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Introduction

The variety of disciplines that were accommodated by the 36 Spacelab flights logically

group into 3 distinct categories; 1. External Observations in which the Shuttle/Spacelab is

used as an observing platform, 2. Microgravity Sciences that make use of the

microgravity environment to further the studies of Fluid Physics, Combustion Science,
Materials Science, and Biotechnology, and 3. Life Sciences that studies the response and

adaptability of living organisms to the microgravity environment. Because of the bulk of
the material involved and the diverse interests, the report has been divided into three

volumes with the previously mentioned titles. This volume deals with Microgravity

Science as defined above.

The purpose of this Spacelab Science Results Study is to document the contributions

made in each of the major research areas by giving a brief synopsis of the experiments

and an extensive liskof the publications that were produced by each Investigator team.
We have also endeavored to show how these results impacted the existing body of

knowledge, where they have spawned new fields, and, if appropriate, where the

knowledge they produced has been applied. Since a new generation of young researchers

will make up the cadre of Investigators that utilize the International Space Station (ISS),

We feel it is important to leave a legacy of the results, some positive, some negative, of

the previous experiments that have been performed. Hopefully, the new generation will
built on the successes and learn from the failures of the past.

The material used in study came from many sources including the Mission Summary

Reports, Mission and/or Investigator Team WEB sites, the International Distributed

Experiments Archives (IDEA, which contains both the NASA Microgravity Research

Experiments (MICREX) database and the ESA Microgravity Database), the

Compendex*Web, the Science Citation Index, various survey papers, conference

proceedings, and the open literature publications of the Investigators. Unfortunately, the
MICREX database, which had been an excellent source of information for microgravity

flight experiments, has not been maintained since USML-1, so it is only useful up to that

point.

The bibliography is rather extensive and includes papers generated by the various

investigators during the course of the development of their experiment as well as the

results and applications of their results. There is, perhaps, a lack of uniformity in the
number of documents listed since some Investigators left a much more extensive



documenttrail thanothers. Also,severalof theInvestigatorshadspentagoodfractionof
their carrierin thedevelopmentof their experiments.Eventhoughthis studywas
restrictedto theexperimentsactually performed on Spacelab missions, in several cases

experiments performed on suborbital rockets or on non-Spacelab Shuttle flights went in

to the development of the Spacelab experiment. Therefore, the results from these flight

were also included in the bibliography.

The number of publications generated by this program is quite impressive as summarized

in the table below.

Fluids and Combustion

Materials Science

Biotechnology

Total

Total Publications

681

999

598

2278

Journal Articles

378

461

360

1199

We regret that time and resources did not permit iteration with the Investigators, as
Wewould have liked to do. So if a result is misinterpreted or if references were missed,

We apologize. We tried to include every microgravity experiment that was flown on a

Spacelab mission, but invariably, when dealing with this many experiments in a limited

time, an important experiment or result is bound to missed. Again, We apologize to the

Investigators I may have slighted.
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Fluids and Combustion in Microgravity

The study of the behavior of fluids in microgravity is fundamental to the understanding

of virtually all other microgravity science since the suppression of fluid flows resulting

from buoyancy effects is the primary reason for most microgravity experiments. (The

exceptions being cases in materials science where the hydrostatic head may cause

deformations in extremely weak solids or in the life sciences where there is evidence that

the unloading of the cytoskeleton may be responsible for altered cellular behavior.) As a

result, many of the fluids experiments were aimed at providing information to support the

materials science experiments. One of the striking features in much of the research on

the behavior of liquids in space is the importance of capillary or interfacial phenomena

after buoyancy effects are essentially removed. Clearly these phenomena are present in

normal gravity, but are often neglected because their effects are often masked by

buoyancy-driven flows. The ability to uncouple gravity effects from non-gravitational

effects, so that the latter can be studied in more detail, has been one of the primary

justifications for the study of fluid phenomena in microgravity.

Gravity has a profound effect on the behavior of fluid systems undergoing second-order

phase transformations as the compressibility vanishes. Consequently, the microgravity
environment has been used to advantage to perform critical tests of fundamental theories

dealing with the universality of material behavior near a critical phase transition.

Combustion experiments in microgravity are a special case of fluid experiments in which

chemical reaction must be included. However, the motivation for performing this class

of experiments in space is basically the same; the need to separate gravity-related from

non-gravity related effects and to use the simplifications obtained by effectively

eliminating convective transport in order to gain a better understanding of the basic

principles involved. It is also important to understand combustion in the virtual absence

of gravity to develop design criteria and emergency procedures for dealing with fire

safety in the operation of manned laboratories in space.

Capillarity Effects on Liquid Configurations

In dealing with partially filled containers in low gravity, it is important to be able to

predict where the liquid will be. Generally this will be determined by the geometry of the
container and the contact angle between the liquid and the container wall. The Young-

Laplace-Gauss equation can then, in principle, be solved to give the minimum surface.
One of the difficulties with the theory is that a friction is involved in moving the contact

line. As a result, the contact angle depends on whether the contact line is advancing or

receding, giving rise to a phenomena known as contact angle hysteresis. Several

experiments were carried out to see how well such systems could be modeled.

For example, on Spacelab 1, Haynes (University of Bristol) recorded the spreading of a

tethered drop of silicone oil when it touched another clean aluminum plate. Here, the

aim was to understand the dynamics of an advancing contact line.



In anotherexperimentonSL-1,Padday(EastmanKodakLtd,. UK) establishedsilicone
oil floatingzonesbetweentwo axisymmetricplatesof unequalsizes.UsingtheYoung-
Laplace-Guassequationto calculatethepressurefrom theconfigurationof thezone,he
wasableto measurethedisjoiningpressure(thepressurethatmustbeappliedto remove
thefilm) in thefilm that spreadoverthelargerplate. Paddaylikenedhis directingthe
PayloadSpecialto dohisexperimentandhavingto rely onhissurrogateto describewhat
washappeningto theway thepioneeringBelgianphysicist,Plateau,hadto operatemore
thana hundredyearsagowhenhedid similarexperimentsusingneutrallybuoyant
immisciblefluids. Plateauwasblind.

PaddayrepeatedtheexperimentonD-1 to studytheeffectsof rotationandvibrationon
thezoneshape.Both monorotation(rotationof coneplateonly) andisorotation(rotation
of bothendplates)did notvisibly changethezoneshapecontraryto theoretical
calculationsbasedon theLaplaceequation.Inducedaxialvibrationdid not induce
harmonicwavemovementandapparentlyincreasedthestabilityof thezone.Therupture
of theliquid zoneswasalsoanalyzedduringtheseexperiments.Theruptureoccurred
rapidlyattwo placesin thethincolumn.Thecolumnbecomesa satellitedropandthe
liquid atendplatesrelaxesto sphericaldropshape.Thesatellitedropreboundedbetween
liquid/air surfaces,but did not penetratingthesesurfaces.

Vreeburg(NationalAerospaceLaboratory,Amsterdam)investigatedthebehaviorof
siliconeoil in apartially filled plasticcylinderasit wasspunupandspundownon
Spacelab1.Theobjectivewasto testtheability to modelthebehaviorof propellantsin a
partially filled tanksin low gravity.Heconducteda similarexperimenton theD-1 flight
usingdoublydistilled waterin aplasticcylinderto investigatetheeffectsof vibrationand
themovementof thecontactline. Hewasableto predicttheresonantfrequencieswith
reasonableaccuracy,but thebehaviorof thecontactlinepresentedsomedifficulty. At
first glance,it appearedthatthecontactlinehadstuck. However,closeranalysisrevealed
thatthecontactline did moveasmallamountandthattheoscillatingcontactangle
exhibitedsomehysteresis.

A tribologyexperimentwascarriedoutonSpacelab-1by Pan(ColumbiaUniversity)
with GauseandWhitaker(NASA/MSFC). Dropsof oil weredepositedonstainlesssteel
surfaceswith varioussurfacetreatmentsandfinishesandtherateof spreadingwas
recorded.In a secondpartof theexperiment,theconfigurationof theoil film in ajournal
bearingwasinvestigated.In thenormalfunctionof ajournal bearing,theclearancespace
is only partlyfilled with lubricantandgravitydrainagepositionsthelubricatingfilm so
thatshearforcescanmovethelubricantto theregionwhereit is needed.The
investigatorswantedto know suchabearingwouldoperatein theabsenceof gravity
drainagewith andwithout a load.

Concus(LawrenceBerkeleyLaboratory),Finn (StanfordU.) andWeislogel(NASA
GlennResearchCenter)cameupwith adesignof a containerthat admittedacontinuum
of possiblerotationallysymmetricconfigurationsfor agivenfill fractionandcontact
angle,but noneof theconfigurationswerestable. Theypresentedan interesting
question,how wouldnatureselectanequilibriumconfiguration?Theyfoundtheanswer
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usingthegloveboxonUSML-1. No onetoldMotherNaturethattheconfigurationhadto
berotationally symmetric,soshesimplyselectedanonsymmetricconfiguration. Again,

the effect of contact line sticking and contact angle hysteresis were noted when the

Payload Specialist was trying to coax the fluid into its equilibrium shape. The small

residual gravity may also have played a role in determining the shape of the liquid.

It can be shown theoretically that a liquid will penetrate into a wedge if the contact angle

_, < % = n/2 - o_, where o_is the half-angle of the wedge. Langbein (ZARM, U. Bremen)

fabricated test cells from quartz plates with rhombic cross sections at different half-

angles. These were partially filled with an index matching fluid after the walls were

coated with FC-724 to provide the desired range of contact angles. The contact angle

was changed by heating the test cells in the bubble, drop, and particle, unit (BDPU) on

IML-2. Langbein expected to see the liquid rise in the wedge-shaped corners of the test

cells when the contact angle became less than the critical value "f0. However, the

resulting surfaces did not match the computed surfaces, and even though the contact

angle became less than the critical value, wetting was not observed. He attributed this
behavior to contact line friction which caused the volume change during heating and

cooling to be accommodated by varying the contact angle rather than by moving the

contact line.

Concus and his team carried out a variation of Langbein's experiments on USML-2.

They machined a shape they called a "canonical proboscis" along diametrical opposite

sides of an acrylic cylinder. The special shape has the property that for a given radius of

curvature, the contact angle remains constant as the liquid penetrates into the cavity. The

right and left shapes were chosen to accommodate different contact angles. Three such
vessels were constructed; one in which the right and left contact angles were subcritical,

one in which the right and left contact angles included the critical angle, and one in which

both contact angles were supercritical. It was anticipated that the liquid would rise

slightly higher in the side closer to the critical contact angle for the subcritical cell, that

the liquid would rise in the supercritical side at the expense of the subcritical side in the
intermediate cell, and the liquid would rise in both sides of the supercritical cell. This is

essentially what was observed, except that the liquid did not rise spontaneously in any of
the cases because of contact line friction. Only after considerable mechanical tapping

and coaxing by the Payload Specialist were these results achieved. Observation of the

supercritical cell after 7 days indicated that the liquid had continued to creep along the
walls, but at a very slow rate. A wedge-shaped container with a variable wedge angle

was also used in this series of experiments. Here the liquid in the wedge rose rapidly as

the wedge angle reached the critical value.

Zone shape and stability

Microgravity offers the possibility to conduct experiments with free liquid surfaces on a

scale not possible on Earth. One process of interest to materials scientists is the use of a

floating zone for crystal growth. A molten zone is created in a rod of feed material and is

traversed along the rod. New feed material enters the advancing zone and a single crystal

can be grown at the receding interface. Of primary interest is the stability of such zones.



Lord Rayleigh(seeProc.RoyalSoc.29 (1879)71)showedthatacylindrical liquid
columnwouldbecomeunstableandbreakif thelengthexceededthecircumference.But
whathappensif thezoneisnotcylindrical? Or if it is rotated,which is sometimesdone
to evenout asymmetriesinheating?Orvibratedby mechanicaldisturbancesin the
spacecraft?Many of thesequestionshadbeenapproachedtheoreticallyand
experimentallyusingaPlateautank.But theyhadneveractuallytestedin anactual
microgravitysituation. As wasdiscoveredwhenanunexpected"jump rope" or C-mode
instability showedup in asimplerotatingliquid zoneexperimenton Skylab,thepresence
of aneutralbuoyantsolutionin aPlateautank isa differentboundarycondition,which
canoftenchangetheresultof anexperiment.

Martinez andMeseguer(UniversidadPolitecnicadeMadrid)comparedcomputational
predictionsof thestability of extendedliquid columnsof siliconeoil undervarious
mechanicalmanipulationswith observationsduringtheSL-1,D-I, andonD-2 flights.
The liquid columnsweresuspendedbetweentwo metaldiscswith a radiusof 1.75cm
anda 30-degreerecedingsharpedgeto preventliquid spreading.Cylindricalcolumns
with length/diameterratiosof 2.86wereestablishedseveraltimes.Thismaximumlength
is shortof theRayleighlimit of 3.14,but appearedto beboundedby theambientnoise
(g-jitter) duringthemission. A longcylindricalcolumnwassubjectedto vibrational
frequenciesof 0.1, 0.3,0.7, 1.1,and 1.6Hz. No movementof theliquid wasobservedfor
0.1 Hzvibration.However,standingwaveswith 2, 3, 4,and5 innernodeswerefound for
theremainingfrequencies,respectively.Thenumberof nodesfor therespective
frequencywassuccessfullypredictedby theory. Destabilizationof thecolumns,caused
by rotationat increasingrates,occurrednearthetheoreticallimit. Whenliquid bridges
weresubjectedto perturbationsbeyondthestabilitylimits, theybrokein two separate
drops.Therelativevolumesof thesedropswerepredictedby theory.Duringoneof the
runs,whensubjectedto 10rpmof isorotation,thecolumnbrokein anamphora-shape
mode,aspredicted.

Langbein(ZARM, Bremen,Germany)alsoinvestigatedtheresonancesof vibrating
liquid columnsusingpressuresensorsmountedon theendplates.Thisprovedto bean
effectivemethodfor observingwhenresonanceoccurs.His resultscomparedfavorably
with groundtestsin aPlateautankandwith theoryhedeveloped.An accidental
misalignmentof oneof thediscsononeexperimentcausedthezoneto spill, illustrating
thesensitivityof thezonestability to non-axisymmetricconfigurations.

Microgravityoffersauniqueopportunityfor purifying glassby zonerefiningandthen
makingcylindricalpreformsby aquasi-containerlessprocess. A longzone(nearthe
Rayleighlimit) couldbe formedandallowedto cool belowtheworking temperaturein
themiddle. Thisportioncouldthenbeclampedandthetwo moltenzonesextendedto
thelengthof thesample.Thecritical issuebecomesthestability limits of asolid
suspendedoneachendby aliquid zonewhile it iscooling.Using small lexanrods,
Naumann(Universityof Alabamain Huntsville)andLangbeininvestigatedthestability
of thisdoublefloating zoneconfiguration.If thetwo zoneshaveequalvolumeandare
bulging,thefloat will remaincentered.However,if thezoneareextended,it switchesto
anantisymmetricmodewith a long,slim zoneononesideanda shortfat zoneonthe
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other. Theory indicatesthatthepresenceof thesolidbetweenthetwo liquid zones
actuallytendto stabilizethesystemand,for cylindricalzonesof equalvolume,it will
remainstableup to andslightly beyondthelimit in whichthetotalzonelengthequalsthe
circumference.

UsingthegloveboxonUSML-1,Naumannalsoinvestigatedthefeasibilityof pulling
optical fibers in low gravityusingsiliconeoil with differentviscositiesaswell ashoney
asmodelmaterials. It turnsout that it is mucheasierto pull long strandof viscous
liquids onEarthbecausegravitydrainagestabilizesthestrandagainsttheRayleigh
instability. Suchstrandsbrokealmostimmediatelyin microgravity,aspredictedby
Rayleigh'stheory. (Rayleighhadattemptedto testhiscalculations,withoutmuch
success,by observingthebreakupof strandsof treaclelaid onwaxedpaper.)

TheRaylieghlimit (L/D = rt) for acylindricalbridgeis aconsequenceof surfacetension
forceswhich tendto restorethebridgebelowtheRaylieghlimit andtendto pinch-off the
bridgeabovetheRaylieghlimit. However,theseforcescanbemodifiedby thepresence
of anelectricfield. Chargingaliquid bridgeproducesaradial electricfield, whichmakes
thebridgemoreunstable.Conversely,anaxial field shouldstabilizethebridge. The
only presentelectrohydrodynamictheorygoverningsucheffectsis the"leaky dielectric
theorydevelopedby G.I. Taylor (seeProc.RoyalSoc.A291(1966)27-64)whichhas
remainedlargelyuntested.

Burcham,Sankaran,andSaville(PrincetonU.) decidedto testTaylor's "leaky dielectric"
theoryby applyingstrongaxialelectricfieldsto liquid bridges,extendingthembeyond
theRayleighlimit, andthenslowly relaxingthefield to find thepoint wherethe
cylindrical shapetransitionedto theamphora(vase-like)modeoccurredandthepoint
wherethebridgewouldeventuallybreak. Their interestlay in obtainingareliable,well-
testedtheoryto guidein thedevelopmentof miniaturefluidics systemsthatutilize
electrodynamicforcesfor pumpingandmanipulatingfluids to carryoutchemical
reactionsonamicrochip.

Two dimensionlessparameterscontrolthestabilityof theelectrodynamicstabilized
liquid bridge,theL/D ratio,andaA parameterwhich measurestheelectrodynamic
stabilizingforceto thesurfacetensiondestabilizingforce. Runsweremadewith a
neutrallybuoyant2-phasesystem(castoroil in 12,500St.siliconeoil) for comparison
with laboratoryexperimentsin aPlateautank. A singlephasebridge(castoroil dopedto
10timestheconductivityof neatoil) wasextendedto L/D = 4.32andbecamecylindrical
with aA = 0.95. An unexpectedresultwasthetransitionfrom thecylindrical to the
amphorashapeoccurredatdifferent valuesof A, dependingonwhetherthefield is
increasingor decreasing.Also, according to theory, it shouldn't matter if the applied

field is AC or DC, as long as the frequency is above the free charge relaxation time.

They were not able to stabilize the bridge with an AC field. As is often the case, a good

experiment asks more questions than it answers, and this experiment seems to be no

exception. The Investigators are now sorting out which aspects of Taylor's theory are

correct and what parts need improvement.



Marangoni Convection

The atoms or molecule at the surface of any solid or liquid cannot form as many bonds as

those in the interior simply because they have fewer nearest neighbors. This give rise to

an excess surface energy (i.e., the atoms or molecules on the surface have less negative

energy than the more tightly bound atoms or molecules in the interior). If the surface is

deformable, as in the case of a liquid, it will take a shape which minimizes the surface

area in order to lower its energy. Furthermore, work is required to create new surface.

This work is the product of the force that must be applied times the distance it must act,

so the surface energy per area is equivalent to the force per distance or surface tension.

The surface tension is a function of temperature as well as composition. Therefore, if

there is a variation of either temperature or composition along a free surface of a liquid,

there will be an unbalanced force that can drive flows along the surface. These flows are

usually called Marangoni flows after the Italian who studied these phenomena. (The "no-

slip" boundary conditions at a solid-liquid interface suppress the surface flows.
Therefore it is generally accepted that Marangoni convection only occurs in the presence

of free surfaces.) Microgravity dramatically reduces buoyancy-driven convection, but

microgravity experimenters must still contend with Marangoni convection. On Earth,

buoyancy-driven flows compete with or add to Marangoni flows, so space provides an

excellent place to study Marangoni flows without this interference.

Microgravity offers the possibility to conduct experiments with free liquid surfaces on a

scale not possible on Earth. For example, floating zone crystal growth is possible in

space for systems whose surface tension is not able to support the zone in a gravity field.
Also the zone can be extended in space which allows better control of the thermal

gradient and the interface shape. However, temperature gradients along molten zone can
cause convective flows in the melt. This prompted a number of fluid experiments to

quantify the effect of these convective flows.

From a fluids point of view, it is more convenient to study the flows in the floating zone

process in a half-zone. The process is simulated by deploying the liquid colunm between
two metal discs that are maintained at different temperatures. On SL-1 Napolitano,

Monti, and Russo (University of Naples) applied temperature differences between

columns of silicone oil and measured the flows and heat transport induced by Marangoni

convection for comparison against numerical computations. A second experiment on D-

1 used a concave cold disc and a radial temperature distribution on the hot to simulate the

interface shape in a floating zone crystal growth experiment. The results were similar to

those obtained on SL-1. Experiments were also carried out with a two liquid zone by

adding dioctyl-phthalate to the silicone oil. Upon heating, the one of the liquids went

into the center of the zone, forming a drop.

When growing crystals by the floating zone process, it is often desirable to have the melt

in the zone well mixed. Therefore, some convection can be helpful. What needs to be

avoided is unsteady or time-dependent convection which can result as the Marangoni

flows get stronger. When this occurs, thermal and compositional fluctuations at the
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growthinterfaceproduceunwantedgrowthdefectscalledstriationsin thegrowing
crystal.

Chun(PohangUniversity,Korea)andSiekmannUniversitatEssen,Germany)
investigatedthetransitionfrom steadyto unsteadyflows in thehalf-zoneconfiguration
on theD-2 mission. Theyfoundacritical Marangoninumber(ratioof driving forceto
viscousdrag)thatproducedthelowestoscillatingmode;onein whichtheflow pattern
becomesnon-axisymmetricandrotatesaroundtheaxisof thezone. At ahigher
Marangoninumbers,theflow becomesturbulentor chaoticwith nodefinedstructure.

OnD-2Monti (Universityof Naples)with Carotenuto,Albanese,Castagnolo,andCeglia
(MARSCenter,Naples)notedthatsmallscalehalf-zoneexperimentsconductedin the
laboratorywent into theunsteadyoscillatorymodeatlowerMarangoninumbersthan
someof theearlierflight experiments.Theyinvestigatedtheonsetof unsteadyflow asa
functionof aspectratioanddiameterof thezone.Theyconcludedthatfor a given
diameter,thecritical Marangoninumberincreasedwith aspectratio (length/diameter),
andfor agivenaspectratio, it alsoincreaseswith diameter.

Onemethodthathasbeenconsideredfor controllingMarangoni convectionin floating
zonecrystalgrowthwouldcoatthemoltenzonewith anviscousimmiscibleliquid-phase
encapsulantsuchasBzO3.Someflow wouldstill resultbut sincethesurfaceof the low
viscositymeltwouldhaveto dragtheviscousencapsulantwith it, theflow wouldbe
dampedto thepoint thatunsteadyconvectionwouldnotresult. Severalattemptshave
beenmadeto modelsuchamulti-layerconfigurationand LegrosandGeoris(Universite
Libre deBruxells,Belgium)developeda2-dimensionalexperimentthatwasflown on
IML-2 andon theLMS missionto testsuchmodels.Theydeployedathreelayerfluid
systemthatconsistedof a layerof 10cStsiliconeoil sandwichedbetweentwo layersof
higherviscosityFluornetFC-70oil whichwascontainedon thetop andbottomby
sapphirewindows. A lateralthermalgradientwasestablishedandtheflow was
visualizedusingmarkerparticlesandalaserlight cut. Theobservedflows were
qualitativelysimilar to theexpectedbehavior;the interfacesmovedfrom hot to cold with
thereturnflow throughthemiddleof eachlayer. However,themeasuredflows turned
outto beconsiderablylargerthanthecomputedflows. Thereasonfor thediscrepancyis
still beinginvestigated.Onepossiblereasonis thatthecomputationsassumedconstant
materialproperties,whereastheviscositiesof theflowsdochangeconsiderablywith
temperature.

Thereis alsoconsiderableinterestin Marangoniconvectionalonghorizontalsurfaces.
Suchflowsareprevalentin combustionprocessessuchaspool burningandmaybeseen
aroundthewick of aburningcandle.Strongsurfacetensiongradientsoccurin the
growthof siliconandothercrystalsby theCzochralskiprocessin whichthecrystalis
pulledfrom alargeheatedpotof moltensilicon. Suchflows areusuallyunsteadyand
maybeturbulent.The resultingthermalfluctuationsaretheprimarycauseof the
striationsseenin Czochralski-grownsilicon.



During theD-1 mission,Schwabe,Lamprecht,andScharmann(UniversitatGiessen,
Germany)investigatedMarangoniconvectionin a20x 20x 20mm cell with anopen
surfacesandwichedbetweentwo heatingblocks.To avoidtheproblemof havingto fill
thecell in space,theymeltedablock of tetracosane(paraffin)which servedastheir
workingfluid. With oneheatersetat60°C,theyraisedthetemperatureof theother
block. To their surprise,no flow wasobservedevenafteraAT of 55°Cwasestablished.
Finally, ataAT of 60°C,astrongflow developed.Theyconcludedthatthesurfaceof
thetetracosanemusthavebeencontaminatedwitha substancethateitherloweredthe
surfacetensionorresistedthesurfacestressuntil it finally brokethroughat aATof 60°C.

Theexperimentwasrepeatedusingsiliconeoil onD-2, by Cramer,Metzger,Schwabe,
andScharmann(UniversitatGiessen).Carewastakento maintainaflat upperfreefluid
interfaceat thebeginningof theexperiment. Flowwasmeasuredby observingtracer
particlesilluminatedby averticallight cut. Thetemperaturefield wasmeasuredusing
holographyinterferometry. A lower thanexpectedtemperaturein thecooling loop
causedunexpectedcoolingat thetop surface,whichresultedin amorecomplicatedthree-
dimensionalflow pattern.Theformationof "tracerrings" wasobservedin whichthe
tracerparticlestendedto accumulatealongstreamlinesthatpassedcloseto afreesurface.

Enya(Ishikawajima-HarimaHeavyIndustriesLtd., Japan)wasinterestedin Marangoni
convectionin Bridgmancrystalgrowththatmightoccurif themelt is not in contactwith
theampoulewalls. Healsochoseparaffinasamodelandsawnoevidenceof Marangoni
flows.

Thesurfacetensionof mostfluids decreaseswith increasingtemperature,butLimbourg-
Fontaine,andPetre(UniversiteLibre deBruxells,Belgium)determinedthatanaqueous
solutionof n-heptanolhada surfacetemperatureminimumat 40°C. During theD-1
mission,theydifferentially heatedthis fluid in a 1x 1x 3 cmtestcell sothatsurface
tensionincreasedmore-or-lesssymmetricallyoneithersideof thecenterof thecell. A
smallconvectiveroll first developednearthehotwall, flowing from cool to hot, or from
lower to highersurfacetension,aswouldbeexpected.However,insteadof seeinga
counter-rotatingflow on thecold side,theflow nearthehot endexpandedto fill thetest
cell andeventuallyformedasecondco-rotatingcell nearthecold end. Thereasonfor
thisunexpectedbehavioris still beinginvestigated.

Ostrach,Kamotani,(CaseWesternReserveUniversity)andPline(GlennResearch
Center,NASA) carriedout anelaboratesetof experimentsonUSML-1 andUSML-2
aimedatdeterminingthefactorsinvolvedin thetransitionfrom steadyto unsteady
surfacetension-drivenflows. Of particularinterestwastheroleof surfacedeformationin
this transition. If surfacedeformationis unimportant,assometheoriessuggest,thenit
shouldbepossibleto predicttheonsetof unsteadyflows with a singleparameter,the
critical Marangoninumber.On theotherhandif surfacedeformationdoesplay akey
rolein thetransition,asurfacedeformationparameterwill be requiredto completely
specifytheconditionsfor theonsetof unsteadyflows. Thusit becamenecessaryto
exploreawiderangeof parametersin orderto establishthetransitionconditions.



Siliconeoil wascontainedin acylindricaltestcell. A sharppiningedgeconfinedthe
heightof the oil in thetestcylinderssothatdifferentsurfaceshapescouldbeobtainedby
adjustingthe filling. Theoil couldbespotheatedat thecenterwith aCO2laser,or
heatedby an immersed heater. This featureallowedexperimentsto beconductedin
theconstanttemperatureor theconstantflux mode.Surfacetemperaturewasmeasured
with animaginginfraredradiometer.Markerparticles assistedflow visualization.

The testcell onUSML-1 was10cmin diameterand5 cmdeep. Thefluid was10cSt
siliconoil. Very nicesurfacetensiondrivenflowswereobserved,butno transitionto
oscillatingflows wasobservedwithin theoperatingrangeof the instrument.A seriesof
testcellswith diameters1.2,2, to 3 cm wereusedfor USML-2. The 10cStoil was
replacedwith 2cStoil andaRonchiinterferometerwasaddedfor theUSML-2
experimentto measuresurfacedeformations.

A totalof 55testsweremadewith the6 differentsizeandheatingconfigurations.Flows
in thesmallestcellswith thecartridgeheaterbeganoscillationatthesametemperature
differenceastheir 1-gcounterparts,indicatingthatbuoyancydrive flows arenot the
dominatingfactorfor thissizeandsmaller.Thetime-dependentflow exhibitedasmall
azimuthaloscillationsuperimposedonaslowlyrotatingflow aboutthe thermalaxis.
Thethermalimageindicatedfirst apulsatingor rotating2-lobeor 3-lobepattern,
dependingon thetemperaturedifferenceandcell geometry.It wasfoundthatthe
Marangoninumberaloneis notsufficientto characterizetheonsetof oscillatoryflows,
but acritical valueof asurfacedeformationparameter,whichtheydefined,describesthe
onsetof oscillationin microgravity.

ThepreviouslydescribedMarangoniconvectionexperimentshadvariationsin surface
tensionalongthefluid surface. In suchexperiments,convectionshouldbeginassoonas
thereis anunbalancedforce. In otherwords,thereshouldbeno thresholdthermal
gradientrequiredto starttheflow, just asin thecaseof buoyancy-drivenfree convection
whenthethermalgradienthasacomponentperpendicularto thegravity vector.
However,in thefamousRayleigh-Benardproblem,theg-vectoris alignedwith the
thermalgradient(cold overhot). Eventhoughthis is anunstableconfiguration,flows
will not developuntil a critical valueof theRayleighnumberis reached.TheRayleigh
numberis ameasureof therateheatisbeingconvectedto therate it is beingconducted.
If theRayleighnumberis small,adisplacedparcelof fluid canaccommodatethermally
beforeit canriseveryfar, hencewill settlebackintoplace. If theRayleighnumberis
large,thefluid cannotbeaccommodatedthermallyandit will continueto rise, forming
circulatingBenardcells. Rayleighwasableto predictthecritical valueof theRayleigh
numbercorrespondingto theonsetof convectiveflows for differentboundaryconditions
atthetopandbottomof thecell.

If thetop surface is a free liquid boundary, the system is also subject to unstable

Marangoni convection (actually this problem was first studied by Pearson. (See J. R. A.
Pearson, J. Fluid Mech. 4 (1958) 489-500). The system can lower its energy by replacing

the cooler fluid with higher interfacial energy at the top surface with warmer fluid from
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the interior that haslower interfacialenergy.However,for this to happen,theMarangoni
numbermust exceedacritical value.

Onecanseeimmediatelythatthetwotypesof convectionwill be in competitionin a
gravity field. Therefore,it isnecessaryto eliminategravity if oneis to getanaccurate
testof thesurfacetensioneffect. Thisexperimentwasfirst performedonApollo
missions14and17duringthereturnfrom themoon(seeP.G.GrodzkaandT. C.
Bannister,Science176(1972)506-508,alsoScience,187(1975)165-167)who
measureda somewhathighervaluethanthetheoreticalMarangoninumberfor theonset
of convection. It shouldbeappreciatedthatthis in nota trivial experimentto perform
accurately.Thetheoryrequiresaflat interfaceandthatthetemperaturegradientin the
samplebeuniform. This latterconditionrequiresa verycarefullycontrolledheating
program.

Legros,Dupont,Queeckers,Petre(UniversiteLibre deBruxells,Belgium)andSchwabe
(Universitat Giessen,Germany)essentiallyduplicatedtheGrodzka-Bannisterexperiment
onD-2 with bettercontrolsthanwereavailableon theApollo spacecraft.Theymodified
thetheoryto accountfor non-equilibriumheating andvariedtheheatingrateto
investigatetheeffectof non-equilibriumtemperatureprofilesonthecritical Marangoni
number. For afastheat-up(14timestheheatingrateto approachequilibriumheating),
theymeasuredacritical Marangoninumberof 95 againsttheir calculatedvalueof 101.
For aslowerheatup (7 timestheequilibriumheatingrate)theymeasuredacritical value
of 77comparedwith their theoreticalvalueof 82.4. Unfortunately,dueto a technical
problemwith theheater,theywereunableto obtainanexperimentalvaluefor the
equilibriumcase.

Lichtenbelt,Drinkenburg,andDijkstra (Universityof Groningen,theNetherlands)
investigatedsolutally-drivenunstableMarangoniconvectionin a mixtureof acetoneand
waterwith afreesurfaceontheD-1mission. As theacetoneevaporatedfrom the
surface,thesurfacetensionincreases.Sincethesystemcanlower its energyby replacing
its higherinterfacialenergysurfacelayerwith fluid richerin acetonefrom theinterior,
thesystemis subjectto aconvectiveinstability. At acritical Marangoninumber,an
overturningflow will develop.This is acommonsituationin manyindustrial
applicationssuchasdistillation, adsorption,anddesorptionandis alsoan important
factorin thedryingof paint,especiallylacquerswith avolatile solvent. A similarprocess
is responsiblefor "wine tears",thetendencyfor dropsto form abovethesurfaceof a
fortified wineor brandy.Lichtenbelt,et al.wantedto investigatetheeffectsof the
surfacetensionwithout thegravitationalinterference.Quiteunexpectedly,no
convectionwasseenin spaceaslong asthefluid interfacewaskept flat. (Thiswasdone
byfilling thecuvetteto theanti-spreadbarrier.) Convectiverolls did appearassome
fluid wasdrainedout andtheinterfacebecamemorecurved. It wasspeculatedthateither
thesurfacebecamecontaminatedor thatthecritical Marangoninumberhadnotbeen
attained.A compositionalgradientmayhavebeenestablishedwhenthesurfacebecame
curvedwhichdroveathresholdlessflow.
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Whenaliquid contactsasolid,fluid dynamistsusuallyassumea"no-slip" boundary
condition. It is commonlybelievedthat contactof thefluid with thewall resistsany
imbalanceof interfacialforces,sothatMarangoniconvectionneedbeconsideredonly in
experimentsthathavefreesurfaces.Consequently,experimenterusingclosedfluid
systemssuchastheBridgmanconfigurationfor directionalsolidification,generally
ignorethepossibility of unwantedflows from Marangoniconvection.Therehasbeen
somespeculationabouta secondorderMarangonieffectin whichtheseunbalanced
forcescanstill drive verysmallflow in spiteof the"no-slip" condition,but therehas
beennodirectexperimentalconfirmationof suchflows. However,it is well knownthat
Marangoniflows aroundbubblesin a liquid will drivebubblestowarddecreasing
interfacialenergy(usuallytowardthehotterregionsof the liquid). Whatis not generally
appreciatedis that theseflows alsostir themelt.

UsingthegloveboxonUSML-1,Naumann(Universityof Alabamain Huntsville)
differentially heatedacylindricalcell containingKrytox 143AZ,a low viscosity
flurocarbonfluid. A 1cm3void hadbeenintentionallyleft whenfilling thechamberto
simulatetheheadspaceneededfor thermalexpansion.Sincethefluid wet thecontainer,
thevoid becameabubble,whichmigratedto theheatedendof thetestcell. Thereit
lodgedbetweentheplugheater andonewall. Markerparticlesin thefluid revealeda
strongflow aroundthebubblewhichpenetratedtheentiretestcell. The resultingflows
nearthecold end,whichwouldrepresenttheforming solid in adirectionalsolidification
experiment,wereseveralordersof magnitudehigherthantheflowsexpectedfrom
spacecraftresidualaccelerations.Flowssuchasthismayexplainsomeof the
unexpectedmixing thatwasobservedin theearlySkylabandASTPexperiments.

A similarobservationwasmadeby Azuma(NationalAerospaceLaboratory,Japan)on
SL-J. In this case,secondaryflows associatedwith a largebubblethathadbecome
attachedto thehot wall causedsmallerbubblesto bebroughtinto its vicinity andformed
aline alongthethermalgradient.

Drop and Bubble Migration

Young, Goldstein, and Bloch (YGB)solved the Navier-Stokes equations for a spherical

drop or bubble in an infinite liquid with an imposed temperature gradient. Taking into
account the flows from the unbalanced interfacial forces, they showed that the droplet

would be propelled in the direction of decreasing interfacial tension(see J. Fluid Mech.6

(1959) 350). Since they did not have access to a microgravity environment, they tested

their theory by balancing the surface tension forces against buoyancy forces.

Naehle, Neuhaus, Siekmann, Wozniak (DLR, Koln) and Srulijes (U. Essen) tested the

YGB model in the absence of buoyancy forces on the D- 1 mission by injecting bubbles

of air and drops of water into Wacker AK100 silicon oil. They confirmed the fact that

the bubbles remained spherical, which eliminated some speculation that the YGB model

may be in error because it didn't account for possible distortion of the bubble under the
combined influence of surface tension stresses and Stokes drag. They found qualitative

agreement with the velocities predicted by the YGB theory for small Marangoni
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numbers,but theobservedvelocitiesbecameprogressivelylower thanpredictedfor Ma
>1. TheYGB modelpredictsthatthevelocity shouldbedirectlyproportionalto the
Marangoninumber,but doesnot takeintoaccountconvectivethermaltransport.
Therefore,it isonly valid in thelimit of vanishingMarangoninumberandcorrectionsare
requiredto the modelfor thiseffect. Thedropletsof waterdid notmoveat all. (It is a
well-knownexperimentalfact thattheMarangonieffectis virtually impossibleto observe
in waterbecauseof tracequantitiesof surfaceactivecontaminantsthattendto nullify the
driving force.)

NeuhausandFeuerbacher(DLR,Koln) alsotestedtheYGB modelon theD-1 mission.
Bubblesweredeployedin 3 differentsiliconeoils (WackerAK100,AS100,andAP100)
all of whichhadthesameviscositiesandthermalproperties,butdifferedin thenumberof
phenolgroups. A temperaturegradientwasestablishedandthebubblesweremonitored
holographically.Thevelocity of thebubblesin theAK100 oil with only 6%phenol
groupsagreedreasonablywith theYGB predictions.Bubblesin theAP100oil with 28%
phenolgroupsdid notmoveat all. Bubblesin theAS100oil with a intermediatenumber
of phenolgroupsmovedat40%of thevelocitypredictedby theYGB theory. The
investigatorssuggestedtheadditionalof a"surfacedilitationalviscosity" term to the
YGB formulationto accountfor theresistanceof thesurfaceto deform.

