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INTERACTION OF PARTICLES AND A MOVING ICE-LIQUID INTERFACE
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A cryomicroscopewasusedto determinecritical interfacevelocitiesmarkingthetransitionbetweenrepulsionandentrapmentof
sphericallatexparticlesby anadvancingice—liquid interface.Theemployedfreezingstageyields a planarice front which propagates
with increasingvelocity into a region of decreasingthermal gradients.It was found that the critical velocity associatedwith the
transitionis inverselyproportionalto theparticleradiusassuggestedtheoreticallyundertheassumptionof the flat front (no cusping
behindtheparticle). Thecritical velocityincreasesaboutlinearlywith theimposedthermalgradientwhichseemsto stabilizethefront
againsttheperturbationinducedby theparticle.On theotherhand,concentrationgradientsdid not showa majoreffect: theaddition
of solute(0.56mol% NaMnO

4)did not result in a significantchangeof thetransition pointsascomparedto the resultsobtainedin
purewater.

1. Introduction cryopreservation of biological cell suspensions
[1,2]. The freezingof aqueoussalt solutions(which

The interactionof a macroscopicsecond-phase are commonlyusedas a suspensionmedium)may
particlewith a movingsolidificationfront canlead result in considerabledeviationsfrom equilibrium
to its encapsulationor rejection, i.e., the particle as given by the respectivephasediagram. It was
either remainsstationaryand becomesentrapped observed that soluterejection can lead to large
by the advancinginterface,or it is being pushed concentrationgradientsin the residualliquid with
andsweptalong with the solidificationfront. The the solutebecominghighly enrichedimmediately
phenomenonis of crucial importancefor many aheadof the advancingice—liquid interface[3]. As
applicationsin metallurgy,materials scienceand mostbiological cellsaredamagedosmoticallywhen
crystalgrowing. It is eithernecessaryto purify the subjectedto salt concentrationsabove a critical
solid phaseand to keep it free of second-phase limit [4,5] it is obviousthatdetrimentaleffectsare
inclusions, or it may be desirable to achievea to be expectedwhen the cell is being pushedby
controlledincorporationof (e.g. ceramic)particles the ice front andthusbecomesexposedto increas-
yielding bettermechanicalor electricalproperties ing salt concentrationsfor an extendedperiod of
of the solid matrix. Relatingto that background, time. Conditionsresultingin a repulsionof the cell
manystudieshavebeencarriedout in the pastfew shouldhencebeclearly avoidedwhendesigninga
decadesand have eventuallylead to a more de- successful cryopreservationprocedure. As sug-
tailed understandingof the underlying principles gestedby Brower and coworkers [2], it may be
andmechanisms, desirableto get thecells encapsulatedimmediately

More recentlyit hasalso beenrecognized,that upon arrival of a (plane) ice front, thus cir-
the phenomenonplays a significant role for the cumventingthe exposureto high salt concentra-
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tions that would developaheadof the front during tam the transportof moleculestowardsthegrow-
“pushing” or in the channelsof residualliquid ing crystal surfacebehind the particle. With in-
duringnon-planarfreezing.Unfortunately,thereis creasingvelocity of the solidification front, the
only very little evidence on the interaction of distancebetweenparticle andphaseboundarybe-
biological cells with a movingice—liquid interface comes smaller while both forces increase. If a
and it is generally not possible to predict the critical velocity is reached,the forces cannotbe
conditionsunderwhich encapsulationor rejection balancedany moreand the distanceof the gapis
takesplace. no longer sufficient to keep the crystal surface

In contrastto biological cells, the behaviorof growing. As a result the particle becomesen-
organicand inorganicparticlesof variousshapes, capsulated.
phases,dimensions, and surface propertieshas In a numberof approaches,the involved forces
been studied in a numberof different matrices and the resultingcritical interfacevelocities have
[6—9]including ice[10,11].A critical review of the beendeterminedfor varioussetsof conditionsand
reporteddatamay be found in ref. [12]. However, assumptions[9,12—21].A good survey of the re-
it hasnot yet beeninvestigatedin systematicex- spectiveliterature up to 1978 was presentedby
perimentsto what extentthe variationof thermal Aubourg [12]. In the following, we will therefore
gradients or the addition of solutes affects the just give a brief outline of the underlyingprinci-
results.From theoreticalanalyses[11—16]it canbe ples and discussthe results relating to the case
expectedthat theseparametersplay a significant consideredhere.
role, particularlyin situationsrelatingto the freez- Fig. 1 sketchesa situation where a smooth,
ing of biological cell suspensionswhere varying spherical,andrigid particleof radiusr is movinga
gradientsof temperatureand soluteconcentration distanced << r aheadof a solid—liquid interface
areencountered.Henceit wasfelt to be necessary advancingwith velocity v. Understeadystatecon-
to determinehow the behaviorof solid particlesis ditions, the attractiveanddisjoining forcescanbe
influenced by these effects before investigating determinedasfollows.
biological cells exposedto similar conditions. In
this contribution,we presentresultsobtainedwith
solid particlesto elucidatethe more fundamental
aspects.Observationswith yeastcells which were
usedas a biological model systemwill be reported
in aseparatepaper[36].

