is not'suchvas to appreciably stabilize aﬁy one of the many con;
figuraﬁions satisfying the preceding conditions with reference to thé others.

Recent information has modified these ‘assumptions only slightly:

R [ . . . .
~In H,O ice, the hydrogen is 0.99A fram the closer oxygen and the HOH angle

2
is very close to tetrahedral (lO9—1/2°). Upon vaporization the bond angle

fbf the‘vapor'molécule changes £o 1056. Also, aSsumptions 1 and 5 are
occaSsionally violated by defects (discussed in division 2 below).
.Bridgman demonstrated the Existeﬁce of a number of high-pressure
pélymdrphs of ice and récently their structures ha&e been deteéermined.
However, none of these are stable at pressurés of less than 2000 atmosphereé,.
and will not be discussed further. An amorphous (or microcrysﬁalline)
form and a cubic form of ice have been.prepared by vapor-depositing water
vapbr on a cold substrate. They transform to ordinany hexagbnal ice I

upon warming'above about -100°C.

2. ‘Defects (Gross, 1968; Krdcer, 1964)

In 1951 Bjerrum proposed that ice might contain two basic types of

defects: ionic and orientational. The ionic défect is a violation of
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Pauling's assumption 1: some oxygéns have one.or'three hydrogen atoms
‘attached and so are HO™ and H50+ ions. These ions are present in con-
centrations of about 10°= cm™ each at -10°C, campared to an H,0 molecule
concentration of 5Xl022 cm;§;' (This value for the ionic concentration,
which is considerably higher than that given in the review articles
listed in the Appendix, is based on recent. measufements of the canductivity
(Worz and Cole, 1969) and ion mobility (Heinmets, 1960). The energy.to
form_an.ion pair is about 23 kcal mole_l, or néarly twice the enthalpy of
vaporization. By Way of comparison, the energy df a hydrogen bond is
mﬁch.smallér; Variods estimates have been made for the hydrogen bond
energy (Pimentel and McClellan, 1960); but for present purposes.it will
be satisfactory to assign a value of éne—haif of the enthalpy of subli-
mation to eachvbond (6.1 keal mole_l) since'vaporization‘of.one mole of
ice requires breaking two moles of bonds. —

The orientational defect has cane to be termed a Bjerrum defect; it
is a violation of‘Pauling's éssumption'B. A Bjerrum defecf is formed when
a, molecgle rotates 120° about one bond to leave one Qxygen;oxygeﬁ axis
withéut a hydrogen link (a vacant bond) and another with two protons aloﬁé
it (a double-proton bond). These defects are now known as L and D defects
respecfively»("Leerstelle" and "Doppelbesetzungﬁ> after the usage of
Steinemann and Grﬁnicher (1957). The molecule which rotates to form
fhe D-L défect pair may of course rotate Eack to annihiléte it, but if
an adjacent molecule rotates first, then the L andbD defects become
separated before they are annihilated and by successive molecular rotations
théy can independently migrate through the crystal lattice. The L+D

6

defect concentration at -10°C is about 10t cm-5 (0.3 ppm) and the energy to
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. form a defeét pair is 15.6 keal mélé-l.(Grdss, 1968). The activation
enefgy'for diffusion of defects is: ions, zero (due to tunneling);
Bjerrum 5.h kcél mole_l. If we assume that the Bjérrum defect concentration
at the surface is equal to that in the bulk, it is possible to calculate
the raté ét.which a‘givén molecule is:visited by a-Bjerrum defect, and to
compére“that value with the Vaporization rate.in appropriate units. The
reéulﬁ‘is that in thé iehéth of time that a given layer is exposed on
the surface, less than 0.05% of the'moleculgs in the layer will be visited
by a vélence defect. Consequently, Bjérrum defécts are not likely to
play a major role in the vap§rization of pure ice, unless they are present
in much higher concéntrations at'%he suffacé tﬁan in the‘bulk.

" If the concentration of one type (L, say) of Bjerrum defects were

5

increased by a factor of 107 to lOu, by doping-the ice with HF, it might
be possible to study the defect effecf 6n the vaporization fate. Because
HF with one proton is substituted in the 1a£ticé for HéO (with 2), the L
defect concentration is apbroximately equal to the concentfation_of HF.U
(Thevionization consténts for HF and NH3 in ice are very small). The
coneentration of L defects in:pure ice at -60°C is about 10 ppb; a 10
increase would require HF doping at 100 ppm, and this is about the
limif of'solubility. Hence any Bjerrum-defect of HF dissolved in ice
is likely to be small. An equivalent situatiop holds for NHB'
Ionic and Bjerrum defects do account fof the electrical properties
of ice -- protons have been shown to be the major charge carrier, and the
possibility of Bjerrum rotation is required to explain the high static .
dielectric constant. However, recent experiments indicate that extreme

care 1s necessary during electrical measurements since electrode space-

éharge_effects, surface conductivity, and particularly, charged impurities
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make the inveStigatioh difficult. Consequently, reports on the electrical
properties ofviée must be read.and interpreted with care. Thé activation
energy for electrical conductivity is in doubt.

Lattice vacancies and interstitials have not been studied as exten-
sively as the other types of defects but in is believed that self-diffusion
of HQO molecules bccurs interstitially via the open lattice, possibly in
conjunction with an orientational defect. Onsager éﬂd Runnels (1969)
have published an analysis of several rate processes ih ice: the activation
energy is.between 13 and 16 kcal mole—l for self-diffusion ard fpr dielectric,
elastic and spin-lattice relaxation.

Dislocations, which have been observed to influence the vaporization
fate of NaC1l, are_preéent in unstréined ice in very low concentrations
(~1 cmf2, Webb and Hayes- (1967); ~1Oh cm_e, Fukuda and Higashi (1969));

" they appear to play no role in its vaporization.

3. Gfowihg and Doping*

it'is remarkable that while water is referred to as a "universal
solvent", the solubility of all materials except one in ice 1s on the
order of parts per million or less. The sole exception is NHuF, Which

is isoelectronic with two H.O molecules and has the same crystal struc-

2
ture as ice. The solidus line for the system HQO- NHAF indicates a

solubility of NH&F in ice of T mole percent at the eutectic temperature
of -28°C. (Labowitz and Westrum, 1961). However, large, clear single

crystals of NHhF~doped'ice are obtainable only for concentrations below

about 0.1 mole percent; for NHhOH and HF, and limit is about 0.0l mole

X .
Except as otherwise noted, information in this section cames from

Gross (1968).
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percent (léO'ppm)(Jaccard and Levi,.l96l). (NHuF is not incorporated
stéiéhiometriéally: more HF than NH3 goes into the lattice). The ;olubi_
'Iity.df most othéf'dopahté:is unknown, ‘but they are likelyvto be very loﬁ: .
Hbl and NéOH‘diSSOlVG only to about O.1 ppm (Yoﬁng and Salomon, 1968; Kelley
and Salom¢n; 1969) . | . '

6n the other hénd,»it is'notheasy to grow ice of high purity, and
.éxtremeiy small amoﬁhts of impurity (~lO13 cm._3 or < 1 ppb of HF) may
alter éuch.propérties as the dielectric relaxation activation energy. (Grbss
1968)._>Barhéal and Lowe (1968) observed (for éemperatures below -50°C) that
.the spinaléﬁtice>rélaxation time Tl in ice was increased with each zonew
refining'pasé up to the tenth. Jaccard and Levi found that growth rates
in excess of 0.5p sec_l led to inhomogeneities in the distribuﬁion of
impurities in the ice lattice.