Subramanianandhis teamatClarksonUniversityusedtheBubble,Drop,andParticle
Unit (BDPU)on IML-2 to measurethevelocity of air bubblesandFluornetFC-75drops
in 50cStsiliconeoil underathermalgradient.Theyalsofoundthatthescaledvelocity
decreasedwith Marangoninumber,aswouldbeexpected.Sincethevelocity of adropor
bubbledependsdirectly on theradius,largerdropswouldbeexpectedto overtakeand
engulfsmallerdrops.Thiseffect isbelievedto beoneof themechanismsin the
agglomerationof minority phasedropletsduring thesolidificationof monotecticalloys.
However,Subramanianet al.observedaninterestingeffect in thatasmalldropleadinga
largedropcanslowthemotionof the largedrop. (Naehleet al.observedthatwhena
largedropleadsasmalldrop,it still movesfasterthanthesmallerdrop,but thevelocities
of bothdropsarelower thantheywouldbeasindividualdrops.) Subramanianet al.
speculatedthatathermalwakebehindthefirst dropreducesthedriving forceon the
seconddropanddesignedanexperimentonLMS to studythis effectfurther. Herethey
foundthatwhentwo or threedropswereinjectedinto thechamber,thesecondandthird
dropsdid notalwaysfollow astraightpathacrossthechamber,assingledropsdid.
Instead,theyfollowed asinuous,helicalpatharoundtheir expectedtrajectory.
Sometimesa largertrailing dropwouldactuallymovearoundandpasstheleadingdrop.

Viviani(SecondaUniversitadi Napoli) investigatedthemotionof bubblesin n-heptynol
whichhasasurfacetensionminimumat40°C. Insteadof stoppingat the40°Cisotherm,
aswasexpected,thebubblescontinuedtowardthecold wall, but did appearto slow
downastheyapproachedthe 10°Ccold wall. Onhis LMS experiment,Viviani setthe
cold wall temperatureto 5°C,andthebubblescameto restin thevicinity of the8-10°C
isotherm.Why thestaticallymeasuredsurfacetensionis aminimumat40°C, andthe
apparentdynamicsurfacetensionisa minimumat a lower temperatureis still not
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understood.(Recalla similaranomalywasobservedinLegros' Marangoniconvection
experimentwith n-heptanolonD-1.)

Monti attemptedto investigatethe interactionof waterdropletsandair bubblesin
tetracosane(paraffin) with anadvancingsolidificationfront on IML-2, but encountered
technicaldifficulties. Theexperimentwascompletedsuccessfullyon theLMS mission.
One0.9mmbubblewaspushedby thefront whichwasadvancingattherateof 1
micron/sec.Largerbubblesandwaterdropswereengulfed.Nomotion of dropsor
bubblesin themoltentetracosanefrom Marangonieffectwasobserved.(Recallthat
Schwabeet al. observednoMarangoniflow in moltencosanein their Spacelab-1
experiment.)

Bewersdorff(DLR, Koln) attemptedto observebubbletransportby chemicalwaves
usingtheHOLOPfacility onD-1. As thechemicalreactionspreads,thethermalgradients
generatedby theheatof reactioncantransportgaseousor liquid inclusionsby the
Marangonieffect. Thereactionof Zhabotinskiwasselectedfor wavegenerationandthe
gasinclusionswereto begeneratedfrom Zn particles.Unfortunately,problemswith the
HOLOPpreventeddetailedrecordingsfrom whichthemigrationof thebubbleswereto
havebeenrecorded.

Straub(LehrstuhlAfur Thermodynamik,Munchen)usedtheBDPUfacility on IML-2 to
studyevaporationandcondensationkinetics by measuringbubblegrowth(evaporation)
andcollapse(condensation)respectivelyin a supersaturatedandsupercooledliquid
(FreonR11)underisothermalconditions.Varyingdegreesof supersaturationwere
obtainedby varyingthepressurein thecontainer.Themicrogravityconditionspermitted
thestudyof theprocessin astationarybubblewithout thebuoyancydisturbingthe
temperaturefield in thevicinity of thebubbleasthelatentheatis absorbedor released.
This allowedthekineticsof theprocessto beworkedoutandtheaccommodation
coefficientsto bedetermined.Theresultsof thisexperimentwereusedto designthepool
boilingexperimentthatwasdevelopedfor theLMS flight.

Heat Transfer in Microgravity

It is generally assumed that heat transport in boiling is largely the result of buoyancy
-driven convective flows. The bubbles that nucleate on the hot surface rise, carrying

their latent heat with them. Similarly, the hot liquid near the surface, being less dense,

will rise, causing overturning flows which carry heat away. The practice of cooling small

electronic devices by immersing them in a pool of dielectric liquid with appropriate vapor

pressure, such as Freon, was considered by many not to be feasible in space because it
was assumed that vapor would form around the device resulting in inefficient heat

transfer. However, Straub and co-workers proved otherwise on the LMS flight.

They immersed small heaters in the form of copper discs 1 to 3 mm in diameter in Freon

123 and measured the temperature and power in order to get the heat transfer coefficients

over a range of temperatures or heat fluxes. Surprisingly, they found that heat transfer in

microgravity was only slightly less efficient than it is in unit gravity. Thermocapillary
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jets wereobservedwhichappearto beaneffectivemodeof heattransfer.Theseresults
maycausethe theoriesof boiling in normalgravityto be revisitedandit maybepossible
to designsystemsthattakeadvantageof capillarityalongwithbuoyancyto improvethe
efficiencyof boilersonEarth.

TheCapillaryPumpedLoop (CPL)wasdevelopedin the 1960'sattheNASA Lewis
ResearchCenter (now theNASA GlennResearchCenter)asaheattransferdevice,
similar tOaheatpipe. Thetechniqueworksquitewell in normalgravity,but its operation
in microgravityhasbeenerratic. A transparentmodelof thedevicewasfabricated and
flown onMSL-1R by Halliman(U. Dayton)andAllen (NationalMicrogravity Research
Center,Cleveland)to gaininsight into its operationwithoutgravitywith thewhopeof
correctingtheproblem. It wasfoundthatin theabsenceof gravitydrainage,liquid films
wouldform andaccumulatein thevaporreturnlines. Eventually, Rayleighinstabilities
setin andliquid bridgesform whichobstructthelines. In particular,theseliquid slugs
tendto form in bendsin the line. Theresultis diminishedability to transportheat.

Critical Point Phenomena

A number of peculiar things happen in the vicinity of a second order or critical phase

transition, such as takes place at the terminal point of the coexistence region between a

liquid and its vapor. As the critical point is approached, the densities of the liquid and

vapor become the same and the system fluctuates between the two states as though it

can't make up its mind as to whether it wants to be a liquid or a vapor. These

fluctuations produce a kind of opalescence when the test cell is viewed. At the critical

point, the compressibility becomes infinite so that even the smallest temperature
difference can cause very strong convection. Many of the other thermodynamic

properties change dramatically near the critical point, e.g., the velocity of sound as well

as the thermal diffusivity goes to zero, while the heat capacity becomes infinite.

Other systems, such as a magnetic system neat the Curie point (the temperature at which
thermal motion becomes sufficient to destroy the magnetization) or the demixing of a

homogeneous liquid into two immiscible liquids at the critical consolute temperature,
exhibit similar behavior. The divergence of certain parameters near the critical point in

each of these systems show the same exponential behavior, thus leading to the theory of

universal behavior near a critical phase transition, regardless of the system. Ken Wilson

was awarded the Nobel Prize in 1982 for applying group renormalization theory to

determine the exponential behavior of these diverse systems near a critical point (see

K.G. Wilson, Phys. Rev. B 4 (1971) 3174).

On USMP-2 and -3 Gammon and his group at the University of Maryland used photon-

correlation light-scattering spectroscopy to measure the density fluctuations as the critical

point of xenon. They were able to record a number of photon correlation functions

processed in real time, from which they could measure the decay rate of the fluctuations.
The forward scatter intensity from the flight data showed a much sharper peak as the

critical temperature was crossed than the ground control. They were able to locate the

phase boundary to within ±20 mK. The limiting factor in the experiment turned out to be
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unexpectedwindow heatingfrom the 17microwattlaserwhichpreventedthemfrom
obtainingcorrelogramscloserthan2milli-K from thecritical point.

OnIML- 1,Beysens(Commissariata la EnergieAtomique,Grenoble,France)wasableto
showthatthephaseseparationthatoccurswhenanear-criticalsinglecomponentvapor
(SF6)isquenchedinto the liquid-vaporcoexistenceregionbelongsto thesameuniversal
classasatwo-componentimmiscibleliquid system(methanol-cyclohexane)thatis
quenchedfrom aboveits consolutetemperatureinto thetwo-liquid phaseregion. Since
gravity is alsoinvolvedin phaseseparation,thiscouldonly bedemonstratedin
microgravity. Healsoobservedthatthegrowthratefor smallvolumefractionsof the
dropletphasein immiscibleliquidsfollowedeithera 1/2powerlaw (diffusive growth)or
a 1/3powerlaw (Ostwaldripening)(slowgrowth)but followed afirst powergrowthlaw
(fastgrowth)for largervolumefractions.

At temperaturesbelowthecritical point,a liquid cancoexistwith its vapor;whereas,at
andabovethecritical isotherm,only agascanexist. Klein andWanders(DLR, Koln)
soughtto observethehomogenizationof thetwo phasesasthesystemisheatedto its
critical point. Sincethecompressibilitydivergesat thecritical point,theysoughtto
eliminateanyhydrostaticheadby performingtheexperimentonD-1 with nearcritical
sulfurhexafluoride,SF_.Surprisingly,theyfoundthatit wasvery difficult to
homogenizethesampleat thecritical point. It waslaterrealizedthat sincethethermal
expansionalsodivergesandthethermaldiffusivity goesto zeroat thecritical point,even
theslightestthermalgradient couldcaselargedifferencesin densitydistributionandthe
equilibrationtime wouldbemuchlongerthanthemissionduration.

Thedivergenceof theheatcapacityoneithersideof thecritical point is oneof the
importanttestsof universalityof critical behavior.A characteristic_-shapeof theheat
capacityvs.temperaturewith asingularityatthecritical temperatureispredicted
theoretically.Measurementsof theslopein thisvicinity areusedto determinethe
exponentgoverningtherateatwhichtheheatcapacitydiverges.Oneof thedifficulties
encounteredin suchmeasurementsis causedby thefact thatthecompressibilityof the
systemalsodiverges.Thusthereis a largedensityvariationin anyfinite testcell because
of thehydrostaticpressureandtheactualcritical conditionis metatonly onepoint in the
testcell. Measurementof heatcapacityof thecell thenintegratesovernear-critical
conditions,butcannotprovideaccuratedatanearthepeakin thecurve.

NitscheandStraub(LehrstuhlAfur Thermodynamik,Munchen)tried to obtainamore
accuratemeasurementof theheatcapacityof sulfurhexafluoridenearits critical point on
theD-1flight. Much to their surprise,thedatain thevicinity of thecritical point was
smearedoutevenmorethanonEarth. Insteadof theexpectedpeakatthecritical point,
theymeasuredonly abroadhump.It waslaterfoundthat insteadof a well-mixedsystem
with thefluid wetting thewallsof thetestchamber,thataphaseseparationoccurredand
persistedbecauseof theverylong diffusiontime asthecritical point is approached.

Thetestchamberwasredesignedby StraubandHauptfor arepeatattemptonD-2. By
coolingthroughthecritical temperature,the"real" behaviorof Cv couldbedetermined
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to within 0.9 mK from Tc, whereasgroundmeasurementsbecamedisturbedby gravity at
15-20mK from Tc. The heat capacity exhibited the sharp peak when cooling through the

critical point and the universal coefficients were within experimental error of those

obtained from group renormalization theory. Considerable hysteresis was seen in the Cv

behavior when heating from the two-phase region, through the critical point, into the

single phase region, which is attributed to the "critical slowing down" of phase

homogenization as the chemical diffusivity vanishes. The heat capacity is described by

the expression A _÷ Ixl_'+B the measured critical exponent ot was found to be 0.109±0.02;

theory predicts o_= 0.110_+0.0045. (See Le Guillou and Zinn-Justin, Phys. Rev. B (1980)

3976.)

The same experiment also confirmed the phenomena of "critical speeding up" or the

"piston effect" for rapid heat transport near the critical point despite the fact that thermal

diffusivity vanishes in this region. This effect had been seen on the ground, but was
attributed to convective mixing as the compressibility diverges. However, the D-2

experiment confirmed the heating was due to an insentropic expansion instead of
convective transport. By heating the wall of a container filled with a highly compressible

fluid, a thin boundary layer is heated from diffusive heat transfer. The fluid in the

boundary layer expands adiabatically, compressing the bulk fluid. Since the bulk fluid

becomes heated by the adiabatic compression, heat transfer is virtually instantaneous.

Beysens used the "piston effect" to quench near critical SF6 from the single phase region

into the two-phase region on IML-2. A planned maneuver during one of the runs

demonstrated how acceleration disturbs the piston effect thermal transport. He also

observed two different growth regimes in the same system; a fast growth regime with a

first power time dependence, and a slow growth regime with a 1/3 power time

dependence, depending on the quench depth. ,

Ferrell (U. Maryland) used the critical point facility on IML-2 to measure electrostriction

effects and the time constant for thermal diffusion near the critical point of SF6.

Electrostriction is the deformation of a fluid from an applied electric field. The effect can

be quite pronounced near a critical point because of the divergence in compressibility,
however, it is slow to develop because of the long thermal diffusion times. The thermal

diffusion measurements agreed with ground based measurements more than 100 mK

above the critical temperature, but were lower by a factor of 1.7 at 1.4 mK above To.

Precision measurements of the thermal field using high sensitivity (I.tK) thermistors by

Michels (U. Amsterdam) on IML-1 confirmed the theoretical model for isentropic heat

transfer from the piston effect.

Klein (DLR, Koln, Germany) used the piston effect to heat and cooled SF6 through the

critical point and observed the effect with laser light scattering. He observed critical

opalescence almost immediately after cooling through Te, but found that hours were

required for the system to come to thermal equilibrium. He also determined that the gas-

liquid configuration in the two-phase region is determined by interfacial effects.
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Homogenizationafterheatinginto thesingle-phaseregionscaleswith thecorrelation
length,which goesas(T-Tc)°63.

Lipa (StanfordU.) soughtto circumventsomeof theproblemsassociatedwith attempting
to measurecritical phenomenaatthe liquid-vaporcritical point. Insteadhechoseto
measuretheheatcapacityin liquid heliumatthe lambda-transition,thetemperatureat
whichnormalHe is transformedinto superfluidHe-II. This transitionis knownasthe
lambdatransitionbecauseof the1-shapeof theheatcapacityin thevicinity of the
transition. SinceHeremainsaliquid oneithersideof thetransition,thedivergencein
compressibilityis avoided.However,thetransitiontemperatureispressuredependent,so
thatin agravity field, critical conditionsexistat only oneplanein thesystem.However,
sincetheorderparameterfor thelambdatransitionis atwo-componentsuperfluid
wavefunction,asopposedto thescalardensitydifferencein thegas-liquidcritical point,
thesetwo systemsarenot in thesameuniversalclasses,hencethecritical exponentswill
notbe thesame.

Lipa andhisgroupat Stanfordhaddevelopedathermometrysystemusing
superconductingquantuminterferencedevises(SQUID) to detectminutemagnetic
changesin aparamagneticsalt,whichcanbedirectedrelatedto temperaturewith
nanoKelvinresolution.With thisdevice,theywereableto measureasharppeakin the
heatcapacitycurveto within a few 100nK of the lambdapointbeforethepressure
variationsin thefinite testcell beganto smearout thedata.Theywerelimited in how
smalltheycouldmakethetestcell becauseof thecorrelationlengthoverwhich theatoms
actcollectively. Therefore,theycarriedtheexperimentonUSMP-1to obtain
measurementsto within afew nK.

Oneof theunforeseendifficulties washeatpulsesfrom cosmicraysandchargedparticle
radiationin. Theywereeventuallyableto calibrateoutandwork aroundtheseevents.
Lipafoundthevaluefor thecritical exponentto be-.01285+ 0.00038. This value falls

between the theoretical predictions of -0.007+0.006 (Le Guillou and Zinn-Justin, Phys.

Rev. B (1980) 3976) and -0.016_+0.006 (Albert, Phys. Rev. B (1982) 4912). In a sense,

the lambda point is an ultimate test of the theory because of its unique sharpness. The

value of such a test can best be described by a direct quote from Lipa,

"...this is at the foundations of condensed matter physics. We need to be sure the

foundations are right so we can be confident of the scientific structure which supports

our technology base. There is another angle, but maybe even harder [to explain]: RG

[renormalization group theory] is used extensively in the Standard Model of

elementary particles. There is a well-established relationship between this and critical

phenomena. So one might one day get some insight into the 'theory of everything' via

an obscure aspect of helium. Bit of a stretch, but that's where Nobel prizes come

from!"

A follow-on experiment on USMP-4 extended the heat capacity measurements near the

lambda-point in which the He is confined to a spacing of 57 microns by carefully

machined Si discs. The objective is to test scaling predictions for the transition to a lower
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dimensionsystem.Normally, this transitiontakesplaceonly whenthedimensionis on
theorderof Angstroms, but in semiconductors it can be as large as 0.1 micron, a length

being approaches by modem electronics. Since the correlation length diverges near a

critical point, the distance over which the transition occurs can be greatly magnified.

Attempts are now being made to correlate the data from the flight experiment with

theory and other measurements.

Drop Dynamics

On Spacelab-1, Rodot and Bisch (CNRS, France) and analyzed the deformations of a

tethered drop of silicone oil as it was oscillated at various frequencies. They were able to

determine the various resonance modes and compare with theory.

Wang (Vanderbilt University) studied the rotation and fissioning of freely suspended

liquid drops on Spacelab 3 and again on USML-1 and USML-2 using the 3-axis acoustic

levitator. These experiments are tests of a classical astrophysical problem dealing with

the formation of double stars (see S. Chandrasekhar, Proc. Royal Soc. London A286

(1965) 1-26). Qualitative agreement with theory was found in the Spacelab 3

experiment, but the drops tended to tended to fission before the theoretical rotation rate

was reached but the drop had been flattened by the acoustic radiation pressure. On

USML-1, Wang and Trinh measured the bifurcation point as a function of drop shape and

were able to show that the bifurcation point agreed with theory in the limit of spherical

drop shape. A comprehensive study of the effect of drop flattening on the 2-1oped

bifurcation point was carried out on USML-2. The experiments were supported by a

series of experiments carried out in the glovebox by Trinh (JPL) to test various droplet

injection techniques.

Other experiments conducted with the 3-axis acoustic levitator by Wang and his team at

Vanderbilt University investigated core centering in compound drops. It was shown that

an induced sloshing mode produced centering forces in drops with a gas core(liquid

shells) as well as drops with an immiscible liquid core. Understanding of the centering

forces could be important in the manufacturing of perfectly concentric glass shells for

inertially confined fusion experiments (ICF).

Weinberg (U. Arizona) attempted to use the three-axis acoustic levitator on USML-1 to
measure the interfacial tension between two immiscible liquid phases by oscillating a

compound drop, but ran into technical difficulties when attempting to deploy the two

droplets. Yamanaka and Kamimura (National Aerospace laboratory, Japan) had similar

difficulties when they attempted to measure the surface tension waves on stationary and

rotating drops in a tri-axis acoustical chamber on SL-J.

If the induced oscillations in a drop have large amplitudes, various non-linear effects

show up. Energy can be fed from one mode of oscillation to another, an effect known as

mode coupling was observed. A hysteresis effect in the amplitude response was observed

as the exciting frequency was swept back and forth across the resonant frequency, with a
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peculiarjump in amplitude. Finally, theonset,transition,andfully developedchaotic
oscillationsof dropswereobserved.Understandingtheconditionsleadingto chaotic
oscillationsareimportantfrom apracticalaswell asanacademicpoint of view because
dropletevaporationandcombustionincreasewith increasingoscillationamplitudeand
frequency. Additionalexperimentsinvolvingtheextractionof physicalpropertydata
from large,non-linearoscillationof acousticallylevitateddropswerecarriedoutusinga
singleaxisinterferencelevitatorin thegloveboxonMSL-1Rby Leal (UCSB),Trinh
(JPL),Thomas(JSC),andCrouch(NASA HQ).

Sahdal(USC),with Trinh,Thomas,andCrouchusedthesamedeviceonMSL-1R to
determineif thedeformationandrotationof anacousticallylevitateddropcouldbe
controlledwell enoughto measureinternalflowswithin thedrop. In particular,they
wantedto determineif Marangoniflows from spotheatingthedropononesidecouldbe
measured.By reducingthepowerlevel to theminimumrequiredto keepthedroplet
positionedin microgravity,theshapedistortioncouldessentiallybeeliminated(atleastto
their limit of measurementof theratioof theaxes,whichwasl%. Drop rotationin a
singleaxislevitator resultsfrom anyslightmisalignmentof theacousticreflectoror
asymmetricreflectionsfrom thecontainerwalls andhasalwaysbeendifficult to control.
By fine tuningthepositionof theacousticreflector,droprotationcouldbe reducedto 0.1
rps.

Apfel andhis teamatYaleUniversity usedthe3-axislevitatoronUSML-1 andusML-2
to studythebehaviorof surfactantsby observingthefrequencyandamplitudeof freely
suspendedoscillatingdrops.Theywereableto extractmaterialpropertiessuchas
dynamicsurfacetensionandshearaswell asdilatational surfaceviscosities.The
dramaticdifferencein diffusionandsorptiontimesbetweenTriton X-100 andbovine
serumalbumin(BSA)wasillustrated. SinceBSA is aslowsorber,theMarangonistresses
aresignificant,leadingto muchfasterdampingthanfor purewater.

Marston(WashingtonStateUniversity)with Trinh andDepew(JPL)usedanultrasonic
resonatorin thegloveboxonUSML-lto investigatethepositioning,shaping,and
agglomerationof bubblesandoil dropsin water. It waspossibleto coat the insideof a
bubblewith oil andstudythecenteringmechanism.

MiscellaneousExperiments

Super Fluid Helium Experiment

Superfluid helium possesses several characteristics which make it uniquely suited for

cooling space-based instruments. Such instruments include the Infrared Astronomical

Satellite (IRAS) and the Space Infrared Telescope Facility. Liquid helium 4 (He 4) and

its rare isotope, helium 3, remain liquid at absolute zero. At a temperature of 2.17 K and a

vapor pressure of 5.1 kP (38.4 Torr), He 4 undergoes a transformation to a superfluid
state. In this state, He 4 can transport large amounts of heat at very small temperature

differences. Heat is transported by coherent wave motion rather than by diffusion. Its

effective thermal conductivity is several orders of magnitude higher than any other
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material.Thehigh thermalconductivityis maintainedin thin films andporessosmall
thatanormal liquid wouldbeimmobilized.Theadvantageof this propertyis thatthe
thin films, heldto wallsby vanderWaalsforcesaresuperfluid.Therefore,theentire
superfluidmassbehavesasa singlethermalmasswith atemperaturedifferenceof a few
milli-Kelvins.

Undercertainconditions,superfluidheliumhaszeroeffectiveviscositywhereasthe
viscosityfor bulk motionsis notzero(about1/100of water).Therefore,thesystemmay
beextremelysensitiveto smallsurfacetensionforcesand/orvehicleaccelerations since
thenaturaldampingof thesemotionsis limited.

Anotheruniquecharacteristicof superfluid helium is known as the fountain effect. In

small pores or thin films, the application of a small temperature gradient along the pores

sets up a pressure differential that tends to push the liquid to the warmer end. This

fountain pressure is used in zero gravity to contain the liquid in the cryostat, while

allowing the vapor created by heat flow into the bulk helium to evaporate to space. A

porous plug is placed in the vent line. The outer end is cooled by the evaporation of

liquid to gas, and the resulting temperature differential generates a pressure which keeps

the liquid in the tank.

A Super Fluid Helium Experiment was flown Spacelab 2 by a team from the Jet

Propulsion Lab headed by Mason. The technological and scientific objectives were
divided into three separate investigations; (1) the Quantized Surface Wave (QSW)

experiment to investigate third-sound surface waves in films of superfluid helium, (2) the

Bulk Fluid Dynamics (BFD) experiment to determine the response (slosh modes and

decay time) of superfluid helium to known acceleration levels, and (3) the Bulk Thermal

Dynamics (BTD) experiment to determine temperature fluctuations and variations (to

within 10 mK) associated with slosh modes.

Surface waves are one the order of a micron in normal gravity and damp out fairly

rapidly. In microgravity, they tend to be thicker and were observes to persist for as long
as 60 seconds. The other two objectives were reported met, but details were given.

Geophysical Fluid Flow

Hart (U. Colorado) developed a method of simulating the three-dimensional geophysical

fluid flows under the combined influence of rotation, thermal gradients, and a gravity-like

central force. The Geophysical Fluid Flow Cell (GFFC) consists of a stainless steel

hemisphere surrounded by a sapphire hemisphere with a layer of silicone oil between.

An alternating high voltage was applied between the inner and outer so that the induced

polarization in the silicone oil interacts with the electric field to give a gravity-like body
force on the fluid. By heating and cooling different regions while the system was rotated,

convective flows could be produced that are analogous to large scale flows in planetary

or stellar atmospheres or interiors. There are 4 dimensional parameters that characterize
the flows in the GFFC: the Prandtl number, fixed at 8.4, the aspect ratio (gap width to

inner radius), fixed at 2.65, The Taylor number, which measures the ratio of rotational
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forcesto viscousforces,andtheRayleighnumber,whichmeasuresthebuoyancy-drive
thermalconvectionto conductiveheatflow. Theconvectiveflow fields in the
hemispherewerevisualizedviaSchlierenandshadowgraphphotography. An ultraviolet
sensitivedyewasaddedto thesiliconeoil to aid in flow visualization.

TheGFFCwasflown onSpacelab3andagainonUSML-2.Theprimary objectiveof
Spacelab3experimentwasto studytheinteractionof rotationandconvectionsimilar to
thatwhich occursin theatmosphereof arotatingplanetlike Earthor Jupiter.A variety
of interestingflow structureswereobservedasrotationratesandequatorto poleheating
wasvaried. Theobservedflowswereusedto check3-dimensionalcomputational
models.
Severalclassesof experimentswereconductedonUSML-2: slowrotation,simulating
mantle-likeflows, fastrotation,simulatingsolar-likeflows; symmetricheating,
simulatingsolaror Earthcore;anddifferentialheating,simulatingJupiter'sorEarth's
atmospheres.

Rotationwithsphericalheatingproducedbandedpatternsnot seenbeforein numerical
simulationsandmayprovideanalternativeview of themechanismsresponsiblefor the
observedstructureof theJovianatmosphere.

In slowrotationexperiments,climatic"states"in theform of two distinct convective
patternswerefoundto existwith thesameexternalconditions,differing only by the
initial conditions.Thesepatternsarepersistentandareinsensitiveto smallchangesin the
externalconditions.Datawasobtainedonhow thesesstatebreakdownunderlarger
changesin operatingconditions.Thetransitionfrom anisotropicnorth-south"banana
convection"to themoreisotropicconvectionwasstudied.This informationmayleadto a
scalingargumentfor classifyingdifferentplanetaryatmospheres.

Otherexperimentswith latitudinalheatingshowevidenceof baroclinicwaveinstabilities
andsuccessfullyshowedhowspiralwaveconvectionbreaksdowninto turbulence.

Order-DisorderTransitions

Chaikin(PrincetonU.) usedthegloveboxonUSML-2 to studyto assemblyof colloidal
systemsasafunctionof solidvolumefraction. Computersimulationsindicated, for
volumefractionsrangingfrom 0.545to 0.74,shortrangevanderWaals-likeforces
betweenthesphereswouldcausethemto form into close-packedcrystal-likestructures,
verymuchlike atomsin ametalform close-packedcrystallinestructures. For volume
fractionslessthan0.494,theparticlesshouldremainin solution,andcrystalscould
coexistwith solutionin the intermediaterange. A metastable,glass-likephasewasalso
predictedto exist for volumefractionsgreaterthan0.58.

Thesepredictionsweretestedby suspending0.5micronPMMA spheresin mixturesof
decalinandtetralinfor indexmatching.After homogenization,thesuspensionswere
allowedto relaxinto theirequilibriumconfiguration. Theformationof thecrystal
structurescouldbeobservedandanalyzedfrom diffraction patternscreatedby shining
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laserlight throughthesuspension,similar to theanalysisof metallicstructuresusingX-
ray diffraction. Particlemotionwasstudiedusingdynamiclight scattering.By "pinging"
thesystemandobservingtheresponseof thestructure,theelasticpropertiescouldalsobe
inferred.

In normalgravity theconfigurationswerenot in equilibriumbecausesedimentationwas
muchstrongerthatBrownianmotion. Crystalswereformedwhichtendedto bemixtures
of facecenteredcubic(FCC)andrandomhexagonalclose-packed(RHCP)structures.In
microgravity,theFCCphasewasnot observedandthestructurewasentirely RHCP.
(By randomHCP,wemeanthattheprobabilityof everythird layerbeingdifferent is 0.5,
or in otherwords,thechanceof seeingABC isthesameasABA.) Also, wing-like
dendriteswereobservedin themicrogravitystructuresthatwereneverseenin theground
controls. It is notclearif dendritesactuallystartto form andareshearedoff by
sedimentation,or if theconditionsfavorableto their formationareabsent.

A glassyphasewasformedonEarthwith a volumefractionof 0.619thatremainedin this
metastablestatefor morethanayearwithout crystallizing.Thesamesystemcrystallized
in microgravity in 3.6days. By theendof themissionit hadgrownto 1cm andfilled the
container.Further,it survivedre-entryandremainedin thelabfor 6 months,afterwhich
it was"remelted"by stirring. It thenre-grewinto thedisorderedglassyphase.

ThesestudieswereextendedonMSL-1Rto studynucleationandgrowthfrom time-
resolvedBraggandlow anglelight scatteringaswell asmeasurementof elasticmodulus
from dynamiclight scattering.

Mixing And Demixingof TransparentLiquids

Langbein(ZARM, U. Bremen)usedafloatingzoneconfigurationto studytheeffectsof
capillarity on themixing anddemixingof two immiscible liquids onD-1. A mixtureof
benzylbenzoateand40Vo1.%paraffinoil wasdeployedbetweentwo discs.Theupper
discwasheatedabovetheconsolutetemperature.Marangoniconvectionstirredthe
mixtureandtheinteriorcounterflow carriedbubbles,thathadinadvertentlybeen
introduced,to thesurfacewheretheyruptured,thusdemonstratingthis asaneffective
finning technique.As heating progressed, the critical wetting condition temperature was

exceeded and the benzylbenzoate spread across the heated disc, in accordance with the

critical point wetting theory of Cahn (See J. W. Cahn, J. Chem. Phys. (1977) 667.) The

rising inner column of benzylbenzoate thinned and eventually broke into two segments.

Eventually, through diffusion and Marangoni convection, the benzylbenzoate at the

heated plate exceeded the consolute temperature and homogenized with the paraffin oil.

Under passive cooling, a fog developed in the upper region as the temperature fell below

the consolute temperature. The droplet in the fog eventually coalesced to form the two

liquid phases.
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ParticleDispersionExperiment

Aggregationof varioussmallparticleswasstudiedby Marshall(NASA AmesResearch
Center)in thegloveboxonUSML-1 and-2. Themotivationfor thesestudieswasto
obtainabetterunderstandingthecollapseof dustanddebrisin astrophysicaland
planetarysettings.Thedustgrainsweredispersedby apuff of gasin atransparent125
cm3chamberandtheaggregationwasobservedwith highmagnificationvideorecording.

Aggregation was observed to be very rapid in all cases. Dielectric grains of quartz and

volcanic ash particles aggregated into chains or filaments that were many tens of grains in

length. Larger (400 micron) particles formed single particle chains up to a centimeter in

length. Conductive copper particles formed similar chain-like aggregates. The size and

shape of the particles did not seem to affect the type of structure that was formed,
however, the chain length did appear to be proportional to the number density of the

particles.

Passive Accelerometer

Until STS-50 (USML-1), the quasi-steady acceleration on the Shuttle from gravity

gradient and atmospheric drag had never been measured. The conventional

accelerometers, used by the NASA Glenn Research Center in their SAMS system,

respond to the higher frequency accelerations from the normal vibrational modes of the

Shuttle, but the baseline bias is such that the extraction of a quasi-steady acceleration of

less that one micro-g from the milli-g oscillatory accelerations cannot be done accurately.

Alexander prepared a simple 2 cm diameter tube filled with water that also contained a 2

mm steel ball. The ball was positioned near one end of the tube with a magnet and then

was simply allowed to fall in the residual gravity field. From the observed motion of the

ball, the direction and magnitude of the quasi-steady acceleration could be determined

from the Stokes formula for a falling sphere (after corrections for wall effects).

Accelerations measured at the middeck were typically 4 - 5 micro-g with the direction

essentially along the X-axis (along the fuselage - the Shuttle was flying in the tail-down

attitude). Accelerations measured near the Crystal Growth Furnace (CGF) were

typically 0.5 micro-g and it was evident that the residual gravity vector was not along the

furnace axis as had been planned.

Combustion Experiments

There are two compelling reasons for the study of combustion in microgravity. One is

the issue of fire safety in the design and operation procedures of orbiting laboratories; the

other is take advantage of the weightless state to study certain combustion phenomena in

more detail and to test various models in which convection has been ignored in order to

be mathematically tractable.
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Examplesof thefirst categoryof experimentsaretheSolidSurfaceCombustion
Experiment, theSmolderingCombustionExperiment,andWire InsulationFlammability
ExperimentwerecarriedoutonUSML-1.

Smolderingcombustioncanbeextremelydangerousin aspacestationsinceit canremain
virtually undetectedfor sometime,but theincreasedtemperature,dueto theabsenceof
convectionto carrytheheataway,cangreatlyincreasetheamountof toxic fumes
generated.StockerandOlson(NASA GlennResearchCenter)alongwith Fernando-
Pello(U. California,Berkeley)founddramaticincreasesin CO andlight organic
compoundswhenaporousurethanefoamsmolderedin microgravityascomparedto
normalgravity, eventhoughtherewaslittle differencein temperatureandcharpatterns.

The wire flammability studieswerecarriedoutby GreenbergandSacksteder(NASA
GlennResearchCenter)andKashiwagi(NIST) to simulatethebehaviorof possible
electricalfire in spacewithoutconvectionandwith forcedconvection.The wireswere
nichrome coveredwith 1.5mmdia polyethyleneinsulation.An ignition of awire
without forcedconvectionresultedin quiescentcloudof vaporizedwhich ignitedbut
failed to propagate.Underforcedconvection,thespreadingflamestabilizedarounda
beadof molteninsulation. Flamespreadin concurrentflow wastwice asfastasin
countercurrentflow andsootproductionwasgreaterundercountercurrentflow. The
flamesquenchedrapidlywhentheair flow wasshutoff.

The SolidSurfaceCombustionExperimentonUSML-1 conductedby Altenkirch
(MississippiStateUniversity)wasthefourth of aseriesin whichthin sheetsof
combustiblematerialswereignitedin acontrolledoxygenenvironment.OtherSpacelab
missionsthatcarriedthisexperimentincludedSLS-1,IML-1, andSL-J. Theobjectiveof
theseriesof experimentwasto obtaintheflamespreadingandsootformationasa
functionof pressureandoxygencontentfor comparisonwith theoreticalmodels. These
dataandtheresultingmodels go into flammability requirementsfor materialsusage
requirementsin spacecraftandspaceexperimentdesign.Unfortunately,theexperiment
designpermittedonly onetestperShuttleflight.

A capabilityfor runningmultiple solidsurfacecombustiontestswasintroducedin a
gloveboxexperimentscarriedoutonIML-3 in theForcedFlow FlameSpreadTest
(FFFr) which is aforerunnerof afacility for useon theInternational SpaceStation.
Fuel in theform of atapeorcylinder is fed into asmallwind tunnelatthesamerateas
theflamespreadsothattheflamefront remainsin the instrumentedregionfor diagnostic
measurements.Thesemeasurementsareusedfor comparisonwith theory. A teamfrom
theNASA GlennResearchCenterledby Sackstedercarriedout 15experimentsusing
sheetsandcastcylindersof cellulosewith concurrentairflowsrangingfrom 2 to 8
cm/sec.

KashiwagiandOlson(NASA GlennResearchCenter)alsousedthegloveboxonUSML-
3 to investigateignition andthe transitionto flamespreador smolderingcombustionin
25samples.Air flow wasvariedfrom 0 to 6.5cm/sec.Ignition wasinitiatedby ahot
wire acrossthemiddleof thin (2-D) samplesandby thefocusedbeamof ahalogenlamp
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for thicker (3-D) samples.In the2-Dsamples,ignition occurredmorereadilyunder
microgravityconditionsandtheflamespreadwasalwaysin theupstreamdirection. In
the3-Dsampleignition wasfrom aspotin themiddleof thesampleandcharpatternwas
fan shaped,the internalangleof thefanincreasingwith air flow velocity.

Griffin (NASA GlennResearchCenter)andGard(NASA MarshallSpaceFlight Center)
comparedthe ability of thesmokedetectorsusedon theShuttleandthoseproposedfor
theInternationalSpaceStationto detectfires. A nearfield module,installedin the
USMP-3glovebox,containedthesampleto bebumedandthenearfield diagnostics
which includedcollectorgridsfor TEM analysisof thesmokeparticles. Combustion
productswereblown throughteflonhosesto thefar field modulewhichcontainedthe
twosmokedetectors,thenreturnedto theglovebox to be removedby theglovebox
filters. Samplestestedincludedacandle,paper,teflonandkaptoncoatedwires,and
siliconerubber. It wasfoundthatsensitivityto variouscombustionproductsin spaceis
differentthanonEarthbecausethesizedistributionof theproductsis alteredby the
combustionprocessin microgravity.