2. Theoreticalbackground

A particlebeing pushedaheadof anadvancing R

solid—liquid interfaceis subject to two counter- /

acting forces, an attractive one resulting from quid s~her.

viscous dragdueto fluid flow aroundthe particle N
which favors entrapment,and a repulsive one —. —. — - - ~. -. d -- -. ~S~P) —

maybe expr ssedin termsof differencesin inter- ~

andwhenno externalforcesare involved the sum ,///// /////
of the forcesacting on the particle mustbe zero. /
During pushing,theparticlecannotdirectly touch Sketchof a sphericalparticleof radiusr beingsweptadistance

thephaseboundary:a film of liquid of a sufficient d aheadof a solid—liquidinterface5(p) advancingwith veloc-

thicknessmust exst in betweenin order to main- ity v.
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2.1. Attractivedragforce From the balanceof both forces, i.e. putting
= F,, as in eqs. (1) and (4), one obtains the

For aparticlemovingvery closeto asolidifica- critical velocity v~marking the transition from
tion front, the standardStokes’ equationfor the particle rejectionto encapsulation(cf. also refs.
dragforceis nolongervalid asthe flow of liquid is [9,20]):
perturbedby the front.Carrier[22] hasderivedthe

/.~a0dla0\~ (5)
following expressionfor the caseof a flat interface = ~ d)

F,~=6,rqvr
2/d, (1)

For a flat solidification front, the critical velocity
where~ denotestheviscosityof the liquid suspen- shouldhencebe inverselyproportionalto the par-
sion medium(see also the list of symbols at the tide radius.The mainproblemassociatedwith eq.
end). (5) is the determinationof correctvaluesfor d and

n and the uncertaintyof experimentalvaluesfor
2.2. Disjoining force ~ The proportionality coefficient in (5) can

thereforein generalonly be roughlyestimatedfor
Thermodynamicargumentsshow thataparticle mostpracticalsituations.

can only be rejectedif the interfacial freeenergy Severalauthorshaverefined the treatmentof
betweenthe particle and the solid phase, ;p’ is the problemby consideringdifferentgeometriesof
larger than the sum of the surfacefree energies the interfaceas well asthe particleand by includ-
solid—liquid, ;~,and liquid—particle, a

1~: ing effects due to heat conduction and solute

= — (a,~+ a1~,)>0. (2) diffusion.

Otherwise, a state of lowest energy is achieved 2.3. Differentgeometries
when the particle is completely surroundedby
solid.For thecaseof a sphericalparticleof radius For a disc in front of a flat interface,Aubourg
r in directcontactwith thesolidificationfront, the [12] showed that the critical velocity varieswith
correspondingrepulsive force can be derived as r

3 insteadof r ~. Uhlmannet al. [9] treatedthe
[20,21] caseof irregularitieson the surfaceof a spherical

F,, = 2~rr~ (3) particlewhich reducethe effective radius andcan
henceleadto critical velocitiesconsiderablyhigher

For a thin film of liquid betweenparticle and than for comparablesmoothparticles.If the inter-
front, this expressionhas to be modified. Uh1 face is non-planar,it is clear that the contourof
mannet al. [9] suggestedthat thesurfaceenergyof the front must be of radial symmetrywith respect
a thin layerof liquid is a function of thethickness to the particle. In the simplest case of a front
of the film, replacingeq.(3) by concentricto a sphericalparticle[12], the expres-

F,, = 2irr ~ (a
0/d)~, (4) sion for the critical velocity, eq. (5), has to be

correctedby a factor dependingon the radius of
wherea0 is theaverageintermoleculardistancein the dimpledarea.If the front is not concentricto
the film andtheexponentn usedin ref. [9] ranged the particle, the width of the gap is no longer
from 4 to 5. The form of therelationshipgivenin constantyielding a more complicatedcorrection
(4) agreeswith the disjoirnng term dueto Van der factor [12,17,21]. For a slightly curved interface
Waalsforces if the involved Hainakerconstants this factor reduces to (1 — r/R) where R is the
are determinedappropriately[12,20,21].However, radius of curvature.Chernov and coworkers [18]
Aubourg[12] andChernovet al. [18] derivedn = 2 haveassumeda parabolicalshapeof the front and
for small d andn = 3 for largerd, while Pötschke received v~ r