HDuring the growth of ice from a solution cohtaining eléctfolyfes

(Z iO_SM) an electrical potentiai between ince and.solution builds up
due to selective ion incorporation. This phenomenbn (the Workman-Reynolds
‘efféct) was repofted in 1950, /HOWever, most of the investigation of
the growth of pure and doped icé has been carried out in the last decade,
and bécause of the compiexity of the subject and the discordapée of

many of the reported results, much remains to be understood.

4. Mechanical Properties

Jones and Glen (1969) found that ice doped with HF in cacentrations
up to 67 ppm was softer than pure ice, while ice doped with NH3 appearéd
to be harder than pure ice. They attribute the softening toILvdefects, and

suggested that D-defects did not cause zoftening either becaiuse D defects
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produéed by NH3 were not mobile (trapéed by NHB),'oi because D-defects
‘were immobilized by dislocations. If D-defects are not mobile and cannot
cause softening in the manner of L-defects,ithen the net result of NH§‘
doping is a feduction in the mobile defect éoncentration below the pure
‘ice value‘dnd a consequent hardening.

5. Optical Properties

Ice is transparent to visible light and optically active. The
crystalline c-axis (vertical direction in Fig. 6) is the optic  axis.
By exaﬁining an ice sample betﬁeen crossed polaroids, grain boundaries.
arelvisible aﬁd'crystalline orientation can be determined. The experi-
mental ﬁechniques are described briéfly'in Section ITII, and more exten-

sively in Wood (1964).
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IV. EXPERIMENTAL PRCCEDURES
In the system to be described, Langmﬁif vaporization rates are
obtained by using a vacuum microbalance to monitor the weight of the ice sample.

A. Sample Preparation ."

1. ’JdnaLScherrer (Doped and Undoped) Single Crystals

As mentioned in SectionvII, it is desirable for Langmuir_vapOrization
to use single crystals of known oriehtatioh; at léast until it can be
demonstrated that.neither'ofientation nor the presence of grain boundaries

affecﬁ.Jo 'The technique used to prepare single crystals of ice for

bs’
Langmuifivaporization,'inéluding one method of growth that was used, is
shown in Fig. 8.. Thé preparation was carried out in a.walk-in freezér
maintained at -10°C. (a) Large pieces of very clear ice are obtained:
from aistilled water by slow growth in a 600 ml beaker, after the method
of Jona:and Scherrer (1952). ’(b) Because ice is transparent and opti-
callj aétiVe, a suitable single crystal can bé readily selected by using
polarized ‘light (WbOd, 1964) and cutting away from its neighbors;*.(c) The
;fiehtation of the crystal is determined in a polarizing microscope.

- (d) The desired sample has one exposed face of known surface area, so

an aluminum sleeve (5/16" dia., 1/4" long, 0.005" wall tﬁickhess) is
melted down into the ice and the excess is trimmed away with a knife.

(e) A small thermocouple (0.003" copper-constantan) is "welded" to

the back face of the crystal with a few drops of water and then this—faée
is covered. The finished sample is ready to be suspended from the
microbalance.

‘The same growth technique was used to produce "doped" samples:

ice was grown from 0.1 and 0.01 M solutions of various acids, bases and salts

to cause their incorporation into the ice lattice, since it was desired to
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investigate the influence (if any) of these impﬁrities on J For pur- %

obs”’

poses[of this discussion, the ice grown by the Jona-Scherrer method from !

distilled water will be called undoped. » ' -

2. High-Purity Samples

- As éno£her method of preparing ice (cleér% but polycrystailine,
with a grain size ~1 mm), distilled water with a conductitrity below 10~
(ohm--cm)_l was'degassed by pumping on it fér several hours and then a por-
tion was frozen (under vacuum) at a rafe of about 10 p/sec. Thése sampies |
I:call high-purity, because'it is possible to keep their tbtal contaminant
level lower than in the so-called undoped samples;

B. Vaporization Systém

A Dblock diagram of the system used to investigate the vaporization rate

is shown in Fig. 9.  J is continuously monitored by electronically tak-

obs
ing.the time derivative of the sample weight measured by the microbalance.
The-measﬁfed noise levels are: balance: * ug; differentiator, t1 ug/min.
Estimated efrors for both balance and differentiator measurements are on
the order of 1%; Further details of the system arevgiven in Fig. 10 and
in Davy: (1970)., . An important feature of the system is that it,isnpossible
to obtain an accurate rate measurement thaf is both absolute and coﬁtinuous,
and that the sample témperature can be moniﬁored simultaneously.

‘While the sample is being installed in the vacuum chamber, it must

be partially surrounded by a miniature cold chamber which is removed just x

prior to pumpdbwn. (This cold chamber has one compartment which can be

filled with a dry-ice acetone slurry, and a separate'compartmeht for the.
sample).
Once pumpdown has started, it takes about five minutes for a steady-

state temperature to be established; from that time on it is possible to
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obtain-véporization rates. .A new temperature is'réadily established by
ghanging_the heater control. If the radiant héater‘is off and the chamber
is at-room temperature, an ice sample's steaéy-state temperature is about
-68°c. . For lower temperatures, most of fhé.chamber* can be chilledrby
liqﬁid nitrogen; this takes about 15 minutes. The lowest ice sample
température'attainabie in the cold chamber is'ébéﬁt -90°C.

When‘thé chamber is warm (room‘temperature),_the ambient pressure P
of water vapor is measured to be negligible compared to the effective satu-
ration vapor pressure P! ovef the accessible temperature range; that ié,

Ji {,0.05 Jd, so that Jobs

= chto a satisfactory accurécy.' When the
chamber is cold, the.gmbient pressure is ~lO_6 torr, and the partial
pressure of water vapor is presumably much smaller.than this.
| C. Gas Studies

For investigating the effects'of'various”gases‘Qn Jobs it is desirable
to introduée a gas into an isolated chémber to same arbitrary pressure
and héve that pressure remain feasonabiy fikéd; this‘is readily-accomplished
by having the chamber cold. The walls act as an effective cryopump for
w ater vapor and the background pressure rises:at a'negligible rate. Even
- for éohdensible gases éuch as HF and NHB’ theApartial pressure remains fairly
constaht in the ccld chamber, presumably because these gases first condense
and then‘slowly re-evaporate from regions of the wall that’are at an iﬁter-

mediate temperature.