A number of experiments were conducted to take advantage of the quiescent

microgravity environment to study a variety of combustion processes. One topic of

significant practical interest is soot production. Soot is usually an undesirable product of

combustion for several reasons. One reason is that soot is a visible pollutant; one sees

soot in the black fumes emitted by diesel trucks, processing plants, and chimneys. (It

should be noted that recent changes in Environmental Protection Agency (EPA)

regulations call for significant reductions in amounts of such particulate materials in the

atmosphere.) In addition, soot production is tied to the emission of carbon monoxide -- a

toxic material -- and PAHs (polyaromatic hydrocarbons), many of which are

carcinogenic. Another of soot's undesirable qualities is that the thermal radiation, or heat

emission, of soot particles is often responsible for the spreading of fires. Soot also

hampers efforts to fight fires because its presence can obscure their sources, making it

more difficult to extinguish them. However, soot production is useful to the carbon black

industry, which is a large industry that uses soot in such products as tires, black plastic,

and dry-cell batteries. In addition, many furnace applications rely heavily on heat
radiation from soot to transfer heat from flames to boiler tubes in order to produce steam

from water. For all of these reasons, understanding the production of soot is a goal that is

important to researchers. Once understood, the process could be manipulated to control

both visible and invisible pollution from combustion technologies like diesel engines and

aircraft gas turbines, to enhance fire-fighting abilities, and to produce soot with qualities

that are beneficial to industry.

The geometry and behavior of a candle flame was investigated by Ross (NASA Glenn
Research Center) using the glovebox on USML-1. This was the first evidence that

diffusive transport was rapid enough to sustain a candle flame. After an initial transient

in which the flame is spherical and yellow, indicating soot is being formed, a steady state

is reached in which the flame is hemispherical and burns with a blue color, indication

little or no soot formation. Minor transient acceleration disturbances caused increased

luminosity and soot production.
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FibersupporteddropletcombustionexperimentswerecarriedoutonUSML-2 andon
MSL-1Rby Williams (UCSD). By tetheringthedropletsonasilicon fiber, theycouldbe
kept in thefield of view of thevideorecordersothattheburningrateandother
parameterscouldberecorded.Theobjectiveis to testtheoriesof dropletcombustionand
sootformationthatareof importanceto improvingtheefficiencyof internalcombustion
engines,gasturbineenginesaswell ashomeandindustrialoil burningheatingsystems.
Microgravity allowsto dropletsizeto beincreasedto asmuchas5 mm sothatthe
combustionprocesscanbestudiedin detail. Oncethetheoryis developed,its predictions
canthenbescaledbackto thedropletsizesusedin theactualcombustionprocesses.

Williams carriedout asimilarexperimentwith freefloatingdropletsonMSL-1Rto
determineif thetetherhehadusedpreviouslyhadanyeffecton thecombustionprocess.
Thedropletis formedby injectingheptanethroughtwo injectorsonoppositesidesof the
testplatformwithin thechamber.Theinjectorsareretractedafterthedropis formed.The
dropis then ignitedby two hot-wireignitersthatarebroughtnearthedropletfrom
oppositesidesto begincombustionwith minimumdisturbanceto thedroplet.The
burningdroplet is theobservedandrecordedusingvideocamerasandhigh-resolution
photographs.

The"Structureof FlameBalls atLow Lewis Numbers" (SOFBALL) experiment of Paul

Ronney, (University of Southern California) was performed on MSL-1R. In this

experiment, a container was filled with various combustible mixtures near their lean limit

of combustion. A flame ball was created by an electrical spark. A stationary spherical

flame front develops as fuel and oxygen diffuse into and heat and combustion products

diffuse out of the flame ball. This is the simplest possible geometry in which to study the

chemical reactions and the heat and mass transport of lean combustion processes. Over

50 years ago, Zeldovich found that the equations for steady heat and mass conservation

had a solution corresponding to a stationary flame front, but he also showed that the

solution was unstable. He did, however, consider the possibility that heat loss might be a

stabilizing factor, which is apparently the case since some of the flame balls lasted the

full 500 seconds until the experiment timed-out. It is expected that these experiments

will provide new insight on combustion processes in the lean burning limit, which are

important in improving the efficiency of engines and heating systems.

Soot formation in laminar flames was also studied on the MSL-1 and MSL-1R mission

by Faeth (U. Michigan). Soot formation in turbulent diffusion flames is of greater

practical interest, but their direct study in difficult because of their time and spatial

dependence. Therefore, laminar flames are studied to obtain the basic relations needed to

develop a tractable theory, the justification being that there are known similarities of gas-

phase processes between laminar and turbulent flames. Laminar flames are still affected

by buoyancy effects that complicate the analysis, thus the need to study them in

microgravity. The flames to be studied are hydrocarbon fuelled and burn in still air.

Measurements include flame shape, soot volume fraction, soot temperature distribution,

gas temperature distributions, and flame radiation. The flames in low gravity were much

longer that in 1 g due to the absence of buoyancy-driven convection. It was also found
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thatthesimplified theoreticalanalysisof non-buoyantlaminarflamedevelopedin 1979
by Spaldinggaveexcellentpr4edictionsof flameshapeaftermakinganempiricalflame
lengthparameterto accountfor thesootluminosity.

Enclosedlaminarflamesor commonlyfoundin practicalcombustorsystemssuchasgas
turbinecombustors,jet engineafterburners,andin powerplantcombustors.The
enclosureis in theform of aductwith eitherco-flow or crossflow. Thediffusionflame
in locatedwherethefueljet andoxygenmeet. Typically,theflameis anchoredat the
burner,but asthefuel velocityis increased,theflamefront movesawayfrom theburner
jet. Eventually,theflamejumpsaheadof thejet andis saidto belifted. Too high afuel
velocitywill causetheflameto blow out. Thestability of suchflamesin low gravity
wereinvestigatedby Brooker,Jia,Stocker,andChenof theNASA GlennResearch
Center onUSMP-4. Thefuel wasa 50V%mixtureof methaneandnitrogen. A free-jet
theoryof ChungandLeepredictedthatlifted flameswouldnotbestablefor Schmidt
numbers(ratioof kinematicviscosityto chemicaldiffusivity) lessthan1, which is the
casefor thedilute fuel mixtureusedin thesetests.However,it wasshownthat theco-
flow in theductdid tendto stabilizethelifted flame,both in normalgravityaswell asin
microgravity,althoughhigherco-flow velocitieswererequiredto lift theflameandto
causeblow-out in microgravity.

Assessment of the Science

A number of the early microgravity fluids experiments investigated the shape and

stability of liquid zones to support anticipated materials science experiments that might

use extended floating zones for crystals growth. Perhaps the most important contribution

from most of this work was the demonstration that the behavior of such zones could

indeed be computationally modeled. However, one experiment used the zone shape to

measure the disjoining pressure of a film and another experiment stabilized an extended

zone beyond the Rayleigh limit in a test of Taylor's "leaky dielectric theory). The latter

has applications in the design of fluidic systems

Many of the microgravity fluids experiments were directed to the study of Marangoni
convection. Since this type of convection is independent of gravity, it clearly acts in

terrestrial processes along with buoyancy-drive convection, and therefore must be

considered. These space experiments clearly demonstrated the existence of such flows

(which may have been debated in some quarters since they cannot be demonstrated

independently in normal gravity), as well as the ability to quantify and model their

effects, although it was also found that such flows can be unexpectedly quenched by

contaminants.. Considerable work went into determining under which conditions the

steady Marangoni flows become time-dependent and new criteria for this transition have

been developed. This knowledge is important for the design of floating zone crystal

growth experiments in which time-dependent flows produce growth defects.

The classical theory of Young, Goldstein, and Bloch, that describes the motion of

droplets or bubbles in a fluid driven by the Marangoni effect was found to apply only in
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the limit of vanishingMarangoninumberandcorrectionsto thetheoryhavebeen
developed.It wasalsoshownthatmultipledropsorbubblescaninteractthroughthe
thermalwakesleft astheymovethroughthefluid. Finally, it wasfoundthatfluid
propertiessuchasdilatationalviscosity,whicharenotaccountedfor in theMarangoni
number,cansignificantlyaffectthemotion. Thesefindingsaresignificantin thedesign
of manymaterialsandchemicalprocessesusedonEarthaswell asin microgravity.

Severalexperimentsinvolvingpoolboiling andheattransferin microgravityproduced
somesurprisingresultsin thattheability to dissipateheatfrom asubmergedheaterwas
only slightly diminished. Insteadof aninsulatingvaporfilm forming aroundtheheated,
aswasexpected,strongthermocapillaryjets formedwhichprovedto provideanefficient
heattransfermechanism.Not only is this significantfor thedesignof systemsthathave
to work in a microgravityenvironment,but it maybepossibleto takeadvantageof such
jets to improvetheefficiencyof terrestrialboilers.

Thebehaviorof severalsystemsnearcritical phasetransitionswerestudied.
Unanticipateddifficultieswereencounteredin approachingthecritical pointbecauseof
the"critical slowingdown"phenomena.Thesedifficulties wereovercomeandthe
critical exponentsthatgovernthedivergenceof thermophysicalpropertiesasthecritical
point is approachedweredeterminedwith improvedaccuracy.Theseappearto
consistentwith thepredictionsthecoefficientsobtainedfrom Wilson's group
renormalizationcalculations.

A numberof experimentswerecarriedout on levitateddropsto testandrefinetheoriesof
dropletoscillation,shapeandfissioningunderrotation,corecentering,andnonlinear
effects.Techniquesfor extractingpropertiesmeasurementsfrom oscillatingdroplets
weredemonstrated.Someof thesemeasurementtechniqueswereutilized in obtaining
thermophysicaldatafrom undercooledmelts in theelectromagneticlevitatoronMSL-1R.

Otherinvestigationsincludedathreedimensionalsimulationof geophysicalflows under
the influenceof acentralgravity-like forcetogetherwith rotationanddifferentialheating,
particle aggregation,order-disordertransitionsin theassemblyof anensembleof hard
spheres,mixing anddemixingof immisciblesystems,themanagementof superfluid
heliumin low gravity,andthedemonstrationof a simplefalling spheremethodfor
measuringthequasi-steadyresidualaccelerationon theShuttle. All told, thesefluid
experimentsproducedatotalof 563papersof which323werepublishedin peer
reviewedjournals. Thebibliographyalsoincludesanother43 referencesfrom thevarious
fluid sciencePrincipalInvestigators,that wereof generalinterestto thebehaviorof fluids
in microgravity,butwerenotdirectlyrelatedto theexperimenttheyflew onSpacelab
missions.

Thedozenor socombustionexperimentshaveproducedawealthof informationthatis
notonly applicableto fire safetyin spacevehicles,but alsofundamentalto understanding
thecombustionprocessin droplets,combustionnearthe lean-burnlimit, theformationof
sootin variouscombustionprocesses.Theseexperimentsproducedanother118papers,
including55 in journals.
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New Technology and Technical Spin-offs

Heat and mass transport from fluid flow is so fundamental to all of materials processing

that it is difficult to single out specific applications where such research has made direct

contributions. Marangoni convection, which is often ignored in terrestrial processing,

can be significant, even in the presence of buoyancy convection, if there are free surfaces,

bubbles, or immiscible droplets present. These space experiments have provided a much

better understanding of the effects of these types of flows that are not only needed for the

design of future microgravity experiments, but apply to many terrestrial processes as

well. Hopefully, the publications resulting from the microgravity research will make the

terrestrial process engineers aware of the importance of including the effects of such

flows in their process design.

The fundamental work that was done on drop oscillations and the development of

techniques for extracting materials properties from their observation, can be considered

enabling technology for being able to extend the measurements of thermophysical

properties into undercooled molten state using electromagnetically suspended droplets.

Such measurements are key to the development of new metallic glass systems and other

metastable alloys.

The combustion research has the potential of leading to more efficient combustion

processes with a reduction of unwanted combustion products such as soot and other
noxious contaminants. Furthermore, the flammability testing and developments in

spacecraft fire safety also have direct applications to home and industrial fire safety.
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Materials Science Experiments

Normally one categorizes materials as metals, ceramics, semiconductors, and polymers,
which reflects the nature of their chemical bonding. Microgravity experiments have

primarily focused on metals and semiconductors, although the distinction get blurred
which creamics are added to metals to form composites.. The primary emphasis in the

study of metals has been to understand the evolution of their microstructure and to

develop techniques for controlling it during processing. The primary emphasis in the

study of semiconductors can been the growth of single crystals with controlled

composition and defect formation. Key to the success of both of these endeavors is

knowledge of the thermophysical properties of the constituents in the liquid phase. As it

turns out there is a compelling reason for certain of these measurements to be made in a

low gravity environment. Levitation techniques for certain thermophysical properties

measurements permit the measurement of certain properties in the deeply undercooled,

which are of value for predicting the cooling rate required for glass formation, which

leads to the final section of glass formation experiments in microgravity.

Metals, Alloys, and Composites

Introduction

Metals tend to be ductile because their crystal structure contains slip systems which allow

planes of atoms to slide over one another through the dislocation mechanism. A
dislocation is a missing line of atoms in the otherwise regular spacing in a small

crystalline grain of the metal. Under stress, the dislocation can move through the grain,

resulting in the net displacement of a whole plane of atoms, much like moving a rug by

forming a small kink and then moving the kink across the rug. Pure or elemental metals

are generally too weak to be used for most structural applications because of their

ductility. However, they can be strengthened dramatically by blocking the motion of the

dislocations. There are several methods for accomplishing this. They may be alloyed

with other metals whose atoms are larger or smaller than the host metal (solid solution

hardening). The resulting irregularity in the lattice tends to block the motion of the
dislocations. Since dislocations cannot propagate from one grain to another, promoting a

fine grain structure will strengthen a metal. Dispersing very small particles or fibers

throughout the metal is also effective means of strengthening a metal. These particles

can either be precipitated from a dissolved component as the metal is cooled

(precipitation hardening), or a second phase, often a refractory ceramic, can be added to

form a composite.

When one attempts to solidify a multicomponent system from the melt, difficulties arise.

The foreign atoms don't fit into the lattice as easily as the host atoms forming the matrix,

and segregation results. The melt containing the rejected atoms will have a different

density from the bulk solution resulting in solutally-driven convection which cause the

final solid to have a non-uniform composition on a macroscopic scale
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(macrosegregation).Dispersedparticleswill haveadifferentdensityandwill tendto
eithersinkor float. Particlebehavioris alsoaffectedby theinterfacialenergybetween
their surfaceandthemelt,whichdeterminesif theyarewettedby themelt.

Muchof whatgoeson in amulti-componentmelt isaffectedby gravity,but someof the
moresubtleinterfacialeffectsarenot. Yet theseinterfacialeffectsmayplay important
rolesin manyterrestrialprocesses,butarepoorlyunderstoodbecausetheyaremaskedby
gravitationaleffects.Usingmicrogravityasa tool to sortout thenon-gravitationalfrom
thegravitationaleffectsmayaddto ourunderstandingof how theseprocessesoperate,
whichcanleadto advancedmaterialswith enhancedproperties.

With the largecomputationalcapabilitythatnowexists,muchuseis beingmadeof
computermodelingof solidificationprocesses,particularly in thecaseof largeexpensive
castings.In principle,it isnowpossibleto computethetemperatureandcompositional
fieldsasthecastingsolidifiesandusetheseto predicttheresultingmicrostructure,
providedweknow all of theprocessestakingplace,andalsohaveaccurateknowledgeof
thethermophysicalpropertiesof thematerialsof interest.Unfortunately,manyof the
thermophysicalproperties,suchasdiffusioncoefficientsandthermal conductivitiesare
notknownfor themoltenstateandaredifficult to measurebecauseconvectivetransport
caneasilyinfluencethe measurement.Therefore,thereis greatinterestin usingthe
microgravityenvironmentto makethis typeof measurements.

Normalfreezinggenerallyproducesequilibriumphases,i.e., atomicconfigurationsthat
arethemostorderedor havetheminimumfreeenergy.Recently,therehasbeenmuch
interestin trappingnon-equilibriumor metastablephasesby variousrapidsolidification
techniquesbecauseof their interestingproperties.Forexample,metallicsuperconductors
with thehighesttransitiontemperature(for metallicsystems)suchasNb3SnandNb3Ge
havetheso-calledA 15structure,which is anonequilibriumphase. Metallic glassesare
anotherexamplewhichareusefulbecausetheir lackof grainstructuremakesthemmore
resistantto corrosion. Iron-basedmetallicglasseshavefoundusefulapplicationsashigh
efficiencytransformercoresbecausetheabsenceof grainstructuremakesit easierfor
magneticdomainsto moveresultinginmuchsmallerhysteresislosses.

It ispossibleto magneticallylevitatemetallicsamplesin microgravitysothattheycanbe
meltedandsolidifiedwithoutphysicalcontact.Without aforeignsurfaceto initiate
nucleation,ameltmaybecooledseveralhundreddegreesbelow its normalfreezing
point. Thisprovidesanopportunityto measurepropertiesof amelt in anundercooled
state.Knowing the viscosity and surface tension of materials in this state may provide

clues for more effective means for trapping metastable phases.

The alloy solidification experiments that have been performed of Spacelab generally fall

into three general categories: (1) experiments designed to understand how the

microstructure evolves during solidification, (2) studies of interfacial effects that control

the distribution of second phase particles, and (3) measurements of thermal physical

properties.
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Partof the interest in solidifyingeutecticsin microgravityarosefrom anexperiment
performedby Larson,thenat Grummanin Bethpage,NY duringtheApollo-Soyuz
flight. LarsondirectionallysolidifiedtheMnBi-Bi eutecticsystem,which is a low
volume-fractionsystemin whichtheMnBi phaseformsanaligned rod-likestructure
insteadof lamellae in theBi matrix. TheintermetaUiccompound,MnBi is aninteresting
permanentmagnet materialandLarsonwastrying to improveits strengthby using
microgravityto getbetteralignmentin theMnBi rods. To hissurprise,hefoundthatthe
rodswerefiner andmorecloselyspacedthanhisgroundcontrolsample.Interestingly,
thesamplesheprocessedonEarthfollowedtheJackson-Hunttheoryverynicely while
his spacesamplesdepartedsignificantlyfrom thetheory. Subsequenttestsusing
magneticfields on thegroundto helpsuppressconvection,gaveresultssimilar to his
flight samples.This seemedverystrangebecausetheJackson-Hunttheory considers
only diffusive transport;noconvection.Yet thereareapparentdeparturesfrom the
theorywhenconvectionis suppressed.Larsonattemptedto repeathisexperimenton the
MSL-2 flight usingCo-Sm,anotherimportantmagneticsystem.Unfortunately,
equipmentproblemspreventedhim from obtaining usefuldata.

MuellerandKyr (UniversitatErlangen-Nurenberg)performedanexperimentsimilar to
Larson'sonSL-1 andonD-1 usingtheInSb-NiSbpseudo-binaryeutecticsystem.They
alsoperformedtheexperimentin higherg-levelsusingacentrifuge.Their resultswere
similar to Larson's;agreementwith Jackson-Hunttheory whenconvectionis present,
finer structureandspacingin theabsenceof convection.Theyfoundthatthevolume
fractionof theNiSbphasein their final solidwaslower thantheir startingeutectic
compositionandsuggestedthatthermaldiffusion(Soreteffect)mayhavecausedthis
compositionshift awayfrom theeutecticandthatthiswasresponsiblefor theapparent
departurefrom theJackson-Huntlaw.Theconvectivestirring in the 1-gsample
apparentlydoesnotaffect thespacingbetweenthephases,butdoeskeepthebulk fluid at
moreor lessconstantcompositionby simply overwhelmingtheSoreteffect.

However,FavieranddeGoer(CEA-CENG,Grenoble)directionaUysolidifiedAg-Ge,
AI3Ni-AI, andA12Cu-AIonTEXUS suborbitalrocketsandonSL-1. Theyfoundno
changein the lamellaspacingorvolumefractionfor theAg-GeandtheAI2Cu-AI
systems,but foundcoarserspacingandincreasedvolumefractionof theminority phase
in themicrogravitysampleof A13Ni-A1,just theoppositeresultof MuellerandKyr. The
changein volumefractionagainarguesfor thepossibility thatSoretdiffusion mayhave
shiftedthestartingcompositionawayfrom theeutecticcomposition,which could
explainthechangein spacing.

WallrafenandDupr6(U. of Bonn)attemptedto directionally solidify LiF - LiBaF3
eutecticonD-2. In 1-gexperiments,thecomponentLiBaF3tendedto accumulatedin the
lowerregionsof themelt. Theaccumulationof theLiBaF3componentwaseliminatedin
theD-2samples,indicatingtheseparationof thiscomponentmusthavebeengravity
relatedratherthanaresultof Soretdiffusion. No differencein volumefractionor lamella
spacingwasobservedbetweenthespaceandgroundsamples.
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Tensi(TechnicalUniversitat,Munchen)reportedareductionin interdendriticspacing
undermicrogravityconditionsin hypoeutecticA1Sil1onD-2 andin A1Si7onD-1 and
foundnochangein thevolumefractionof theSi. Theseexperimentswererun with a
gradientof 15K/cmat growthvelocitiesof 0.5,1,and2 mm/min. The0.5mm/min
producedaplanefront solidification,while theothersresultedin dendriticsolidification.
Thematerialbetweentheprimarydendriteshadeutecticcompositionandthespacingof
thelamella in this interdendriticmaterialwassubstantiallylessin themicrogravity
samples.Sincetherewasnochangein thevolumefraction, Soretdiffusion was
apparentlynot effectivein thissystem.Tensiarguesthatthe increasedspacingin the 1-g
sampleis aresultof micro-convectionwhich increasesthetransportof materialbetween
lamella,thus increasingtheeffectivediffusion lengthwhichresultsin the increased
spacing.

OhnoandMotegi (ChibaInstituteof Technology)investigatedadifferentaspectof
eutecticmicrostructure.Insteadof directionally solidifying, theymeltedandcooled
hypo- andhypereutecticcompositionsof theAlzCusystemusingtheContinuousHeating
Furnaceon SL-Jsothattheycouldcomparetheresultingmicrostructuresin thepresence
andabsenceof gravity. WhenthehypoeutecticA12Cusystemis quenchedin normal
gravity,thefirst-to-freezeprimaryA1dendrites,beinglessdensethanthebulk melt, will
detachfrom thewall andfloat to thetop. WhentheexcessA1hasbeenremovedin this
manner,columnargrainsof eutecticcompositiongrow alongthedirectionof heatflow.
In space,theprimaryA1dendritessimplyremainedon thewall andtheremaining
eutecticformedcolumnarstructuresaroundthem. Grainsof primaryA12Cuarethefirst
to freezein thehypereutecticcomposition.Beingmoredense,theseprimaryA12Cu
grainssettleto thebottom. WhentheexcessCu is removedin thismanner,theremaining
meltsolidifiesascolumnareutecticgrains. In space,however,theprimaryA12Cu
appearedalongthenwalls,butno freeAI2Cucrystalswereobserved.Smallgasbubbles
werealsofoundnearthewallsandlargeronesin themiddleof thefinal ingot. It was
speculatedthattheseoriginatedfrom adsorbedgasin thegraphitecrucible.

Interfacial Stability

As solidification progresses in a binary or multi-component system, the rejected solute

builds up in front of the solidification interface which has the effect of lowering the

freezing temperature at the interface since some of the component with the higher

freezing temperature has already been removed. However, the bulk melt away from the
solidification interface has the original composition, which has a higher freezing point.

Therefore, the freezing point of the melt rises from the lower value at the growth front to

the higher value of the bulk melt. Unless the imposed thermal field in front of the
solidification interface is everywhere higher than the local freezing point of this melt, the

melt is said to be constitutionally undercooled, which leads to an interfacial instability. If

a small portion of the growth interface is somehow displaced ahead and it finds the

local freezing point to be higher than the local temperature, it will continue to advance.

Thus the interface will break down, first into a cellular pattern if the constitutional

undercooling is small, or into long finger-like projections if the undercooling is larger.
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Thesidesof theseprojectionswill alsobreakdownto form secondaryarms,which in
turncanbreakdownto from tertiaryarms. Theresultingstructureresemblesafir tree,
hencetheterm "dendrite".

A simpleconstitutionalsupercoolingcriterion (knownastheCScriterion)was
developedby RutterandChalmersin 1953(Can.J.Phys.31 (1953)15)thatpredictsthe
ratioof thegradientrequiredto stabilizetheinterfaceto thegrowthvelocity for agiven
solidificationsystem.In 1964,Mullins andSekerka(J.Appl.Phys.34 (1964323)
developeda morerigoroustheorybasedonastabilityanalysisthatincludedtheliquid-
solid interfacialenergywhichcanprovideastabilizingeffecton theinterface.Like most
theoriesconcerningsolidificationphenomena,it wasnecessaryto assumenoconvection
in orderto simplify theseanalyses.

Carlberg(Mid SwedenUniversity,Sundsvall,Sweden)usedamulti zonefurnacein a
GetawaySpecial(GAScan)onSL-Jto solidify Ga-dopedGeusingthegradientfreeze
techniquewith Peltierpulsingfor interfacedemarcation.In thisprocess,the
solidification rateincreasesasthespecimenis solidified. Carlbergwasableto showthat
theflight aswell asgroundbasedresultswereconsistentwith thepredictionsof Mullins
andSekerkasolong astheexperimentwasconfiguredwith little convection(vertical
with stabilizingthermalgradient).However,hewasableto showsignificantdeparture
from theM-S theoryasconvectionwasincreased.

Potard,Duffar, andDusserre(CENG,Grenoble)devisedamethodfor monitoring
conditionsat the interfacebasedon theheatbeingsuppliedand/orextractedfrom the
growthprocess.Thelatentheatof fusionbeingliberatedasthecrystalgrowsis
proportionalto thegrowthrateaswell asthearea.Thus,if thisheatcanbemeasured,it
shouldbepossibleto determinetheconditionsatthegrowthinterface.Threesamples
werepreparedfor theGradientHeatingFurnace;onewith pureInSb,onewith pureInSb
butwith a stepareachange,andonewith dopedInSbto producean interfacial
breakdowndueto constitutionalundercooling.Theampouleswerecoveredwith super
insulationto provideanadiabaticradialboundarycondition. Heatwasintroducedand
extractedthroughgraphiteplugsateachendof theampoule.Theheatflux metersconsist
of adjacentfinewire thermocouplesin thegraphiteplugs. Thetechniquewas
demonstratedin asemi-qualitativemanneron theD-1 flight in that seedingandgrowth
transientscouldbe identifiedandthemeasuredheatfluxeswerein reasonableagreement
with themathematicalmodelsof theprocess.

A uniqueandhighly sophisticatedapparatusfor studyingdetailsof thesolidification
processwasdevelopedby FavierandcoworkersattheCENG,Grenobleundera
cooperativeprogrambetweenNASA andtheFrenchSpaceAgency(CNES)andthe
FrenchAtomic EnergyCommission(CEA). Theofficial nameis Materialsfor theStudy
of InterestingPhenomenaof SolidificationonEarthandin Orbit or. Three6 mm
diameter,900mm longsamplesareprocessedin parallel. Resistanceandthermal
measurementsaremadeononesamplewhileSeebeckvoltagemeasurementsaremadeon
another.Peltierpulsingis appliedto thethird sampleto markthesolidification interface
for postflight analysis.Themiddle500mm of thesamplesaremeltedusingtwo
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furnaces.Onesolidificationfront iskeptstationarywhiletheotherismovedbackand
forth to createa solidificationfront thatcanbemoveat differentvelocities. By
measuringthedifferentialSeebeckvoltagebetweenthestationaryandmoving interface,
thekineticundercoolingcanbedeterminedasafunctionof growthvelocity. At the
freezingpoint, asolidwill remainin equilibriumwith its melt indefinitely.This kinetic
undercoolingis thedriving forcefor continuedsolidification. Thekinetic undercooling
will besmall for planefront solidification,butsinceadditionalinterfacialenergymustbe
providedastheplanefront beginsto breakdown,thekineticundercoolingmustget
larger. Thus,thetransitionfrom planefront solidificationto cellulargrowthcanbe
observedasa changein theSeebeckvoltageandthecritical growthvelocity wherethe
planefront interfacebeginsto breakdowncanbedeterminedaccurately.Many
applicationsrangingfrombulk growthof semiconductorsto singlecrystallineturbine
bladesrequireplanefront solidificationandit is importantto knowhow fast theycanbe
solidifiedbeforethisbreakdownoccurs.TheMEPHISTOinstrument,flown onUSMP-
1,2,3,and4 providedthefirst opportunitiesto performacritical testof theMullins-
Sekerkatheoryaswell asto exploreotherimportantphenomenainvolvedin the
solidificationprocess.

FavierusedtheUSMP-1opportunityto exploretheinterfacialbreakdownin Bi-dopedSn
andtheUSMP-3opportunityto quantifythedisturbanceandrecoveryof growth interface
asaresultof thrusterfirings. Abbaschian(U. Florida)usedtheUSMP-2and4 flight s to
investigateinterfacialstabilityon theothersideof thephasediagram;i.e. Sn-dopedBi.
Unlikemostmetalsthatsolidify in anatomicallyroughinterface,which allows the
interfaceto form nearlyalongthelocal freezingline, Bi solidifiesalongcrystalline
planes,whichareseenasfacets.Thepropertiesof afacetedcrystaldependon the
directionrelativeto thecrystalaxisandaresaidto beanisotropic.Theprimary
motivationfor thestudyof thesolidificationof aBi-rich alloy wasto testtheextensionof
theMullins-Sekerkastabilitycriterionto includetheeffectsof anisotropy,which actsto
stabilizethe interfaceagainstbreakdownintocellularanddendriticgrowth.

Wheresinglecrystalsof uniform compositionarerequired,the interfacecanbestabilized
by applyingasufficientthermalgradientatthegrowthinterfaceto preventinterfacial
breakdown.However,in mostalloy solidificationprocesses,thefirst-to-freezedendrites,
surroundedby thelast-to-freezeinterdendriticfluid, determinethe microstructureof the
resultingsolid. Therefore,it becomesimportantto knowhow dendritegrowthdepends
onprocessingparameterssothatonecanengineerthedesiredmircostructure.

NguyenThi, andLi (Universityof Aix-Marseille ) with Billia, Camel,Drevet, and
Favier(CEA-CENG,Grenoble)investigatedthetransitionfrom deepcellular to dendritic
microstructure.Threealuminum-lithiumalloyswith thesamecompositionwere
directionallysolidified in thesametemperaturegradientbutat threedifferent velocities
in theGFQ.Themicrostructureof thesolid-liquid interfacewasquenchedin. The
cellularordendriticpatternis thenrevealedby grindingfollowed by chemicaletchingon
longitudinaland/ortransversesections.Macrosegregationis determinedby chemical
analysisandmicrosegregationby SIMS.
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A similarexperimentwasperformedusingtheAGHFon theLMS mission. Thesamples
wereA 1-1.5wt%Ni.In this system,whichcanbestabilizedboththermallyandsolutally
on theground,influenceof strongconvectiveflows areseenin the 1-gsample.

Billia andJamgotchian(UniversityOf Marseille)alongwith FavierandCamel(Centre
D'etudesNucleairesDeGrenoble)investigatedtheeffectof convectiononcellular
growthonD-1. Samplesof leadwith varyingamountof thaliumweredirectionally
solidifiedabovethemorphologicalstabilitylimit in orderto causetheinterfaceto break
downinto acelluar structure.Themicrogravitysampleexhibitedveryregularcellular
structures,whereaslessregularstructuresareseenin thegroundbasedcontrol samples.
Themorecomplexstructuresin the1-gsampleswasattributedto theeffectsof thermo-
solutalconvection.Becauseof thermalfluctuationsin theflight furnace,theactual
growthrateis notknown,thusrelatingthecellularspacingto growthvelocity wasnot
possible.

Dendrite Formation

Whenever solidification takes place in a medium where the surrounding temperature is

lower than the local freezing temperature, the growth front can become unstable and

dendrites can form. This situation can occur either by constitutional undercooling in the

case of alloy solidification, or by the fact that a certain amount of undercooling is

required to nucleate the solid from either the melt or the vapor. A classic example of the
latter is the formation of ice dendrites (snow flakes). Their intricate shapes have

fascinated scientists and philosophers alike, and the study of their formation is the

confluence of pure physics from the point of view of pattern formation and material

science whose interest is in the evolution of microstructure in alloys.

Camel, Favier, Dupuy, and Le Maguet (CENG, Grenoble) studied the formation of

dendrites in hypo- and hypereutectic compositions of the A1-Cu systems at very low

solidification velocities (1 micron/sec with a gradient of 30°C/cm) on the D-1 mission. In

the ground control experiment in which A1-24Wt%Cu hypoeutectic composition was

directionally solidified in the vertical stabilizing configuration (stable with respect to both

thermal and solutal gradients), considerable radial segregation was observed and the

interdendritic spacing ranged from 350 - 450 microns. This is much less than the 1400

microns expected from scaling laws based on higher solidification rates. The flight

sample showed no radial or longitudinal segregation and the dendrite spacings were very

close to the expected scaled value. Apparently, in normal gravity considerable solutal

convection occurs in the extended mushy zone resulting from the low solidification

velocity. Multiple cross sections taken from the large dendrites in the flight sample

allowed, for the first time, the reconstruction of an actual dendrite formed in an opaque

system. The resulting reconstruction provided valuable information on the secondary and

tertiary arm spacing and on the ripening of the dendrite arms.

The McCays (University of Tennessee Space Institute) and coworkers team used the

ammonia chloride-water system as a transparent metal analog to study the effect of

convection on the dendritic structure of castings on IML- 1. The mixture was cooled from

37



thebottom,representativeof amoldplacedonachill block. Thegrowingcolumnar
dendriteswereobservedholographicallyasheatwasextractedfrom thesystem.The
dendritesin thegroundcontrolexperimentgrewonly half asfastasthosein theflight
experimentandthemushyzone(theregionwherethedendritesaregrowing,which
consistof solid dendritesandinterdendriticfluid) wasmuchmoredensein theground
control. Eventhoughthesystemis thermallystable(hotovercold), theconvectiveflows
alongthestalksof thedendritesgreatlyinfluencetheconcentrationfield in thegrowth
regionandmustbeconsideredin anyattemptto modelsuchasystem.

Whenliquid metalis pouredintoamold, columnardendritesgrow from thechilled
surface,into themelt. In mostcases,it is desirableto havesmallequiaxeddendrites
throughoutthefinal castingto form afine-grainedstructure.In practice,this is
accomplishedby addinginnoculantsto themelt in orderto promotethenucleationof
smallgrainsaheadof thesolidificationfront. Thesegrainswill growdendritically in all
directions,thusforming equiaxeddendrites.Dupouy,Camel,Botalla,Abadie,andFavier
(CEA, CEREM,Grenoble)investigatedthetransitionfrom columnarto equiaxedgrowth
in by directionallysolidifying A1-4Wt%Cualloywith anA1-Ti-Bgrainrefiner on the
LMS mission. A simpletheory proposedby Hunt (Mater.Sci. Engr.65 (1984)75)
relatesthetransitionto theundercooling,thethermalgradient,andthenumberof nuclei,
but ignorestheeffectsof convectionandthebuildupof thesoluteboundarylayerin front
of theadvancingsolidificationfront. Thepurposeof thespaceexperimentis to decouple
theconvectioneffectsfrom thesolutebuildup in orderto developcorrectionsto the
theory. Theexperimentsshowedacontinuoustransitionfrom apurely equiaxedto an
anisotropicmicrostructureandthetransitiondepartedsignificantlyfrom theHuntmodel.

Similarly,Sato(NationalResearchInstitutefor Metals,Japan)usedTiB2particlesasa
grainrefinerin a TiA1- basedalloyon IML-2. TheTiB2 particlesall settledto the
bottomof the 1-gwhenit meltedandtheresultingstructureconsistedof columnar
dendrites.A uniformly distributedequiaxedgrainsresultedin theflight sample.

Glicksmanandco workersatRPI carriedoutaseriesof preciselycontrolleddendritic
growthexperimentsonUSMP-2,3,and4 to investigatethefundamentaltheoriesof
dendritegrowth. Insteadof investigatingdendriticgrowthin constitutionally
undercooledsystems,theseexperimentsobservedthegrowthof dendritesin pure
transparentorganicsystemsatundercoolingsrangingfrom 0.05 to 2.0K. This choice of

systems, succinonitrile for the first two experiments and pivalic acid for the third

experiment, allowed real time observations of the actual growth of the dendrites so that

precise measurements could be made of the growth rate and tip geometry in systems that

were analogs of metal solidification. Succinonitrile crystallizes in a body-centered cubic

structure and pivalic acid crystallizes in a face centered cubic structure. Both systems

have unusually low entropies of fusion, more typical of metals than of organics.

One of the governing factors in the growth of these thermal dendrites is the heat flow

from the dendrite to the surrounding melt. An exact solution the conductive heat flow

problem had been obtained by Ivantsov for a parabolic shaped dendrite which relates the

product of growth rate and tip radius to the undercooling. However, there seems to be no
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fundamentalrelationshipbetweenthetip radiusR andthegrowthvelocityV. The
questionbecomes,how doesnatureselectauniqueoperatingstate? Experimental
observationsof puresystemssuggestthatV R2iseitheraconstantfor aspecificmaterial,
or aweaklyvaryingfunctionof theundercooling.A largebodyof terrestrialdatahas
beentakenonseveralsystems,butconvectioneffects,especiallyin thecrucialregionof
low undercoolingswherethegrowthrateis comparableto theconvectiveflow velocities,
hasnotbeenableto provideanadequatetestof theselectionrulesgoverningthis process.
This wasthemotivationbehindthis setof flight experiments.

Themicrogravityexperimentsshowthatconvection increasesthegrowthrateby afactor
of 2 for undercoolingslessthan0.5K, andarestill significantfor undercoolingsup to 1.7
K. Themeasuredproductof tip radiusandgrowthvelocity in microgravityfalls much
closerto theIvantsovsolutionthantheterrestrialdata. Theslightdeviationsmaybe
attributedto theformationof sidebrancheson thedendrites,possiblewall effectsfrom
thegrowth chamber,andthefact theobservedshapeof thedendritetip is aslightly
different shapefrom theparabolaassumedin theIvantsovsolution. Now that the heat

transfer away from the growing dendrite is properly accounted for, the physics of shape

selection can be approached with reliable data.

In addition to establishing the data required to under the fundamentals of dendritic

growth, the large number of highly detailed photographs of dendrites growing under

carefully controlled and well documented conditions are being shared with researchers at
other universities interested in studying other aspects of dendrite growth such as the side

arm growth rates and spacing.

Herlach, Barth and Holland-Moritz (DLR, Koln) with Flemings and Matson (MIT) used

the TEMPUS facility on MSL-1R to study dendrite formation in undercooled Ni and Ni-

0.6At% Cu. Discrepancies between observed dendrite growth velocity and predictions

using the Boettinger, Coriell, and Trivedi (BCT) model (in Rapid Solidification

Processing, Principles and Technologies IV Ed. Mehrabian and Parrish, Claitor' s, Baton

Rouge 1988) were believe to be due to convection, especially at low undercoolings where

the growth velocity id on the order of the flow velocities. Surprisingly, the flight results

did not show any significant difference.