4~3 for small particles (r ~ 500
[21] andLangbein[161usedvaluesbetween1 and ~&m).A generalexpressionfor a sphericalparticle
4. aheadof an interfaceof arbitrary given contour



652 Ch. Kôrberet aL / Interaction ofparticles andice— liquid interface

S(p) was derived by Bolling and Cissé [17]. was shown that the front dimplesand becomes
Evaluatedfor the limiting caseof maximumdrag concavebehind the particle if A ~,> Am, resulting
force, this yields v~— r 3/2, They also considered in a reduction of the critical velocity, while the
the situationof a particlepushedaheadof a grain front is raisedand u,~increasedfor the opposite
boundarygroove, resultingin an increaseof v,, by caseof A ~,<Am (which particularlyappliesto the
a factor of ‘,/~or %/~(triple point), entrapmentof gas bubbles). Aubourg [121 and

The variousexpressionsfor a smoothspherical Langbein [16] have presented numerical de-
particleand solidification fronts of different geo- terminationsof the shapeof the solidification front
metricscan besummarizedby expressingthem in for different thermalconductivities.
the form

1 1 2.5. Soluteeffects
(6)

~ r Temkin et al. [15] haveneglectedthe influence

where the exponentm variesbetween1 and 3/2 of thermal gradientsand took into accountthe
and k’ is aproportionality factor that dependson diffusion of dissolved impurities in their de-
geometryandthedifferenceof surfacefree energy, terminationof thecritical velocity. For particlesof
4a~.It shouldbe noted that cuspingof the front smalldiameterwith respectto the thicknessof the
behind the particleincreasesthe dragforce more diffusion boundary layer, they assumedsteady
thanthe disjoining force, andthat the valueof the - stateconditionsand balancedhydrodynamicand
critical velocity canhencebedrasticallyreducedas diffusion flow in a cylindrical area behind the
comparedto thecaseof a flat interface(eq. (5)). particle. Their results suggestan enrichmentof

solutein the gap betweenparticle and interface,

2.4. Thermaleffects leadingto a concaveshapeof the front dueto the
resultingreductionof the melting point. Accord-

The shapeof the solidification front behindthe ingly, the critical velocity shouldbe lowerthan for
front is obviously affected by the temperature pure substancesand vary with r2 instead of
distribution in the particle—matrix system.It can r4”3. ChernovandBronstein[13]haveconsidered
hence be expectedthat the critical velocity also an electrostaticcontributionto thedisjoining force
dependson the thermalconditionsapplied to the resultingfrom the interactionof the contactpoten-
sample.For a (constant)temperaturegradient G tial betweenparticleandmatrix andthe potential
= dT/dx imposedon the matrix, Hoekstraand dueto differential adsorptionandincorporationof
Miller [11] found a relationshipsimilar to eq. (6) anions and cations at the interface (“freezing
but indicating a linear increaseof v~with G: potential”, “Workman—ReynoldsEffect” [23,24]).

d 1 Theircalculationsfor dilutesolutionsyield v~ r1
= k”~~G. (7) for smallparticlesand v~— r2 for largeparticles

where the limiting radius dependson the contact
Accordingto a differentapproachby Chernovand potential and the impurity concentrationat the
coworkers[18], however,this dependenceis com- interface.It is not well established,however,what
pensatedby the Gibbs—Thomsoneffect for small valueshaveto be used for the involved potentials.
particles(r ~ 500 ~sm).For larger particles, they Moreover,thesteadystateconditionsassumedin
derived that v~varies as G114. However, a re- both papers[13,15] are generallynot encountered
evaluationof their calculationsby POtschke[21] in aqueoussystemswith extremelysmall distribu-
showedthat the influenceof the thermalgradient tion coefficientsk [25].
cancels out completely for pure systems. In a In conclusion,it may be stated that the basic
subsequentpaper[14], Chernovet al. also consid- mechanismscontrolling the rejection or entrap-
ered the effect of different thermal conductivities ment of particles by a solidification front in
of particle and matrix, A ~, and m~respectively, steady-statehavebeen recognizedand described
As already suggestedqualitatively in ref. [17], it appropriately.However,theapplicability of the re-
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suits to practicalsituationsis difficult as the mag- elsewhere[3,27]onecan deriveaparabolicaltem-
nitudeof someof the involvedquantitiesis rather peratureprofile acrossthe slit, which is lowered
uncertain.The understandingof the influenceof linearly with time by imposinga constantcooling
thermalandsoluteeffectsandtheir combinationis rate B at the center (where the thermocouple
still incompleteandlimited by anumberof rough junction providing theinput signal to the thermal
approximations. control systemis positioned). Under quasi-sta-