D. Radlant Heating of the Sample Surface

It was mentioned in Section II that surface cooling can give values

of Jobq that are too low; it is important, especlally at the higher rates

of vaporization in this study, that the true surface temperature be known.

*
Up to, but not including the window and pump flanges.
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Figure“ll gives the detailsbof how this problem was solved. The sémple is
thermally isolated in a vacuum. Thus, if heat is supplied radiantly to
the same surface that is absorbing it by vaporization, then steady-state
temperature gradients'within_the solid should nét be expected to-occur,
apart from the smail heat losées indicated. |

The figure gives estimated worst-case values for heat losses and the
corresponding tempefature différence (O.IOC) to be expected between froit
and backJof the sample. Given for éomparison is the féte of heat input
(power) required to maintain the 0.5 em® of ice surface at various
temperatures, assuming &g = Jﬁax'v

The heater iz a small coil of nichrome wire that had a measured impé-
danbe to‘the vapor flux of only about l%. The heater catrol is a high-
gain proportional controller capable of maintaining the sample temperature
constant to‘within‘about 0.01°C.

‘The loWest"sample temperatufé attainable has been discussed; it
_depends primarily on the‘succeSs in shielding the sample fram warm
(room-temperature) surroundings. The high-temperature limit is set by
sucéess in supplying adequate radiant power to the sample surface. It
mist also be possible to make a steady-state rate measurement before the
surfacé recedes far into the sleeve, since wall effects are not included
in the Langmuir calculations. (It is possible to maké corrections for .
small recessions.) Finally, it was observed that at the.highest rates
obtained (~35 mg em™2 min_l) the sample begain to swing due to the
sizeable momentum transfer occurring. For the system deséribed here,

these three limitations all occurred at a temperature of about -bo°c,
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V. EXPERIMENTAL RESULTS

A, Obsefvatiqns'

1. Steady-State Vaporization

The'time'requiréd to feach a steady-state témpérature and vaporization
rate is on the order of'thirtybsecdnds t0d a few minutes. (Cooling to very
low tgmperatures takes samewhat longer: ~ 1/2 hr. from ;75° to -85°). Con-
sequently,wa large number of rate meaéurements can be carried out on a
single éample in a matter of hbufs. (For same warm-chamber measurements,
over.a doéen experimental points were determiﬁéd in under one-half hour.)

I have'fcund that for a given sample, the rate is a function'oﬁly of
Itempérature, aﬁd not of thermal history or Of'the‘amount of sample

*
vaporized.

obs’ when plotted as the logarithm

FOr each ice sample, the values of J
VS. Til, all lie quite.accurately on_é smooth curve. The uncertainty in
the pbints of Figs.12a an b is ﬁucﬁlsmallér than the circles ﬁsed to répre-
sent thém.' Each point répresentsﬂa separate determimation of the steady-
state vapérizatiOn'rate; the numbers beside the pqints give the Order in
Whicﬁ they were taken. The curves are draﬁn somewhat above the high-
temperature pocints; thié reflects a correction for the recession of the
ice surface.

The results for five samples eéch of high-purity aﬁd of undoped iqe

are shown in Figs.l2c-d. The points shown are the averaged rates for

*On the basis of electron micrographs of the vaporizing ice surface
(Davy and Branton, to be published), it appears that a steady-state sur-
face morhpology develops by the time 1000A- (~300 molecularvlayers) have
sublimed, independent of temperature.
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five samples, in increments of 107 in T—l. The bars indicate the spread
between tﬁe highest and lowest rates bbserved. .The general shape of the
vaporization Curve~is maintained for all samples'including the doped
samples (to be discussed below) with the exception of those doped with
.high conéentrations of ammonia and ammonium fluoride, which will be dis-
cussed separately.

2. Fluctuations

For a given sample, the vaporization rate af steady state fluctuateé
about an average value. The magnitude ofvthis fluctuation is small for the
high-purity and the doped samples (S.i5 HE —_— min_l) and largevfor the
undoped samples (~ %50 He em™2 min'l) and is independent of temperature.
The'fiuctuation appears to be due to local variations in impurity content
ard will be discussed in Part B. |

3. Reproducibility

" There is a spread in observed vaporization rates for samples of the
same'type; Fbr'high4purity samplés; the spread between highest and lowest
rates observed at a given temperature is about 10%; for undoped samples,

about 15%. Reproducibility for the doped samples is rather poor, due to the

difficulties involved in growing single crystals of known and uniform doping.

4k, Effect of Crystal Orientation and Grain Boundaries

.The exposed surface for all five undoped samples reported'was the -
c-fade (c-axis L to the surface.) Undopéd samples that had other orienta-
tions (including c-axis’|| to sufface) all had vaporization rates similar
to that of the c-face samples within the accuracy of the experiments.

Also, polycrystalline undoped samples had vaporization rates undistinguish-

able from those for the single crystals. Observation by optical midroscope
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of the‘surface after vapofiiation (and a.éubséquent'éxposufe to air) showed,
for all samples a surface macroscopically flat but roughened (like an
orange skinj. The polycrystaliine samples showednnﬁ evidence of grain-
boundary grooving.

5. Effect of Crystal-Lattice Impurities on Ice Vaporization Rate”

Tﬁevaverage vaporizatién'rate.for undoped ice is about 10% lower than
for high—purity‘icé'(see Fig. 12¢c); the faté for ice of even highef purity~
nﬁght be slightly higﬁer. As menﬁioned before, fhe.magnitudé of rafe
fluctﬁations in the.doped éamples was much smaller thaﬁ in the unaoped s@mples.
Rate plots for dopéd‘sampleé have the same appearance as those for
undoped samples, although there was in ééne cases a general reduction in the
vaﬁoriéation rate. The results for a number éf monovalent impurities are
summarized in Teble I which gives the.values_for Jdoped/JmaX,.efaluated at‘
7t o M.8'1O-5°K_l(—65°c); Because the results for iée doped with NH)F differed
from those for other dopants, a rate plot for éeveral such samples is gi&en |
in.Fig. 15. The general effect of monbvalent impurities appears to be a |
reduction in the ?aporiiation rate. More reproduéibie results would re-
quire a sample growth method known to give uhiform dopant:concentfations.
Since NH#F is so much mor e soluble in icé ttan other materials are, it
is not surprising thmt its effect on the ice vaporization rate is more
pronouhced: aV for ice grown from 1M NHMF silutign is aBout 0.0é; the acti-
vation enthalpy is_somewhat above the thermodynamic enthalpy of sublimation.
The effect of one trivalent impurity was investigated; the vaporization
rate of ice grown from a saturated solution of Cr(NOj)5 was measured. The
vapprization behavior was indistinguishable from that of an undoped sample,
and for this ice, there.wés no suppression of the rate fluctuation.