Coarsening

Coarsening is of major importance in the evolution of microstructure of alloys,

particularly dispersion hardened alloys in which the added strength provided by the

dispersed phase declines rapidly if the particles grow past a critical size. Coarsening is

driven by the excess interfacial energy in a finely dispersed second phase, which could

be lowered if fewer larger particles were present. The melting point of a small particle is

lower than a larger particle of the same composition (Gibbs-Thompson effect) so the

smaller particles dissolve to feed the growth of larger particles (the rich get richer at the

expense of the poor). The process was first recognized by Ostwald and is known as

Ostwald ripening. The mathematical details were worked out independently by Landau
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andSlyozov andby Wagnerandis knownastheLSW theory. Onekeyresultof the
LSW theoryis thatthecubeof theaverageparticleradiusvariesdirectlywith time
accordingto

R(t)3- R(0)a= KLswt

WhereR(0)ais theinitial averageradiusand is aconstantwhichcontainstherelevant
materialpropertiessuchastheinterfacialenergyanddiffusioncoefficient. However,the
classicalLSW analysisisbasedonameanfield theorythatignoresthefinite volumeof
thedispersedphase.Variousattemptshavebeenmadeto formulateacorrectionfor finite
volume,whichgive widelyvaryingresults.However,all of thecorrectionsretaintheR3
relationshipanddiffer only in how theK(_) / KLsw varies with volume fraction, t_.

Furthermore, there has not yet been a definitive test to differentiate between these various
theories.

On S1-1, Kneissl (Montanuniversitat Leoben, Austria) and Fischmeister (Max Planck

Institut fur Metallforschung, Stutgart) took a different approach to the study of

monotectic systems. Instead of cooling from above the consolute temperature into the

immiscible region in microgravity, they prepared samples of Zn with small volume

fractions of Pb on Earth by rapid quenching. These were heated into the two-liquid phase

region in space, thus avoiding the nucleation and possibly the critical wetting that occurs

when cooling through the immiscible region. The massive phase separation seen by most

of the other experiments with hypermonotectic systems was avoided and they were able

to study the coarsening of the dispersed particles. Kneissl and Fischmeister observed

considerable coarsening of the dispersed phase. The distribution of the smaller particles

resembled the classical LSW theory, but there were more larger particles than the theory

predicted. The mechanism for producing these larger particles was not clear. A

substantial increase in coarsening rate with increasing volume fraction was observed, but

scatter was too large to make a definitive conclusion. A similar experiment was

conducted on D-1 by Ratke, Theiringer, and Fischmeister (Max Planck Institut fur

Metallforschung, Stutgart) using the Al-In system. However, technical problems

prevented useful data return.

Alkemper, Snyder and Voorhees (Northwestern University) attempted such a definitive

experiment on the MSL-1R flight. They dispersed 10 micron Sn particles in a Pd-Sn

eutectic alloy and heated the samples at 2°C above the eutectic temperature for a

predetermined period of tome and then quench to room temperature. The sample were

later cut into sections and the particle size distribution measured with a digital scanning

camera with a microscope objective. The lighter Sn particles all floated to the top in the

ground control sample, as would be expected. The flight sample yielded K-values of

2.47, 3.3, and 6.9 microna/s respectively for volume fractions of 10%, 20%, and 70%.

Difficulty was encountered, however, in determining the KLsw, corresponding to 0

volume fraction. Voorhees used the grain-grove technique developed by Hardy at NITS

to determine the interfacial energy between the solid and the melt and obtains KLsw =

1.01 microns3/sec. The resulting values for K(_) / KLsw exceed the predictions of all of
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thetheoriesby afactorof 2. Themeasurementsof thephysicalconstantsusedto obtain

KLsw are being reviewed.

Liquid Phase Sintering

Liquid phase sintering (LPS) is a widely used process for forming composites containing

refractory particles such as tungsten, Re, or various carbides in a metal matrix. Sintered

products include cutting tools, bearings, contact points, and other irregularly shaped parts
where it is desirable to combine extreme hardness with the toughness and thermal or

electrical conduction of the metal matrix. The refractory particles are combined with the

metal matrix powder and isostatically pressed and heated to above the melting point of

the host phase. If proper attention is paid to the wettability of the refractory particles, the

molten host metal will infiltrate between the grains of the solid particles and envelop

them. There are some obvious gravity effects because of the large difference in densities

often encountered between particle and host phase. Consequently, this restricts the

process to large volume fractions of the solid phase since the solid particles will

essentially have to support themselves during the process. Even under these
circumstances, there are differences in the particle size and morphology between the top

and bottom of the specimen due to the gravity-imposed hydrostatic pressure.

Kohara (Science Institute of Tokyo) conducted liquid phase sintering experiments on SL-

J using W in 3.5 - 30 Wt% Ni. The powders were compressed into cylinders, placed in
BN crucibles and heated to 1500°C for 60-300 minutes. The samples with low volume

fractions on the matrix material retained their shapes during the process, but those

samples in which the matrix material could form a continuous liquid layer over the outer

surface changed to a spherical shape in microgravity.

German, Upadhyaya, and Iacocca at Penn. State University conducted liquid phase

sintering experiments on SL-J, IML-2 and on the MSL-!R missions using W particles in a

Fe-Ni matrix. On IML-2, the samples contained from 78 - 98 Wt% W in 5 Wt%

increments. Liquid-solid segregation did not occur in the flight sample, but the lack of

hydrostatic pressure prevented the sample from achieving 100% densification, as it
would have in normal gravity. Instead, gas pores formed which were stable and became

a discrete phase within the microstructure. Many of the pores had large distorted shapes

as they interconnected W particles. Systems that distort in 1-g also distort in micro-g,

except instead of attaining the characteristic elephant foot shape, the micro-g samples

tend to reshape into spheres. This would indicate that viscous flows driven by surface

tension can be significant. The major results from this series of experiments are universal

models for coarsening, slumping and distortion, and grain agglomeration.

Thermosolutal Convection

In dilute systems (systems in which the alloying component is small enough so that its

presence does not significantly affect the density of the melt), it is possible to eliminate
solute redistribution on a global scale in normal gravity by directionally solidifying the

sample in a vertical stabilizing configuration (hot over cold). Since heat must be applied
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throughthewalls,therewill still besomeconvectionfrom thehorizontalthermal
gradients,but theseflows will primarily affecttheradialdistributionof solutein the
solid. Non-dilutesystemscanbestabilizedevenmoreif therejectedcomponentis
denserthanthebulk melt. However,if therejectedcomponentis lessdense,it will tend
to riseandupsetthestabilizingthermalgradient.Coriell showedthat suchasystem
wouldbeunstableevenif thethermalgradientwerehighenoughto provideamonotonic
decreasein densityalongtheverticaldirection. Thiscomesaboutbecausesolute
diffusion ismuchslowerthanthermaldiffusionsoif aparcelof fluid is displaced
vertically, it will equilibratethermallywith its surroundingsfasterthancompositionally,
find itself still lighter thanits surroundings,andwill continueto rise. This is knownas
thedouble-diffusiveproblemandreceivedmuchattentionfrom oceanographersbecause
of thephenomenaof salt-fingering.Thesurfaceis warmedby thesunwhich tendto
thermallystabilizethesystem,butevaporationincreasesthesaltconcentrationatthe
surface,which tendsto destabilizethesystemandproduceoverturningconvection.

Coriell's analysisalsoshowedthatsuchsystemscouldevenbeunstableunder
microgravityconditionsif theconcentrationof solutemorethanafew percent.This
theorywastestedby RexandSahm(GietzreiInstitut derRWTH, Aachen). OntheD-1
mission,theydirectionallysolidifiedanA1-3wt%Mg alloy at agrowthrateof
-4mm/min underathermalgradientof 13K/mm. Thisshouldplacethesamplewell
within theregionof stabilitypredictedby Coriell. Indeed,thespacesamplesolidified
with aplanefront andhadalongitudinalcompositionalprofile consistentwith purely
diffusion-controlledtransport.TheexperimentwasrepeatedonD-2 by StehleandRex
with Cu-30.1Wt%Mn.Thegrowthratewasvariedfrom -1.2 microns/see,which
correspondsto thestability limit estimatedby Coriell for 10-4g, to 16microns/sec.The
compositionof theflight sampleswasconsistentwith diffusion controlledgrowth
throughout.

Unfortunately,theaboveexperimentslie well within thestability regime,sotheydon't
really testthe limits of stability. Leonartz(Ingenieurbuero,Aachen) directionally
solidifiedthetransparent. succinonitrile-0.45Wt%acetoneandsuccinonitrile-0.33Wt%
ethanolsystemsona rotatingcentrifuge(NIZEMI) facility on theIML-2 flight. In this
manner,theg-levelcouldbevariedfrom0.001to 1gby changingtherotationspeedof
thecentrifuge.Theobservedthermo-solutalconvectivevelocitieswerewell underthe
solidificationvelocityfor g-levelsup to 0.01g, thusnoeffecton interfaceshapecouldbe
observed.Coriell's predictionsindicatedthethermosolutalstability shouldoccurat
0.001gfor thesuccinonitrile-0.45Wt%acetonesystemfor athermalgradientof 1K/mm
and solidification velocities less than 2 microns/s. Instead, the instability was observed at

0. l g. Coriell's theory considered the most unstable wavelengths in an infinite surface. If

this wavelength happens to be longer than the width of the chamber, wall effects will

limit the instability, which appears to be the case in this experiment.

Monotectic Systems

As discussed previously, some metallic systems tend to be immiscible in the solid phase

and form eutectic structures when they solidify. Other systems also have regions of
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immiscibility in themelt. Atomsof onecomponentgenerallypreferto benext to like
atoms,just asmoleculesof waterin anoil andwatermixturepreferto benext to water
moleculesandoil moleculespreferto benextto oil molecules.Suchsystemsaresaidto
havepositiveheatof mixing, meaningthatthe internalenergyof the systemis higherin
themixed statethanit wouldbeif thecomponentswereseparated.If this werethe
completestory,suchsystemswouldalwaysseparate,just asoil andwatertendto do.

Theotherfactor is theentropyof mixing. Entropyis relatedto thenumberof possible
statesavailableto thesystem.If adeckof cardsis cutin half, thereareonly afew ways
thedeckcouldbearrangedsothatall theblackcardswerein onestackandall thered
cardsin theother. Onthecontrary,therearemanymorewaysthedeckcouldbe
arrangedto find theblackandredcardsmixed. Thuswesaythemixed stateis more
probable,andif wewereplayingwith arandomlyshuffleddeck,wewould almostalways
expectto find somedegreeof mixing of thecards.

It wasthegeniusof J.Willard Gibbsto recognizethatasystemreachesequilibrium,not
whentheconfigurationalenergy (enthalpy)is aminimum,butwhenenthalpyminusthe
productof entropyandtemperatureis aminimum. Thiscombinationiscalled theGibbs
freeenergy,of sometimesjust thefreeenergyandit is this function thatdetermineswhen
anequilibriumphasetransformationtakesplace. For example,atomsaremoretightly
boundtogetherin asolid thanin a liquid, sothesolid hasalower(morenegative)internal
energythanthemelt. However,sinceatomsarefreeto movearoundin a melt,themelt
hashigherentropy.Whenthetemperatureis raisedto thepoint weretheproductof
entropyandtemperatureovercomesthedifferencein internalenergybetweenthesolid
andliquid, theliquid phasewill havethelowestfreeenergyandthesystemmelts.

Similarly, in amixtureof atomswith apositiveheatof mixing, therewill bea
temperatureabovewhich,theentropyof mixing termovercomesthepositiveheatof
mixing andahomogeneoussolutionwill result. Thelowesttemperatureat whichthis
conditionis metfor all compositionsin the immiscibleregionis calledthecritical
consolutetemperature.(Theoretically,thereshouldbeatemperatureabovewhichoil and
watershouldcompletelymix, but this is abovetheboiling point of water.) If thiscritical
consolutetemperaturehappensto fall belowtheequilibriumfreezingpoint, therewill be
noliquid phaseimmiscibility.

Thecritical consolutetemperaturecorrespondsto aninflectionpoint in thefreeenergy
vs.compositioncurve. At temperaturesbelowthecritical consolutetemperature,thefree
energycurveswill havetwo minimaandtwo inflectionpoints. Thebinodalor two-liquid
phaseregionis mappedoutby thelocusof pointswhereamutualtangentexistsbetween
thesetwo regionsof thefreeenergycurve. Theinflectionpointsin thefreeenergy
curvesdefinearegioncalledthespinodal.Betweenthebinodalcurveandthespinodal
curvethereexistsaregionof metastability,meaninganenergybarriermustbeovercome
in orderto formthesecondliquid phase,just asanenergybarriermustbeovercomein
orderto form a solid from aliquid. Justas in solidification,thisenergymaybeovercome
heterogeneouslyby forming anucleusat a low energysitesuchasthecontainerwall, or
homogeneouslyby forming a nucleusfrom anundercooledmelt. However,in the
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spinodalregion thereis nobarrierto forming thesecondliquid phase.If themelt is
undercooledinto this regionbeforenucleationoccurs,it will spontaneouslydecompose
into thetwo liquid phases.Thisprocessis knownasspinodaldecomposition.

Whenaregionof liquid phaseimmiscibility exists,it doessoonly overa limited rangeof
compositions.Therewill becompositionat whichthemeltwill remainhomogeneous
until it forms asolidrich in thecomponentwith thehighestfreezingpoint andaliquid
rich in thecomponentwith thelower freezingpoint. Thetemperatureandcompositionat
whichthesethreephasescancoexistis aninvariantpoint,similar to theeutecticreaction
in which amelt of homogeneouscompositiondecomposesinto two solidsof different
composition(L ¢=_S1+ $2)except,in thiscase,L1 ¢:¢,S+ L2. This is calleda
monotecticreactionandsystemsin whichthisreactionoccursarecalledmonotectics.
Compositionsricherthanthemonotecticcompositionin thehighermeltingpoint
componentarecalledhypomonotecticsandcanbesolidifiedfrom themelt in thesame
mannerashypoeutectics.It is alsopossibleto solidify themonotecticcompositionif care
is takento preventconvectiveflows from sweepingthesecondliquid phaseawayfrom
thesolidification front. But anyattemptto solidify ahypermonotecticcompositionby
coolingthemelt throughthetwo-liquid phaseregionwill resultin ahighly segregated
solidbecausethetwo liquid phaseswill alwayshavedifferentdensitiesandwill separate
by sedimentationbeforethesolidcanbeformedby equilibrium solidification. (It is
possibleto form a fairly homogeneoussolidof hypermonotecticcompositionby various
rapidquenchingprocessesin which solidificationtakesplacebeforethetwo liquid phases
canseparate,but this wouldgenerallyrequirethatthesamplebe thin sothatheatcanbe
removedrapidly.

Therearealargenumberof binarymetallicsystemsthatexhibit monotecticbehaviorand
attemptsto form alloysof thesesystemswasoneof thefirst questsof themicrogravity
program.A mixtureof krytox oil andwaterwasshownto remainmixedfor severalhours
in asimpledemonstrationexperimentonSkylab,so it wasknownthatin theabsenceof
sedimentationsucha mixturecouldbeheld in ametastablestatemore-or-less
indefinitely. But,muchto thesurpriseof theseearlyexperimenters,almostcomplete
phaseseparationwasobservedin everyattemptto solidify amonotecticsystemby
coolingamelt throughthetwo-liquid phaseregion,evenwhentheprocesswascarried
out in avirtually weightlessenvironment.Generally,oneof thephaseswasfoundto be
envelopedby theotherphase,muchlike theyolk of anegg.This wasquite differentfrom
thegroundbasedresultsin whichthedenserphasewasalwaysfound atthebottomof the
crucible. Clearly,someinterfacialeffectsareoperatingto causephaseseparationthat
hadobscuredby gravity-drivensedimentation.

Asthemelt is cooledinto themetastabletwo-liquid phaseregion,dropsof theminority
phasemaynucleatehomogeneouslywithin majority or hostphase.As heatisextracted
from thesystem,thesedropletswill besubjectedto athermalgradient.Sincethe
interfacialenergybetweenthetwo fluids is temperaturedependent,thedifferencein
temperatureacrossthedropletwill resultin anunbalancedforcealongits surface.The
resultingconvectiveflows, sometimescalledMarangoniconvection,will drive the
droplettowardtheregionof highertemperature.Accordingto atheorydevelopedby
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Young,Goldstein,andBloch, thevelocity of adropletpropelledby thismechanismis
directly relatedto thedropletsize. Thusasdropletsovertakeoneanotherandbecome
larger,theymovefasterandareableto overtakesmallerdropletsandbecomelargerstill.
This mechanismcouldcertainlyexplainhow theminority phasecouldcoalescein the last
regionto solidify.

In themeantime,Cahndevelopedatheoryof critical wettingquiteindependentlyof the
microgravityexperimentsonmonotectiesystems.Accordingto Cahn'stheory,therewill
bearegionof temperaturebelowandextendingto thecritical consolutetemperatureover
whichoneof thetwoliquid phaseswill perfectlywet thecontainerwall. Whenthis
occurs,therewill benobarrierto thisphasenucleatingandspreadingover thecontainer
wall, therebyforcing theotherphaseawayfrom thewall.

A TEXUS rocketexperimentby Ahlborn (UniversitatHamburg)andLohberg(TU
Berlin),usingA110Wt%In in anA1203cruciblewhich is preferentiallywetby theIn-
richphase,foundmostof the indium-richminority phasein contactwith thecrucibleand
surroundingthealuminum-richmajorityphase.Somesmallamountof In-rich phasewas
alsofoundnearthecenterof theAl-rich region,presumablydriventhereby Marangoni
convection. Potard(CEA-CENG,Grenoble),in aseparaterocketexperimentusedthe
samecomponentsin aSiCcrucible,which iswetby theAl-rich phase.He foundtheIn-
richminority phasewascompletelysurroundedby theA.l-richphase.Gellesand
Markworth(GellesAssociates,Columbus,Ohio) flew A1-90Wt%In in analumina
crucibleonOSTA-2andfoundafewrelativelylargeLI dropletswith manysmallerones
distributedthroughtheIn-richmatrix.Thesesmallerdropletswereadjacentto, but
generallynot touching,thecruciblewall. Theseexperimentsdemonstratethecritical
wettingandspreadingthatoccursaccordingto Cahn'stheory if theminority phasewets
thecruciblewalls in preferenceto themajority phase.

OnSpacelab1andD-I, AhlbornandLohberg(LehrstuhlFur Ingenieurwissenschaften
DerUniversitatHamburg,demonstrated,with avarietyof systemsincludingZn-Bi, Zn-
Pb,Zn-Bi-Pb,andA1-Pb,thattheminority phasewasalwaystransportedto thehottest
portionof thesampleduringthesolidificationprocess,presumablyby Marangoni-
induceddropletmotion.

Kamio (TokyoInstituteof Technology)directionallysolidifiedCu-Pbat themonotectic
composition.Theresultingmicrostructureconsistedof irregularlyshapedPbrodsin a
Cumatrix;however,a layerof Pbabovethequenchedgrowthfront suggestthatgrowth
maynothavetakenplaceexactlyatthemonotecticcomposition.Thegroundcontrol
sampleshowedsimilarmicrostructure.A hypermonotecticAl-In samplewasalsoflown,
buta leakin theampoulepreventedanyresultsfrom beingobtained.

Toganoet al. (NationalResearchInst.For Metals,Tokyo) succeededin castingaternary
monotecticsystemon SL-J. Compositionsof 1,2, and3 At% eachof PbandBi was
containedin anA1matrix. Thestartingmaterialwaspreparedby chill castingingotswith
thespecifiedcompositions.Thesewereheatedto 1580Kin tenminutes,heldfor 34
minutes,andquenchedto 873Kin 70seconds.Theflight sampleshada reasonablywell
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dispersedarrayof (Pb,Bi)particleswith 90%under50microns,althoughsomevoids
werealsopresent.Groundcontrolsampleshadalmostcompletephaseseparation,as
wouldbeexpected.Theflight sampleswerethensheathedin Cuanddrawninto wiresof
0.35mm diameter.This resultedin aType2 superconductorin theform of adispersion
of (Pb,Bi) fibers in anA1matrix. Thesuperconductingtransitionwas8.7K, thecritical
field was1.9T, andthecritical currentdensitywas5000A/cm2.

On theD-2 mission,Sangriorgi,Muolo, Ferrari,Passerone,(Insstitutodi ChimicaFisica
Applicatadei Materiali,Genoa)andRossitto(ESAAstronautCenter,Koln) investigated
theinfluenceof cruciblewettingon thephasedistributionwhentheCu-Pbmonotectic
systemsolidified. Cu-richandPb-richmeltsweresolidified in graphite,sapphire
(A1203), and boron nitride (BN) crucibles. Care was taken to reduce the gradients in the

system during cooling to less than 0.4K/cm to reduce Marangoni flows. When the Pb-

rich phase was the majority phase, it preferentially wet the sapphire crucible and

surrounded the Cu-rich phase, which is consistent with Potard's results. However, when

the Cu-rich phase was the majority phase, no preferential wetting of the graphite or the

BN crucible was observed and a fairly regular structure resulted. This seems inconsistent

with Cahn's prediction that one of the two phases should have become perfectly wetting

and spread over the wall of the crucible. However, the temperature at which the Cu-rich

composition enters the two-liquid phase region may have been sufficiently lower than the

critical consolute temperature so that critical wetting may have been avoided.

An attempt was made to directionally solidify hypomonotectic Al-In by Andrews (U.

Alabama, Birmingham) and Coriell (NIST) on the LMS mission. The flight sample

contained a number of large voids, apparently from gas trapped or generated during the

process. Care was taken to analyze the trapped gas in the ampoule and it was determined

that the gas was mostly N2 with some H2 and CO2.

On a follow-on experiment on USMP-4, Andrews elected to work with a transparent

monotectic system, succinonitrile-glycerol, to elucidate the wetting and spreading

characteristics of the minority phase. Test cells consisted of a sandwich of microscope

slides with a thin, 0.13 mm, teflon gasket between them. The cells were heated to 90°C

to homogenize the melt (critical consolute temperature is 83°C). They are then placed on

a back lighted table for viewing with a video equipped stereo microscope. It was

anticipated that succinonitrile-rich droplets would preferentially wet the teflon gasket, so

that if succinonitrile happens to be the minority phase, the system would be unstable

against critical wetting. If succinonitrile is the majority phase, the system should be

stable and a uniform dispersion of glycerol droplets in the succinonitrile host phase

should occur. For compositions from 70 to 55Wt% glycerol, droplets of glycerol formed

on or near the teflon gasket, but did not spread along it. Contact angles ranged 30 to 80 ° .

However, at 45-50Wt% glycerol, a film of glycerol was observed to have formed along

the teflon gasket, indicating perfect wetting. Below 45 Wt% glycerol (succinonitrile is

the majority phase), stable dispersions of glycerol droplets were seen as expected. At

15Wt% glycerol, no glycerol droplets were seen near the interface as if they had

somehow been repelled by the interface.
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Oneof theapplicationsof theresearchonmonotecticsystemsis astripcastingtechnique
developedby Metallgesellschaft,Frankfortthatbalancesthesedimentationof the
dropletswith Marangoniconvection. Thisprocesscanproduceendlessstripsof finely
dispersedPbor Bi in anA1or A1+5Wt%Sialloy. Aluminumalloyswith uniformly
dispersedphasesof Pbor Bi arepresentlybeinginvestigatedascandidatesfor advanced
bearingfor automobileengines.Thepresentstripcastingprocesscanprovideadispersed
phaseup to 7 Wt% Bi, but ahigherpercentagewouldbedesirable.Theprocesshasbeen
extensivelymodeled,butmoreinformationisneededon theMarangoniflows andon the
resultingcoalescenceof thedroplets.Ratke,Prinz,andAhlborndesignedanexperiment
for theD-2 missionto obtainthedataneededto improvethemodel. A moltenzoneis
passedthroughastrip-castsamplefreeingtheBi dropletswhenthemonotectie
temperatureis reached.Thedropletsarepropelledtowardthehighertemperatureregion
by thermalMarangoniconvectionwheretheybeginto dissolve,creatingasolutal
gradient,which alsoinfluencestheMarangoniconvection.As thedropletsmove
forward,abackstreamingflow isproducedin thehostmaterial,which alsochangesthe
localcomposition.As thetemperatureisreducedatthecold endof thezone,thedroplets
theMarangoni-inducedflow is reversedandthedropletstendto coalescebeforetheyare
incorporatedinto thedendriticallysolidifying A1-Sihostmaterial.

This highlycomplexprocesshasbeenmodeledcomputationally,butpresent
computationalcapabilitycanonly track some5000droplets,whereasmillions of droplets
areinvolvedin theactualprocess.Measurementof thedropletdistributionin thefinal
solidenablestheextractionof importantphysicalparameterssuchastheinterfacial
energyasafunctionof composition,andprovidesinformationon theimportanceof
dropletcoalescencefrom theMarangoni-induceddropletmotion.

Oneproblemwith thesolidificationexperimenthadalwaysbeenthefactthat the
experimenterscouldonly seethefinal resultandhadto theorizewhatsequenceof events
musthaveoccurredto reachthefinal state.For example,theyhadnowayof knowingif
themelt decomposedspontaneously,or if dropletsformedandthencoalesced,or if
coalescenceoccurredduringthesolidificationby particlepushingby thesolidification
front.

Otto (DLR, Koln) tried to resolvethisproblemusingtheMAUS facility on theorbital
platformSPAS-01on theOSTA-2mission(STS-7).UsingasmallX-ray source,hetook
shadowgraphsof thedecompositionof aGa-Hgmixtureasit wascooledinto thetwo-
liquid phaseregionatdifferentcoolingrates. Hewasableto observeindividual droplets
aftertheygrewto 0.2mmin diameter.Thedropletsdid not appearto behomogeneously
distributed,but mayhavenucleatedheterogeneouslyonlow energysites. No particle
motionwasobserved,eitherfrom Marangoniconvection,or from theresidual
acceleration.This is afairly goodindicationthatthedropletseithernucleatedonor stuck
to thetefloncontainerwalls.

OnD-1samemission,Eckerattemptedto observethedirectionalsolidificationof the
transparentsuccinonitrile-ethanolsystemusingholography.Unfortunately,thefilm
transportontheHasselbladcamerafailed andthedatawaslost.
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Similarly Braun,Ikier, Klein, Schmitz,Wanders(DLR< Koln) andWoermann(U. Koln)
investigatedphaseseparationin immiscibleliquid systemsusingtransparentanalogsto
metallicsystemson theD-2 mission.A mixtureof butoxyethenolandwaterhasa region
of immiscibility that is afunctionof pressure.Thesampleisstabilizedat 18barsat a
temperaturejust belowthetwo-liquidphaseregionandthenthepressureis releasedto 1
bar. Thus the region of immiscibility is entered isothermally with no mechanical mixing.

The decomposition and droplet growth was monitored holographically. Initially the

droplets grew to an equilibrium diameter of approximately 3 microns by diffusion. They

remained at this diameter for 1 hour with a slight increase in diameter due to Ostwald

ripening, and then showed a rapid increase in diameter due to Marangoni convection

when the thermostat was turned off and thermal gradients developed.

Particle/Solidification Front Interactions

Small ceramic particles are sometimes added to metals to block the motion of

dislocations (dispersion hardening) or for flux pinning in type II superconductors. In the

preparation of composite materials, it is important to know how such particles interact

with the solidification front. If the particle is not wetted by the melt, intermolecular

forces will tend to repel the particle. These forces are pitted against inertia and a drag

force that tend to engulf the particle. There have been a number of theoretical attempts

to model this process and it is generally accepted that, for a particular system, there is a

critical velocity, below which the particle will be pushed ahead of the solidification front,

and above which, it will be engulfed by the advancing solid. Buoyancy and convective

flows complicate the picture in normal gravity and it is important to be able to separate

these effects from the more fundamental interactions that take place at the solidification

front.

Klein (DLR, Koln) attempted to measure pushing of 40 micron Pb spheres and air bubble

in a transparent CsC1 melt during the OSTA -2 mission. A gradient of 65 k/cm was

established in special furnace with sapphire windows which allowed the advancing

solidification front to be photographed. Initially the Pb drops were pushed by a

solidification front moving at 4 microns/sec. Interestingly, the bubbles did not move in

the direction of the thermal gradient, as would be expected from Marangoni convection,

but were overtaken by the solidification front (they may have been stuck on the walls).

When the bubbles were overtaken by the solidification front, they were not engulfed, but

instead formed channels into the solid. Eventually, the front was disturbed by the

bubbles to the point that meaningful data could no longer be extracted.

Potard and Morgand (CEA-CENG, Grenoble) attempted to use a vapor-emulsion

technique on SL-1 to obtain a uniform dispersion of bubbles in a directionally solidified

A1-Zn ingot. The concentration of Zn ranged from 1-5At%. It was expected that the

high vapor pressure of Zn would form a uniform distribution of gas bubbles in the final
solid. For reasons that are not clear, the A1 failed to wet the SiC crucible and the

expected results were not achieved.
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LangbeinandRoth (thenat BattelleInstituteFrankfurt,Germany)investigatedthe
interactionof solidparticleswith anadvancingsolidificationinterfaceon D-1. A copper
samplecontaining1vol.% molybdenumparticles(2to 4 micronsin diameter)wasplaced
in analuminacontainer.Thesamplewasdirectionallysolidifiedwith adecreasingrate.
Bubblealsoformedasthesamplewasdirectionallysolidified. In the lower region
(highestsolidificationspeed)theMo particleswerealignedalongboundariesof cellular
growth. Someof theMo particleswerecapturedandtransportedby thebubbles.In
somecases,Mo crystalsaslargeas20micronshadgrowninsidethebubbles.Other
bubbleshadfilled with Cu, whileothershadremainedasvoids. Someof thesevoids
remainedspherical,while otherswerepear-shapedwith theirtails pointingtowardthehot
end.

PoetschkeandRogge(KruppResearchInstitute/KruppPulvermetallGmbH,Essen)conducteda
similarexperimentonD-1. Theyused1-20micronaluminaparticlesaswell as1-4micronCu
particlesin aCumatrix. Thealuminaparticlesformedaggregatestheywerepushedby theplanar
solidificationfront. TheMo particleswerestrungalongcellularboundariesaswasthecase
reportedby LangbeinandRoth

OntheLMS mission,Stefanescuandco-workersattheUniversityof Alabamasoughtto
examineparticleengulfmentandpushingin thecaseof aplanarsolidificationfront
intersectingspherical,non-wettingparticles.HechosepureA1for thehostmetaland
zirconiaparticles,which werefoundto non-wettingatthemelting pointof A1. The
startingmaterialwaspreparedby castingingotsof Al with asmallvolumefractionof
500micronzirconiaparticles.HeusedtheAGHFto directionallysolidify theseingotsat
differentrates.Preliminaryresultsindicatesthatthepushing-to-engulfmenttransition
occursbetween1.9and2.4microns/secin thegroundbasedexperimentsandbetween0.5
to 1.0microns/secfor theflight samples.Analysisis still in progressto ascertainwhether
wettingactuallyoccurredin thesesamples.Stefanescuattributesthedifferencebetween
thegroundandflight resultsto convectiveflowsnearthesolidification interface,which
canimpartaroll to theparticlesgiving themaslight lift. This effectwasseenin a
transparentanalogexperimentusingsuccinonitrileasametalmodel.

StefanescurepeatedhisexperimentonUSMP-4usingtransparentsystemssothatthe
actualpushingandengulfmentprocesscouldbeobserved.Thechoiceof hostmaterials
wassuccinonitrile,anon-facetingmaterial,andbiphenyl,a facetingmaterial.
Polystyrenebeadsof varyingdiameterswereusedwith thesucinonitrileandglassbeads
wereusedwith thebiphenyl. Thepolystyrenebeadshadmuchlower thermal
conductivitythanthesuccinonitrilehost,whereastheglassbeadshadmuchhigher
conductivitythantheir host. Severalunexpectedphenomenawereobserved.Theglass
beadstendedto movealongthesurfaceof thebiphenylin theflight experiment,which
wasthoughtto bearesultof theanisotropyof thefacetedinterface. Also theinterface
beganto showsignsof acellularstructuretowardtheendof theexperimentandbeads
thathadpreviouslybeenpushedwereengulfed. It wasnot clearif thiswastheresultof a
build-upof solute(eventhoughextremecarehadbeentakento purify thematerial
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beforehand)or if thethermalgradientwassomewhatlower attheendof thecuvette. As
aresult,only thedatatakenin thefirst 5 mmwereconsidered.

Againthecritical velocity wasfoundto behigheron thegroundthanin space.Thiswas
attributedto theSaffmanforceresultingfrom convectiveflows thattendsto lift the
particleawayfrom theinterface.A theorydevelopedby Shangguan,Ahuja, and
Stefanescupredictsthecritical velocityto begivenby

whereA'/is thedifferencebetweentheparticle-liquidandtheparticle-solidinterfacial
energies,a is theatomicspacing,11is thekinematicviscosity,K is theratio of particleto
liquid thermalconductivity,andR is theparticleradius. Thismodelwasvalidatedfor the
caseof zirconiaparticlesbeingpushedby A1in theLMS experimentandis within the
experimentalerrorof the lowerboundfor thesucinonitrile-polystyreneparticleson
UMP-4. However,themodelpredictionsaremuchlower thantheexperimentaldatafor
thebiphenyl- glasssystem.Theanisotropyof theinterfaceaswell asthemotionof the
particlesalongtheinterfacemaycontributeto this discrepancy.

On theLMS mission,HechtandRex(ACCESS,Aachen)investigatedthepushingand
entrapmentof 13micronA1203particlesonacommercial2014A1alloy. Theyobserved
pushingduringtheplanefront transientwhichwasconsistentwith themodelpredictions
of PotschkeandRogge.However,atthehighersolidificationvelocitywhenthefront
becamedendritic,theyfoundparticlestrappedin the interdendriticfluid betweenthe
secondarydendritearmsandacknowledgedtheydifficulty of extendingtheoriesbasedon
idealizedconditionsto "real-world" problems.

FroyenandDeruyttere(KatholiekeUniversitatLeuven)formedanumberof metalmatrix
compositeson theSL-1mission.Micron sizedSiCandAlzO3particleswere
mechanicallymixedwith A1powderandhotextrudedinto bars. Thesampleswerethen
coatedwith anA1203skinandmeltedandsolidified in the isothermalfurnace.A more
uniformdistributionof particleswasobtainedin theflight samplesandthemicrohardness
wasmoreuniform,aresulttheInvestigatorsattributeto thereducedconvectionand
sedimentation.AdditionalexperimentswereconductedonD-2 usingaCumatrix in a
graphitecrucible. Againthe AI203 particles were uniformly dispersed and the flight

sample had improved hardness. The SiC particles decomposed, the Si forming a solid
solution with the Cu while the graphite was expelled. The W and Mo particle oxidized

near the presence of gas bubbles and were not uniformly distributed.

Muramatsu and Dan (National Research Institute for Metals, Japan) reported that they

obtained uniform dispersions of TiC in Ni by heating specimens prepared by powder

techniques in the Large Isothermal Furnace during the SL-J mission. No further details

were given.
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Also on SL-J,Suzuki(HokkaidoUniversity)with Miura andMishima (TokyoInstituteof
Technology)coatedshortcarbonfiberswith AI-1 At% In andheatedtheaggregateto
700°Cfor 10minutesto form anultra-lowdensity(10%thatof A1)compositematerial
with high stiffness,suitablefor on-orbitfabricationof structuralcomponents.Theydid
find someunexpectedlocalcoagulationsof A1in regionswherethecoatingsonthefibers
wasdrawnaway. This ledto asomewhatlowercompressionalstrengthof thecomposite
thanhadbeenexpected.

Oneof themoreimportant"real world" problemshasto dowith attemptsto dispersion
hardensuperalloysinglecrystalgasturbinebladesby incorporatingverysmall
(submicron)oxideparticlesduringthegrowthprocessin orderto increasetheir creep
resistance.A uniform dispersioncanbeachievedby powdermetallurgicaltechniques,
whichcan thenbedensifiedby hot isostaticpressing(HIP). But whenthebladeis melted
sothatit canbedirectionallysolidified intoa singlecrystal,theparticlestendto
agglomerateandarenot uniformly incorporatedinto thesuperalloymatrix. The
solidificationvelocitiesrequiredto achieveplanefront solidificationaregenerallybelow
thecritical velocity for engulfmentof suchsmallparticles. At highersolidification,the
particlestendto bepushedlaterallyby thedendritesandwindupbeingclumpedtogether,
trappedin the last-to-freezeinterdendriticfluid. Thisproblempromptedseveralflight
experimentsby industrialfirms trying to sortoutgravitationaleffectsfrom non-
gravitationaleffectsthatremainasbarriersto developingthisprocess.

Onegroupof experimentsfocusedon theuseof a thinoxideskin to replacetheceramicmoulds
usedto form theturbineblades. It washopedthatin theabsenceof hydrostaticpressure,athin skin
couldretaintheshapeof thebladeduring thedirectionalsolidificationprocess.Eliminatingthe
heattransferthroughthemouldwouldallow amuchsharperthermalgradientto beappliedduring
thedirectionalprocess,which helpsstabilizethegrowthfront athighersolidificationvelocities.
Oneof themajordifficulties hadto dowith keepingtheskin intactduring thevolumechanges
involvedduringthemeltingandsolidificationprocess.

Theuseof "skin technology"wasfirst demonstratedonSpacelab-1by Luyendijk,Nieswaag,and
Alsem(Delft University)who directionallysolidified agraycastiron ingotwith a50micronA1203
skin. Gray castiron actuallyshrinksonmeltingsothealuminaskindid nothaveto withstanda
volumeexpansionfrom melting. In factthemelt separatedinto two partsduringtheprocess.The
skin remainedintactduringtheprocess,althoughsomemicro-crackswereobserved.Small iron
dropletswerefoundalongtheoutersurfaceof theskin. It wasspeculatedthattheyformedby
condensationfrom thevapor. A similarexperimentwasflown onD-1 by NieswaagandSprenger
(MAN TechnologieAG) with theobjectiveof determiningthediffusion of sulfur in thecastiron.
Againtheskinkept its shapewith only afew dropthatsqueezedthroughthepores,but it wasnot
clearif freesurfaceexistednearthethermocouplegroves.Unfortunately,problemswith the
translationmechanismpreventedanaccurateassessmentof thediffusion of thesulfur.