tionary conditions, i.e. sufficiently slow cooling,

oneobtains
3. Materialsandmethods

T(x, t)=TO+Bt_~~(To+Bt_Tcu)(xR_x)2,
A meansto study the interactionof particles

and an advancingice front was apparentin a (8)
set-up which was previously used to determine

where T0 is the starting temperature, Tc~the
concentrationprofiles dueto soluterejectionand
the transition from a flat interfaceto non-planar temperatureof the coppersubstage,x R the half-
morphologies during the freezing of electrolyte width of the(symmetrical)systemand .~2 a factor

relatedto the heattransfercoefficientbetweenthe
solutions[3,26,27].This offers the advantagethat
the time and space dependentdistributions of copperblock and the glass sheetsupportingthe
temperatureand soluteconcentrationin the sam- samplelayer. The time dependenceof the ø°ç

isotherm,i.e. the position of the ice front (assum-ple arewell established.Thearrangementbasically
consistsof acryomicroscope[28,29]equippedwith ing equilibrium at theinterface)thenbecomes
a specialfreezingstage[3] which yieldsa precisely —

controlledpropagationandshapeof the ice—liquid ~(t) = XR — ~(1 — Tc~ \
interfacein combinationwith simultaneousvisual T0 + Bt) (9)
observation and/or video-recording for subse- Fromthis, onecanderivethe position dependence
quentquantitativeevaluation.Themaindifference of the interfacevelocity
as comparedto otherapproachesin determining B [(XR — ~ )2 — ~ 2]2

critical interface velocities is that the thermal ~ = (10)
gradientat the front andits velocity are notbeing 2y

2T~~( X R —

kept constant,but decreaseand increase,respec-
andtheposition dependenceof the thermalgradi-

tively, during the courseof the experiment.The
ent at the interface

arrangementis hencemore similar to the solidifi-
cation processas it occurs in practical freezing = 2(xR — ~)T

0~
situationswherethe ice fronts propagatefrom an G(E) 8x ~ ( 2 2 ‘

XR~) —Y
areaof high temperaturegradientsclose to the
cold walls of a freezingcontainertowardsa point which is independentfrom the imposedcooling
of vanishingthermal gradientin the centerof the rate B. Fig. 2 gives a graphical representationof
system[30]. As outlinedbelow, it also offers the eqs.(10) and(11) for typical set of valuesy, ~
advantageof determining the critical interface XR andvariousB. As mentionedabove,onerecog-
velocity andthe correspondingtemperaturegradi- nizes that the interfacevelocity continuouslyin-
ent in asinglerun, creaseswhentheicefront approachesthecenterof

The samplesuspensionis put on the freezing the slit while the gradientdecreasesandeventually
stageas a thin layer(about20 ~&mthick) between vanishesat that point. It can also beseenthat for
two glass surfaces.The temperatureprofile im- increasingcooling ratesB, a certain valueof the
posedon this sandwich-likearrangementproduces interfacevelocity is reachedat decreasingvaluesof
two parallelice frontsadvancingfrom the edgesof ~, i.e. closer to the edgeof the slit and henceat
the observationslit toward its center where they higher thermal gradients. From the position at
eventually meet.From a simple model described which a particle becomesencapsulated,one can



654 C/i. Kôrber etaL / Interactionofparticles andice—liquid interface

~~K/rnm~~ ,“~Ss

limmi ~
Fig. 2. Position dependenceof interfacevelocity v(f) and thermal gradientand interface,G(~)accordingto eqs. (10) and (11),
respectively.Tc~= —44°C,XR =1.7 mm, y = 2.0 i~~u’

thusdeterminethe critical velocity andthe corre- meansof the capillaryrisemethod.No significant
spondinggradientaccordingto eqs.(10) and(11). differencescould be found comparedto the pure
The neededthermal parameterscan be obtained suspensionmedium.
by evaluatingthe interfacepropagationkinetics as Theconcentrationof particlesin thesuspension
givenby eq. (19). wasadjustedaccordingto two limiting criteria: on

The suspensionmedia used in this study were the one hand the concentrationhad to be low
eitherdistilled water or abinary aqueoussolution enoughto avoid a pile-up of particlesin front of
of 0.56 mol% NaMnO4, which was previously the interfacebefore the critical velocity was re-
studied [3,27] as a model substancewith mass ached (in that case,the flow fields around the
diffusive andphasediagrampropertiesvery simi- individual particlescould interactandbecomedis-
lar to NaCl which is of main interestin cryobio- turbed). On the other hand, it was necessaryto
logical applications.It absorbslight in the visual keepa sufficient numberof particles(usually be-
range(maximum absorptionat 525 nm) and can tween30 and 50) in the field of observation.A
hencebeusedto visualizetheconcentrationdistri- typical value of the resulting particle concentra-
butionin the samplesolutionlayerandalso allows tions wasapproximately2 x i0