Of-special interest is the behavior of the sample from 1M NHMOH’

which was quick frozen over dry ice. The result was a sluch of small ice
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grains coated with aqueous ammonia (eutectic temperature -120°C). When
this'sample was placed in the.vaporizétion chamber, its first values of
Jobs were well aborve'JmaX (see Fig.1Lk ). It eventually reached a steady-
state rate with Q_ ~ 0.9 over the temperature range investigated. (The
apparent curvature in the rate plot at higher temperatures is due to

surface recession.) The significance of these observations will be dis-

cussed in Part B below.

6. Effect of Gases on Ice Vaporization Rate

The influence of the following géses.on Jébs was investigated: HQ,
He, VN2, 0, 00y CLHLFY, CoFg, H,S, N, HCl and HF. The gas was admitted
to-é pressure of about lO_3 torr while the temperature of the ice sample
was such.that its saturation vapor pressure was about 3><lO-5 torr. Thus,
the vaporization flux and the gas flux incident on the surface were of
similaf.magnitude.

All of these gases excebt NH., HC1l and HF caused a slight decrease in

the vaporization rate attributable to the small physical efféct of gas-

phase collisions near the vaporizing surface.

‘The effect of NH, was a considerably greater reduction in the vapori-

5

zation rate. HCLl d4id not decrease the rate below the rate in the vacuum,

and HF increased the rate.

These three.gases and N2 as a reference gas were investigated further
to find the temperature and pressure dependénce of Jgas/Jvac and the
results are given in Fig. 15.

B. Discussion

The cbservations presented in Part A are discussed below; those of

greatest value in choosing a vaporization mechanism are discussed further

in:Section V3e
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1. Vaporization Rate and Activation Enthalpy

The most important feature of the vaporization process of ice is

the marked curvaturé in the plot of log J

R . '
obs VS T, 1mply1§g a large

change ih the experimental activation enthalpy AH: :within the témperature
range_étudied.(seé Figé. léé andvd). Thié feature has ﬁevef before been
feported in vaporization rate studies of ice.

Tt will be noted that the asymptotic behavior at Low temperatures is
for Aﬁs*;¥AHS°, and for the’high-purity samplés, a& — 1. The high-tempera-
ture.asympﬁbtic-behaQidr is more difficult to determine with certainty;
rate measurementé up to -35° or -30°C would be of great value. An aréu—
ment Qill Be giveh in the hext sectionlthat the most feasonable high-
temperéfuré limiting value forvAHS* is l/EEAHSd, as indicated‘in Figs.
12c and d. | | ;

Since the curvature isvobsérVed at relatiVély high rates, it is neces-
safy to shaow fhat neither Surfaée codling nor gas-phase collisions (the
B-effect) can suitable account for the observed béhavior. At the highest
rates, the error in the temberature measurement necessary to give aV =1

(i.e, J = Jmax) is about 7°C. Because of the heating method employed,

obs
and as can be concluded from the results obta ined fof ice frozen from
M NHAQH'(see beiow) such an error seems very unlikely.

It might be argued tHat since the lowest measured value for av is
about 0.5, that in fact a = 1, and B = 1/2. However, even in the absence
of exact éa&culations, it is possible, based on the mean free path of
water molecules in the saturated vapor (see Fig. 16a) to plot the predicfed
qualitative behavior for ice if av'were indeed unity over ﬁhe entire |

temperature range (Fig. 16b). For the sample size used (0.5 cmg), 5

might be expected to depart appreciably from unity when the mean frée
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path is ~1-2 cm, and to reach its mini'mum value when the meaﬁ free path
is ~1 mm. At this minimum value the slope of the predicted rate Jpred
"will be fhe same as for B = 1. Stated another way, AHS* (pred) will egual
AHS° exceptvin'the intermediate temperature regioh'whefe B is changing.
Since therobserved high—températures limiting value for AHS* is much
less than AHSO, the lowering of av cannot be entirely attributed to the Q-
effect. .The true\a& may be somewhat higher, but the B-effect (which lowers

av) is offset by surface roughening (which raises av).

2. Impurity effects
| It seems likely that the fluctuations in the observed rate for the

undoped samples are due to an uncontrolled incorporation of trace amounts
of'impurity in'the samples during growth. (The magnitude of the fiuctua—
tion -- *50 pg cm_2 min " -- ié unimportanf when compared to vaporizat ion
rates above about -75°C but it did make it difficult to collect reliable
data belew that temperature.)

It is of interest that the nagnitude of the fluctuation was reduced
at least tenfbld; both by’gfowing samples of higher purity and by deliberate
doping. If the high rate fluctuations for the undoped samples are due tov‘.
local variations in the type and concentration of impurities, then either
an overall reduction in the impurity concentration or moderafe doping with
one type of impurity would serve to suppress this effect.

As discussed in Section III, the solubility of most impurities in ice
‘is in the ppm range or below and it is difficult to grow unifofmly doped
ice single crystals. It is possible on these accoﬁnts to explain the

observed irreproducibility and lack of a more pronounced alteration of

the overall vaporization rate in the doped samples. In fact, it is remarkable
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that for dopants which were présent in the ice:in.such smali concentrationsg,
there was any_obser&able effect at>ali. Note that in Table I, the concentra-
tiqﬂs éiVen are for fhe solutions from which the icé samples were grown,
and note also that the only sample for which there was no reduction in the
magniﬁudé éf rate fluctuation‘was the sample grown from & solution of tri-
Yalent Cr(NO5)3'

The results for ice dopéd with NH&F must be disbusséd separately.
As mentiched in Section IIT, the solubility of M, F in ice is appreciable,
and it is iikely (although‘no mea surements were made) that the concentration
of NHquih thé ice samples‘whose faﬁe'is shown in Fig. 13 is less than a
factor éf 10 lower than the solution concéntrations given; Also it should
be remembered that HF is present in somewhat greater concentfétion in
the'lattice than in NHB' Sin;e HF (gas) has been obser?ed to raise the
vapqrizatibn rate and NH5(gas) to lower it, it must be concluded tlhat

elther NH, is considerably more effective than HF in altering the rate,

)
or that their combined effect in the lattice és a éalt is different than
a gimple summation of their effects separatelykas géses.