On the D-2 mission Amende (MAN Technologie AG, Munchen) solidified a cast iron rod in which

portions were alloyed with different compositions of Cr and Si. The rod was coated with a thin skin

of MgO-stabilized zirconia. The thermal expansions of the alloys were twice that of the zirconia

skin. The objectives were to see in the ceramic skin could accommodate the alloys during melting
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andresolidificationandto seeif anyof thealloysreactedwith theskin. Theskindid successfully
containthemelt, althoughtheportioncontainingtheCr alloydetachedfrom the remainderof the
rod. It wasspeculatedthattheskinwaspreferentiallywettedby theCr alloy andthat theinterfacial
tensionwasresponsiblefor theseparationof thisportion.

Barbieri andPatnelli(Universitadi Bologna)with GondiandMontanari(Universitadi Roma)
investigateda varietyof composites,someusingpowderAg-Cuastheeutecticcomposition and
othersusingpowderAI asthematrix,somewith AIzO3film coating,somewith Ni coating,and
otherswith nocoating. Somesamplescontainedmicron-sizedA1203particles,while otherswere
compactedto 85%fractionaldensitysothatbubbleswouldserveasthedispersedphase.Generally,
theA1203coatingsretainedtheir shapeduringsolidification,althoughsomeleakagewasobserved.
Thelamellaspacingin themicro-geutecticsamplesweretwiceaslargeasthe 1-gcounterparts,
whichwasattributedto aslowercoolingrateresultingfrom lessthermalcontactin the low-g case.
Mostthemostpart,thebubblesweresweptby thesolidificationfront to phaseandgrain
boundaries.Theoxideparticlestendedto aggregatein bothspaceandgroundcontrolsamples,
althoughtheaggregatesappearedto bemoreuniformly distributedin thespacesamples.

Confinementof themeltandshaperetentionin a superalloywassuccessfullydemonstratedonthe
D-1missionby Sprenger(MAN TechnologieAG), usingagamma/gammaprime-alpha,Ni/Ni3AI-
Moalloycoatedwith an80micronthick yttria-stabilizedzirconiaskinsthathadbeenappliedby
plasmaspraying. (A similarexperimentwasattemptedonSL-1,butcouldnotbe runbecauseof
technicaldifficulties.) Volumeexpansionwassuccessfullycompensatedfor by asmallholedrilled
into theendof thesample.Shapewasmaintainedthroughthecylindrical sampleandinto the
flattenedregionneartheend. Therewerenoholesor poresin thesampleandnoevidenceof
Marangoniconvection,which indicatedthatthemelt hadremainedin contactwith theskin.
Directionalsolidificationof thisalloy producesaregulararrangementof Mo fiberscontained
within aNi/NiaA1(gamma/gammaprime)matrix. Theflight sampleexhibitedacarbidephasenot
seenin earth-processedsamples.It wassuggestedthatconvectiveflows maytransportthecarbon
awayfrom thesolidificationfront, thuspreventingthisphasefrom formingduringprocessingin
normalgravity.

OnD-2, AmendeandHoll (MAN TechnologieAG) attemptedto melt andresolidifyactualgas
turbinebladesthathadbeenformedby powdertechniquesandcoatedwith a 150micronyttria-
stabilizedzirconiaskin. ThebladematerialwastheNi-baseCMSX6superalloywith 0.5Wt%
50nmAI203particles. Thecoatingremainedintact,but theevolutionof thegastrappedin thepores
of thepressedpowdersamplecausedswellingof theoxideskinandthelossof shape.

Busse(ACCECCe.V.)alongwithDeuerlerandPoetschke(Krupp) investigatedthegravitational
influenceon theaggregationof submicronA1203powdersontheD-2 mission. It hadoriginally
beenspeculatedthatsuchpowderstendto agglomeratebecausetheywere notwetby theirmetallic
host. If themetalmelt did notpenetratetheregionbetweentwo touchingparticles,London-vander
Waalsforceswouldcausetheparticlesto clumptogether.However,preflightgroundbasedtests
revealedthattheparticlestendedto clump whetherornot theywerewetby themolten. Further,it
wasfoundthattheparticlestendedto clumpinto micron-sizedsphericalclustersby Brownian
motionassoonastheCMSX-6superalloymatrixmelted. Theseclusterstheytendedto form
chainsontheordero 10micronslongduring thesolidificationprocess. Thechainsof clustered
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particlesbecametrappedin theinterdendriticfluid wheretheytendedto bealignedby the
dendrites.Theonly significantdifferencebetweentheflight andgroundsampleswereaslight
increasein thesizeof theclustersandlengthof thechainsin thegroundcontrolexperiments,
indicatingthatgravityhadlittle influenceon theagglomerationprocess.

Crystal Growth Experiments

Semiconductors as a class of materials can include semi-metals, ceramics, and polymers.

They are characterized by the fact that they have a small energy gap (less than a few

electron volts) between their valence band and their conduction band. Because of this

small energy gap, they can be easily manipulated to either conduct or not conduct

electricity, a property that provides the means for modem electronics. Unlike most

metals, in which the current is carried by electrons, conduction in semiconductors take

place through the action of both electrons in the conduction band and holes left by the
electrons in the valence band. These materials can also absorb photons to promote

electrons from the valence band to the conduction band to act as detectors of radiation or

solar energy converters. Finally, certain of these materials can be configured so that

current flowing through them reunites electrons in the conduction band with holes in the

valence band to produce photons, giving rise to light emitting diodes and solid state

lasers.

The ability to grow large, extremely pure, single crystals of silicon was key to the vast

electronics industry that has been developed over the last several decades and silicon will

continue to dominated this industry for the foreseeable future. It is plentiful, cheap to

produce, and has all of the desired properties needed for most applications. It does have a
few drawbacks, however. The charge carrier mobility is relatively low, so it is not

suitable for very high frequency applications or high speed switching applications. Also,

it is not a direct band gap material, meaning that electrons cannot directly go from the

conduction band to the valence band, emitting light in the process. Therefore, it is not

suitable for making the solid state lasers that are finding wide use in the optical

communications industry.

For these reasons, there has been considerable attention compound semiconductors such

as gallium arsenide (GaAs) because of the high charge carrier mobility which allows

much higher switching speeds than Si. Unlike silicon, GaAs is a direct bandgap material,

meaning that an electron can fall directly from the conduction band to the valence band

and emit a photon of light with an energy equal to the bandgap energy. Thus such a
material can be used to fabricate light emitting diodes (LED) or solid state lasers. Thus it

can be used as both a transmitter and a receiver on the same chip in fiber optical systems.

Its unique band structure allows it to be used as a Gunn-effect oscillator for low cost

radar devices. Its higher bandgap allows it to operate at higher temperatures and makes it

less susceptible to radiation effects. This feature makes it a more desirable material for

use in extreme environments such as in geocentric or deep space missions.
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It is alsopossibleto combineelementalor compoundsemiconductorsystemsto form
solid solutionalloyswith abandgapsomewherebetweenthebandgapof the initial
components.Thusit becomespossibleto engineermaterialsto obtainaparticularband
gapfor a specificapplication.For example,cadmiumatomsmaybesubstitutedfor 20%
of themercuryatomsin mercurytelluride(HgTe)to form Hg0.sCdo.2Tewhich hasaband
gapequivalentto 10.6microns,thewavelengthof aCO2laser.This classof materials
hasfoundextensiveuseasinfrareddetectorsandthermalimagingdevices.

Most electronicor opto-electronicapplicationsrequirecompositionallyhomogeneous,
high quality singlecrystals.However, materialsof interestarenot necessarilyrestricted
to themoretraditionalsemiconductingmaterials(thosefoundin groupsII throughVI in
theperiodictable.) Manyorganicandevensomepolymershaveinterestingopticaland
opto-electronicproperties.Studiesof singlecrystalsareimportantto otherfield aswell;
e.g.,thestudyof zeolitecrystalsascatalysts. To includethisbroaderspectrumof
activitiesinvolvingcrystalgrowth,thissectionwill coverall of themicrogravity
experimentswherecrystalgrowthis theprimaryemphasis(exceptfor proteinor other
biologicalmacromolecules- herethenumberof experimentsis so largethattheyrequire
aseparatesection.)

Melt Growth of Electronic and Photonic Materials

The conductivity of semiconducting materials is extremely sensitive to the presence of

trace quantities of certain impurities called dopants, which are often added to bulk
semiconductors in order to tailor their electrical properties for a specific task. It is

important that the concentration of these dopants be uniform throughout the material so

that the electrical properties will be the same. Generally, these impurity atoms are not

incorporated into the lattice as readily as the host atoms, which leads to a phenomenon

known as segregation. When solidifying from the melt, the rate at which the impurity or

dopant atoms are incorporated into the growing crystal is directly proportional to their

concentration at the growth interface. Ideally, the concentration of rejected atoms will

build up in front of the growth interface as growth proceeds to form a diffusion layer.

Eventually, an equilibrium is reached wherein the rate at which dopant atoms from the

feed are entering the diffusion layer equals the rate at which the dopant atoms enter the

growing crystal. Growth under these conditions is said to be diffusion controlled and

once this equilibrium condition is reached, the remainder of the material will have

uniform composition.

Convective flows can cause the dopants to be distributed non-uniformly, both on a

microscopic scale (microns) as well as macroscopically. Global flows in the melt will

tend to stir the diffusion layer containing rejected component back into the bulk liquid,

thus preventing the diffusion controlled equilibrium to be reached. The result is a

continuously varying composition as growth proceeds. Microscopic nonuniformities,

usually in the form of striations, were believed to be a result of growth rate fluctuations

caused by unsteady or turbulent convective flows in the melt. If the unsteady flows

caused the temperature at the growth interface to fluctuate, even slightly, the interface

will jump ahead and fall back as growth proceeds. More dopant atoms are incorporated
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whenthegrowthfront is accelerated,thusformingwhatareknownasTypeI growth rate
striations.The earlySkylabexperimentsdemonstratedthatgrowthstriationsin dilute
systemssuchasdopedelementalor simplecompoundsemiconductors,couldbe
eliminated in microgravityandthatdiffusioncontrolledgrowthconditionscouldbe
established.Thispromptedanumberof attemptsto growbulk multi-componentalloy-
typesystemswith theobjectiveof obtainingbettercompositionalhomogeneitynecessary
to achieveuniform electronicandopticalproperties.

Bridgman Growth

In the Bridgman growth technique, developed by Percy Bridgman at Harvard University,

the entire sample is melted (except for the seed if a seed crystal is used) and then the

sample is slowly lowered from the furnace to allow the material to solidify so that the
successive rows of atoms build up in an ordered fashion to form a single crystal.

Stockbarger later added a second heater at the cold end of the furnace to provide better

control of the growth interface and to reduce the sample cooling rate in order to reduce

thermal stresses in the newly formed crystal. Technically, this should be called the

Bridgman-Stockbarger technique, although Bridgman growth is a more-or-less generic

term for any directional growth method.

By placing the hotter melt above the cooler growth region, the system is thermally
stable and convection can be minimized. However, it is necessary to add heat to the melt

through the sides of the growth ampoule and extract it through the growing crystal. This

produces small radial thermal gradients in the melt causing the warmer fluid near the
walls to rise while the cooler melt near the center falls. This circulation distorts the

buildup of the diffusion layer at the growth interface resulting in radial segregation. This

effect was first quantified by Brown (1985) using computational fluid dynamical

computations.

Macrosegregration becomes a major problem in Bridgman growth of non-dilute or alloy-

type systems when the rejected component is less dense than the bulk melt. When the

diffusion layer builds up to a critical point, characterized by a dimensionless parameter

called the Rayleigh number, its lighter fluid will rise and remix with the bulk fluid. If

the growth system is turned upside down to prevent this from happening, the system

becomes thermally unstable. Thus it becomes impossible to stabilize such a system

against overturning convective flows in the presence of gravity. In fact, Coriell (1980)

has shown that such double-diffusive systems may be unstable even in microgravity if the

lower density component is more than a few percent of the total composition.

Rodot (CNRS, Meudon, France) grew 3 Ag-doped PdTe crystals that were 17 mm in

diameter by the Bridgman method on SL-1. She reported better homogeneity and

somewhat lower dislocation densities on the flight samples as compared to the ground

control which exhibited growth striations.

Crouch and Fripp from the NASA Langley Research Center attempted to grow

homogeneous lead-tin-telluride (Pb0.sSno.2Te) in the General Purpose Rocket furnace (a
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relic left over from theSPARsuborbitalprogramon theD-1missionandobserved
almostcompletemixing.This materialis similar to mercury-cadmium-telluride(MCT)
andisof interestfor infrareddetectorandlaserapplications.Therejectedcomponentin
this system(SnTe)is lessdensethatthehostmaterial;therefore,is subjectto thedouble
diffusive instabilitypredictedby Coriell.Whetheror not thisexperimentmetCoriell's
stabilitycriterionwasnot established,norwerethereanyaccelerometerson themission
thatcouldrecordthedirectionandmagnitudeof thequasi-steadyresidualacceleration.

TheexperimentwasrepeatedonUSMP-3usingtheAdvancedAutomatedCrystal
GrowthFurnace(AADSF). Computationalanalysisindicatedtheminimal mixing should
occurif theg-vectorwasnearlyalongthefurnaceaxiswith hot overcold. Three
identicalampouleswereloadedintoa singlecartridgefor sequentialprocessing.The first
ampoulewasto beprocessedwith theg-vectorwasnearlyalongthefurnaceaxiswith hot
overcold,thesecondwith theg-vectorwasnearlyalongthefurnaceaxiswith cold over
hot,andthethird with theg-vectornearlyperpendicularto thefurnaceaxis. Theplan
wasto comparethesoluteredistributionwith theorientationduringgrowth. For reasons
thatarenot clear,largevoidsappearedin eachof thesamplesandtheywereessentially
completelymixed. ThisexperimentwasrepeatedonUSMP-4.Unfortunately,agrowth
ampoulerupturedduringthegrowthprocessandno resultshavebeenobtained.

YamadaandKinoshita(NipponTelegraphandTelephoneResearchLabs)alsogrew
PbSnTeby theBridgmanmethodusingtheGradientHeatingFurnaceonSL-J. Their
ampoulecontainedaplungerto keepthemelt in contactwith theampoulewalls. Even
so,theyfoundvoidsin theflight sample.However,thefractionof Snremainedabout
0.16afterthe initial transient,indicatinglittle or noconvectivemixing. Theetchpit
densityrangedfrom lxl05 to 9x10scm2,or about1/10thetypical valuefor Earthgrown
crystals. The intrinsic carrier density is also lower in the space grown crystal and the
mobilities are 1580 cm2/Vs at 77K and 2620 cm2/Vs at 4.2K, about 3 times higher than

typical Earth grown values. A small amount of melt leaked past the plunger and formed

small spherical crystals. The etch pit density in these crystals that formed without wall
contact was O(104 cm2.)

Tatsumi, Shirakawa, Murai, Araki, and Fujiwara (Sumitomo Electric Industries Ltd.)

grew the ternary Ino.97Gao.03As by the Bridgman method on SL-J with the purpose of

determining the solute redistribution in the grown ingot. A plunger was used to eliminate

free surfaces in the melt. They report an effective distribution coefficient of 2.6 vs. a

value of 3.2 for their ground control, indicating that considerable convective mixing had

taken place.

Matthiesen (Case Western Reserve University) grew two Se-doped GaAs crystals in the

Crystal Growth Fumace on USML-1. The objective was to obtain a uniform dopant

distribution, both axially as well as radially. A second objective was to examine the

effects of transients on dopant distribution. Two translation periods were executed, the

first at 2.5 microns/sec and after a specified time, which was different between the two

experiments, the translation rate was doubled to 5.0 microns/sec. The translation was

then stopped and the remaining sample melt was solidified using a gradient freeze
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technique in the first sample and rapid solidification in the second sample. Post-flight

using quantitative infrared transmission imaging, indicated that the first sample initially

achieved diffusion controlled growth as desired. However, after about 1 cm of growth,

the segregation behavior was driven from a diffusion controlled growth regime to a

complete mixing regime. Measurements in the second flight sample indicated that the

growth was always in a complete mixing regime. In both experiments, voids in the center

line of the crystal, indicative of bubble entrapment, were found to correlate with the

position in the crystal when the translation rates were doubled.

The experiment was repeated on USML-2 using a new method for preparing the sample
which eliminated the voids seen in the USML-1 flight sample. The first sample went

polycrystalline at the meltback interface. The furnace temperature was adjusted to move

the predicted growth interface for the second sample toward the hotter part of the furnace.

It grew as a single crystal for 5 mm before the onset of polycrystaUine growth. Both

samples had an initial growth rate of 0.5 microns/second. The interface shapes through

the growth have been marked by Peltier pulsing. The dopant distribution has nor yet

been published.

On D-2, Duffar and Abadie(CENG, Grenoble) grew crystals of Te doped GaSb and

Gao.gIn0 _Sb using ampoules whose sides were covered with super insulation to provide an

axial heat flow through the sample. Heat was conducted into and out of the ampoule

through graphite plugs at either end. The objective was to measure solute redistribution

during the Bridgman growth process and to investigate the dewetting effect that had been

observed in many previous microgravity directional solidification experiments. For this

purpose, the silica ampoules were roughened to reduce the wetting by the melt. One of

the seeds for the growth of Gao.gInoASb contained only 2% In in order to eliminate the

growth transient. Two of the ampoules broke, but the liquid was trapped and did not

escape. The liquid did not appear to have wet the roughened ampoules, but the roughness

apparently caused parasitic nucleation. The dilute sample had an axial solute distribution
indicative of diffusion controlled transport, but the non-dilute samples showed extensive

mixing. No information was reported on the radial segregation.

Duffar also investigated the effects of interface curvature in a non-dilute pseudo-binary

system, Ino.2oGao 8oSb using the Advanced Gradient Heating Furnace (AGHF) on the LMS

flight. It was also hoped to obtain more information on the ampoule dewetting

phenomenon seen in many microgravity directional solidification experiments. The

rejected InSb is more dense than GaSb, so the system can be both thermally and solutally
stable. However, since the freezing point is compositionally dependent, the interface will

generally not be an isotherm. Two different crucibles were used: a quartz crucible, which

has a low conductivity and should minimize the interfacial curvature; and a BN crucible,

which is a better conductor and should produce a more curved interface. Since the

macrosegregation was the object of interest in the experiment, no attempt was made to

grow a single crystal. The flight samples exhibited the classic profile for complete

mixing as described by the Sheil equation. This surprising result is still not understood.
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Alloy systemsthatarestableagainstdouble-diffusiveconvection(rejectedcomponent
moredensethanthebulk melt)aresubjectto anothersourceof radialsegregation.This
comesaboutbecausethethermalconductivityof manysemiconductorsystemsis greater
in themelt than in thesolid. Theheatflow from themelt into thesolid is complicatedby
thepresenceof thewall of thegrowthampoule,whichoftenhasathermalconductivity
betweenthat of thesolidandthemeltof thesamplematerial. Thiscausessomeheatto
flow from themelt into thewall atthegrowthinterfacecausingtheinterfacedto become
concave.If therejectedcomponentis moredensethanthebulk melt, it will tendto flow
towardthelowestpoint on thesolidificationinterfaceand,sincetherejectedcomponent
will generallylowerthefreezingpoint,the interfacewill becomeevenmoredistorted.
Radialsegregationproducedby thismechanismpromptedattemptsto grow alloy systems
suchasHgZnTeandHgCdTein microgravity.

BeforetheUSML-1 flight, it wasrecognizedthat,if goodmacroscopichomogeneitywas
to beobtainin themoredemandingBridgmangrowthsystems,it wouldbenecessaryto
minimize transverseaccelerationsby keepingtheCrystalGrowthFurnace(CGF)axis
more-or-lessalignedwith thequasi-steadyresidualacceleration.A majorportionof this
missionwasflown with theorbiter'sattitudecalculatedto dojust that. Lehoczkyfrom
theNASA MarshallSpaceFlightCenterpreparedaHg0.84Zn0._tTeexperiment,whichwas
consideredto havethemoststringentrequirementfor thiscondition.However,
unanticipatedventingforcesimpartedaveryslight, -0.5 micro-g,transverseacceleration
throughoutmostof theflight. Lehoczky'sexperimentwasterminatedprematurelywhich
preventeda detailedanalysisof his sample,but dopantinhomogeneitiesconsistentwith
thisunanticipatedaccelerationcouldclearlybeseenin theportionthatcouldbeanalyzed.

Fortechnicalreasons,USML-2 couldnot meetLehoczky'sstringentattitude
requirements,buthewasableto fly Hg08Cd0.2Tesamplein theAdvancedAutomated
CrystalGrowthFurnace(AADSF) onUSMP-2. DuringtheUSMP-2mission,theOrbiter
wasmaneuveredintoseveraldifferentattitudessothattheresidualg-vectormadevarying
anglesrelativeto thegrowthdirection. Lehoczkyreports."Significantdifferenceswere
observedduringthreelong,butuninterrupted,periodsat constantattitude.Compositional
variationsalongthecrystalcircumferenceindicateresidualfluid flows for the least
favorablevectororientations.Identifiableregionsexist in whichatransversevectorhas
pushedthematerialagainsttheampoulewall andallowedit to readily contractaway
from theoppositewall. Suchsurfacesshowedetchpitsproducedby preferential
evaporationat defectsites.X-Rayscatteringshowedthattheregionspulledawayfrom
thewall tendedto belessstrainedorof higherquality materialthantheoppositesurface,
andconsiderablybetterthantheEarth-grownmaterial.Compositiondeterminationon the
surfaceof thematerialdemonstratedsignificantdifferencedependenton thedirectionof
theresidualaccelerationvector.Theseareclearindicationsof three-dimensionalfluid
flow. A significantportionof theboulewasgrownwith a componentof thevector
alignedin a directionfrom liquid to solid.SynchrotronX-ray studiesof this material
showedit to besinglecrystalandof muchlowerdefectdensity."
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An attemptto re-fly Lehoczky'sexperimentonUSMP-4wasthwartedwhenaruptured
ampoulefrom anotherexperimentshutdownthefurnacebeforehissamplecouldbe
processed.

SinceLehoczky'srequirementscouldnotbemetonUSML-2,asubstituteexperiment
wasflown to exploretheimportantquestionof theeffectof furnaceorientationrelativeto
theresidualg-vectoronsoluteredistributionduringdirectionalsolidification
experiments.Lichtensteiger(UniversitySpaceResearchAssociates,MSFC)prepareda
Ga-dopedGe sample.Thismodelsystemwaschosenbecauseits characteristicsarewell-
understood.Two analyticaltechniqueswereusedto characterizethematerial,Peltier
pulsingto marktheinterfaceperiodically,andhighresolutionspreadingresistance
measurementsto mapout thedopantdistribution.Thefirst crystalgrowth wasstarted
with theShuttlein themostfavorableattitudefor crystalgrowth. Later, theattitudewas
changedto agravitygradientattitude.Theaveragedopantprofile appearsto bepurely
diffusive throughouttheentiregrowth. No changewasseenasa resultof themaneuver.
However,thereis aconsistentdifferencein dopantconcentrationacrossthesample
which is indicativeof flows thatwouldproduceradialsegregation.(Unfortunately,
accelerationdataat thefurnaceis notgiven.) A secondcrystalwasgrownduringa
periodwhentheShuttlewasin thesolarinertial attitude.Sincethis attitudeis unstable
with respectto thegravitygradient,frequentthrusterfirings arerequired.Significant
disturbanceswereseenin thedopantprofile for thegrowththattook placeduring this
attitude.

Theseresultsclearlydemonstratetheextremesensitivityof this typeof growthsystemto
very smallaccelerationsandverify thepredictionsbasedoncomputationalfluid
dynamicalmodeling. Theyalsoprovideadditionalevidencethatwall effectsplay a
significantrole in defectformation.

In manyof theearlierUSandRussianBridgmangrowthexperimentsin reducedgravity,
thesolidified ingot wasfoundto besmallerthanthegrowth ampouleandthemelt
appearsto havepulledawayfrom theampoulesduringthesolidificationprocess.The
effectwasnoticedonthefirst directionalsolidificationexperimentsflown on Skylaband
severalof the investigatorsreportedfewergrowthdefectsin theportionsof thesample
thatapparentlysolidifiedwithout wall contact. Severaltheorieshavebeensuggestedto
explainwhy thegrowingcrystalmightavoidwall contactin microgravity,but theexact
mechanismshavenotyetbeentestedor verified. Clearly,partialwall contactwould
affecttheheattransfer;somethingthatis not consideredin settingup theexperiment,
whichcouldplacethegrowthfront in annon-optimumpositionin thefurnace.The
existenceof freesurfacesalsoopensthepossibilityfor Marangoniconvectionwhichcan
produceunwantedmixing of thediffusion layerwith thebulk melt. (Morewill besaid
aboutMarangoniconvectionin thenextsections.)

SinglecrystallineCdTeis widely usedasasubstratefor focalplanearraysaswell asfor
nucleardetectorapplications.Becauseof its highbandgap,it is transparentto infrared
radiation, soit canserveasa windowfor theHgCdTedetectors,whichcanbegrown
epitaxiallydirectlyonto theCdTewindow. However,it is difficult to grow CdTewith
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low dislocationdensitiesandit hasa tendencyto form twins. Often small quantities of

Zn are added to strengthen the lattice. 0 (then at Grumman Aerospace Corp., Bethpage,

New York) wanted to investigate how gravity might influence the formation of these

defects in Cd095Zn005Te. Because of the small mole fraction of Zn and because its

distribution coefficient is close to 1, macrosegregation is not a serious problem when

growing this material in normal gravity. Since the melt in Larson's experiment had some

void space in the growth ampoule to allow for thermal expansion, the unanticipated 0.5

micro-g lateral acceleration from the venting on USML-1 had the fortuitous effect of

nudging the melt against one wall of the growth ampoule and leaving the opposite side of
the melt free of wall contact.

For his USML-1 flight results, Larson reports, "Macrosegregation was predicted, using

scaling analysis, to be low even in one-g crystals and this was confirmed experimentally,

with nearly diffusion controlled growth achieved even in the partial mixing regime on the

ground. Radial segregation was monitored in the flight samples and was found to vary

with fraction solidified, but was disturbed due to the asymmetric gravitational and

thermal fields experienced by the flight samples. The flight samples, however, were

found to be much higher in structural perfection than the ground samples produced in the

same furnace under identical growth conditions except for the gravitational level.

Rocking curve widths were found to be substantially reduced, from 20/35 arc seconds (in

one-g) to 9/20 arc seconds (in p-g) for the best regions of the crystals. The FWHM of 9

arc seconds is as good as the best reported terrestrially for this material. The ground

samples were found to have a fully developed mosaic structure consisting of subgrains,

whereas the flight sample dislocations were discrete and no mosaic substructure was

evident. The defect density was reduced from 50,000-100,000 (in one-g) to 500-2500

EPD (in p-g). These results were confirmed using rocking curve analysis, synchrotron

topography, and etch pit analysis. The low dislocation density is thought to have resulted

from the near-absence of hydrostatic pressure which allowed the melt to solidify with

minimum or no wall contact, resulting in very low stress being exerted on the crystal

during growth or during post-solidification cooling."

Larson repeated this experiment on USML-2 using a novel ampoule design that would

minimize wall contact with the sample. He was able to grow 20 mm of sample without

any wall contact and 21mm with only partial wall contact. A second sample had a

spring-plunger system that forced the sample to fill the ampoule, thereby assuring wall

contact. Preliminary analysis showed that twin formation was virtually zero in the region

grown without wall contact; whereas, the sample in the spring-loaded ampoule was

highly strained at the exterior and heavily twinned.

These results clearly demonstrate that wall effects are a major source of defect formation

on the ground as well as in space grown crystals.

Travelling Heater Method

A variation of the Bridgman growth technique, is the traveling heater method (THM).

Instead of melting the entire charge, only a small portion of the charge is melted and the
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moltenzoneis movedthroughthesampleby thetravelingheater. Usuallythedopant
atomsof interesthaveasmalldistributioncoefficientmeaningthatonly asmallfraction
of thedopantsin themeltwill be incorporatedinto thesolid. Thusaspecificquantityof
dopantcanbe addedto theinitial zoneto bemeltedandthis quantitywill remainalmost
thesameasthezoneis movedthroughthesample.Thisprocess,known as"zone
leveling",producesa reasonablyuniform distributionof dopanton amacroscopicscale.
However,turbulentflows in themoltenzonecanstill resultin microscopic
inhomogeneitiesor striations.

For compoundsystems,suchasgallium arsenide(GaAs)orcadmiumtelluride (CdTe),
thematerialis oftengrownby thetravelingsolventzone,avariationof thetraveling
heatermethodin whichthemelt thatcontainsanexcessof themetal. Theexcessmetal
lowersthemeltingpointof thesolution,whichallowsthegrowthto takeplaceatlower
temperaturesandalsolowersthevaporpressureof thevolatilecomponent.Thelower
growthtemperaturereducesthenumberof inherentpoint defectsthat will alwaysbe
presentin crystals,andalsoreducedthethermalstresson thelattice,which generally
reducesthedislocationdensity.

Schoenholtz,Dian, andNitsche(KristallographischesInstitutUniversitatFreiburg
Germany)grewCl-dopedCdTecrystalsby thetravellingheatermethodusingaTe
solventzoneonSL-1andonD-1. TheSL-1experimentwasterminatedprematurely
whichcausedthecrystalto crack,but theexperimentwasrepeatedonD-1.Therewere
someproblemswith heatinglampin theMirror HeatingFacility (MFr) andtherotation
mechanismfailed. As a result,thetravellingzonewasasymmetricandthedesired
temperaturewasnot reached.Theetchpit density(ameasureof dislocations)was5to
10timeslower thantheseedon thehotsideof thegrownmaterial,but wasmanytimes
higheron thecoolerside.

BenzandDanilewskyat theInstituteof Physics,Universityof Stuttgart,togetherwith
Nagel,Wacker-Chemitronics,alsocarriedoutaseriesof growthexperimentswith doped
compoundsemiconductorusingthetravelingheatermethod(THM). Themono-ellipsoid
ELLI furnacewasusedto processa 15mmdiameterS-dopedInP and a 10mmdiameter
Te-dopedGaSbduringtheSI-1andD-1 missions.Benzreportedreducedstriationsin
theInP sampleand"space-grownTe dopedGaSbcrystalwasfoundto benearlystriation
freewith only residualdopantinhomogeneities,while ground-processedcrystalsshowed
pronouncedstructuresof rotationalandnon-rotationalperiodicstriationsoverthewhole
crosssectionof thecrystal" (thesampleis rotatedto smoothoutaxial thermal
inhomogeneitieswhichcausestherotational inhomogeneities).On theD-2 mission,a
20mm diameterGaAscrystalwasgrownfrom atravelingGasolventzone.Theheater
lampwasdimmedperiodicallyto markthegrowthinterface. Theresultswerevery
muchlike thoseobtainedon theD1flight in thattheTypeI striationsdueto convection
drivengrowthratefluctuationswereeliminated.

Harr,Dornhaus,andBrotz (BattelleInstitute,Frankfort)grewthesolid solutionternary,
lead-tin-telluride(Pb0.sSno.2Te)from aPb-Snrich solutionduring theD-1 mission.As
mentionedpreviously,this materialis subjectto double-diffusiveconvectionandis
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impossibleto stabilizeusingtheBridgmangrowthtechniquein normalgravity. The
travelingsolventzonetechniquehastheadvantagethatcompleteconvectivemixing in
thesolventzoneis notundesirablebecausethesourcematerialis continually feedingnew
nutrientinto thetravelingsolventzone,thuskeepingthecompositionmore-or-less
constant.However,it is essentialto controlthesolventzonetemperatureveryprecisely
in orderto obtainthedesiredcompositionof thegrowingsolid. Harr foundimproved
compositionalhomogeneityin theflight samplewhereas"a tin contentsegregationwas
foundin THM partof theearth-grownsample,but not in themicrogravitysample.
Additionaloscillationof tin contentwerefoundalongtheentiregroundsample."It was
notedthatthediameterof theflight crystalwasslightlysmallerthantheampouleandthat
growthfacetsandetchpits couldbeseenon thesurface.In theabsenceof hydrostatic
pressure,themeltdid notpressagainstthewall, allowingthesolid to form without direct
wall contact. Selectiveevaporationfrom thefreesurfaceapparentlyformedtheetchpits.
Thematerialwasp-typeandtheholemobility wasfoundto be5500cm2/Vsin the
microgravitysample,comparedto 1900cm2/Vsfoundin theground-basedreference
sample.Harr attributesthis improvementto areductionof scatteringcentersinducedby
areductionof stressesproducedby contactwith ampoulewall.

Iwai and Segawa(Institute of Physicaland Chemical Research,RIKEN) grew single
crystal PbSnTeby the travelling zone methodusing the mirror furnaceon SL-J. The
startingmaterialwasa 10mm diameterBridgman-grownrod of PbSnTe. A zone was
meltedandtranslatedat 2mm/hrfor 4 hours.Te bubbleswereobservedon thesurfaceof
the molten zone. On the groundcontrol, thesebubblesrose,creating a void, which
eventuallycausedthe zoneto becomeunstableandbreak. The bubblesin the flight
sampleremaineddistributed in the molten zone,but no void was found in the grown
crystal. The Sn contentin the growncrystal increasedwith distancefrom the seedbut
eventuallyleveledoff asequilibrium in the zonewasreached. Again it was foundthat
intrinsic carrier concentrationwas lower and mobilities were higher in the micro-g
sample.

Floating Zone Growth

In the traveling heater method described above, the samples were enclosed in quartz

ampoules. However, short molten zones can be supported by their surface tension even

in normal gravity and much larger zones can be deployed in microgravity. Removing

contact with the ampoule wall offers many potential advantages such as elimination of

contamination from the wall material (a serious problem at high temperatures),

elimination of wall-induced stress which cause dislocations, and elimination of heat

transfer through the wall in the vicinity of the growth interface which warps the isotherms

in this critical region causing growth defects. However, thermal gradients along the

freely suspended melt can drive strong and even turbulent convective flows (Marangoni

convection). Steady flows in the molten zone may even be desirable since they tend to

homogenize the composition of the melt, but turbulent flows can produce unwanted

growth rate striations. Because of this, Marangoni convection has been the subject of

intense study, both from the fluid dynamists as well as from the crystal growers.
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EyerandNitschefrom theKristallographischesInstitutUniversitat,FreiburggrewP-
dopedSi usingtheMirror HeatingFacility on theSL-1mission. Theyfound thatthe
striationsin theflight sampleweresimilarto thoseseenin thegroundcontrolsampleand
concludedthat turbulentMarangoniconvection,ratherthanbuoyancy-drivenconvection
wasindeedresponsiblefor thestriations.Croell andNitscherepeatedthisexperimenton
D-1 in which theSi rodswerecoatedwith a5 micronthick, coherent,amorphoussilica
film. Two sourcesof boronwerealsodepositedon thesurfaceto serveasthedopant.
Despitesometechnicaldifficulties with sampleoverheating,theywereableto showthat
thethin Si coatingwaseffectivein suppressingMarangoniflows.

Koelker(Wacker-Chemitronic,GmbH,Munich) usedapedestalmelt techniqueto
solidify a Si samplewith freesurfaces(similar to themethodusedby Walter to solidify
anInSbdroponSkylab). Theendof aCzochralsky-grownSi rodwasmeltedin the
mirror furnaceto form asphericaldropapproximately1cm3.OnSL -1 thesamplewas
rotatedat 10rpm asit waspulledoutof thefurnaceat 1mm/min.Theinitial molten
silicondrop wasspherical,but thegrowingcrystalverystronglydeviatedfrom the
sphericalshapeandassumedmoreor lesstheshapeof arocketnoseoncesolidified.
Post-flightexaminationof thesamplerevealedthatathin,darksurfacelayerhadformed
on thesurfaceof thespecimen,probablydueto acarbon-basedimpurity of unknown
origin. Initially, only widely spacestriationswereobservedwhich appearedto be
associatedwith therotationandtranslationof thesample(duetheheatingasymmetryof
thedoubleellipsoid furnace.Towardtheendof growth,morecloselyspacestriations
wereseen,whichwereattributedto non-steadyMarangoniflows. On D-1, thesample
wasnotrotatedandremaineduncontaminated.In thiscase,adensepatternof randomly
fluctuatingstriationswereseenwhichareclearlydueto non-steadyMarangoniflows.

Nishinaga,Sugano,Saitoh,andKatoda(Universityof Tokyo) wantedto seeif Koelker's
resultmayhavebeendueto thermalnon-uniformitiesin theimageheatingfurnace,so
theyusedamorestableresistanceheatedfurnaceon theirSL-Jexperiments.In oneof
theirexperiments,theyheateda singlecrystallineSi rod to form a sphericaldrop,similar
to thatof Koelker,exceptfor theuseof aresistanceheatedfurnace.Unfortunately,
insteadof thedropremainingatthetip of therod, it movedto thesidewhereit contacted
thequartzampouleandbrokeintopiecesasit cooled. In thesecondexperiment,they
heatedasinglecrystalof Si in theform of aspherewhich wascontainedin aquartz
crucible. Theplanwasto melt theouterlayersof thesphereandallow it to recrystallize
usingtheunmeltedcenterastheseed.However,themoltenSi got throughthequartz
ampouleandtouchedtheTa cartridge,whichresultedin aeutecticreactioncausingaloss
of Si. Consequently,theregrownregionwasa hemispherewith severalfacetson the
outersurface.Thisportion,whencut andpolished,revealedno striations.

Carlberg(Mid SwedenUniversity),Camel,andTison(Centred'EtudesNucleaires,
Grenoble,France)grewtwo 10mm diametergallium-dopedgermaniumcrystalsusing
thefloat zoneprocessduringtheD-2 mission. Theevacuatedgrowth ampouleshad
gettersto removeanytracesof oxygenandotherimpuritiesthatmight contaminatethe
meltsurface.Seebeckvoltagemeasurementsweremadeto detectgrowthrate
fluctuationsthatmightoccurfrom unsteadyMarangoniconvection.No fluctuationswere
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observed,althoughanasymmetricaldopantdistributionin thesamplewasattributedto
steadyMarangoniconvection.