4 mm
quantitativephotometricmeasurements.The par-
ticles usedin this studywere latex spheresof two 4. Resultsanddiscussion
different diameters,5.7±1.5 ~&mand 11.9±1.9

tim (Sigma,St. Louis, MO 63178,USA. andDow Fig. 3 shows a sequenceof photographsrepre-
Chemical,Indianapolis,IN 46206,USA). The size sentingthe various phasesof the freezingprocess
distributions werecheckedunder the microscope in the suspension(latex spheresof 5.7 tim mean
and found to be in satisfactoryagreementwith diameterin distilled water). The pictures were
thosestatedby the supplier.The material,sterene takenin timeintervalsof about30 s andshow the
devinylbenzene,hasa densityof 1.05 g/cm3 which samesectionwithin the left half of the observation
is sufficiently closeto that of the matrix materials slit as the ice front advancesthrough the sample
to avoid significant gravitational effects due to towardthecenter(from left to right) [31].
buoancy.The presenceof surfactantswhich could Onecandistinguishthreedifferent phases:
be left over from the productionprocessof the (1) All particlesare being pushedas the ice front
latex spheresand which czrnld possibly con- is still advancing rather slowly with a velocity
taniinate the sample suspensionwas checkedby below thecritical valuet~.
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Fig. 3. Seriesof photographsshowinga sectionof theobservationslit asthe ice—liquid interfacepassesthroughthesuspension(5.7tim
diameterlatexspheresin water). Time interval ~ t = 30 s, cooling rateB = — 10 K/mm, substagetemperature~ = — 60°C.

(2) Theparticlesare graduallyleft behindas their (3) All particles remain in their initial position
critical velocities are reached.At this point, only andare encapsulatedimmediatelyupon arrival of
two of the particles that were previously pushed the icefront. The interfacevelocity is beyondthe
are not yet encapsulated.Someparticlesare only critical value v~.
sweptalong for a very short distancebeforethey It can be seen that the ice front remained
get entrapped. planarduringthewholesequenceof picturesshown
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in fig. 3: dendritic breakdownof the interface E rmml• 100
occurred at a velocity well above v. This, of L __________

C —~-—~-— -~ —.-—--~°-~-

course,is a result of the stabilizing effect of the
thermalgradientsin thesystem,whicharegoverned
by the temperatureof the coppersubstage(cf. eq.
(11)). The value of ~ had henceto be selected
low enough to maintain the interfaceplanarand
sufficiently stableagainstdeformationswithin the
range of positions where the transition between
particlerejectionandencapsulationoccurred.

Fig. 4 shows a sequenceof photographswhere
the cameraframewaskept at restwith respectto
the advancing interface.In this casethe suspen-
sion mediumwas0.56mol% NaMnO4 andtheice O.?!4
front was moving fasterthan in fig. 3 dueto the
larger imposedcooling rate (B = —15 K/mn).
The transitionfrom pushingto entrapmentoccurs
between~= 0.784mm(third framefrom top) and _____

= 0.900mm (sixth frame). It can also be recog-
nized from the more intenseblackeningaheadof
the front, that a diffusion boundarylayer is built
up due to the rejection of solute, which finally
leads to dendritic breakdown(bottom frame ~= 0864
1.024 mm). Underthe conditionsexaminedhere.
cell spacing,i.e. the averagedistanceof the liquid _____

channelsbetweenthe tongue like protrusions,is
almost an order of magnitude larger than the -.

averageparticlediameter.It shouldalsobepointed
out that someof the particlesshown in figs. 3 and
4 wereentrappedunderconditionswhichwerenot -.

suitable for quantitativeevaluationas will be ex -_____

plainedbelow.
When determiningcritical velocities,a number

of precautionshad to be taken in order to avoid
erroneousresults:
(1) Particles pushed ahead of grain boundary ~ 4
grooveswerenotevaluatedasthis would presuma- -

bly result in highercritical velocitiesthan pushing
by a planefront (cf. ref. [17]).
(2) Aggregationsof two or moreparticleswerenot Fig. 4. Seriesof photographstaken at non-uniform time inter-

vals with camera frame at rest with respectto the moving
consideredfor the reasonsoutlined above, interface(positionsf relativeto the edge of the slit given at

(3) Particleswhich adheredto the glass surface left). Latex spheresof 5.7 tim meandiametersuspendedin 0.56

wereexcludedfrom evaluation. mol% NaMnO4. CoolingrateB= —15 K/nun, substagetern-
Keepingthesesourcesof possibleerrorin mind, peratureTc~= — 60°C.