Fiﬁaliy it is important to note that for the impurities investigated‘
there'waé no apprent tendency for them to build up on the surface and
reduce the rate as vaporization progressed. This observation is corroborated
by Fig. 17 which is an elgctron micrograph of an ice single crjstal gfown
from a 0.01M solution of NHAF and vaporized 1 min. at —lOO°C. The
surface appearé quite similar to the surface of a similar oriented pure_
ice single crystal after the éame vaporization.

In the case of the 1M NH)OH sample (Fig. 1b) apparently NH5 (which

has a vapor pressure well above that of ice) vaporized until a congruently

vaporizing mixture was obtained. It is worthwhile to point out that since
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for this case a constant av was observed to very high rétes; it is unlikely
that the departure from unity for av observed for other samples is due to
saurface cooling. Had surface cooling been an important effect, the
pronounced curvature that was exhibited in the rate plots for all other
sampleé would have been seen for this sample as Weil. |
3. Gas Effects

The retardation and increase in the ice vaporization rate in the
presence of NHB(gas) and HF(gas) respectively can give extra informat ion

about the vaporization mechanism and is discussed in Section VI.
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VI. ICE VAPORIZATION MECHANISM

In preceding Sections, principles of Vﬁpdrization; structure and
properties of ice, and the measured ice vaporization kinetics have been
dichssea.: In.this section, a model consisteﬁt”With'theSe facts is pro-
posed to expléin on a moiecular scale the detailed steps by which mole-
cules of the_solidrentér the vapor. Ihe vapérization of pure ice is des-
cribed first and then the influence of impurities is discuésed.

The.following statements summarize the experimental observations
whiéh may be of value in determining the vaporization mechanism of ice

singlé;crystais. |
| b(l) The vacuum sublimation rate of pure iée7has been méaéured_ih.
the temperature range of -90° to -L0°C. The sublimation rates of the
different samples were reproducible with ~ * 10% and were not dependent
on crystal orientation (basal face vs. prism face) or on crystallinity
(single-crystal vs. polycrystalline sampléé)."Tﬁé steady-state sublima-
tion rate is rapidly attained at a given tempeféture.

(2) ‘The plot of 1log Jobs vs T—l is a curve with a characteristic
shape fér‘all jce samples (except those grown from concentratéd solutions
of NﬁhF and NHAOH); The activation enthalpy cf sublimetion AHé* is e@ual
to‘the equilibrium. enthalpy of sublimation AHS° at low temperatures
(< ;.85°)'and approaches a limiting v%iue of about 1/2 AHSOat high:

températufes (> - ho°).

(3)' Tonic impurities in ice appear to cause a shift in the characte-
ristic’sublimation rate curve (decrease'the sublimation rate). The impurities
do not have a cumulative effect on the rate and do not appear to collect

on the surface. -



-38-

(W) NHB(gas) impinging on the vaporizing surface causes a reduction

‘in Job

S; HF (gas) impinging on the vapgrizing surface causes an increase

in Jobsf
(5) The vaporization of polymers (dimers, trimers, etc.) does not
occur -to any significant extent.

(6) The surface of freely vaporizing ice is smooth (apart from
transient etch piﬁs) in the temperature range for which o, = 1 (< - 85%)
and becomes incréasingiy rough in the teg@érature rahge (> - 85°C) for
which av < 1. ' "v“> ' . |

.(7) The‘sintering of ice 1is severely retarded in:a dry atmosphere.

(8) Water molecules are hydrogen-bonded to at most U4 nearest
neighbors. Using structural models and experimental information it is
possible to distinguish between water wéter»molecules which have, in
turn, 4,3,2, and 1 hydrqgen bonds to other water molecules.

The ball- and stick model of ice of Fig.6 is small enough so that
all but one of the "molecules" are part of a surface: of the 39 molecules
represeﬁted tﬁere are eiéht molecules with U nearest neighbors (4 bonded),
twenty-two with 3 nearest neighbors (3-bonded) and nine with 2 nearest
neighbors (2-bonded). No molecules with only 1 nearest neighbor (l-bonded)
are shown but they may be imagined as admolecules on one of the surfaces.

A smooth -~ low-index ice surface contéins equal numberskof L-vonded
and 3;bonded molecules; a ledgé on the surface will necéssarily have
a Large'number of 2-bonded molecules. A rough surface is one with many
ledges and it 1s not unreasonable that the number of 2-bonded molecules
on avrough surface should be of the same magnitude as thé namber of

3-bonded and 4-bonded.”

*Roughening of the low-index faces of ice at equilibrium has been
treated by Yosida (1967).
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Invofder to arrive af a model of‘the iée vapbfization méchanism which
is consistent with the eXperimenfal evidence the_following assumptions aré
made: |

(1) The oxygen lattice extends to the éﬁrface without major rearrange-
ment, . | |

(2) The poéitions of the hydrogens do not need to be considered.as
they are randomly arranged.

(5) ‘2-bomded water molecules are present on the surface of freely
vaporizing ice in a concentfatidn W2 that is ofvthé same magnitude as the

>

: L4
concentration of 3-bonded and L4-bonded water molecules W and W, (due

to surface roughness, i.e. large ledge concentration),‘and cdnsequently
dQes nof change markedly with temperéture.* |

(&) 1-bonded molecuies are uniformly»distributed over théficé
surface.v These admolecules are most likely the high;surface-mobility
§pe01es reSpons1ble for sintering. . >They are presumably of a considerably
higher energy than the 2-. 3- and 4- bonded moleclues. At the temperatures
included in the present study, their concentration Wl'will be small com-

pared to the total number of molecules on the surface N -~ 1015cmd.

* .
This assumption may not be Justified for temperatures near —85°C

i.e., the region in which &y < 1, but as will be shown ihe vaporization
rate is not very dependent on W2 in this temperature region. It 1is wecrth
while to poin' ou’' tha vaporization is not expected to alter the popu-
lation of 3-bonded and 2-bonded molecules because they are replenished at
the same average rate at which they are used up. Consider for example a
L-bonded molecule attached to a 2-bonded molecule, or a 3-bonded to a

1 sbonded. After breaking their mutual bonds, the resulting molecules are
3, 1, 2 and zero-bonded, respectively. Note that the superscrlpt is used
here merely to dlStlﬂ“UlQh the various speciles.

Murphy (1953) has proposed that these molecules might owe their
mobility to a kind of "bipedal random walk" in which a molecule is alter-
nately l-bonded and 2-bonded as it moves across the ice surface.
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The proposed vaporization mechanism is

k. ¥
W2 21 _le lO;wO
klé- S kOl

where Wgzdnd Wl are the concentrgtions of é-bondédvand 1-bonded water
moleclues respecfively on the ice surface and WO is the concentration of
water vapor molecules. Note that_Wi ié used to refer both to an i-bonded
molecule and to its concentration. The double-index notation.on the rate
constants kij is used to denqte the passage frpm étate i to state J.