Building on thefindingsfrom SL-1andD-1, severalinvestigatorsattemptedto grow
gallium arsenideonD-2. As mentionedpreviously,gallium arsenide(GaAs)is a material
of greattechnologicalimportance. Beingacompoundratherthananelementalsystem,
thegrowthproblemswith GaAsaremultiplied. Not only is it necessaryto beableto
controldopanthomogeneityandstructuraldefects,but stoichiometrymustalsobe
controlled,whichmeansanoverpressureof arsenicvapormustbemaintainedto prevent
lossof this volatile component.Unlikesiliconwhichhasa strongcovalentbondandcan
begrowndislocation-free in largediametersby thefloat zoneprocessonEarth,the
surfacetensionto densityratioof GaAslimits thediameterthatcanbegrownby thefloat
zonetechniqueonEarthto about7 to 8mm in diameter,too smallfor device
applications.Themixedionic-covalentbondsin GaAsareweakeranddislocationsand
otherdefectsform morereadily. As aresult,dislocationdensitiestendto be fairly high,
typically on theorderof 105/cm2.

HermannandMuller from theInstitut fuerWerkstoffwissenschaften,Universitat
Erlangen,grewfour singlecrystalsof silicondoped-galliumarsenideby thefloat zone
processthatwere20mm in diameter,morethantwice thediameterthancanbegrownby
floatzonein normalgravity. A specialheatercontrolsanarsenicsourceto providethe
necessaryarsenicoverpressure.As aresult,stoichiometrywasmaintainedwith no
evidenceof eithergalliumor arsenicprecipitates.They were able to control the shape of

the growth interface by controlling the height of the molten zone. When the interface

was nearly flat, the dislocation density dropped to 5x103 cm a. Rocking curve width,

which measures the internal order of the crystal, was as low as 11.6 seconds of arc,

comparable to best quality crystals grown on Earth. Dopant striations were observed,

which were attributed to unsteady Marangoni convection. A cobalt-samarium magnet

was inserted near the end of several samples to help suppress the Marangoni convection,

but the field was too weak to prevent unsteady Marangoni flows. Similar results were

obtained by Croell, Tegetmeier, Nagel, and Benz (Kristallographiches Institute der

Universitat Freiburg) with Te-doped gallium arsenide.

Nakatani, Takahashi, Ozawa, and Nishida (National Research Institute for Metals, Japan)

grew a single crystal of InSb by the float zone process using the mirror furnace on SL-J.

The seed was a 20 mm diameter rod of single crystal and the feed was polycrystalline

InSb. A zone 45 mm long was melted and propagated at the rate of 0.33 mngminute,

resulting in a single crystal 20-30 mm in diameter and 100 mm long. An oxide skin

formed on the crystal which apparently prevented Marangoni convection since the grown

crystal was free of striations, as was determined by X-ray topography. Dislocation

densities were also low and the electrical resitivity doubled over the length of the zone.

Samarskite is a naturally occurring mineral that is composed of 5 phases containing Ca,

Fe, Y, U, Th, Nb, Ta, and O. Alpha particles from the decay of U and Th have destroyed

is native structure, so it is difficult to determine how this mineral was formed. Takekawa

(National Institute for Research in Organic Materials, Japan), Shindo (ASGAL Co. Ltd.)
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andSugitani(KanagawaUniversity)setout to crystallizethismaterialusingthetraveling
solventfloating zonein theImagefurnaceon SL-J. Severalperitecticreactionsare
apparentlyinvolved in whichsolid 1plusaliquid reactsto form solid2. This meansthat
solid 1mustdiffusethroughtheliquid to reachtheforming solid2. Becauseof the
variousdensitydifferences,thisscenariois difficult to arrangein normalgravity. The
materialwassuccessfullymelted,but largebubblesin themelt interferedwith thegrowth
processandtheresultsareinconclusive.

Liquid Phase Epitaxial Growth

As discussed previously, there are advantages to growing systems with high melting

temperatures from a solution in which one on the metal components acts as a solvent.

Suzuki, Kodama, and Ueda (Space Technology Corporation, Tokyo) developed a unique

method for growing GaAs from Ga which they demonstrated on SL-J. The Ga doped
with Sn was enclosed in a cube whose sides were single crystal wafers of intrinsic GaAs

with different orientations. When the system was heated, some of the GaAs dissolved in

the molten Ga and then redeposited as Sn-doped GaAs when the system was cooled back

to ambient. Since there were no free surfaces, Marangoni convection was eliminated and

the liquid phase epitaxial growth could be studied in the absence of convective flows.

The growth on the top wafers was thicker than on the bottom wafers in 1-g and was
uniform and thicker in microgravity. The surface morphology of the upper wafers was

much rougher than the bottom wafers in the ground control while the flight samples were

generally smoother, an effect that must be due solely to convective flows, n general,

growth on (111) surfaces was somewhat thicker than on (100) faces. There was no
difference in the normalized depth distribution of the dopant atoms. Type II striations,

which arise from macrostep propagation, are seen in both flight and ground control

sample, but are distinctly different. In the flight samples, the striations are thin and run

parallel to the growth surface; whereas, the striations pass through the growth layer.

Crystal Growth from the Vapor

For materials that lend themselves to physical or chemical vapor transport, growth from

the vapor offers some attractive alternatives to growth from the melt. Growth can take

place at temperatures considerably lower than the melting point, thus avoiding some of

the higher temperature problems associated with melt growth. Gravity-driven convection

will definitely influence the growth process, perhaps in ways that are not yet completely

understood or appreciated. For example, Rosenberger has shown that compositional

gradients arising from the interaction of multicomponent systems with any vertical wall

will always result in horizontal density gradients which produce buoyancy-driven
convective flows. Convective transport is governed by the product of the Grashof and the

Schmidt number. The Grashof number is directly proportional to gravity and measures

the convective flow. The Schmidt number, which is the ratio of kinematic viscosity to

chemical diffusivity, can be as high as several thousand for melt growth systems, but is

-1 for a typical vapor growth process. Therefore, diffusion limited growth conditions
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canbeobtainedunderfar lessstringentaccelerationconditionsthanthoserequiredfor
melt growth.

For materialsthatlendthemselvesto physicalorchemicalvaportransport,growth from
thevaporofferssomeattractivealternativesto growthfrom themelt. Growthcantake
placeattemperaturesconsiderablylower thanthemeltingpoint, thusavoidingsomeof
thehighertemperatureproblemsassociatedwith meltgrowth. Gravity-drivenconvection
will definitely influencethegrowthprocess,perhapsinwaysthatarenotyet completely
understoodor appreciated.For example,Rosenbergerhasshownthat compositional
gradientsarisingfrom theinteractionof multicomponentsystemswith anyvertical wall
will alwaysresultin horizontaldensitygradientswhichproducebuoyancy-driven
convectiveflows15. However,sincetheSchmidtnumberscharacteristicof thevapor
growthprocessare-1, diffusion limited growthconditionscanbeobtainedunderfar less
stringentaccelerationconditionsthanthoserequiredfor meltgrowth.

SeveralvaporcrystalgrowthexperimentsontheShuttlehaveproducedprovocative
resultsthatarenotat all understood.Forexample,onOSTA-2,Wiedemeier(Rensselaer
PolytechnicInstitute)grewunseededGeSecrystalsby closedtubephysicalvapor
transport usingtheGeneralPurposeRocketFurnacethatwasdevelopedfor theSPAR
suborbitalprogram.Thetwo growthampoulescontaineddifferentpressuresof Xe which
servedasabuffer in thetransportsincetheprimarypurposeof theexperimentwasto
understandthevaportransportprocesswithouttheeffectsof gravity. In theground
controlexperiment,manysmallcrystallitesformedacrustinsidethegrowth ampouleat
thecold end. Theflight experimentproduceddramaticallydifferentresults;thecrystals
apparentlynucleatedawayfrom thewallsandgrewasthinplateletswhicheventually
becameentwinedwith oneanother,forming awebthatwaslooselycontainedby the
ampoule.Evenmorestrikingwastheappearanceof thesurfacesof thespace-grown
crystals.Theseweremirror-like andalmostfeatureless,exhibitingonly afew widely
spacedgrowthterraces.By contrast,thecrystallitesin thegroundcontrolexperiments
conductedunderidenticalthermalconditionshadmanypitsandirregular,closelyspaced
growthterraces.TheexperimentwasrepeatedduringtheD-1 missionusingtwo
additionalpressuresof Xe in orderto addadditionalpointsto thetransportvs.pressure
curve. Theunusualmorphologyof thespacegrowncrystalwasalsoseenon this flight.

Additionalvaporgrowthexperimentswascarriedoutby WiedemeieronUSML-1 and
onUSML-2 in whichHg0.aCd0.6Tewasgrownepitaxiallyon (100)CdTesubstratesby
closed-tubechemicalvapordepositionusingHgI2asthetransportagent.Considerable
improvementsin theUSML-1 flight sampleswereobservedin termsof surface
morphology,chemicalmicrohomogeneity,andcrystallineperfection. The surfacesof the
groundcontrolsampleshadawavystep-terracestructure,whereastheflight samples
weremirror smoothsuchthatgrowthstepscouldnotberesolvedat 500x. Compositional
differenceswere2- 3timessmallerin theflight sample.Rockingcurvewidthsof the
space-grownepitaxiallayerswere90-120arcseconds,lessthanhalf thegroundcontrol
andequalor lessthanthebestepitaxiallayersgrownonthegroundby theMOCVD
technique.Theseimprovementswereattributedto thesensitivityof theHgl_xCdxTe-
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HgI2vaportransportsystemto minutefluid dynamicdisturbancesthat areunavoidablein
normalgravity.

Theprimaryobjectiveof theUSML-2 experimentwasto measuretheeffectof
microgravityon theinitial epitaxialgrowthprocess;effectsthathadbeenannealedout
duringthegrowth in theUSML-1 experiment.Consequently,thegrowthtimeswere
muchshorteronUSML-2 sothatthetransitionfrom theinitial growthislandsto
epitaxiallayerscouldbeobservedalongwith thepropagationof birth defectsfrom the
interfaceto theepitaxiallayer. Inspectionof thegrowthislandson theflight sample
revealedwell-developedfacesandfacetsindicatingahigherdegreeof orderthanthe
groundcontrolwhich wasconfirmedby theirmeasuredetchpit densitiesthat were50
timeslower.

Mercuriciodide(HgI2) formsalayeredstructure,similar to graphite,in which theA-B
planesarebondedby vanderWaalsforces. Consequently,thecrystallinestructureis
very weak,especiallyatthegrowthtemperature,andit wasthoughtthat theperformance
of thematerialasaroomtemperaturenuclearspectrometermightbelimited by defects
causedby self-deformationduringthegrowthprocess.SchneppleandvandenBerg
(EG&G Corporation)grewmercuriciodidecrystalswereby physicalvaportransporton
Spacelab3. Their growthtechniquewassimilar to themethodusedby EG&G to grow
this materialcommercially. A seedwasplacedonatemperaturecontrolledpedestaland
wassurroundedby acontainerwhosewallshadbeencoatedwith thesourcematerial. A
smalltemperaturedifferencewasmaintainedbetweenthewalls andtheseedto drive the
growthprocess.

It waspossibleto increasethegrowthrateonSpacelab3to morethantwice therateon
thegroundwithoutspuriousnucleation.Thespace-growncrystalwas1.2x 1.2x 0.8cm
andweighed7.2grams. It exhibitedsharp,well-formedfacetsindicatinggoodinternal
order. Thiswasconfirmedby T-rayrockingcurveswhichshowedasinglepeakand
wereapproximatelyonethird thewidth of themulti-peakedcurvesfrom theground
controlcrystals;howevertherewasstill evidenceof latticestrainin theflight sample.
Measurementsjust aftertheflight showedthatbothelectronandhole mobility were
significantlyenhancedin theflight crystal,although,for reasonsthatarenotclear,these
valuesdecreasedaftersometime. Iswasspeculatedthatthis degradationmaybearesult
of handlingthis extremelysoftmaterial.

Theexperimentwasrepeatedon IML-1 with similar results.This time therocking
curveson theflight crystalweresharperandmoresymmetric,although,in onearea,a
secondpeakwasobservedwhich indicatedtwo domainsmisorientedby 0.1degree.
Againtheelectronmobility andIxx product (product of mobility and carrier lifetime)

showed slight improvement over the ground, while a dramatic improvement was seen for

the hole mobility and hole Ix x product. It is still not understood whether the improved

quality of the flight crystals was due to the elimination of the weight of the crystal during

its growth, or to the diffusion-controlled transport conditions that produced a more

uniform growth environment.
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Cadoret(UniversiteBlaisePascal,Aubiere,France)alsogrewHgI2 on SL-1 and on IML-

1. On SL-1, he used an unseeded closed tube physical vapor transport technique. Three

growth ampoules were prepared, one was under high vacuum, one contained 0.1 Torr Ar

as a buffer gas, and the third contained styrene to poison one of the growth faced in order

to promote growth of flat platelets. Larger single crystals were obtained in space as

opposed to smaller polycrystals in the ground control. A seeded technique was used on

the IML-1 experiment with highly purified material supplied by EG&G. The space-

grown crystal exhibited flat, well-defined faces an produces a rocking curve with a

FWHM 0.04 °. The ground control crystal was quite irregular in shape and was of such

poor quality that a rocking curve could not be obtained.

On the D-1 mission, Bruder, Dian, and Nitsche (University of Freiburg) grew a CdTe

crystal from the vapor phase by closed tube sublimation/condensation by placing the

source material in the focus of the monoellipsoidal mirror furnace and heated it to about

880 degrees Celsius. The heat flow in the ampoule was modified by a tight fitting Ni net

on the outside to give a slightly convex shape to the growth interface to prevent parasitic

nucleation. Unfortunately, the seed quality in the flight sample turned out to be much

poorer than the ground control so that a meaningful comparison could not be made. The

large etch pit density in the material near the seed did diminish somewhat as the growth

of the flight sample progressed, but did not reach the lower value of the ground control.

Using the 3-zone Gradient Heating Facility on D-1, Launay (Universite Bordeaux) grew

Ge by closed tube chemical vapor transport with GeI4 as the transport agent.

Polycrystalline Ge was located at the hot and cold zones and a single crystal substrate

was attached to a wall at an intermediate temperature. There ampoules with different

transport gas pressures were processed simultaneously to obtain the mass flux as a

function of transport gas. These results were in good agreement with a one-dimensional

model assuming purely diffusive transport. The quality of the epitaxial layers grown in

space is much higher than those made on earth. On earth the layers exhibit a multitude of

little holes on the surface, whereas the flight layers were smooth.

Kimura, Nishimura, and Ono (Space Technology Corporation, Tokyo) with Takayami

(Mitsubishi Corporation, Tokyo) grew InP during the D-2 mission using a closed tube

chemical vapor transport using InC13 as the transport agent. The grown layer is doped

with S while the substrate is doped with Fe so that the layers will be distinguishable.

Rocking curves for the both the space and ground control epi-layers showed single peaks,

signifying that the were single crystalline, although the FWHM of the space sample was

slightly wider than the ground control, which was also slightly wider than the substrate.

This would indicate slightly more lattice strain in the layer grown in microgravity. The

transport rate increased linearly with pressure of the transport gas in the ground control

experiments, but started to fall off to a constant value for the flight experiments, which

would be expected for diffusion controlled transport. The thickness of the epilayers

varied considerably in the ground control samples which were much thicker in the center

and thinned rapidly near the periphery of the substrate. The flight samples, on the other

hand, were uniformly coated.
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Crystal Growth from Solution

Co-deposition Growth

Galster and Nielson used a three chamber method to grow calcium tartrate and calcium

carbonate crystals from solution on SL-1. Solutions in the outer chambers are allowed to

interdiffuse through a buffer in the middle chamber where they react to form the crystal

as a coprecipitate. An attempt was also made to grow TTF-TCNQ, an organic

conductor, but the growth solution deteriorated before the experiment was activated. No

information on the quality of the crystals was given.

Authier, Lefaucheux, and Robert (Universite P and M Curie, Paris) grew brushite

(CaHPO4.2H20)and lead monite (PbHPO4) crystals on SL-1 using a similar method. The

space grown crystals were analyzed by X-ray topography and were found to be of

comparable quality to those grown on the ground using gels to control convection.

On IML-1, Kanbayashi (NASDA) and Anzai (Himeji Institute of Technology) grew an

organic charge transfer complex by diffusing donor and acceptor starting materials into a
central chamber containing a suitable solvent, similar to the method used in the above

experiments. One growth apparatus was mounted to a passive vibration damper to see if

g-jitter affected the growth of the system. By shortening the distance over which

diffusion must occur and using more concentrated solutions, they reported that they were

able to grow a crystal in space in one week that would take three months on the ground.

Their space and ground control crystals were comparable, although the space crystal

grown with the vibration damper was somewhat fatter. Electron spin resonance showed

that the space and ground crystal had the same electronic structure in which free electrons
existed in a narrow conduction band. Both space and ground crystals had a

superconductivity transition at 1.2K under 7 kilobars applied pressure.

Anzi also attempted to grow TTF-TCNQ by the same technique on SL-J, but no crystals

formed because of technical difficulties.

Controlled Nucleation

Controlling nucleation in microgravity experiments presents several difficulties. Cooling

a solution into saturation usually results in nucleation at the walls. Inserting a seed

generally caused the propagation of defects into the growing crystal (ghost of the seed).

Using the glovebox on USML-1, Kroes, Lehoczky, and Reiss (NASA MSFC)

demonstrated a novel method for initiating and controlling nucleation in solution crystal

growth. A hot concentrated solution of L-Arginine Phosphate Monohydrate

(CtH14N402H3PO4.H20) or LAP was injected into a cooler lightly saturated solution of the

same. Copious nucleation resulted as the warmer solution cooled. Most of the crystals

drifted to the walls under the influence of residual gravity. A few of the crystals

remained suspended and grew to as large as 3 x 5 x 0.5 mm.
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Cooled Sting Growth

Triglycene sulfate TGS is a long wavelength pyroelectric infrared detector material. Lal

(Alabama A&M University) grew TGS crystals on Spacelab 3 and on IML-1 using a

novel cooled-sting approach. The seed crystal is mounted on a small pedestal through

which a heat pipe can extract heat from the crystal using a thermoelectric device. Thus

the bulk growth solution can be held at near saturation while the fluid at the growth

interface is driven to supersaturation required for growth by extracting heat through the

crystal. This technique eliminated the spurious nucleation within the growth cell which

had plagued many of the earlier attempts to grow crystals from aqueous solution in

microgravity. By growing under diffusion controlled transport conditions, it was hoped to

avoid liquid/vapor inclusions. These are the most common types of defects in crystals

grown from solution and are believed to be caused by the nonuniform growth conditions

resulting from convective flows.

On SL-3, an oriented seed was cut from an Earth-grown TGS crystal. Irregular growth

occurred primarily around the perimeter of the seed, which made it difficult to analyze.

An improved seeding technique was used on IML-1 which produced a much more

uniform region of new growth. In normal gravity, good crystal can be grown on the (100)

face, but growth on the (010) tends to be non-uniform and multi-faceted. However,

uniform growth was achieved on the (010) seed used in the IML-1 flight. In order to

grow sufficient material to analyze during the mission, an undercooling of 4°C was used

to promote faster growth (-1.6 mm/day). Despite this accelerated growth, the quality of

the crystal was exceptionally good. There was a smooth transition from seed to new

growth without the veil of dislocations surrounding the seed crystal ("ghost of the seed"),

which is normally seen when crystals on seeded on the ground. The TGS crystal grown

on the IML-1 mission was examined with high resolution monochromatic synchrotron X-

radiation diffraction imaging using the National Synchrotron Light source at Brookhaven

National Laboratory. The X-ray topographic images indicate an extraordinary crystal

quality. The only inclusions are due to the incorporation of polystyrene particles

intentionally inserted in the growth solution to study the fluid motion in low-g. The

detectivity (D*) of the space grown crystal was found to be significantly higher than the

seed crystal and the loss tangent was reduced from 0.12-0.18 for the seed to 0.007 for the

space grown material.

The growth of these crystals was monitored by periodically taking shadowgrams,

Schlieren photographs, and holograms of the growing crystal and its surrounding

medium. The concentration profiles could be visualized from the shadowgraphs and

Schlieren images, and determined quantitatively from the reconstructed holograms.

These graphic images confirmed that the concentration field was purely diffusion-limited

and inspired some of the protein crystallographers to try growing their protein systems in

space. Small polystyrene marker particles were added to the growth solution on the IML-

1 flight to visualize whatever flows might exist as a results of residual accelerations.
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Growth of Zeolites

Zeolites are a class of crystalline aluminosilicate materials that form the backbone of the

chemical process industry worldwide. They are used primarily as adsorbents and

catalysts. One of their most important roles is that of a "cracking" catalyst in the

petroleum industry. New applications for zeolites include selective membranes, chemical

sensors, polymer-zeolite composites, and molecular electronics. For these reasons, this is

an intensive interest in obtaining a better understanding of how they nucleate and grow

with the aim of being able to tailor their structure for specific applications.

Various forms of zeolite crystals, including zeolite-A, X, Beta, and Silicalite were grown

by Sacco (Worcester Polytechnic Institute) on USML-1 and -2 with the aim of getting

larger and more uniform crystals. In general, the crystals grown in space with nucleation

control grew 10 to 25% larger in linear dimension than their ground controls. The zeolite-

X crystals grown on USML-2 were 25 to 50% larger than their ground controls and twice

as large as grown on USML-1. For the most part, the flight samples had higher Si/A1

ratios than did their control samples and one of the A crystals exhibited the theoretical Si

/A1 ratio of 1.00, which not been seen before. Space-grown Beta crystals were free of line

defects that are common in those grown on the ground. X-ray diffraction studies

indicated slightly smaller unit cell volumes, which indicates fewer defects. A comparison

of the catalytic activity of the space and ground-grown crystals has not yet been

published in the open literature.

Thermophysical Properties Measurements

Anyone attempting to model solidification processes will soon find that reliable

thermophysical property data, especially data on transport properties such as diffusion

coefficients and thermal diffusivity for molten systems, are difficult to come by.

Generally such measurements are made in thin capillary tubes to minimize the effects of

convective transport, but any attempt to measure such transport properties on Earth will

always be contaminated to some degree by buoyancy driven convective flows.

Furthermore, a simple demonstration experiment by the crew on Skylab, in which they

layered strong tea and clear water into a plastic toothbrush holder, showed a bullet-like

diffusion region between the tea and water instead of the expected planar diffusion front.

This observation suggested that wall effects may influence to diffusion of one component

into another and raised the specter that much of the diffusion data that had been taken in

capillary tubes may also be in error.

Measurement of Diffusion Coefficients

On Spacelab-1, Frohberg, Kraatz, and Wever (Institut Fur Metallforschung Technische

Universit_it Berlin) measured the interdiffusion coefficient of Sn 112and Sn TM over a

temperature range of 240°C to 1250°C. The diffusion coefficients measured on the

ground were 30-50% higher than those measured in space, which they attribute to

convective transport. Results in a 3 mm dia. cell were indistinguishable from those in a 1
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mm dia.cell, indicatingthat wall effects were not significant. The precision with which

the interdiffusion coefficient could be determined from the space data was 50 times

better than the ground-based data. Which this higher precision, the isotope effect could

easily be measured. An unexpected result was the fact that the space data seemed to

follow a T 2 law rather than an Arhenius law, typical of diffusion in solids. This departure

from the classical vacancy diffusion law for solids may shed new light on the structure of

liquid metals. They followed this experiment with measurement of interdiffusion of In H3

and Sn at different temperatures on D-1. Again they found that the diffusion coefficient

followed a T 2 dependence.

The finding that the diffusion coefficient seems to follow a T 2 law in the liquid metallic

systems investigated on Spacelab-1 and D-1 raised a number on interesting issues. Does

this law apply to all liquid metals? What happens in the undercooled or glassy state?
Where does transition to the solid Arhenius-like behavior occur? Does the T 2 law also

apply to diffusion in aqueous solutions? A group of diffusion experiments were planned

for the D-2 mission to address these questions.

Frohberg et al. looked for possible deviations from the T 2 law in systems that had low

coordination numbers or those that tended to form associates. The argument was that if

the glass forming metals followed an Arhenius behavior in the glassy state, there might

be some deviation from the T 2 law at the lower temperatures. Consequently, they choose

to measure self-diffusion in Pb, Sb, and In and for impurity diffusion for In in Sn and for

Sn in In. They found no significant deviation from the T 2 law for any of these systems.

Richter and Merkens (RWTH, Aachen) developed a flowing junction cell for the

measurement of diffusion coefficients using a Savart Interferometer which they had

tested on TEXUS 8. They attempted to use this cell on the D-1 mission to measure the

interdiffusion of NaNO3-AgNO3, but technical difficulties prevented them from being

able to locate the phase boundary of the molten system.

Merkens, Richter, Golbach, Jurek, Klessascheck (RWTH, Aachen) next attempted to

measure the ionic diffusion in the molten KNO3-AgNO3 eutectic salt system at 5 different

temperatures ranging from 150°C to 330°C using real time holography. The molten salts

were injected into a flow cell for each run. Unfortunately, bubble in the melt made it

difficult to extract the holographic data and, consequently, diffusion coefficients at only

two temperatures were obtained. These values were substantially lower than ground

based measurements, again demonstrating the necessity of making this type of

measurement in space, but it was not possible to test the T 2 law for salt systems with only

two datum points.

Robert, Lefaucheux, and Bernard (P&M Curie University, Paris) measured the diffusion

coefficients of aqueous solutions of glycine, valine, and lead nitrate at three different

concentrations on the D-2 mission using real time optical holography. The experiment

was activated by pulling out a thin metal sheet that separated the portion of the cell

containing the solute from the pure solvent portion. In all cases the diffusion coefficients

became smaller with increasing concentration. For valine and glycine the diffusion
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coefficientsmeasuredin flight wereslightlyhigherthanthegroundco.ntrol,but for lead
nitrate,thespacevaluewastwiceashigh asthegroundcontrol. This latereffectwas
unexpectedandis still beinginvestigated.It ispossiblethatthefluid motionimpartedby
removingthesheetseparatingthetwochambersproducedunwantedmixing in theflight
sample.Suchmixing wouldhavebeensuppressedin thegroundcontrol experiment
becauseof the largestabilizingdensitydifferencebetweenthetwo liquids.

UrbanekandHehenkampinvestigatedthediffusionof Ni in moltenCu,Cu-A1andCu-
Au. A singlecrystalof Ni wasdiffusionbondedto theCualloysandthemelt washeldat
1150°Csothat theNi remainedsolid. Thiswasdoneto assureaplanediffusion front at
theNi source.TheNi thatdissolvedinto theCualloymelt wasallowedto diffuse
throughthe sampleuntil it wasquenched.Thedistributionof Ni wasdeterminedby
electronmicroprobetracing. Themeasureddiffusioncoefficientsagainwere
significantlylower thanthosemeasuredon theground.However,theisoconcentration
profilesshowmoreNi in themiddleof theCuandCu-Agalloysandtheinterface
betweentheNi singlecrystalandthemeltshowsabulgein themiddle. This suggests
thatconvectiveflows musthaveoccurredalongtheoutersurfaceof themelt towardthe
Ni interfacewith areturnflow throughthecoreof thesample.This typeof behavior
wouldbeexpectedof Marangoniflows, exceptthat,in thiscase,thesamplehadbeen
coatedwith a200micronthick layerof aluminaskin thathadremainedintact. The
possibilityof secondorderMarangoniflows thatcanoccurwithoutafreesurfacehas
beenspeculated,but nosuchflowshaveeverbeenobserveddirectly.

A follow-on experimentto measureself-diffusionin moltenSnatfive temperaturesup to
1622KwascarriedoutonMSL-1by Itami et al.(HokkaidoUniversity) SnTM was used as

a tracer and its distribution was determined by SIMS. They found that the diffusion

coefficient varied as T TM for their data and T TM for all microgravity data.

Using a combination of rocket experiments along with an experiment on MLS-1, Uchida

et al. (Ishikawajima Heavy Industry, Inc. Ltd.) measured the diffusion of Pb0.sSno.2Te-

Pb0.TSno.3Te over a temperature range of 1223K (melting) to 1573K. This composition is

of interest as an infrared detector material, but it is difficult to grow by directional

solidification because it is subject to double diffusive instabilities. Consequently, the

diffusion coefficient had not previously been determined. Their combined set of

experiments determined an expression D = 6.7x10 9 (T/Tmelt) 26 m 2/s.

Yoda, Masaki, and Oda (NASDA) measured the diffusion coefficient of Sn as a function

of temperature on SL-J and on MSL-1R. Their results fall right on the same curve as

Frohberg's data.

However, on SL-J, Yamamura, Yoda, Ohida, and Masaki (Tohoku University) doped

LiC1-KC1 eutectic with a trace quantity of AgCI and measured the diffusion of Ag+ using

an electropotential method over a temperature range of 640K to 860K. Their data

seemed to follow an Arhenius curve.
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Dan andMuramatsu(NationalResearchInstitutefor Metals,Japan)attemptedto measure
theinterdiffusionof Ag andAu onSL-J. However,thesampleappearedto havebeen
convectivelymixedby Marangoniconvection.

OnSL-1Braedt,Braetsch,andFrischat(TechnischeUniversitat, Clausthal,Germany)
measuredthe interdiffusionbetweenNa20-3SiO2andRb20-3SiO2glassmelts. The
sampleconsistedof stackedcylindersof glasseshavingdifferentcompositionsandwere
heatedto 1180°Cwith aneffectiveprocessingtimeof 1370seconds.Theconcentration
profileswereobtainedusinganelectronmicroprobe.The microgravitysamples
exhibitedconcentrationprofilerparallelto theoriginal interface,while thegroundcontrol
sampleshadwavyprofiles indicativeof convectiveflows. Theinterdiffusioncoefficient
at 1180°Cfits theArheniusplot with theresultsof TEXUSmissionsandgroundbased
resultsat lower temperatures.

Theremovableof bubblefrom aviscousglassis difficult enoughonEarth,but becomesa
majorproblemin micro-gravitywithouttheassistanceof buoyancyforces. For this
reason,it is necessaryto measurediffusioncoefficientsof gassesin glassmelts. During
theD-2 missionJeschkeandFrischat(TechnischeUniversitat, Clausthal,Germany)
measuredthediffusionof He in amodelglasssystemby observingtheshrinkageof a
preformedHebubblein acylindricalglasssampleasit washeatedto 1100°C.

Thermodiffusion,sometimescalledtheSoreteffector theLudwig effect,resultsfrom the
migrationof atomsof differentspeciesin athermalgradient. Oneof thetechniquesused
for isotopeseparationis basedon thisprinciple. It canalsobeimportantin the
solidificationof multicomponentalloysby shiftingthecompositionatthe interfaceasthe
solidificationproceeds,althoughin mostEarth-basedprocesses,theeffectof thermal
migrationis completelyoverwhelmedby convectionandit is generallyignored.
However,theeffectmayhavebeenresponsiblefor shifting thecompositionawayfrom
theeutecticpoint in severalmicrogravityeutecticsolidificationexperiments.

MalmejacandPraizey(CENG,Grenoble)demonstratedtheeffectivenessof
microgravityfor measuringthermodiffusion(Soreteffect) onSpacelab-1.Theyloaded
Snwith0.04Wt% Co into zirconiashearcellsandsubjectedthemto a 200K/cmthermal
gradientfor six hours.A graphitepistonkeptthemelt in contactwith thewalls to prevent
unwantedMarangoniconvection.Thecellswerethenshearedinto 6 segmentswhich
wereanalyzedfor Coconcentrationby neutronactivation. Similarcellswereprocessed
in athermallystableconfiguration(hot overcold)on theground.Theflight sampleshad
two timeasmuchCo in thehotendasin thecold end;whereasthegroundcontrol
samplesshowedaconstantCoconcentrationthroughout.Fromtheflight samples,the
investigatorswereableto determinetheheatsof transportandtheSoretcoefficientsfor
boththeCo in Snandfor thedifferent isotopesof Sn. A follow-on experimentonD-1
confirmedtheisotopicheatof transportfor Snandobtainedtheheatof transportfor Ag_°9
andfor Bi2°9in Sn.

BertandDupuy-Philon(MatkriauxUniversit6ClaudeBernard, Lyon)investigatedthe
thermomigrationof theAg+ and K- ions in the molten salt system, AgIx-KI_.x near the
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eutecticcompositiononD-I andD-2by potentialdifferencebetweenelectrodesatthehot
andcold endsof thesample.Thismeasurementsis thenrelatedto theSoretcoefficient.
TheSoretwasmuchsmallerthananticipatedsothattheD-1experimentcouldonly
determinethattheSoretcoefficientispositive(theheavierAgI migratedto thecold side
of thecell). Thelongerdurationof theD-2 experimentpermittedthefirst accurate
measurementsof theSoretcoefficientfor this system.

UndercoolingExperiments

The equilibrium melting (freezing) point is the temperature at which there is no

difference between the free energy of the melt and solid, thus a solid can remain in

equilibrium with its melt at this temperature indefinitely. A solid will began to melt as its

temperature is raised to the equilibrium melting point, but a melt will not began to freeze

at this temperature. The interfacial energy between the embryonic solid and the liquid

must somehow be found. This required energy is proportional to the interfacial area, or

the square of the radius of the solid, assuming it is a sphere. However, the tighter binding

energy of the solid, which is proportional to the cube of its radius, can lower the free

energy. According to this elementary model of nucleation, the free energy of a potential

nucleus initially increases with size because of the extra interfacial energy, but eventually

decreases with size due to the increased solid bond formation. Therefore, there is a

critical size for a viable nucleus and a free energy barrier that must be overcome to form

a viable nucleus. Near the equilibrium melting point, atoms or molecules in the liquid

start to form clusters, which are broken up by thermal agitation. As the temperature is

lowered below the freezing point these clusters can grow larger before they are broken up

by thermal agitation. The probability that a sufficient number of particles will come

together to form a viable cluster before it is broken up by thermal agitation increases with

decreasing temperature. If there are solid surfaces present, especially if they are

crystalline in nature, they offer a low energy nucleation site and the solid can form by

heterogeneous nucleation at temperatures close to equilibrium melting temperature, or

with very little undercooling. If there are no low energy nucleation sites, the melt will

continue to undercool until it nucleates homogeneously. Thus, if low energy nucleation

sites can be avoided, it is possible to undercool a melt by as much as 20-25% of its

absolute melting temperature. When nucleation in a undercooled melt occurs, the heat of

fusion is quickly given off heating the melt back to its equilibrium melting point, a

phenomenon known as recalescense. However, if the melt is undercooled to the point
that the heat of fusion is not sufficient to raise the temperature back to the melting point,

the melt is said to be hypercooled.

In recent years, great deal of attention has been given to rapid solidification processing.

If the heat can be removed rapidly enough so that the atoms in the melt simply do not

have time to arrange themselves into orderly crystalline form, they more-or-less become

frozen in place. Such processing has led to amorphous or glassy metals, quasi-crystals

with 5-fold symmetry, and a variety of non-equilibrium phases, some with interesting

properties such as the niobium based A-15 superconductors. The ability to form

metastable phases is greatly enhanced by starting with a deeply undercooled melt.
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Therefore,thereis agreatneedto understandthepropertiesof meltsin theundercooled
state.

Thereareessentiallytwo waysto eliminatethe low energynucleationsites;eliminate
physicalcontactwith themelt,or encasethemelt in anamorphous,non-reactingflux.
The latter has been demonstrated by Whittmann, Gillessen, Otto, and Roestel (DLD,

Koln) on D-2. By suspending melts in B203, they were able to undercool eutectic Ag-Ge

by 100K below its melting point of 924K and Fe -22Wt% Ni was undercooled by 392K,

into the hypercooling regime. When this system is undercooled, the _5-ferrite phase is

nucleated first. However, during recalescence, the released heat of fusion brings the

undercooled melt back to the melting temperature and the 7-austenitic phases forms.

However, when hypercooled, as was the case here, some of the original d-phase is
retained.

Free falling droplets in drop tubes have been deeply undercooled, but it is difficult to

measure the thermophysical properties of a falling drop. An orbiting spacecraft provides

an opportunity to study a free falling drop, but because the drop and the spacecraft do not

fall at exactly the same rates, a small non-contacting body force is required to keep the

droplet in position. Non-contacting positioning forces can be electrostatic,

electromagnetic, acoustic, or aerodynamic.

Electromagnetic position is particularly suited for the study of undercooled metallic

melts in space. While it is possible to levitate metallic melts in normal gravity, the

sample becomes distorted to the point that it is not possible to obtain surface tension and

viscosity data from drop oscillation and measuring volume changes with temperature

becomes difficult. Also, the heat input from the induced currents required for levitation

interfere with the undercooling of the sample. These difficulties are avoided in a

microgravity environment.

An early attempt to use electromagnetic levitation to study undercooling on orbit was

made on MSL-2 using a modified version of the EM levitator developed for use on the

SPAR suborbital rocket program, prior to the time the Shuttle became operational.

Flemings (MIT) provided 6 samples but a coolant loop problem prevent useful data from

being attained.

The TEMPUS facility was developed by the Institute for Space Simulation, Cologne,

Germany. It uses a quadrapole coil for positioning and a dipole coil for heating. Since

very small positioning forces are required in a microgravity environment,

electromagnetic-driven flows for positioning can be minimized. The sample chamber can

be evacuated, or backfilled with an inert gas to suppress evaporation of samples with high

vapor pressure. The system was first flown on the IML-2 mission. Unfortunately, most

of the samples had gotten contaminated during their preflight storage and could not yield

the desired thermophysical data. Also, some positioning instabilities were discovered.

As a result, the facility was reworked and was reflown on the MLS-1 and MLS-1R

flights.
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Egry,Lohoefer,Seyhan,andFeuerbacher(DLR,Koln) measuredtheviscosityand
surfacetensionof two alloys,CosoPd20 and PdTaCU6Si16. The first was chosen because it

has a low viscosity and deeply undercools; the second is a good glass former and

consequently has a high viscosity. Surface tension is obtained by pulsing the positioning

coils to cause the drop to oscillate. The frequency of oscillation is related to the mass and

surface tension by Rayleigh's formula and the viscosity can be obtained by the rate of

decay of the oscillations. (Since Rayleigh's formula only applies to spherical drops, this
method cannot be used with the distorted melts levitated in normal gravity.) Egry was

able to run 30 heating and cooling cycles on the CosoPd20 alloy, undercoolings as much as

350K were obtained, well into the hypercooling regime. The surface tension was found

to decrease linearly with temperature while the viscosity follows an Arhenius behavior.

The eutectic point of the PdTaCu6Si16 alloy was used to calibrate the pyrometer. The

addition of Cu supposedly improves the glass forming ability of this system, but lowers

the amount of undercooling that can be achieved to about 70 K, probably to the formation

of CuO on the surface. This also may be responsible for the increased scatter in the

surface tension and viscosity data. The surface tension again is seen to decline linearly

with increasing temperature, but' the scatter in the viscosity is such that no distinction can

be made between Arhenius, Vogel-Fulcher, or power law behavior.