critical velocitieswereonly determinedfor single
particlesin front of a planeinterfacewhich were of using still pictures, the experiments were
sweptalong for a distanceof at leastfive particle evaluatedfrom video taperecordingsbecauseof
diametersbefore they were encapsulated.Instead the highertime resolutionandthebetterpossibili-
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tiesof keepingtrackof the individual particles, casepresentedin figs. 5 and6). Finally, the critical
Theprocedureusedforevaluationwill bebriefly velocity, v.~,andthe correspondingthermalgradi-

described by the following example. First, the ent, G~,were computedby solving eqs. (10) and
propagationkinetics of the interface was de- (11), respectively,for ~ andthe set of parameters
termined by fitting a curve (least squares fit) determinedpreviously.
according to eq. (9) to a set of about 10 to 15 As the size distribution of the latex beadsis
position—time data points cf. fig. 5). Generally, rather broad, an attempt was also made to de-
between5 and10 iterationswereneededto obtain termine the effect of the particle diameteron the
a convergingfit (criterion: relativeimprovementof transition points. For this purpose,the distnbu-
betterthan 10 ~ in the sum of squaresfrom one tion wassubdividedinto classesof equalsize, and
iterationto the other).Themultiple r 2-values(ratio themeanvalueof thecriticalvelocitywasevaluated
of regressionandtotalsumof squares)were larger separatelyfor eachclass.Fig. 7 showstheresulting
than 0.996 in all cases.Second,the positions at plot of critical velocity (mean ±standarddevia-
which encapsulationoccurred according to the tion) versus particleradius. It becomesclear that
criteria given abovewere determinedfor about30 the critical velocity decreaseswith increasingpar-
to 50 particles.Thisyieldsa frequencydistribution tide size as predicted by all theoreticalmodels.
of transitionpoints, an exampleof which is given For relating the data to the various functional
in fig. 6 (resultsfrom sameexperimentasin fig. 5). relationshipsderivedfrom thosemodels, a least
The width of this distribution is mainlyrelatedto squaresfit wasperformedaccordingto eq.(6). Fig.
the particle size distribution but also reflects ef- 7 gives the curves obtainedby adjustingthe pro-
fects that are not preciselyknown like inhomo- portionality factor in eq. (6) for the different val-
geneitiesof the particlesurfaceor deviationsfrom ues of the exponent m, i.e. the solid curve for
sphericity. A critical position ~ and standard m = 1 [9,11], the dotted curve for m = 4/3 [18]
deviationwasdefinedas the weightedmeanvalue and the dashedcurve for m = 3/2 [17]. The best
of this distribution( = 1.085±0.096mmfor the agreementwith our experimentsis achievedby

i.E ,,,,,r,,,,,,,, I

1.4

limmI 1.3

1.2

1.1

1.0

0.9

TCL —::: 1(t) = x,_.y.(l — T
0+B’t

0.6

0.5

0.4
0 10 20 30 40 50 60 70 00 90 100

tlsl p

Fig. 5. Interfacepropagationkinetics for Tc~= —44°Cand B = — 0.246 K/s (—14.8 K/mm) with fitted curve (T0 = 26.46°C
x~=1.76mm, y 2.17mm).
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relatively large standarddeviation and that the

12 range of particle diametersinvestigatedin this
studyis rathersmall, making extrapolationsprob-

~ lematic.
Similar limitationshaveto be madewhencorn-

8 paring the proportionality coefficient resulting
from the fitted curve (m = 1) to that obtained

6 theoreticallyin eq. (5) for a planar interface.In

principle, it would be possibleto determinethe
[1 distanced betweenfront andparticleif the other

2 [] parameterswere preciselyknown. As mentioned
H H above,however, further assumptionswould have

0 L H to be made with respect to the values of the
0.8 0.9 1,0 1.1 1.2 x!mml exponent n and the difference of surface free

energies,~1a0,which is not known for the material
Fig. 6. Frequencydistnbution of transition points observed . .

under conditions given in fig. 5 (n: number of particles; combination studied here. Further uncertainties
i.lx = 32.5 tim channelwidth). Critical positions; = 1.085± couldarise from thefact that the viscosityof very
0.096 mm (mean±standarddeviation), thin films maybe considerablylarger than that of

the bulk liquid as discussedin ref. [18]. Taking
putting m = 1, resultingin k’/~= 0.09397X i0~ n = 2 asproposedin ref. [12] and ~ = 0.05 N/rn
mrn

2/s (final sum of squares0.11 x iO~, r2 = as suggestedby Uhlmann[9], a roughestimatecan
0.9782).This would imply that the assumptionof bemadefor d. With theintermoleculardistancein
the flat ice—liquid interfacerepresentsa reasona- water, a