The corresponding rate equatiohs.are

= ko, W3

doyp T For M5 dpp 12

The rate "constants' may be expressed:
kp) = Vo €XD (Ugl/k) exp (-egl/kT)

. 5 ,
Kip = Vi T U exp (qlg/k)

|

k10 = V10 exp'(clo/k) exp&(-elo/kT)

il

- kpp = @ exp-(col/k) O 

The Vij are'generalized fémperature—ihdepepdent'frequéncies, the Gij

are the appropriafe entropy changes and the Eij are the energy differences
bgtWeen states 1 and J. The rate constant k12 depends on the availability
of sites suitable for a l-bonded molecule to become a 2-bonded molecule
.and this is taken to 5e linearly proportional (by a factor f) to the
concéntration w2 of 2-bonded molecules. thé that for.free vaporization
jOl = 0 even though neither kOl nor WO = 0; this apparent paradéx is
resolvédrby recalling thét jOl requires a velocity distribution in Wo

that includes that molecules incident on the surface; kol is written

to contain an coperator O that selects the incident population from WO.
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_ l — - o | . . - .
At steady-state qw /dt -VJ21 - 312 - JlO.—_O, .,
o ‘ k. W
KW kW' ok Wh o= o; who- 2L
21 12 10 k
12 10 (3)
_ 2
Thus j ,_'J sk Wt Ko Bpy ¥
= = - - :
10 obs 10 klE' klO
The two limiting case are:
P 2
Case ;.} kg <<kppe Then J . = klo(klg/klg) W
I obs V10(Vp1/Tvp) exp [(ogg + 0y - 0y5)/k]
[ - (egl + € O)/kT]
Case II: , ' ' '
- k. S>>k . Then J_ =~ k._ W = v__ W exp (0./k)
107 12 _ obs 21 21 F 2l

| exp (;egl/kT).

The enéfgies 621 and ElO represents b?eaking of the third and fourth
hydrdéén bonds between a water molecule and its neighbors. As mentioned
in Section III, a variety of values for the ehergy of @ hydrogen bond in
ice have been proposed. If we arbitrarily assign equal»vélues to €51 and
€10’ then since sublimation of bne:mole of ice requires‘breaking fwo.
moles of bonds, we can say €21 €5 " 1/2 AHS?

Neglecting the difference between activation energy ana the activa-
tion enthalpy'AHS* discussed 1in Section II, the predictipn of this-ﬁodel
is thaﬁ.AHs*'will be équal to AHS° in Cese T and 1/2 AH ° in Cese =2

Considering now the experimental results it appearé thap Cases I and
II describe ice vaporization below about -85°¢ énd a bove about‘—hooC'.
respectlvely, aﬁd that the complete expression glven in Eq 5 is requlred

*.
for the intermediate reglon

An actual calculation using Eq. 3 would require more knowlédge about

the var1~u° parameters and the possible temperature dependence of W2
near -85°C.
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Case I'is a virtual equilibrium of all species”on the ice surface:
vaporization does not.occﬁr rapidly enough to disturb their equilibrium
pdpulations. Case IT is-a virtual depletion of the l-bonded molecules;
they vapériié'as rapidly as they form. This high-temperature picture
of mobilé—speéies’depleﬁion is corroborated by the previously ment ioned
severe.retardation of ice sintering in dry atmospheres.

By‘inspection of the equations it can be seen that Case I Vaporization
rates are.proportional to the Wt population, -and Cése IT vaporization
rates are ﬁroportional to the W2 populaﬁion. The effect of NHB(gaS) énd
HF (gas) in lﬁwering and raising thé>vaporization rates at both low and
high tempe?atures can be'rationalized'as follows:

'Aé pointed out in Section III, each NHj or HF incorporated into the
ice latﬁice produces a D or L defect. If the’samé condition prevails

at the ice suffaée, each NH, molecule adsorbed produces a D-defect and

3
each HF, an L—defect. With this eiplanation it is necessary to further
postulate ‘that only L-défects have a direct influence on the fate, since
it seemé uhlikely.that D-defects should themselves decrease the vapori-
zatioﬁ rate. In a manner comparable to that described by Johes and Glen
(discusséd in Section III), the rate-reducing influence of NH5 would be
to decrease the surface L-defect cancentration below the level for pure
ice. .Alternatively stated the effect of these gases can be viewed

as being due to their differing number of protons - the excess of one in
NHB-ana the deficit of one in HF as campared to HZO could shift the
equilibria between surface species towards higher and lower numbers_of

hydrogen bonds respectively. It 1s nct possible at present to consider

this question in more detail since the surface concentration of Bjerrum

|
1
i
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defects.is unknOWn and the specific nature of fhe chemical interactions
of gaseous NH3 and HF with thé sufface has not been investigaﬂed. |
Thesfolg.of impuritiés cther thaﬁ NH3 and HF.bn the prpperties of
ice has not been as extensively studied. Kelley and Salomon (1969) show
that the.dielectric relaxation time decreases énd the aétivation energy

increase with increasing concentrations of NaOH in the ice lattice. This

observation is consistent with a general increase in lattice binding

_ erergy aftributable to long-range ionic interactions. On the other hand

NHhF causes a large decrease in the dielectric felaxation activgtion energy.
Causes for this effect have been propsed (Gross, 1968) but remain uncertain.
The shape of the vaporization éufve for doped ice samples indicates
that at low femperatures AHS* is still equal to AHS°—— doping dogs not
change the slope and equilibrium between W2 ahd.Wl surface species is
maintaiﬁéd but shifted towards We. Doping thus appears to cause a reduc-
tion in the equilibrium bopulation of Wl on the vaporizing ice surface |
and consequently a reduction in the vaporization rate a£ temperat ures

v 1
for which desorption of W molecules is the rate - determining step.

- Because the doping levels attainable were low and non-uniform it is

difficult to draw firm conclusions about the exact role of impurities.
However,. fraom the fact that they do not have a -cumulative effect on the
vaporization rate and do not pile up on the surface it is possible to -

rule out any permanent blocking of surface sites.
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VII. CONCLUSIONS

It now appears that the behavior of the ice surface during vacuum
sublimation can be undérstood, at least in part. (The development of the
asperities at low temperatures and whiskers at high temperatures await

explanation.) Ice at equilibrium with its vapor at a given temperature

appears to have a population of mobile surface molecules, perhaps hydrogen-

bonded’té bnly orne other water molécule at a‘time.  At very low tempera-
tures vacuuﬁ sublimation does not occur rapidly enough to disturb’fhe
popﬁlatibn of mdbile speéies from its equilibriﬁm'value.and desorption
of theée‘molecules from the surface to become vapor is the rate-limiting
step. - Consequently, the vaporization rate can be calculated from the
equilibrium vapor pressure. The activation enthalpy of sublimation AH:T
is equal to the equilibrium enthalpy of sublimation AHSQ (AHSQe = AHSO

= 12.2 kecal mole'l).