The changing resistivity of the sample with temperature changes the inductance of the

TEMPUS heating coil, thus by measuring the voltage, current, and phase of the heating

current, resistivity could be inferred. Calibration to obtain the coil constants was done

with samples of known resistivity. The resistivity of the CosoPd20 alloy was found to
increase linearly with temperature in both the solid and liquid state, but with a higher

value and slightly higher slope in the case of the liquid.

Solid CosoPd2o is a good ferromagnet with a Curie temperature of 1250 K. The measured

inductance in both solid and undercooled melt exhibited a dramatic change when cooled

below 1360 K with a sharp increase at 1250K. This increase was interpreted as magnetic

ordering. There had been speculation as to whether a ferromagnet could exist in the

liquid state. There appears to be no fundamental reason to believe that it could not; its

just that the Currie temperature of every known magnetic material happens to lie below
its melting point. This is the first evidence suggesting that ferromagnetism does indeed

exist in the liquid state.

In order to estimate the nucleation probability, and thus the cooling rate required to form

a metallic glass, it is necessary to know the difference in the Gibbs free energy between

the solid and the liquid state as well as the viscosity and the interfacial energy. The

Gibbs free energy is the sum of the enthalpy of the liquid plus the product of the entropy

of fusion and temperature. The enthalpy of the liquid can be obtained by integrating over

the heat capacity of the liquid.

Fecht (Universitat Ulm) and Johnson (California Institute of Technology.) developed a
non-contact method for measuring the heat capacity, thermal conductivity, and total

hemisphere emissivity of a small spherical sample using A.C. calorimetry. The heating
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field is modulatedat frequenciesrangingfrom0.05 Hz to 0.2 Hz. The heat capacity is

related to a correlation function of modulation frequency, the internal (heat up) relaxation

time, and the external (heat loss) relaxation time. Also, thermal expansion and volume

change on melting can be determined by direct observation of the suspended drop.

This technique was applied by Fecht and Wunderlich (TU Berlin) to two glass-forming

alloys, Zr65A17.sCulT._Nilo and Zr6oAll0Cu_sNigC03. The Zr65A17.sCulT.sNilo system exhibited

an large increase in heat capacity near the glass transition temperature, which was not

seen in the other system. This anomalous behavior is thought to be associated with some

liquid structure and is still being investigated. Also, the ratio of thermal conductivity to

electrical conductivity in the crystalline Zr65AlT.sCulT.sNilo system follows the

Wiedemann-Franz law, but the measured thermal conductivity in the undercooled state

was significantly higher. This departure could be a result of flows from electromagnetic

stirring, although the viscosity in this temperature range is so high that it cannot be

measured by the drop oscillation method.

Johnson, Lee, and Glade (California Institute of Technology) carried out similar

investigations on Zr57 NbsNilz6Alt0Cu_5.4 and Ti34ZrllAlT.sCu47Nis. They also find a strong

increase in heat capacity with undercooling. The Ti34ZrlIAIT.sCu47Ni8 sample exhibited a

large anomaly in heat capacity just above the liquidus temperature. This was thought to

be the result of a possible phase separation in the melt.

Frohberg, Roesner-Kuhn, and Kuppermann (TU Berlin) developed a real time method for

analyzing surface oscillations of liquid levitated drops based on a FFT analysis of the

temperature-time signal and applied this technique to the measurement of the surface

tension of pure zirconium, several stainless steel alloys, and glass forming alloys

ZrllTi34CUaTNi 8 and Zr57Cu12.6Nils.4NdsAllo. In these glass forming alloys, the viscosity

increases so rapidly with decreasing temperature that surface oscillations cannot be

detected, thus making surface tension measurements in the undercooled state impossible.

However, measurements at higher temperatures can be used to infer surface tension in

this region. Unlike other systems in which surface tension increases an temperature is

lowered, the Zr57Cu_2.sNi_5.4NdsAl_0 system exhibits a strong decrease in surface tension

with decreasing temperature. It is speculated that this anomalous behavior may be due to

a change in the surface composition as temperature is lowered. A1 has a surface tension

near the lowest measured value and if it segregated to the surface, it would be the surface

active component.

Volume change with temperature is a basic measurement in glass formation. In most

materials (except for those that have open diamond-like structures), specific volume

decreases as the melt temperature is lowered and a sharp drop in volume is seen as the

crystalline solid is formed. As the temperature of the solid is lowered further, the volume
continues to decrease, but at a slower rate - reflecting the volumetric coefficient of

expansion for the solid. For glass formation, the nucleation of the crystalline phase must
be avoided and the melt continues to shrink in volume at the liquid rate past the normal

freezing temperature. When the glass transition temperature is reached (the point at

which the atoms or molecules no longer have sufficient thermal energy to freely move
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abouteachother)thematerialbecomesaglassysolidratherthananundercooledliquid.
This transitionis identified,notby anabruptchangein volume,butby achangein the
slopeof volumeversustemperatureto reflectavolumetriccoefficientof expansionmore
typical of a crystallinesolid.

SamwerandDamaschke(UniversitatAugsburg)developedaspecialcamerafor
measuringvolumechangesin samplesbeingprocessedin theTEMPUS. On theMSL-1R
missiontheymeasuredthevolumevs. temperatureof theglassforming alloy
ZrllTi34Cu47Ni8. They found two distinct slopes in the liquid phase; a smaller slope well
above the normal melting point, and a steeper slope beginning approximately 40°C above

melting point that continued past the melting point. The data did not extend to the glass

transition temperature because of poor contrast between the sample and the background.

Bayuzick, Hofmeister, Morton (Vanderbilt University) and Robinson (NASA MSFC)
used the TEMPUS on MSL-1R to investigate the effect of convective flows on

nucleation. The possibility of "dynamic" nucleation, perhaps the result of subcritical

embryonic clusters somehow being brought together by shearing flows to form a viable

nucleus, has been speculated, but no definitive experimental confirmation of whether or

not this is a significant factor in nucleation has been obtained. The electrostatic levitator

allows them to conduct repeated undercooling experiment on the same sample, thus

eliminating this source of variability. Their choice of materials was pure zirconium

because it has a high solubility for contaminants found in the bulk and in the high

vacuum environment and oxides, nitrides, and carbides do not form in the melt or on the

surface.

They measured the distribution of undercoolings where nucleation occurred with the

positioning coils set at the minimum power, and at the highest power. Numerical

modeling indicates that the flows are laminar at the lowest power setting with
characteristic velocities of 4 cm/s, corresponding to a Reynolds number of -200. At the

higher power setting the flows approach the transition regime. They found no significant

difference in the undercooling statistics. However, in experiments in which the heater

power had been above 220 V, they found the samples would not undercool. Based on a

computation model of Flemings and Trapaga, it believed that the flows associated with

the higher heater setting caused cavitation and that the collapse of these cavitation

bubbles cause nucleation to occur.

Flemings and Matson (MIT) investigated the phase selection process by which

undercooled Fe-Cr-Ni steels solidify. Initially the 8-ferritic phase nucleates with the

characteristic recalescence signature and starts to grow; shortly thereafter, a second

recalescence is seen as the metastable 8 phase transforms into the stable y or austenitic

phase. However, it was observed that in microgravity, the second recalescence was

delayed by a considerable amount compared to samples levitated electromagnetically on

the ground. The decreased convection in microgravity is believed to be responsible for

this delay. This investigation has led to a new growth competition model to account for

the role of convection in the phase selection in the final solid.

79



Herlach,Holland-Moritz,Kelton,Bach,andFeuerbacherattemptedto determinethe
maximumundercoolingaswell asthethermophysicalpropertiesof alloysthatform
polytetrahedralquasicrystalswith shortrangeorder. Sincethisorderis similar to whatis
believeto exist in themelt,thereshouldbealow interfacialenergybetweenthemelt and
thesolid,hencethedegreeof undercoolingshouldbe limited. Samplesof A160Cu34F%

and A165Cuz_Co_ 0 were processed in the TEMPUS facility. Unfortunately, the samples

had become contaminated and no significant undercooling was achieved.

Optical Glass Formation

Single crystals have good optical transmission, but are impractical for many applications.

Multiple reflections from grain boundaries of polycrystalline materials make them totally

unsuitable for optical applications. Therefore, glasses, which do not have grain

boundaries, are used for the vast majority of optical systems. Grain boundaries also

represent regions where there are unsatisfied bonds and therefore are more vulnerable to

chemical attack. Thus glasses also find many applications as corrosion resistant coatings
or containers.

The crystalline state has the lowest configurational energy for most materials, hence is

the equilibrium state. The amorphous or glassy state is metastable, but can exist more or

less indefinitely if the viscosity of the material is high enough to prevent the atoms from

moving into their equilibrium crystalline configuration. Good glass formers are systems

that have high viscosities near the melting point so that, if crystallites are nucleated, they

cannot grow significantly while the material is being cooled to ambient. Glass formation

can always be enhanced by rapid cooling, but there is a limit to the rate at which heat can

be removed from a system, especially from larger systems. Also rapid cooling produces

large strains in the system which can produce optical distortion and possibly cracks or
other defects.

An alternative method for enhancing glass formation is to lower the probability of

nucleation. In order for a more ordered phase to form, an ordered cluster of atoms must

first form to serve as a substrate for the ordered phase to grow on. This can occur either

spontaneously in the melt (homogeneous nucleation) or the ordered phase can

heterogeneously nucleate on a foreign solid particle or on the crucible wall. The

probability of homogeneous is extremely small near the melting point, and does not

become appreciable until the material is cooled to some 20-25% below its absolute

melting temperature. Since viscosity increases exponentially with decreasing

temperature, eliminating heterogeneous nucleation sites can greatly decrease the cooling

rate required for glass formation, and thus the ability to form glasses in systems that do

not generally form glasses. There are a number of such systems that are of potential

interest because of their extended infrared transmissivity, their electro-optical properties,
or hosts for lasers.

Braetsch and Frischat (Technische Universitaet Clausthal, Germany) investigated the

nucleation and crystallization of glasses on the D- 1 mission. Lithia-silica and Na20-B203-
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Si0 2 glasses were formed in a glassy carbon crucibles at different cooling rates. The

glasses formed in space exhibited greater homogeneity than the ground control based on

variations in refraction analysis and microprobe analysis. The difference was ascribed to

the fact that nuclei that formed at the wall were not transported to the remainder of the

melt in microgravity. The crystalline phase Li20-2SiO2 in the lithia-silica system showed

a spherulitic growth under normal gravity, whereas a dendritic growth was observed

under microgravity. In the Na20-B203-SiO2 system both micro-g and 1 g samples

displayed microstructure which could have been formed by a spinodal type phase

separation process, however, the micro-g sample was more fine-grained.

Soga (Kyoto University) heated a glass specimen contain Au particle in the Image

Furnace during the SL-J mission with the objective of obtaining the temperature-volume

relation and to analyze the flows as it melted. A large unexpected volume increase was

encountered near the glass transition temperature, bubbles formed in the specimen, and

devitrification occurred at the surface. (No further details were available.)

The ability to position and melt a sample without physical contact offers some unique

opportunities to extend the range of glass formation from ceramic systems by eliminating

potential nucleation sites that might exist on container walls. Also, many glass forming

systems are extremely corrosive in the melt and will easily become contaminated by the

crucible. Generally, such systems are not conductive enough in the melt to be levitated

and heated electromagnetically. Since they also generally require an atmosphere to

prevent loss of volatile components, acoustical levitation is an attractive choice.

However, difficulties have been encountered in attempts to use a resonance chamber,

such a the 3-axis levitator developed by JPL for the study of drop physics, when it is

necessary to operate over a wide temperature range. The single axis levitator technique,
which uses a reflector to set up a series of interference node is more tolerant of

temperature changes. It principal disadvantage is the weak radial positioning forces

which are provided by the Bernoulli effect; consequently samples are frequently lost.

The Single Axis Acoustic Levitator (SAAL), originally developed as a suborbital facility,

was flown on OSTA-2 and on D-lwith samples prepared by Ray and Day (University of

Missouri-Rolla). Technical difficulties were encountered on OSTA-2 flight and no useful

results were obtained. On the D-1 mission, 2 samples of pressed gallia-calcia powder

were successfully melted, cooled into the glassy state, and retrieved. This low viscosity

glass was formed at a much slower cooling rate (2 to 3 times slower) in space than is

possible in a crucible, which reflects the absence of low energy nucleating sites on the

levitated sample. A sample of soda-lime glass containing a large void was also deployed

with the objective of producing a concentric shell suitable for use as an inertially

confined fusion target. The sample was successfully melted and recovered, but the

bubble escaped during the process.

A more sophisticated acoustical levitator furnace was flow on SL-J. Hayakawa

(Government Industrial Research Institute, Osaka) and Makihara (Kohei Fukumi)

successfully processed a CaO-PbO-B203 sample and two gallia-calcia-germania

samples, although they reported that some bubbles remained in the samples.
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Miscellaneous Experiments

Fukuzawa and Furuyama (National Institute for Metals, Japan) set out to analyze the

mechanisms by which A1, Si, and Mn act deoxidizing agents for steel. An Iron alloy

containing about 1% of each of these elements was rolled into a 0.1 mm sheet which was

sandwiched between 5 mm diameter iron rods containing different levels of oxygen

content. These samples were then placed in alumina crucibles and sealed under 100 Torr

Ar in a Ta cartridge. The cartridges were heated in the Large Isothermal Furnace on SL-J

at 1600°C for 54 minutes and then quenched. The results appear to be inconclusive.

Wada et al. (Nagoya University) and Dohi (Shizuoka Institute of Science and

Technology) investigated the production of nano-particles in microgravity on SL-J. Four

glass bulbs were prepared in which 50 mg of Ag was attached to the W filament. The
bulbs were then filled with different pressures of Ar or Xe. The filaments were heated to

- 1150°C and the brightness and smoke evolution was recorded on video. Particles

ranging from 20-50 nm were deposited on the walls of the bulbs containing Ar. Then

bulb containing Xe produced a burst of smoke that, according to the investigators,

"...indicates a local accumulation of Vapor atoms with pressure higher than the

surrounding gas, which cannot be interpreted in terms of a conventional diffusion model

of a Langmuir sheath".

Assessment of the Science

Metals, Alloys and Composites

Many of the earlier flight experiments in this field were exploratory in nature and yielded

results that were difficult to interpret. As a result, their findings were reported in

conferences and often were never published in the mainstream literature were they were

likely to be read by scientists not involved in the space program. As the investigators
became more sophisticated and knew what lines of investigation were more likely to pay

off, they the program became more productive scientifically.

The primary advantages of studying solidification of metallic systems in microgravity is

the ability isolate gravitational from non-gravitational effects, to make properties
measurements that are difficult to make accurately in the presence on gravity, and to test

fundamental theories that have help transform metallurgy from an art to a science over

the past 40 years.

Most of the theories that guide our laboratory experiments and that we use to design

industrial processes contain simplifying assumptions, such as ignoring convection. Such

assumptions are necessary in order to be able to establish general laws that extend over a

wide range of conditions; whereas the addition of convection would generally be

applicable to a specific situation. Of course, since convective flows are a fact of life in

most process carried out on Earth, the theories do not always apply directly unless the
effects of convection is modeled into the process for a specific task (which is becoming
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morecommongive thecomputationalcapabilitiesnow available).Still manyof the
theoriesweusehaveneverbeenrigorouslytestedbecausebeforeflight opportunities
becameavailable,wehadnowayto impose the conditions assumed by the theory.

Observed discrepancies were generally explained away by convective effects that we not

able to control. But this leaves a nagging question; are there subtle errors in the theory

because something important was left out? Or were the simplifying assumption that were

made too unrealistic? These are important issues that need to be settled.

The importance of microgravity experiments such as Glicksman's work on dendrite

growth is to assure that the basic theories used for modeling microstructures in castings

are on firm foundations, or at least to understand where their weaknesses lie. Obviously,

these theories will have to be modified to account for convection if they are to be used in

terrestrial applications, but it is essential to be able to start from a theory that is at least

fundamentally correct.

The ability to isolate gravitational from non-gravitational effects has unmasked many

subtle, but important effects and provided much new insight into modeling and

controlling processes. For example, it was generally not suspected that Soret diffusion

could be instrumental in changing the composition of the system during a directional

solidification process. The effect did not become apparent until the convective flows

were essentially eliminated, but it operates just the same and should be considered in a

process model if good accuracy is required. Similarly, the profound influence of

interfacial effects that produce phase separation in immiscible systems were not

appreciated until the effects of gravity were removed.

The bibliography contains 456 total publications of which 135 are in peer reviewed

journals.

Crystal Growth

The quasi-steady acceleration requirements for diffusion-controlled solutal transport have

proven to be very stringent, expecially for Bridgman growth of materials with high

Schmidt numbers (ratio of viscosity to chemical diffusivity) that are characteristic of

many semiconductor systems of interest. The Shuttle is not a practical platform for this

class of experiments since they require close alignment of the net residual acceleration

vector with the furnace axis over a period of days. This was attempted on USML-1, only

to be thwarted by an unsuspected acceleration of less than a half micro-g from the

venting of the flash evaporators. Hopefully, the environment on the ISS will be more

suited to this important crystal growth technique.

Melt growth experiments that used the traveling zone or float zone technique are more

tolerant of the residual acceleration because of the much smaller melt region and because

some gentle convective mixing in the molten region can actually be beneficial so long as

it does become unsteady. The Japanese as well as the Europeans have had outstanding

successes in growing various semiconductor systems up to 20 mm in diameter using the

float zone process in the mirror furnace. For reasons that are not clear, US Investigators
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havenotpursuedthisprocessin microgravity.Perhapsthemostimportantcontribution
from themelt growthexperimentsin microgravitywasthecleardemonstrationof therole
of wall effectsin theformationof twinsandothergrowthdefects.Evenin enclosed
growthsystemsthedislocationdensitiesseemedto begenerallylowerandthemobilities
seemedto behigherthanin thegroundcontrols.Whetherthiseffectwasaresultof less
convectionat thegrowthinterface,partialwall contact,or of lackof hydrostaticpressure
is notclear,but thereasonbegsfor ananswer.

Similarly, crystalsgrownby bothclosedtubephysicalandchemicalvaportransport
continueto exhibitbetteruniformity andlowerdefectswhengrownin microgravity for
reasonsthatarenot well-understood.Alsocrystalsgrownfrom aqueoussolutionunder
diffusion limiting conditionswereof outstandingquality,virtually freeof the
dislocations,inclusions,andothervisibledefects.All of theseresultsindicatethat
convectiveflows in thevicinity of thegrowthinterfacearesomehowresponsiblefor the
generationof growthdefects,eventheexactmechanismis notunderstood.This would
appearto beafruitful topic for thetheoreticiansto considerwhile waiting for thenext
experimentalresultsto comefrom theISS.

Crystalsgrownfrom aqueoussolutionunderdiffusioncontrolledconditionswerealsoof
outstandingquality, especiallywhenthesupersaturationcouldbecontrolledusingthe
cooledstingtechnique.Thezeolitecrystalsalsoshowedsomeencouragingresults.

Altogetherthecrystalgrowthexperimentsproducedatotalof 324papersincluding208
journalarticles.

Measurementof Thermophysical Constants

Anyone involved in process modeling will applaud the possibility of obtaining accurate

thermophysical data, especially data on the properties of high temperature melts.. The

most disturbing aspect of the results from diffusion measurements in microgravity is the

realization of how inaccurate our present data base on properties of molten systems really

must be. The fact that diffusion coefficients of melts measured in space turn out to be

typically 30-50% lower indicates that virtually all of diffusion measurements for molten

materials are in error and would imply similar errors for thermal conductivities and other

transport-related properties. Since it would hardly be practical to try to remeasure all of

our liquid phase thermophysical properties in space, we should carefully re-evaluate our

laboratory measurement techniques with the aim of either eliminating or accounting for

convective transport.

Of equal importance is the new microgravity data on the temperature dependence of the

diffusion coefficient. For the first time, these data are sufficiently accurate to establish

that liquid phase diffusion, at least in some molten systems does not follow an Arhenius

type behavior, indicating a substantially different mechanism from solid state diffusion.

Establishing the temperature behavior of various transport coefficients of a variety of

melts will give new insight into the theory of liquids as well as provide benchmarks for

such theories to predict.

84



Finally, theamountof thermophysicaldatathatcouldbeextractedfrom alevitatedmelt
without contactis truly impressiveaswell asthe insightsuchdatagivesto thebehavior
of materialsin theundercooledstate.

Thebibliographyincludes173papersreportingonthemeasurementof thermophysical
propertiesof which76 arejournal articles.

Optical Glass Formation

Despite the potential for being able to undercool corrosive melts without physical contact

in microgravity in order to form glasses of unique composition, such experiments have

been hampered by the lack of a reliable levitator. Several attempts at levitating such

melts using acoustic pressure have produced only limited success because of instabilities

that occur as the temperature is changed over a wide range. Consequently, this important

class of experiments has received little attention in the recent microgravity program. In

spite of this limited activity, the Spacelab experiments generated 46 papers including 28

journal articles.

New Technology and Technical Spin-offs

Unless the cost of going to space can be dramatically reduced, most of the technological

payoff from the microgravity materials science program will have to come from applying
the knowledge gained in space to Earth-based processes. Knowing that the basic

principles upon which most of our processing technology is based together with the

prospect of obtaining more accurate thermophysical data, will improve process modeling
resulting in higher quality, lower cost product. The Europeans are making extensive use

of process modeling to substitute lower cost precision casting for machining in
automotive frames, engine parts, and in fittings used in the A330 Airbus. They have also

used data obtained from microgravity experiments to develop a continuous casting

process in which Marangoni convection is used to balance sedimentation in order to get a

uniform dispersion of bismuth particles in an aluminum-silicon alloy for use in self-

lubricating bearings.

Crystal growers are learning about the effects of convection from the microgravity
community and are now making more use of static and rotating magnetic fields in order

to control unsteady flows. They too are now making extensive use of computational

modeling to design their processes to achieve computational control. Given the

deleterious effects of wall contact, new techniques may evolve that use a "soft" wall or

other method for avoiding this problem in terrestrial growth processes.

Traditional methods for measuring transport port properties of molten systems certainly

need to be reexamined and calibrated against measurements made in microgravity.
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Biotechnology

The Biotechnology investigation carried out on Spacelab Missions include biomolecular

crystal growth, electrokinetic separations, electrofusion, and the applications-oriented

biotechnological research being carried out by the NASA-sponsored Centers for Space

Commercialization. The vast majority of the experiments have been devoted to the

growth of biomolecular crystals such as proteins, nucleic acids, and viruses. The more

fundamental experiments dealing with living organisms, such as those carried out in the

Biorack will be covered under Life Science.

Biomolecular Crystal Growth

Background

The biological activity of a protein (or other biological macromolecules) depends on its

three-dimensional conformation or structure. Knowing this structure not only provides

important clues to understanding of the function of living organisms at the molecular

level, but also offers the means of directly altering or blocking the action of certain

unwanted proteins or viral particles associated with a disease state. This intervention

requires finding its active site and then finding or designing a molecule that fits into this

site to render it inactive, much like fitting a key into a lock. In fact, many pharmaceutical

agents operate in this manner. Until recently, effective drugs had to be sought out by

intuition and much trial and error testing. Now it is becoming possible to design a drug

for a specific task by knowing the structure of the target molecule. It is much easier to

design a key to fit a lock if one knows the structure of the lock. X-ray crystallography

remains the most powerful (and, for large macromolecules, the only) method for

determining the three-dimensional structure of such molecules.

When a crystal is illuminated by an X-ray beam, the beam is reflected by the various

planes of atoms in a particular direction according to Bragg's law, which relates angle
between the incident beam and the reflection to the lattice spacing of the planes

producing the reflection. The array of Bragg reflections forms a diffraction pattern that

can be recorded, either on film or electronically. Mathematically, this diffraction pattern

is equivalent to a complex Fourier transform of the three-dimensional electron density

map of the atoms in the unit cell of the crystal, which happens to be the protein molecule

of interest. In principle, the Fourier transform can be inverted to obtain the electron

density map of the protein molecule from which, with a lot of skill and patience, the three
dimensional structure of the molecule can be inferred.

Unfortunately, present technology, i.e. the lack of a coherent X-ray source such as an X-

ray laser, allows us to record only the intensity of the Bragg reflections which

corresponds to the real part of the complex Fourier transform; the imaginary part

containing the phase information is lost. One method for recovering the lost phase
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information, requiresthegrowthof additionalcrystalsin whichaheavymetal,suchas
mercury,is incorporatedinto themoleculeof interest.Becauseof the largenumberof
electronsassociatedwith theheavymetalatom,it actsasareferencepoint of zerophase
and,by comparingthediffractionpatternswith andwithouttheheavymetalatom,the
phaseinformationcanberecovered.Pioneersin this field, suchasNobelLaureatesMax
PerutzandJohnKendrew,spentmanyyearsdevelopingthis techniqueandwereableto
solvethestructureof someof thesimplerbiological-macromolecules(hemoglobin and
myoglobin),whichearnedthemthe 1962NobelPrizein Chemistry.Sincethen,atleast
27Nobelprizeshavebeenawardedfor work in this field.

It shouldbeappreciatedthatbeforeNASA got involvedin this field, thestructuresof
only afew hundreduniqueproteinshadbeensolved.With theadventof powerfulnew
computers,ultrabright synchrotronX-ray sources,andsophisticateddatacollection
methods,thenumberof uniqueproteinstructuresthathavebeendeterminedhasrisen
dramatically. However,theability to obtaincrystalsof sufficientsizeandinternalorder
hasnow becomethelimiting barrierin this field of research.

Microgravity's Contribution to Protein Crystallography

The protein crystal growth experiment developed by Walter Littke (University of

Freiburg) that was carried out during the first Spacelab mission may prove to be the

single most significant experiment in the Spacelab program. Littke reported that his

space-grown crystals of beta-galactosidase grew 27 times (by volume) larger that his

ground control crystals, and that his lysozyme crystals grew 1000 times larger. Although

the crystals of beta-galactosidase were still too small to provide meaningful X-ray
diffraction data, this was the first real indication the microgravity could significantly

improve an Earth-based process.

When Charlie Bugg, then the Associate Director of the Comprehensive Cancer Center at

the University of Alabama in Birmingham, learned of Littke's result, he immediately

began preparations for a flight experiment involving proteins of interest to his Center. He
also recruited several major pharmaceutical companies to join in a collaborative effort to

explore the use of microgravity to obtain better crystals of proteins they were attempting
to structure, which resulted in the formation of the Center for Macromolecular

Crystallography, supported by the NASA Commercialization program.

A few simple try-and-see protein crystallization experiments were carried out during

Shuttle flights prior to the Challenger accident. By the time the Shuttle flights resumed,

MSFC, with Teledyne-Brown Engineering had developed a semi-automated Vapor

Diffusion Apparatus (VDA) that deployed 20 individual hanging drop protein

crystallization experiments. Several of these trays can be inserted into the middeck

locker Refrigerator/Incubator Modules (RAMs) developed by McDonnell Douglas to

support their earlier electrophoresis experiments. The individual cells in the VDA are

equipped with a double barreled syringe so that the protein could be stored in one barrel

and the precipitating agent in the other to prevent premature nucleation and

crystallization before the experiment was in orbit. The solutions were mixed by a crew
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memberrepeatedlyextrudingandwithdrawingthetwo fluids. After mixing, a small drop
of themixture is left hangingin asmallchambersurroundedon threesidesby aporous
mediumcontainingahigherconcentrationof precipitatingagent.Thewaterin the
hangingdropdiffusesthroughthevaporspaceto equilibrateagainstthehigherthe
concentratedprecipitatingagentin theporousmedium,thusprovidingthedriving force
for crystallization.-Beforede-orbit,thecrewmembermanuallyretractsthedrops
containingthecrystalsbackinto thesyringeandaplungersealstheendof thesyringefor
thetrip backhome.

Thefirst Shuttleflight aftertheChallengeraccident(STS-26)yieldedcrystalsof 4
differentproteinsthatwereshownto havebetterdiffractionresolutionthanthebest
crystalsof theseproteinsthathadeverbeengrownonEarth.This featis evenmore
remarkable,consideringthatthecrystalsproducedin only ahandfulof spaceexperiments
arecomparedwith thebestcrystalsof theseparticularproteinsthathavebeengrownin
thousandsof experimentsby theworld'smostqualifiedresearcherswhoseprofessional
successdependsheavilyonobtainingthemolecularstructurefrom theX-ray diffraction
datafrom thesecrystals.Theseresultsformedtheimpetusfor thepresentmajoreffort in
proteincrystallographysponsoredby NASA andESA.(SeeDeLucas,et al.,Science,246:
(1989)651- 654.)

It shouldbeunderstoodthatonedoesnot solveaproteinstructurewith oneor two
crystals.Becauseof theverycomplexstructureof largebiologicalmacromolecules,
manythousandsof datapointsmustbetakenin orderto obtainthe inversecomplex
Fouriertransformof thediffractionpattern. Crystalsalsotendto degradein theX-ray
beam,soanumberof crystalsmayberequiredto obtainacompletedataset. Theprocess
maythenhaveto berepeatedwith aheavymetaladditiveto recoverthe lostphase
information. Hydrogenatomsdonothaveenoughelectronsto showup in thediffraction
pattern,socritical hydrogenbondsmustbe inferredfrom complementarystructure.
Oftentheavailabledatais notsufficientto accuratelydescribethecritical shapeandbond
structurein theactivearea,sothereis aconstantsearchfor higherresolutiondatain order
to refinethestructure.Finally, if adrugis to bedesignedto blocktheactivesiteof a
particularproteinor otherbiologicalmacromolecule,additionalcrystalsmustthenbe
grownin whichthecandidatedrugmolecule,calledthesubstrate,is incorporatedinto the
activesiteof thetargetproteinin orderto checkthefit. Therefore,it canbeappreciated
thatamore-or-lesssteadysupplyof high qualitycrystalsmaybe requiredto obtainthe
structureof aproteinmolecule.

If spaceis to playa significantrole in obtainingthestructureof biological
macromolecules,a permanentfacility in space,suchastheInternalSpaceStation,will be
required.Manyof theproteinsthatdid not crystallize,or did not growlargeenough
crystalsto analyzeduringthetimesavailableto thevariousShuttlemissions,should
produceresultson theSpaceStation. Sinceproteincrystalshavealimited storagetime,
theymaydegradebeforetheycanbetakenbackto Earthduring theplannedcrew
exchanges.Also, bringingthemthroughre-entryg-loadingmayalsodegradethem(this
isstill anopenissue).Therefore,seriousconcernis beinggivento anon-orbitX-ray
analysisfacility on theSpaceStation.
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In orderto appreciatetheadvantagesofferedby space-growncrystals,somethingneeds
to besaidabouttherequirementsneededto obtaingooddiffractiondatafrom crystals.
Theability of acrystalto diffract X-raysdependson thesizeandshapeof the crystal,on
theperiodicityor regularityof thelatticepointswhichlocatetheunit cells (longrange
order),andhow well the individualmoleculesin eachunit cell arepositionedand
oriented. Theintensityof aBraggreflectionis proportionalto thesquareof thenumber
of unit cells illuminatedby theX-ray beam.Generally,acrystalmustbesomewhere
around0.3- 0.5millimetersonasideto producetherequirednumberof higherorder
reflectionsneededto obtainhighresolutiondata.However,with theverybright X-ray
sourcesnow availablefrom synchrotrons,it isbecomingpossibleto work with smaller
crystals.

However,largercrystalsdon't necessarilymeanhigherresolutionor diffraction
efficiency.Defectssuchasdislocations,smallanglegrainboundaries,twins, or
inclusionseliminatelargenumbersof moleculesfrom producingcoherentreflectionsas
well ascontributeto the incoherentnoisebackground,thusreducingthesignalto noise
ratioevenat smalldiffraction angles.Diffraction efficiencyisdefinedasthetotal number
of Braggreflectionsatsomelevel (usually5 standarddeviations)abovethebackground
noise. Resolutionis definedasthespacingof thehighestindexplanesthatproduce
detectableBraggreflections. SinceBragg'slaw requiresthatthesineof half theangle
betweentheincidentbeamandthereflectedbeambe inverselyproportionalto thelattice
spacingproducingthereflection,the largestangleatwhichreflectionscanbeseenis a
measureof theresolution.Evenif the latticehasgoodlongrangeorder,moleculesthat
aremisorientedor slightlyoutof placeateachlatticesitewill degradethelargeangle
diffractiondataneededto obtainthemolecularstructureto highresolution.

Thespace-growncrystalstendto showimprovementsboth in termsof long rangeorder
aswell asbettermolecularorientationwithin theunit cells. Interestingly,a numberof
space-growncrystalsseemto last longerin theX-ray beambeforedegrading.This
increasedradiationresistancecouldalsobeanindicationof higherinternalorderin
whichmoremolecularbondsareavailableto holdthestructuretogether.It shouldbe
emphasizedthat,evenapparentlyincrementalimprovementsof afractionof anAngstrom
in resolution,canbecrucialin locatingthebindingsitesin theactiveregion.The
increasedresolutionfrom thespace-growncrystalshasallowedtherefinementof several
importantmolecularstructuresand,in somecases,thedeterminationof structurefor the
first time.

Resultsfrom the Protein Crystal Growth Program in the United States

Since the resources for protein crystal growth on orbit are small and since the

acceleration requirements needed to improve the growth of protein crystals does not seem

to be as stringent as for other fields of microgravity research, NASA-sponsored protein

growth experiments have been able to utilize the available space on a number of Shuttle

flights that were not dedicated to microgravity research, thus giving them many more

flight opportunities than ESA or NASDA experiments. Since many individual growth
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experimentscanbecarriedoneachmission,the40Shuttleflights, including 8 Spacelab
flights and6 MIR deployments,asof August 7, 1997, have produced many hundreds of

individual experiments. Some 183 different biomolecular systems had been investigated

(some only once, others repeatedly). Many of these individual experiments produced no

crystals or crystals that were too small for X-ray diffraction analysis (usually due the

limited flight time available on the Space Shuttle). A few experiments yielded crystals

that were inferior to those grown terrestrially, but 72 of these experiments produced

crystal that definitely had superior qualities. Of these 72 experiments, 34 produced larger

crystals of that particular system than had previously been grown on the ground, 14

experiments produced crystals with a new morphology, 40 experiments produced crystals

that had 10% or better diffraction efficiency (better signal to noise ratio indicating better

long range order, 9 experiments had less thermal motion (indicating better order in the
unit cell), 27 experiments had increased resolution up to 0.3/_,, 4 had increased resolution

from 0.3- 0.5/_, and 14 had increased resolution by better than 0.5 A. A complete

summary of these experiments can be found on "Marshall Space Flight Center Protein

Crystal Data on the WEB", http://199.254.187.151/.

The VDA mounted in a temperature-controlled enclosure, such as the R/IM, the CR/IM,

the Thermal Enclosure System (TES), or the Single locker Thermal Enclosure System

(STES), was the workhorse in the early part of the US through USML-2 when it was

replaced with more efficient hardware. Since the University of Alabama in

Birmingham's (UAB) Center for Macromolecular Crystallization (CMC) had become the

original focal point in the United States for crystallizing macromolecules in space, they

offered Guest Investigator flight opportunities to both domestic and foreign collaborators

from industries and other universities. They not only maintained the VDA hardware, but

were also able to assist other investigators in preparing their samples for flight and in

analyzing the post flight results. Significant results from the various Spacelab missions

using the VDA are summarized below.

IML-1 (STS-42)

• Guest Investigator, H. Einspahr, (Bristol-Myers Squibb) reported larger crystals of 2
Domain CD4. No increase in resolution was noted.

• Guest Investigator, K. Ward (NRL), reported larger crystals of Bacterial Luciferase.

No increase in resolution was noted.

Co-Investigator, A. McPherson (U. California), reported Canavalin crystals

that were comparable in size to lg, with uniform high visual quality.

Increased reflections over resolution range (higher diffraction efficiency), but

no increase in resolution. Canavalin is the major storage protein of

leguminous plants and a major source of dietary protein for humans and
domestic animals. It is studied in efforts to enhance nutritional value of

proteins through protein engineering. It is isolated from Jack Bean because of

it potential as a nutritional substance. (In the next section, these crystals will
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becomparedto thosegrownby liquid-liquid diffusion in theESA cryostaton

this mission.)

Guest Investigator, S. Aibara (Kyoto U.), reported a new monoclinic form of

Lysozyme crystals with different lattice parameters.

Co-Investigator, D. Carter (NASA/MSFC, now New Century

Pharmaceuticals), reported a dramatic improvement in diffraction efficiency

over all Bragg angles for Human Serum Albumin. Crystals diffracted to

highest resolution ever obtained, including growth in gels. Human Serum
Albumin is the most abundant blood serum protein; it regulates blood pressure

and transports ions, metabolites, and therapeutic drugs. It also has

multifunctional binding properties that range from various metals, to fatty

acids, hormones, and a wide spectrum of therapeutic drugs.

Co-Investigator, A. McPherson (U. California), found a new hexagonal

crystalline form for Satellite Mosiac Tobacco Virus (SMTV) and collected the

first X-ray diffraction data on this form. The Satellite Tobacco Mosaic Virus

is the Spherical T=I icosahedral satellite virus of the classical rod virus TMV,

and is a plant pathogen. Its important lies in the study of virus structure, RNA

structure and virus assembly. (In the next section, these crystals will be

compared to those grown by liquid-liquid diffusion in the ESA cryostat on this

mission.)

Guest Investigator, L. Delbaere ( U. Saskatchewan), obtained two diffraction quality

crystals of anti-HPr fab fragment crystals. Unfortunately, the crystals began to

deteriorate while waiting to get time on the synchrotron. Even so, the data collected

was comparable to the crystals grown on STS-31, which had narrower mosiac spread

and diffracted to the same resolution as Earth-grown crystals with 10 times the

volume.

Guest Investigator, G. Birnbaum, (NRC, Canada), grew Fab YST9-1 crystals

that exhibited slightly higher resolution with much higher diffraction

efficiency (higher signal to noise) throughout the resolution range. Fab

YST9-1 represents a class of antibodies that have specificity to polysaccaride

antigens, those that occur on cell surfaces. Thus, it can be used to recognize a

certain type of cell.