0 = 3.8 A, and viscosity ~ = 1.8 cP, one
ble approximation, allowing the rather simple obtainsd = 335 A. With n-3 andthe samevalues,
treatmentleading to eq. (5) as outlinedabove.In onegets d = 112 A. The distanceof the gap be-
fact, adeformationof the front behindtheparticle tweenparticleand front shouldhencebe filled by
could neverbe detectedin our observations.It has at least severaltensof water molecules.This result
to be noted, however, that the results have a is within the rangeof Langbein’s[19]estimatethat

o o 3 ________________________________ d varies between 10 and 1000 A (Bolling and
1 \~,J ‘ Cisséproposedd = 6a0 = 23 A). Distancesof this

0.012 LATEX ,~H20 order of magnitudeare clearly byond the resolu-
tion limits of light microscopy,hencean indepen-

— 0.011 dent measurementof d was not possible in this

0.010 •. study. It should be stated,however, that in our
observationsthe particlesalwaysappeareddirectly

0.009 ‘~. in touch with the interface,indicating that d is at

0.008 ‘~. ~:ma~1. than the resolutionlimit of themicro-

0.007 s’:, The influenceof soluteeffectson the transition
from pushing to encapsulationwas studiedwitho.oo6 - s.., latex beadsof 5.7 tim diameterwhich were sus-

0.005 ~ pendedeither in distilled water or in 0.56 mol%
-.. .~ NaMnO4 solution. Fig. 8 shows the positions at

°°3~, 3.5 4.0 4.5 5.0 5.5 6.0- 6:5 7.0’ which entrapmentoccurredfor different cooling

IMmI ~ ratesin bothmatrix mediaandotherwiseidentical
Fig. 7. Critical velocityv~(±standarddeviation) versus particle conditions. Evidently, thereis no significant dif-
radius r. Solid line showsfitted function i’, = 0.0397r ~, dotted ference,indicating that the amountof solutead-
line v~= 0.0621 r

4~3,dashedline v~= 0.0775r’3”2. ded doesnot play a major role in the interaction
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2.0 I their influence on the critical velocity (which will

transItIon POIflts bediscussedbelow)might possiblyconcealthat of
1.8 fortate~p!~:m

\ soluteenrichment.Unfortunately,a theory taking
* inpurewater

1mm] \
1.6 0 in 0.56mol % NaMnO

4 into accountthe coupledeffect of both heatand
mass diffusion has not beendevelopedso far to
our knowledge.A comparisonof our resultswith

14
Chernovand Bronstein’s model [13] considering

1.0 ~ dendrituc breakdown1:2 an electrostaticcomponentof the disjoining forceis not possible as the amount of the involvedpotentialsis not known.Although their model alsopredicts VC — r
1 for small particles, the propor-tionality coefficient depends strongly on the

0.6 ~ of pure substances.Without knowing the valuesofpotentialsand canthereforenot be relatedto that0.8 the potentials it can hence not even be statedwhether the presenceof electrolytesshould pro-
0 5 10 ~.5 20 25 30 35 duce an increaseor a reduction of the critical

B (Kim ni “ velocity.

Fig. 8. Critical position marking the transition from particle Fig. 9 shows the relationshipbetweencritical
rejection to entrapment in distilledwater(+) andin 0.56 mol% velocity and thermalgradient at the interfacefor
NaMnO

4 (0) versus cooling rate B. Latex particles of 5.7tim
latex beadsof 5.7tim diametersuspendedin pure

mean diameter,substagetemperatureTc0 = — 60°C.Dashed
curve(a) representsdendritic breakdownpoints, water. Apparently, a steeperthermal profile re-

quires a more rapid interfacepropagationfor in-
ducing the transition between pushing and en-

of particlesandicefront.Henceour resultsdo not
confirm the theoreticalmodel proposedby Temkin
and coworkers[15] who predictedan enrichment ________________________
of impurity in the gapbetweenparticlesandfront,

and thus a reduction of the critical velocity as
compared to pure substances.The discrepancy 0.022
resultingin a concavedeformationof the interface 0.024 LATEX

might be due to two possible reasons:First, the .~

distribution coefficientof electrolytesin ice is of EE 0.020

the order of magnitude k = 10_8_10_6 [25], i.e.
impurities are almost completely rejectedby the
advancingice front. That leads to a continuous
increaseof both the absolutesolute contentand 0.016

the concentrationgradientat the interface[3,32].
Steadystateconditionsas consideredby Temkin 0.014

et al. [15]arehencenot encounteredduring planar
freezingin electrolytesolutions,andsoluteenrich- 0.012

ment canbecomeextremelyhigh. Second,Temkin
and coworkershavenot consideredthe additional .