At temperaturesvabove about —85°C, the vacuum sublimation rate is
vrapid enéugh that it begins to deplete the population of mobille surface
molecules to a concentration below the equilibrium value and the observed
rate begins to fall below the theoretical maximum ra%e. At about -60°C
this departure becomes quite marked. The activation enthalpy appears
to approach the lower limiting value of AHS* = 6-1 kcal mole_l. Other
indications which point to thé depletion of mobile molecules are surface
roughehing that develops above -85°C, énd the failure of ice to sinter in
a dry atmosphere (far from ice-vapor equilibrium). At temperatures above
" about -MO°C, the vaporization rate is completely controlled by the rate

of production of mobile surface molecules.
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Tonic and Bjérrum defects are not expectedvto‘play‘an important
role in the vaporization of pureiice{ Howe#er; impuritieé_in the.ice
lattice db influencé.thé:kine£ics (they decrease the vaporization rate).
It mayvbe:that they ihcreésé the binding eﬁefgy bf the water molecules in
the ice lattice somewhét dué to long-range coulombic interaction. The
rate rédugtion is particﬁlarly prominent in ice grown from 1M NHAF -
more than an order of magnitude. The effects of impﬁrities on the subli—
mation rate of ice cannot yet be assessed fully due to the lack of better
information on their solubility in the ice lattice. In thé presence
of NH3 (gas) (lO—BIto 10_2 torr) the ice vaporization rate decreases while
in the presence of gaseous HF the rate increases. It is proposed that
NH3 and HF are chemisorbea on the ice surfacé and.produce D- and L- defects,
respectively in excess of their‘equilibrium concentratiohs. The increased
concentration of L-defects dncreases the vaporizatioh rate. It appears
that at sufficiently high gas pressures these gases alter the L defect

concentration enough to measurably alter (by ~10%) the ice vaporization

rate.
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TABLE I

a at el 4.8 10

solution by the Jona-

?K-l (-65°C) for single crystals grown from

Scherrer Method.

Solution Concentration

Dopant 0.01M -~ 0.1M

H), OH :80, .60 .. .6k

LiOH T3 .71

Na.OH 86 87
HF 7, .7

HNO, .78

NH) F 6L v, - .bo, .29
LiF T3 .78

NaF .80 - by, 5k




guUE

APPENDIX: THE LITERATURE OF IE

Informaticn on ice is published in a variéty of sources. I list

below some major references that supply a éollection of ice data.

1. N. E. Dorsey, Properties of Ordinary Water Substance, Reinhold
Publishing Corp., 1940. Republished 1968 by Hafner. 673 pp., .2 compendium
of all data on water in its various forms publiéhed through 1938.

2. D. Eisenberg and W. Kauzmann, The Structure and Propertieé.of

Water, Oxford University Press, 1969.

"3."Bibliography'on'Snow, Ice aﬁd Pérmaffost with Abétract with a
cumulatiQé index for Vols. I-XVII. Contéins bver.20,000 abstracfs of
articles on ice. U.S. Army Cold Regions Research'and Engineering Labora -
tOry;vHanovér, N.H.
| ﬁ. D. Schulte--Frohlinde and X. Vacek, Radiation Chemistry of

Aduéoué'Frozen Solutions, in Current Topics in Radiation Research, Vol. 5,

pp. 39-Th (1969). Review and discussion with 94 reférences.

5. H. Oura, ed., Physics of Snow ahd Iée, International Conference
oﬂ Low Temperature‘Science. I. Conference on Physics of Snow anﬁ Ice,
Institute of Low Temperature Science, Hokkaidc University. See especially
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FIGURE CAPTIONS
Schematic representation of a surface in the presence of its vapor.
Radiation—vaporization analog.
Semilog plot of equilibrium and kinetic data.

Vaporization rate measurements by various workers.

Electron micrograph of a prismvface of an ice single crystal, vaporized'

oné'minute at -100°C. Square etch pits are characteristic of this
faCé;_direétion of c-axis is indicated.

Tce T crystéllizes in the wurtzite (ZnS) structure. Oxygen atoms are
represented by balls (nearest-neighbor distance 2;76&);.hydrogen atoms
(not shown) lie betﬁeen oxygen (on the sticks), O.99& from one oxygen
and 1;773 fram the other. |

Representation of various low-index faces of ice: top view of basal
.or d-face and side views of five prisim faces - ﬁwo {1120} faces and
three (1i00} faces. Open curves are 0.92 above'closed circles.
Directions of some‘prism éxes:are shown; c-axis is perpendicﬁlar to
paper.

Preparation of oriented ice single crystals.

Low temperature vaporization system blockvdiagram.

Microbalaqce vacuum chamber for low temperature vaporization.

Heat flow model.

Vaporization rates of undoped and high-purity ice.

Vaporization rates of ice grown from various solutions of NH&F.
Vaporization rates of a sample quick frozen from 1M NHAOH.

Effect of gas pressure and sample temperature on the vaporization

rate of pure ice.
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16a. Mean ffee path of wafer.molecule in saﬁuratéd water vapor as é
funcfion of temperature and saturated vapbr préssuxg.

. 16b. -Predicted worst-case behavior of icévvapbrizétign rate for dv =1 -
.wi£h'decreasé in mean free path.

17. Electron micrograph of ﬁhe basal face of én iée single crystal grown

from 0.01 M-NHAF solution and vaporized one minute at -100°C. Round

etch pits are characteristic of this face.




-56-

. Figure 1

J. :——-—-—p—-——
VA2 mkT

I

Cc

Jac
Ji
ch _
Jq°

a
v d

- XBL694-2454

Jeq
J;°




-57-

~ "EQUILIBRIUM"
~ Blackbody
Knudsen

’ 'NON-EQUILIBRIUM

Graybody
—> Langmuir

~_

XBL 6912-6684

' Figure 2>



-58-

- log P's’ dex
~1og Jpps

 XBL694 -2455 ';

~ Figure 3.



1.0
05

ol L
36 38 40

=59~

. t,°c
10° -10° -20° -30° -40° “50° -60° -70°

T Ty

T TTTr] T T

— TTTTI]

T T

T T ! i T

M.P

This work

\

]

-80°©  -90°

T

NNt Lo tod S NETY

Lol

L tonl

103 o -1
T K

- Figure 4

42 44 46 48 50 52 54

XBL6911-6174

o

10~
1072

1073

1074

/

) torr



-60-

=32

XBB701

Figure 5



XBB692-1286

Figure 6



20D}UNS AON T_ ...... 3
22D}JnNSs mootv 3

S2|ND2|OW 22D)-}DSDg 6——0
S2|NJ2|OW 22D}~ WSllgd OO

62~

Figure 7



-63 -

Analyzer

|

—n | e

1 —— Horuie

Ice

Temp.' Grad.

| T

- Interference figure
for c-axis 1 to

Polarizer

- : : l__ight o surface
(a) Growth'in (b) Selection (c) Orientation

' cold room - : .

, Hook -clip

Sleeve
T Hot wire’
. | 1N e—Foil
«——Alurg‘gg\r/ré Ice- ‘wrapping
™~ Ice ~—_Thermocouple
leads

(d) Encapsulation

(e) Finished sample

- Preparation of oriented ice single crystals

N

Figure 8

XBL694 -2488



-6k - ' !
|
i
"
___________ . ‘
|- Vacuum : -
| chamber |
| (| Balance ;
l ‘Balance 1 control ‘ Two-channel E
! | Differentiator recorder
| | |
| | |
N |
| | |
' |
{ Heater |
l Tc | |
I T l‘
| K I{ One-mv
: || recorder
l Sample : ‘
I '
L4 | || ‘
|
Heater :
control f
|
XBL69S-2771
Figure 9
I
i

|
|
h.
i
!
{
|
i
i
i




.'65.. L

UHV flanges

] Top view in
) r—-——.—-—._.———,—.—..—. —————————
: H Balance . 4]
Pumps Evaporating_ " T R i
- surface ' ' 1
: ™ v
. Radiant heater— Mg - — - . O Tt
1 : Lod .
. SN [E
St "‘l 40 gage — ™
oinless 'l .
teel thermocouple s __0-ring seal
chamber i ~—Glass window
&SKMonipulofdr
M _ ’ s
/\
/\ r—===
' N
. - Ld_ |
! ~ ﬂ ___,___‘,:
N
AN of e .L_%__
|

Side view

XBL695-2772

Figure 10



..'.66_

Balance arm

HEAT FLOW
MODEL

Fiberglass
hangdown

e
R et _
Heat Copperi
Vapor ' Constantan
-
, | -
Radiant e | —
r .
heate " 1ce
sompm
TR -3
Radiation \ |0 watt
Steady- -state solid-state - ‘Sublimation power
thermal conduction -1, °C Q, mwatts
=70 43
Qa8 0c -60 170
-50 660
-40 2000

XBLE95 - 2773

Figure 11




Typicoi undoped { warm chamber)

Typical 'deqossed high-purity

) 1,5 -35°  -45° -85  -65° 75" -85° -35° -45° -55°  -65° -75° -85°
. 100 ¢~ Y T T™7==—]100 100 ¢ Y T T T T 37 +— 100
sop E 3
eo} [ ]
. . [ sof .
@ i 4ot 3
20} g
o ) ) .
o}~ 10 [[e] o
er F
3¢ - 3
T € S
at oft -
o E | €lo 5
€lo . -
-
2F -
1o 10 1.0 L—
o8l F
06| .F
. r [o X3 of
o4t L
b 5
0.2 o
0.1 i L 1 _ s L o.t 0.1 ! 1 2 L Lk L 0.
42 44 46 48 S0 52 54 : 42 44 46 4B 50 52 54
10 o
oo 10° o1
T .
Undoped ice single crystols (warm chamberk Average of 5.
100 t,°c -38° -a45° -5  -¢5" -75 -85° o Averoge of S rums, degossed high-purity ice
e E ',I—gt:"' T T 308 1,°C -38°  -45°. -s5°  -63°  -T3" -85*
R JJL - 06 100 r T T T 17 7 T T T T L
kecol L1} 1 O 80 |- 4
AKY =6t ] 5 E
mole 2le r ® o kcol 1
rys 404, &[5 60 I N AH 6.t 0l N
Oole -
p 2 N 4
- £z a0t N .
. = AN . 4
2t 402 ™ 1
20 . h
) J
- .Y max
'g s 3 AHP=12.2 keal/mote
F 4 0 = e
6F Jman 4 ef . p
.€ r . ANS =12.2 keal/mote ] ef Joue ]
€ 4+ T < .
o € 8
Bs T ot T
s et 9 : BT ]
oe =
2} b
1.0~ o kcat
F R -aH*6.
0.8 F 3 w0 mole a, . 4 10
0.6 | 1 0.8 Jjo8
- -1
0.4 - 0.6 ] 0.6
- 1 04 40.4
o2} . 1 a
. 02 102
0.1 1 1 1 i i 1
42 44 46 48 50 52 54 _ ou ) N , . ) \ o
103 4.2 .4 4.6 4.8 5.0 5.2 5.9
- %!
T, 10,
v - ¥ X -
XBL 6912- 6649
Figure 12
o

,l 2
B



-68- |

t,°C

1 1

00}
o
SRR EE

I

' N
LD o0 @)
IR ]

J _(mg/cmzmin) |
o
T

o
Qo
T TTTT]

1

o
N
]

.35° -45° -55°  -65°  -75°
] | .

I

-85°
1

| I I A |

]

Lyl

]

|

L riad

42 44 46 48 50
0% T ek

54

XBL 6912 -6682

Figure 13



69

toC

e
 eoF | | -
Tk -+
40 .
|0}~ g
= .
= °F 1
NE 41 -
e L |
g.
E & -
..j
= —
0.8; -
0.6 =
oal IM NH,OH -
0.2f -
o b Loy o b ] o
42 44 46 48 50 52 54
o 10YT ek |

XBL 6912- 6683

‘Figure 1k




-70-

L0 01

IBBLARA

[}
]

4 -

€

E
o =
£

©

8
"HF
~ @ P Vacuum rate, t=-59° |

Ltal

103 Pgqq , torr

-75°

-85°

-~

t,°C -35° -45° = -55°  -65°
2 [ | i I i i i
1.5}
\

Jgas
Jvac

=

HF

(2 samples)

- 2.0
115

1

NH3

1

1.0
v o \er
0.8 : .

1.0
0.8

0.6

Ly

0.6
| 42 44 46 48
103, -

Figure 15

5.0

5.2

5.4

XBL 6912 -6663



.—711'

t.°c )
-85° -BO" -75° -70° -65° -60° -55° -50°-45° -40°
1000 T — T T T T T T T
&
€
E 100
‘ £
by - a -
[
b4
e .
o
-]
=
10
] 1 I S | i PR S | i L
o4 103 102 10t
. Py ,tore
Predicted behavior of evaporation rate
as meon free path goes from large to -smait
t,°C' -35° -45° .-55°  -65° -75° -85°
100 T YT Y
80 | '
£
E
o
-
els
—;
4 ’ .
|_°.s°K_‘
T K. .
XBL 6912-6664
! .

Figure 16




T

X
BB701-31

i
igure 17



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: .

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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