effect of thermalgradients,which would counter- 10 20 30
C IK/esml w

act the deformationof the front dueto the accu- Fig. 9. Relationshipbetweencritical velocity v~and thermalmulation of impurity behind the particle. As our gradientat the interfacefor latex particlesof 5.7 tim mean

system, on the other hand, does exhibit rather diameterin distilled water.Solid line represents least squares

strong temperaturegradients(cf. figs. 2 and 9) fit. Error bars show standard deviations.
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capsulation.Suchan increaseof v~with increasing 5. Conclusionsand outlook
thermalgradientsin the matrix wasalsopredicted
by the modelstaking into accounta non-uniform It was shown that a cryomicroscopesystem
temperaturedistribution [11,14]. Our resultsmdi- designedfor the investigationof soluteredistribu-
catea linearrelationshipasproposedby Hoekstra tion and interface instabilities also serves as a
and Miller according to eq. (7). However, the useful tool for determiningthe transitionbetween
uncertaintiesrelating to the assumptionsin their particle repulsion and encapsulationby the ad-
derivationhaveto bekeptin mind, andthe limited vancingice—liquid interface.The critical velocity
rangeof theconditionsinvestigatedso far makesa canbedeterminedin a singlerun as the motion of
definite statementdifficult with respect to the the interfaceis continuouslyaccelerated.Thetran-
functional dependency.It is conceivablethat a sition observedfor latex spheresin aqueoussys-
constantvalue is reachedasymptoticallyfor very temsexhibits featuresanalogousto thosereported
largegradients.Extrapolatingto vanishingG, the for othermaterials: the critical velocity decreases
linear regressionline in fig. 9 yields v~(G= 0)= with increasingparticle diameter,with the func-
8.78 tim/s, but it shouldbe mentionedthat the tional dependencesuggestingthat the interface
analysis of very small gradientswould bring up remainsplanarbehind the particle. The effectsof
experimentaldifficulties and might lead to differ- soluteconcentrationand thermal gradientsmdi-
ent results. cate that the theoreticalmodelsdeterminingcriti-

It is clear,though,that thermalgradientshavea cal velocities might haveto be extendedto tran-
stabilizingeffect, possiblyin a similar way as they sientconditionsandcoupledheatand massdiffu-
do in constitutional supercoolingand interface sion. It might also be necessaryto include inter-
breakdowndue to solutebuild-up aheadof the facestability criteria: the repulsionor entrapment
advancingsolidification front in alloys and solu- of particles seemsto be affected by the mecha-
tions [33—35].Another qualitative resemblance nisms controlling the transition betweendifferent
might be derived from the shapeof the dashed morphologies of the solid—liquid interface, i.e.
curve in fig. 8. It representsthe transition points temperatureand concentrationdistributions in
correspondingto dendritic breakdown, i.e. the combinationwith capillarity effects. For a clarifi-
positionsat which the previously planarinterface cation of these questions,specific experiments
becomesmorphologically unstabledue to solute would be neededwhich extendthe rangeof condi-
rejectionandconstitutionalsupercooling.It canbe tions analyzedso far, particularly with respectto
seenthat the pushing—encapsulationtransitional- thermal gradients,solutecontent as well as par-
ways occurredbefore dendritic breakdown,and tide sizesandmaterials.
that both curves are of approximatelythe same As a next step, similar experimentsare per-
shape.This might also suggestthat similar mecha- formed to study the pushingand entrapmentof
nisms may be involved in both phenomena.The biological cells [36]. Suchobservationscanthenbe
breakdownof a planarfront due to solute rejec- correlatedwith resultsobtainedfor particlesunder
tion is generallyunderstoodin terms of interface the sameexperimentalcircumstances.In this re-
stability theoriesconsideringthe developmentof spectit would be of additional interestto investi-
an arbitrary sinusoidalperturbationwith respect gate the interactionof particlesand cells with a
to heatand massdiffusion and capillarity effects non-planarsolidification front as it frequentlyoc-
[33—35].A moredetailedunderstandingof particle curs in many freezing situations. Such studies
rejection and encapsulation might hence be would be particularly relevant to caseswhere the
achieved by additionally incorporatingthe per- particleor cell diameterconsiderablyexceedsthe
turbationsinducedby the particle, i.e. combining spacing of the cellular or dendritic solidification
the modelsdescribingtheinteractiondueto viscous structures.As pointed out in the beginning,it is
drag and surface effectswith interfacestability importantto determinethe conditionsunderwhich
theoreticstaking into account coupled heat and biological cells get repelled or encapsulated,as
massdiffusion. their osmoticalenvironmentand the resultingde-
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hydration are totally different in both cases[37]. R Edgeof observationslit
Thecriticalvelocity is hencecrucialwith respectto s Solid
osmoticaldamageandaccordinglyplays a signifi-
cantrole for successfulcryopreservation. References
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