Spacelab-J (STS-47)

Guest Investigator, C. Betzel (European Molecular Biology Lab, Hamburg), obtained

the highest resolution ever obtained from a crystal of the receptor of Epidermal

Growth Hormone which allowed, for the first time, the evaluation of the real space

group by partial data collection. The space crystal diffracted to 6 ,/k, which is an

improvement of 2-4 ]k over the best Earth-grown crystals. The receptor for the

epidermal growth factor is increasing in its importance as a prognostic factor for a
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seriesof humanmalignanciessincemanysuchmalignanciesarecharacterizedby its
overexpression.Knowledgeof thethree-dimensionalstructureof this receptorwould
openthepossibility of tailoring appropriatedrugsfor thetreatmentof numeroustypes
of tumors.At thepresenttime,however,thecrystalstructureof only onehormone
receptor(growthhormone)andnoneof thegrowthfactorreceptorshavebeensolved.

• GuestInvestigator,S.Aibara(KyotoU.), repeatedhis IML-1 experimentwith
lysozymeandagainfoundthemonoclinicform with differentunit cell parameters.

USML-1 (STS-50)

I. Co-Investigator A. McPherson obtained several large crystals of recombinant

canavalin. The crystals apparently degraded somewhat before they could be

analyzed, but even so, a slight improvement in resolution was seen.

II. Guest Investigator, E. Arnold (Rutgers U.), obtained several large crystals of HIV

Reverse Transcriptase complexed with antibody (Fab) against gp4. Relative

Wilson plots showed the space crystals to be better ordered (less thermal noise) as

the limiting resolution was approached.

III. Guest Investigator M. Navia (The Althexis Co.) grew Human Proline Isomerase

crystals that were considerably larger than the ground control, large enough that

neutron diffraction analysis would be possible. No twinning or clustering was

observed in the space-grown crystals which is often a problem with these crystals

when grown in normal gravity. The space-grown crystals were optically clearer

and had sharper facets than the Earth-grown crystals. Unfortunately, they began

to degrade (edges began rounding) before X-ray analysis could be performed.

Even so, they exhibited significantly higher diffraction efficiency, but no

significant increase in resolution.

USMP-2 (STS-62)

Guest Investigator, L. Delbaere ( U. Saskatchewan), repeated his growth

experiment with anti-HPr fab fragment crystals. Again he was able to grow

larger crystals with a significant increase in diffraction efficiency, but with no

significant increase in resolution. The detailed structure of the Anti-HPr Fab

Fragment protein would provide a picture of an antibody binding site that

recognizes a bacterial "foreign" protein antigen. By learning what antibody

binding sites look like we may better understand how antibodies function in

the immune system.

Co-Investigator D. Carter repeated his Human Serum Albumin growth experiment.

Again he got larger crystals with higher diffraction efficiency, but no significant

increase in resolution.

ATLAS-3 (STS-66)
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• Co-Investigator E-K. Ossama (UAB) obtained crystals of Aldehyde Reductase that

exhibited higher diffraction efficiency, but no significant increase in resolution.

Guest Investigator D. Eggleston (Smith-Kline Beecham) grew crystals of Bovine

Parathyroid Hormone that had higher diffraction efficiency, but no significant

increase in resolution.

ASTRO-2 (STS-67)

Guest Investigator L. Delbaere ( U. Saskatchewan) obtained larger crystals of PEP

Carboxykinase that showed higher diffraction efficiency, but no significant increase

in resolution.

USML-2 (STS-73)

• No significant results were obtained from the VDA hardware on this mission because

the proteins degraded during the multiple launch delays.

One of the most significant experiments in the US-sponsored program was the set of

crystallization experiments performed in the glovebox in which Larry DeLucas, the

Payload Specialist on USML-1, was able to mix proteins and set up experiments on orbit,

very much as he does in his own terrestrial laboratory. He had developed a special set of
hardware that would allow him to monitor the nucleation and early growth and make

necessary adjustment when necessary. When the crystal appeared to be growing

properly, this glovebox hardware could be transferred to the Commercial

Refrigerator/Incubator Module (CR/IM) to provide thermal control during the rest of the

growth process. This apparatus was flown in USML-1 and USML-2.

Much was learned from the opportunity for a trained crystallographer to fly as a Payload

Specialist on the USML-1 mission. Four proteins that were crystallized with the

glovebox hardware had failed to crystallize in previous shuttle missions using the VDA

hardware. It was suspected that the mixing of the protein with the precipitant been

inadequate in the VDA, especially when the more viscous precipitants such as

polyethylene glycol were used. With the glovebox hardware, the Payload Specialist

could mix the protein and precipitant solutions thoroughly by stirring or by withdrawing

and re-extruding the solution from a Hamilton syringe. It was noted that many of the

growth system seemed to take longer to nucleate and grow than they did on the ground

and that many experiments had crystals that were growing nicely, but were still too small

for diffraction experiments when the mission was over.

For some experiments, a micro-manipulator was used to withdraw small seed crystals

grown on previous days with the glovebox hardware and inject them into a more

concentrated growth medium. This procedure proved to be straightforward in

microgravity. It was shown that a similar technique could be used in microgravity to

withdraw grown crystals and mount them in x-ray capillaries for analysis. Since the
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crystalsaretypically suspendedwithin themiddleof theproteindrop,the mostdifficult
aspectof this procedure(withdrawingthecrystalinto thecapillary)waseasily
accomplishedin microgravity.

It alsobecameclearthathigh magnificationmicroscopywith videotransmissionwill be
extremelyusefulon futuremissions.This capabilitywill allowcrewmembersto display
resultsto scientistsstationedon thegroundsothattheycanaidin thedecisionmaking
process,therebyoptimizingthechanceof producinghighqualitycrystals. Hopefully,
this demonstrationwill serveasamodelfor howsuchexperimentswill beperformedon
theInternationalSpaceStationin whichthegrowthprocesscantakefull advantageof the
extendedlow gravity time.

Significantresultsusingthegloveboxhardwareare:

USML-1 (STS-50)

PrincipalInvestigator,L. DeLucas,grewthelongestcrystalof monoclinic
FactorD evergrown,aform thatis difficult to growreproduciblyonEarth.
Although, thespace-growncrystalwasonly 1/3asthick asthebestEarth-
growncrystal,thediffractionintensitywascomparableto thebestEarth-
growncrystal,andit diffractedto 0.1/_,greaterresolution.Also, therelative
Wilson plot indicatedasignificantimprovementin intemalorderatthehigher
resolutionrange.UsingtheX-ray datafrom thespacecrystaltogetherwith
previousEarth-growncrystals,thethree-dimensionalstructureof FactorD
wasworkedout. Thisrepresentsthefirst structureof acomplementprotein
everdeterminedatatomicresolution.(SeeNarayana,Structureof Human
FactorD: A ComplementSystemProteinat2.0A Resolution,Joumalof
MolecularBiology, 235(1994)695). FactorD is anenzymenecessaryfor
activationof thecomplementsystemthatplaysan importantrole in host
defenseagainstpathogens.

Malic enzymeis anNAD-dependentenzymeisolatedfrom a parasiticnematode.It is
beingstudiedto exploit thedifferencesin thestructurefrom thehumanform to aidin
thedevelopmentof anantiparasiticdrug. GuestInvestigator,H. Einspahr(Bristol-
MeyersSquibb),obtainedcrystalsof malic enzymethatweremuchsmallerthan
typicalEarth-growncrystals. However,thesespace-growncrystalsprovedto beof
exceptionalquality. A space-growncrystalonly 1/5thevolumeof anEarth-grown
crystalproduced25%moreBraggreflectionsanddiffractedto 2.6/_ resolution,an
improvementof 0.6/_. TherelativeWilson plotsalsoshowadramaticimprovement
in internalorderastheresolutionlimit is approached.Theenhancedstability of the
space-growncrystalsin thex-raybeamwasdocumentedwith thesecrystal,which is
furtherevidenceof betterinternalorder(morebondssatisfied).

USML-2 (STS-73)
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IV.

V.

Guest Investigator, S. Aibara (Kyoto U.), obtained lysozyme crystals that showed

slightly higher improved diffraction efficiency and resolution as compared to his

ground control, but were inferior to the best lysozyme crystals grown on Earth.

Duck delta II crystallin is a protein that is similar to the key enzyme that causes

the disease argininosuccinic aciduria. The three-dimensional structure of this

protein will lead to a better understanding of the metabolic processes involved in

this disease. The protein supplied by Co-Investigator L. Howell (Hospital for

Sick Children, Toronto) produced square pyramidal crystals rather than the usual

flat plates seen on the ground. However, the crystals appeared to be striated and

diffracted poorly. It is believed the protein was degraded by the launch delays

associated with STS-73.

Engineers at the UAB-CMC developed an improved second generation VDA-2, which

was flown on MSL-1 and MSL-1R. The primary difference between this new device and

the old VDA is the addition of a third barrel to aid in mixing the sample. After the

protein and precipitating agent are deployed as before, the drop is repeatedly sucked into
and extruded out of this third barrel. The VDA-2 carries 80 individual crystal growth

experiments in a CR/IM that provided temperature control.

It was known the crystals grown in the VDA-2 on the shortened MSL-1 flight did not

have sufficient time to grow large enough to produce useful data, so the experiments

were reactivated after the Shuttle landed in hopes of salvaging the valuable proteins.

None of the resulting crystals produced diffraction data that was superior to their ground

control. Consequently, the same set of proteins was flown on MSL-1R with spectacular

results. Eight of the ten growth systems produced diffraction quality crystals, 5 of that

produced the best X-ray quality crystals ever obtained. Some of the results from

investigators using the VDA-2 are summarized below.

The Hyaluronidase crystals grown by M. Jedrzejas (UAB-CMC) diffracted 0.2

better than the best data ever collected on earth-grown crystals and these data are

being used to refine the structure for a vaccine against bacterial infections.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a target for drugs to combat

Chagas' disease provided by G. Oliva (University of Sao Paulo), produced crystals of
a different space group that diffracted to 2.0/_,, an improvement of 0.8/_ over the

best ground-based data. From these results, ground-based growth [_rocedures were

modified to produce the new space group, which diffracted to 2.2 A resolution.

The MSL-1R experiments with 5S rRNA by V. Erdmann (Freie Universitat

Berlin) produced the best crystals ever grown of this ribosomal RNA. The

space-grown crystals diffracted to 7.5 _ and yielded the first complete data set

for this macromolecule from which the space group could be determined. The

best ground grown crystals diffracted only to 9.0 A. 5S rRNA is an essential
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componentof ribosomes.Structuraldatawill aidin understandingtheprocess
of proteinbiosynthesis.

NAD synthetaseis alsoatargetmoleculefor anti-bacterialdrugs. Crystalsof a
complexof NAD synthetasewith aninhibitor drugprovidedby Y. Devedjiev(UAB-
CMC) yieldeddiffractiondata0.3/_ betterthanhadeverbeenobtainedbefore. The
dataarebeingusedto studyhowwell theproposeddrugblocktheactivesitefor this
targetmolecule.

Crystalsof ProteinaseK andProteinaseK with asubstratecomplexprovided
by C.Betzel (DESY,Hamburg)showeda0.3/_ improvementover thebest
crystalseverproducedbefore.ProteinaseK is oneof themostaggressive
proteasesknownandcanevendegradekeratin.It is usedin severalindustrial
applicationssuchassoappowder.This investigationis aimedat
understandingthebindingbetweenthetargetmoleculeandthesubstrate.

TheUAB-CMC alsodevelopedhardwarefor batchcrystallizationthatwastermedthe
ProteinCrystallizationFacility (PCF)to producelargenumbersof crystalsto meeta
commercialrequirement. Crystallizationwasdrivenby withdrawingheatfrom oneend
of acylinder. ThePCFfirst flew onSTS-37whereit wasusedto producebatch
quantitiesof insulincrystals. Mostof thesecrystalsremainedsuspendedin thegrowth
medium,but somewerestuckto thewalls. It wasfoundthatthefree-floatingcrystals
weremuchbetterorderedthanthosethatgrewon thewalls, thusconfirmingoneof the
hypothesesasto whycrystalsseemto grow better(atleastsomeof thetime) in
microgravity. Further,the increasedX-ray resolutionof thesecrystalsprovidedthe
clearestpictureyet of thestructureif this importantmolecule.Resultsfrom Spacelab
flights of thePCFaresummarizedbelow.

USMP-1 (STS-52)

• Alpha-Interferoncrystalsgrownby M. Long(UAB-CMC) grewsomewhatlarger
thantheir groundcontrolsbut werestill toosmallfor X-ray diffraction analysis.

USML-2 (STS-73)

Theobjectiveof thisexperimentconductedby G.D.Smith(Hauptman-Woodward
MedicalResearchInstitute)andEli Lilly wasto producelargequantitiesof anew
form of recombinanthumaninsulin. Unlike theearlierflights in whichbothbovine
andhumaninsulinproducedwell-formedfree-floatingcrystals,all of thesecrystals
grewon thecontainerwalls. It is notclearwhethertheslightly differentmolecularof
this form of insulincausedthecrystalsto nucleateon thewalls,or if theoptimal
crystallization conditionsweredifferentfor this system.
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Eventually,someof theUAB-CMC collaboratorsdevelopednewhardwaremoresuited
to their purposes,andformedadditionalcollaborativeteamsof Investigatorsinterestedin
usingtheir new hardware.Forexample,Carter,whilehewasat theNASA Marshall
SpaceFlight Center,wasselectedasa flight PrincipleInvestigatorby NASA. He
developedtheproteincrystallizationapparatusfor microgravity(PCAM) modulethat
wasfirst flown onUSMP-2andthediffusion-controlledcrystallizationapparatus
(DCAM) which wasflown togetherwith thePCAM onUSML-2.

ThePCAM is asimplifiedvapordiffusionapparatusthatutilizesa sitting ratherthana
hangingdrop. A stackof 9 unitscanbeactivatedanddeactivatedby turningasingle
knob. A singlelockertemperatureenclosuresystem(STES)that fits in amiddecklocker
canaccommodate378units,6 timesthecapacityof theolderVDA. Furthermore,an
inexpensivedisposableuserinterfaceis providedthatpermitsrapid in situ evaluation of

results and allows users to carry the grown crystals back to their laboratories without

having to remove the crystals from the apparatus. The PCAM can also be cryogenically

stored.

The DCAM is a liquid diffusion dialysis method for growing crystals designed primarily

as a totally passive device to be used on MIR. Since there is limited crew time available,

the DCAM was designed to be totally passive, i.e. require no crew interaction. The

protein solution and precipitating agent are stored in adjacent chambers connected by a
small diameter tube filled with a gel. This gel-filled plug acts as a fuse that controls the

activation rate of the experiment. A total of 27 DCAM units can be fitted into a STEC.

Both the PCAM and DCAM have attracted a variety of Guest Investigators who want to

use his hardware. Carter later left NASA and founded New Century Pharmaceuticals,

Inc. but remains a NASA-sponsored Principle Investigator. In this role he continues to

offer Guest Investigator flight opportunities to both domestic and foreign collaborators

from other industries and universities whose requirements are suited to his hardware.

Many of the protein and life science experiments were degraded by the delays in the

launch

of STS-73. Nevertheless, there were some successes with the PCAM hardware as

summarized below.

USML-2 (STS-73)

Guest Investigators C.H. Chang and P.J. Ala (Dupont Merck Pharmaceutical C.)

obtained the largest crystal and highest quality data yet obtained for a particular HIV

protease/inhibitor complex. The increased resolution allowed a refinement of the data
so that a better understanding of the binding of the inhibitor molecule can be

obtained.

Guest Investigators J.P. Wery and D. Clawson (Eli Lily) obtained the largest crystal

ever grown of onogene product, Raf Kinase, a drug target for cancer therapy.

Unfortunately, the crystals were still too small for structural determination.

97



HumanAntithrombinIII is importanton thecontrolof bloodcoagulationby forming
complexeswith thrombinandothercoagulationproteases,aprocessthatis
acceleratedby heparin. On apreviousShuttleflight, guestInvestigatorM. Wardell
(CambridgeUniversity,UK, nowWashingtonU., St.Louis),hadobtainedcrystalsof
thismoleculewhichallowedtherefinementof thestructuresothattheregionof the
heparinbindingsiteto beseenfor thefirst time. Unfortunately,theprotein
deterioratedduringthedelayin launchingSTS-73.

GuestInvestigatorsJ.RoseandB.C.Wang(U.Georgia)obtainedthelargestcrystalof
neurophysin/vasopressincomplexgrownto date. Thecrystalexhibitedahighdegree
of opticalperfection.X-ray analysisis in progress.

GuestInvestigatorsJ-PDeclercq(UniversiteCatholiquedeLouvain,Belgium)
obtainedthelargestcrystalsof L-alaninedehydrogenaseevergrown. Unfortunately,
theresolutionis still not sufficientto obtainstructuralinformation.

G.K. Bunick (ORNL) usedCarter'sDCAM to crystallizenuclesomecoreparticleswhich
haveatotalmolecularweightof 102kD. Becauseof the launchdelayof STS-73,most
of thenuclesomecoreparticlescrystallizedon theground. However,a few of the
DCAM unitsweresetfor longertimesandtheproducedlargecrystalswith anew
morphologythatdiffractedto ahigherresolutionthananycrystalsgrownpreviously.

MSL-1 (STS-83)

• Despitetheearlyterminationof MSL-1, severalproteinsystemsgrewcrystalslarge
enoughfor X-ray analysis.However,Theprimary valueof this flight wasthe
optimizationof thegrowthconditionsfor thenext flight. GuestInvestigatorC.
Chang(DupontPharmaceuticals)grewdiffraction sizecrystalsof HIV Protease
complexwith aproprietaryinhibitor, but thecrystalsweretwinned. Therewasnot
sufficientproteinto supporttheSTS-94flight, but thesystemwasreflown onSTS-85
undermoreoptimalconditions.Thecrystalsfrom thismissionwerethelargestever
grownandprovideddatato 1.8/_. With this resolution,adetailedimageof the
inhibitor boundto theactivesitewasobtained.

MLS-1R (STS-94)

GuestInvestigatorsJ-PDeclercq(UniversiteCatholiquedeLouvain,Belgium)grew
thelargestandhighestqualitycrystalof PikeParavalbuminevergrown. This protein
is of interestto fundamentalbiochemistry.Previousdiffraction limit for Pike
Paravalbuminis 1.7/_andfor all paravalbuminstructuresin theBrookhavenData
Bankthehighestresolutionis 1.5_. Declercqs crystaldiffractedto the limit of
measureof theHamburgsynchrotron,which is 0.9/_. Basedon thenumberof
reflectionsat thisangle,it is estimatedthattheactualresolutionis closerto 0.6A. He
crystalswerealsosubjectto neutrondiffraction studiesat Grenoble.

98



Crystalsof lysozymeandferritin weregrownunderspecialconditionto support
fundamentalresearchby B. ThomasandP.Vekilov (Universityof Alabamain
Huntsville,Centerfor MicrogravityandMaterialsScience)intowhy crystalssome
grow betterin microgravity. Hopefully, this line of researchwill leadto
improvementsin terrestrialgrowthprocesses.

McPherson(Universityof California)wasalsoselectedasaflight PrincipleInvestigator
by NASA andhedevelopedasimplecrystallization moduledesignedto takeadvantage
of the longdurationmicrogravityenvironmenton theMir stationto grow crystalsby
liquid-liquid diffusion. Theproteinandprecipitantsolutionsareflash frozenseparately
andthefrozensolidsareplacednextto eachotherin asmallcontainer.Theseindividual
experimentsareformedinto3 bundlesthatarestackedin a sealedaluminumcylinder.
Thecylinder is thenplacedinsideanaluminumvacuumjacket,or dewar,lined with a
calciumsilicateabsorbent.Theabsorbentwasfilled with liquid nitrogento delaycrystal
growthuntil thawingoccursaboardMir. After theShuttledockswith Mir, thecrew
securesthedewarin aquietareaof theMir stationto minimizevibration. Theliquid
nitrogencontinuedto boil off intoMir's oxygen/nitrogenatmosphere.In orbit, the
samplesthawafterthenitrogenevaporatedallowingtheliquidsto slowly interdiffuse.
Thegradualincreasein concentrationof theprecipitantwithin theproteinsolutioncauses
theproteinsto crystallize.Thisoccursvery slowly, allowingformationof largecrystals
with highlyuniform internalorder. Growthby liquid-liquid diffusion is notpracticalon
Earthbecausethedifferencesin solutiondensitieswill causerapidmixing by gravity-
drivenconvection.Furthermore,thegreaterdensityof thecrystalswill causethemto
settleto thebottomof thecontainer.

TheGN2dewarwasflown on6 MIR dockingmissions;howeveronly oneof these,SL-
M (STS-71)wasconsideredaSpacelabmission. Onthis mission,167individual
experimentsinvolving 18differentgrowthsystemswerecarriedin asingledewar.

A numberof proteinshavebeensuccessfullycrystallizedby this methodresultingin
largercrystalswith considerableimprovementin resolution.ExamplesincludeLeg

Hemoglobin, Catalase, Canavalin, STMV, Cellulase, Concanavalin B, and Thaumatin.

McPherson also developed a hand-held diffusion test cell (HHDTC) which was flown on

USML-2, MSL-1 and MSL-1R. The unit consists of a gang of 8 cells that use the liquid-

liquid diffusion method for crystallization. The cells are backlighted for observation of

the growth process. The cell design is a forerunner of a more sophisticated system to be

used on the ISS with more diagnostic measurements.

The European Program

Littke carried out his landmark experiment using a liquid-liquid diffusion apparatus in the

Cryostat facility on Spacelab-1. Unfortunately, his attempt to obtain diffraction quality

99



_3-galactosidasecrystalsonD-1 failedbecauseof equipmentproblems.A third attempt
on IML-1yielded crystalsthatweretoosmallfor X-ray analysis.

TheCryostaton IML-1 provided McPherson the opportunity to compare crystals of

canavalin and STMV grown by liquid-liquid diffusion with identical systems grown in

the VDA on the same mission. Differences were noted in the kinetics of crystallization

by the two methods. A crystal of SMTV was grown in the cryostat that was an order of

magnitude larger in volume than had ever been grown on Earth. The diffraction

resolution was improved from 6/_ to 4/_. This represents the best resolution ever

obtained from a vires crystal. The best canavalin crystals were grown in the VDA. They

were of superior optical quality and exhibited increased diffraction efficiency, but

showed no significant increase in resolution. (See previous section, US Program Results)

The development of the Advanced Protein Crystallization Facility (APCF) on IML-2

made it possible to accommodate a larger number of samples (up to 48) and allows its

users to choose their method of crystallization between (1) Liquid/liquid diffusion or

free interface diffusion (FID), in which the protein and a salt solution are separated by a

buffer and are allowed to flow together when activated (the method used in the

Cryostat); (2) Dialysis (DIA), in which protein and salt solutions are separated by a

membrane through which the salt will diffuse slowly into the protein; and (3) Vapor

diffusion or hanging drop (HD), where crystals will form inside a drop of protein solution

as solvent evaporates from the drop to a reservoir (similar to the VDA). It also provided

a capability for real-time video recording of the growth process and was enhanced for the

LMS mission by the addition of a Mach-Zehnder-Interferometer which could measure

changes in the concentration field as the crystals grew, thus providing better insight into

the crystal-growth process in microgravity.

The IML-2, USML-2, and LMS missions offered multiple flight opportunities to a

number of investigator: a necessary commodity for success in this area of research since

it is often necessary to adjust or refine an experiment since growth conditions optimized

for normal gravity may not be optimum in microgravity. As with many of the US

investigators, the stay time on orbit was not long enough in a number of cases to grow

large enough crystals for diffraction studies. Also, the some of proteins loaded into the

experiments on USML-2 degraded during the 23 day delay in the launch that was due to

weather and technical problems. However, there were some noteworthy successes.

G. Wagner (U. Giessen) crystallized bacteriorhodopsin on IML-1, IML-2, and USML-2.

Bacteriorhodopsin converts light energy to voltages in the membrane of photoenergetic

microorganisms that are chemically and genetically distinct from bacteria and higher

living organisms. Resolution of the three-dimensional structure of this protein will help

scientists understand the mechanisms used to convert light energy to energy for growth.

Crystals from their IML-1 experiment improved the resolution from 8 ]k (form previous

ground-based work) to 6 Angstroms. Using the APCF on IML-2, two different growth

techniques were explored and larger cubic crystals were obtained. In a new experiment

protocol, first used under microgravity conditions during the USML-2 mission, both the
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compactalignmentof thecrystallinefilamentsof bacteriorhodpsonandthecrystalsize
weregreatly improvedwhichresultedin anincreasein diffractionpowerto 3.8/_.

Ribosomesareresponsiblefor thetranslationof thegeneticcodeto proteins.While they
aretheonly organellesin living cellsto havebeencrystallized,mostof theEarth-grown
crystalsareverythin andcrackuponhandling,causingseveredifficulties in data
collection
YonathandH. Hansen(Max-PlanckLaboratoryfor RibosomalStructure,Hamburg)
grewcrystalsof aribosomeparticleonD-2, IML-2, andonUSML-2. In all cases,the
space-growncrystalstendedto besomewhatroundedandbulkier thantheirEarth-grown
counterparts,whichseemsto makethemlessfragileandeasierto handle. However,none
of thecrystalswerelargeenoughfor X-ray diffraction analysis.

On D-2, IML-2 ,USML-1, andLMS, V. Erdmann,andS.Lorenz(FreieUniversitatof Berlin)
crystallizedthenucleicacid5SrRNA from Thermusflavus, an essential component of the ribosome

that is needed for biosynthesis. The crystals on IML-2 were fewer in number, but larger than the

ground-controls but diffracted only to the same resolution (15 - 20/_). It was noted, however, than

7 weeks had lapsed before the space crystals could be analyzed, which may have caused some

degradation. Similar results were obtained on USML-2, although, in this case, the material is
known to have deteriorated during the launch delay. Engineered 5S rRNA (modified to reduce

internal motions) grew larger in space than their ground controls, but did not diffract to as high a

resolution as the best ground grown crystals. (Erdmann later was able to get crystals that diffracted

to 7.4 ,_ using the VDA-2 On MSL-1R. See Section on US program.)

N. Chayen (Imperial College, London) and co-workers crystallized the protein

Apocrustacyanin C on IML-2, USML-2, and on LMS. Apocrustacyanin C is a member

of the lipocalin family of proteins, which binds to certain pigments that are widely

distributed in plants and animals. Knowledge of the structure of the lipocalins will enable

scientists to engineer these proteins to produce carriers that will bind more strongly to the

pigment crocetin, which has anticancer properties. On IML-2, She found no significant
increase in resolution in her flight samples, but did report seeing "halos" around the

growing crystals which would correspond to the region of depleted blue-colored protein

near the growth interface, indicative of growth under diffusion-limited transport

conditions. She also reported motion of the crystals, which she attributed to Marangoni

convection driven by concentration gradients along the surface of the hanging droplet

and suggested that crystals growing from a surface, as in a dialysis chamber, might have
better order (contrary to the findings of M. Long (UAB-CMC in the PCF). Mosaicity

(rocking curve) measurements on the crystals grown onUSML-2 showed a spread in data

with no significant difference between space and ground based growth. The space grown

crystals on LMS diffracted to much higher resolution than the ground controls, but were

12 times larger (by volume). Mosaicity measurements and X-ray topographic

measurements have not yet been reported.

W. de Grip, (University of Nijmegen) was interested in the structure of visual pigments

such as rhodopsin, which are the primary photoreceptor proteins for a variety of light-

regulated processes. Knowledge of the structure of this protein may help understand the
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signaltransductionon themolecularlevel. Crystalsgrownon IML-2 were somewhat

larger than the ground controls, but were not large enough for X-ray diffraction studies.

Unfortunately, no useful crystals were obtained from theUSML-2 flight because of

problems with the reactor.

Broutin, M. Ries-Kautt, and A. Ducruix (CNRS, France) crystallized collagenase and

Photoreaction Center (PRC) proteins on UML-2. The PRC crystals diffracted poorly

because the degraded while being stored at 20°C prior to launch. However, the space

-grown collagenase showed a dramatic increase in diffraction efficiency, although there

was no significant increase in resolution.

Broutin, M. Ries-Kautt, and A. Ducruix (CNRS, France) extended their study of the effects of

microgravity on the growth of hen egg white lysozyme (HEWL) on USML-2. Using the APCF on

Spacehab-1, they grew the tetragonal form that diffracted to 1.3/_.. This was better than any

previous published data, but there was no significant difference between the ground and space-

grown crystals. On USML-2, they grew the monoclinic and triclinic form of HEWL. The ground

and space-grown crystals of both forms diffracted to 1.45 ]k, better than any previously publish,

although there is unpublished reports of 0.99]k resolution for the triclinic form grown on the

ground. The original plan was to also crystallize the protein Grb2, an adapter protein involved in

the transfer of signals from one cell to another. However, this protein was found to be unstable

before the final loading for the USML-2 flight.

The bacteriophage Lambda lysozyme is a small protein of 158 amino acids involved in the

dissolution of the cell walls of bacteria. J-P Declercq and C. Evard (Universit6 Catholique de

Louvain, Belgium) grew crystals of this protein on USML-2 hoping to learn more about the method

of destruction employed by this organism from the structure of its lysozyme. However, they

obtained only small needle-like crystals and concluded that optimum crystallization conditions must

be different in microgravity than on Earth.

J. Helliwell (U. Manchester) grew crystals of hen egg white lysozyme (HEWL) on IML-

2. This type of lysozyme is easy to grow and it was one of the first proteins whose

structure was determined. Therefore, it has been widely used as a model protein for

studying the growth of proteins. In this experiment, rocking curves (a measure of crystal

long range order) from space-grown crystals were found to be reduced from 0.0067

degrees for earth grown controls to 0.0017 degrees. It was noted that the decrease in

rocking width is proportional to the increase in peak height of reflections with, after

corrections for volume in the beam, the microgravity crystals displaying peak intensity

levels three to four times that of the earth grown counterparts. It was readily possible to
find reflections for the microgravity- grown case at 1.2 A resolution.

The experiment was repeated on LMS in a chamber with a Mach-Zehnder interferometer

and video imaging capability. Stability problems with the laser caused some difficulty in

interpreting the interferograms, but depletion regions around the crystals were evident.

Growth rate and crystal motion were monitored using the CCD video camera. All

crystals seemed to follow a general drift at the rate of -40 ]k/sec., although occasionally

there were spurts where they moved -0.2 mm over a 2 hour period which corresponds to
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arateof 300/_dsec.Unlike Chayen'sexperiment,whichusedthehangingdrop method,
theseexperimentsusedthedialysismethod,hencetherewasno freeliquid surfacethat
couldsupportMarangoniconvection.(Theobserveddrift wasmostlikely dueto the
quasi-steadyresidualaccelerations(atmosphericdragplusgravitygradient)andthe
suddenspurtscouldbe theresultsof changesin attitudeof theShuttle.)Periodsof
increasedgrowthratewerealsonotedthatcouldbecorrelatedwith crewexerciseperiods.

J.Martial (UniversitedeLiege)andL. Wyns(UniversitedeBruxelles)synthesizeda seriesof de

nova proteins, named Octarellins, that are designed on the basis of an alpha/beta barrell structure in

order to understand the molecular forces that stabilize their structures. Attempts to crystallize

several of these systems on IML-2 and on USML-2 produced only needle-like crystals, too small

for X-ray analysis. However, some crystals produced in the ground control units were able to

provide low resolution diffraction data.

L. Sj61in (U. G_Steborg, Sweden) crystallized Ribonuclease S using the vapor diffusion

method in the APCF on IML-2. The crystals grown in space were similar in size and

number to those grown terrestrially; however, the space-grown crystals tended to have

flatter faces which is generally a sign of greater perfection. Also, some of the control

samples had cracks that were not found in any of the flight crystals. Ten data sets were
then collected from both earth-grown and space-grown crystals. The results from the

statistical analyses of the ribonuclease S crystal data indicate that, when crystal growth

conditions are optimized, the space-grown crystals of ribonuclease S show a smaller

mosaic spread than crystals under comparable conditions on earth. Analysis of the three-

dimensional X-ray data from all ten crystals of ribonuclease from both space and earth

clearly shows that the variance between the different data sets is less for the space grown

crystals. A similar experiment was attempted on USML-2 using Glutathione S
Transferase. Unfortunately, technical problems prevented the return of useful crystals.

J. Ng (now U. Alabama in Huntsville), B. Lorber, A. Th6obald-Dietrich, D. Kern, and R.

Gieg6 (CNRS, Strasbourg) grew Thermophilic Aspartyl-tRNA Synthetase on IML-2,

USML-2, and LMS. Aminoacyl-tRNA synthetases are the enzymes that attach

specifically the amino acids to transfer RNA, and thus are responsible for the correct

expression of the genetic code. On IML-2 it was found that the crystallization conditions

used on the ground were not proper for microgravity. Only small crystals were observed

which appeared to be growing by Ostwald ripening. These results were used to set the

crystallization conditions for the USML-2 experiment. Unfortunately the protein
denatured during the launch delay and no usable crystals were produced on this flight.

On the LMS flight, only one dialysis reactor contained crystals. However, this reactor

contained three unusually large, high quality crystals, the largest being over 3 mm in

length and free of any visual imperfections. These crystals produced almost twice the

number of Bragg reflections than the Earth-grown crystals (93% increase in diffraction

efficiency) but did not extend the resolution significantly. The mosaicity spread (rocking

curve width) was reduced by a factor of 8 in the space-grown crystals, implying a

dramatic increase in internal order.
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Giegeandhisco-workersaddedthaumatin,aplantsweeteningprotein,to their
experimentonUSML-2 andfoundfewer,but substantiallylargercrystalsin thespace
reactors.The spacecrystals,especiallythosethatgrewsuspendedin thefluid, were
perfectly formedandfreeof anyvisual imperfections.Theyreportedanimprovement
in resolutionfrom 1.7/_to 1.5/_with improveddiffractionpropertiesasjudgedby
relativeWilson plots. Therockingcurvewidth wasreducedfrom 0.055° to 0.023° for
thecrystalsgrownin space.Similar resultswereobtainedfrom theLMS flight. In this
casetherockingcurvewidth (FWHM) wasreducedfrom0.047° to 0.018°.

McPhersonusedtheliquid-liquid diffusioncapabilityof theAPCFon IML-2 to
crystallizecanavalin,STMV, SatellitePanicumMosaicVirus (SPMV),andTurnip
YellowMosaicVirus (TYMV). Both rhombohedralandhexagonalforms of canavalin
grewin thesameflight chambers;ahighly unusualsituationonthegroundwhich wasnot
seenin thecontrolexperiments.Thecrystalswerequitelarge( >1 mm) andexhibited
high opticalquality, freeof anyimperfections.Previousflight hadproducedcanavalin
crystalsof similaropticalquality,butshowedlittle or no increasein X-ray diffraction
resolution.RelativeWilsonplotsof thesecrystalsshowedmarkedimprovementoverthe
bestcanavalincrystalsevergrownonEarth. Thesecrystalsalsodiffractedto higher
resolutionandprovideddatato refinethestructureof canavalin.Very large(>1.5mm)
cubiccrystalsof STMV grewin theflight reactor; asmuchas30 timesthevolumeof the
largestcubicSTMV evergrownonEarth. Againthesecrystalsdiffractedto 2 ]k better

than the best cubic STMV grown on Earth. The TYMV crystals exhibited a different

morphology attributed to diffusion controlled vs. convective transport. They did not

show any improvement in X-ray diffraction resolution, however. No useful crystals of

SPMV were returned. This system uses PEG as the precipitating agent, and as was

discovered by DeLucas, its slow diffusion time for this liquid does not provide adequate

mixing in microgravity in the time frame of these experiments.

McPherson added thaumatin, catalase, concanavalin B, and Tomato Aspermy Virus to the

materials to be crystallized on USML-2. The thaumatin in this experiment was grown by

liquid-liquid diffusion to compare with the result of the Strasbourg team who used the

dialysis growth method (See Giege above). Only thaumatin grew high-quality crystals

with sizes as large or larger than those grown on Earth. It was suspected that the other

materials deteriorated during the launch delay of USML-2.

The thaumatin experiment was repeated on LMS. In both flights, the quality of the

thaumatin crystals was excellent in all cases, except those where the crystals grew with

faces against walls. These showed extensive striations. The thaumatin crystals increased

in size with increasing protein concentrations. This interesting observation points out

another advantage of growth in microgravity. On Earth, convection would continuously

expose the growth interface to the high concentration, causing very rapid growth leading

to many growth imperfections. In microgravity, the diffusion field limits the transport

and keep the growth rate slow even at high protein concentrations. The flight crystals

diffracted strongly to the maximum resolution that the data collection system could

achieve, approximately 1.5/_, an improvement of 0.2 ]k from the best Earth-grown

crystals. An improvement of 30% in diffraction efficiency was also noted. The mosaicity
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of theflight crystalswasmeasuredat 0.020° FWHM vs.0.048° for thebestterrestrially
grownthaumatincrystal.(Note:groundcontrolexperimentscannotuseliquid-liquid
diffusion becauseof theveryrapidconvectivemixingof thetwo fluids.)

W. Weber(U. Eppendorf)andCh.Betzel(EuropeanMolecular Biology Lab,Hamburg)
continuedtheir workon thevariousformsof receptorsof EpidermalGrowthHormone
thattheybeganusingtheVDA onSL-J. However,nowtheyusedtheEuropeanAPCF
that wasflown on theUSML-2,andLSM missions.Diffraction datafrom threecrystals
grownonUSML-2 againshoweda maximumresolutionof 6 ]k with a remarkably high

quality of Bragg reflections, confirming the SL-J results. The best Earth-grown crystals

of this particular receptor had yielded comparable results but required larger sizes and

much more time to grow. The crystals grown on LMS did not produce usable diffraction

data.

P. Fromme (Max Volmer Institute) and W. Saenger (Freie Universitat Berlin) crystallized

the protein complex, Photosystem I, which is responsible for the primary conversion of

visible light into chemical energy in water-oxidizing photosynthesis. The objective of this

experiment was to determine the complete arrangement of chlorophyll molecules that

perform this conversion process. On Earth, the largest of the hexagonal rod-like crystals

grew on the dialysis membrane and was 2 mm long and 0.5 mm 0 (volume of 0.4 mm3).

The USML-2 flight produced crystal that were 4 mm long and 1.5 mm 0 (volume of 7

mm 3) even though, for technical reasons, the flight crystals could not grown be at their

optimum growth temperature. In spite of this, the crystals still diffracted to 3.8/_, and the

mosaic spread reduced slightly to approximately 0.7 ° . The experiment was repeated on

LMS and, for reasons unknown, the flight reactors failed to nucleate crystals even though

all the ground control reactors produced diffraction quality crystals.

L. Wyns, M.H.D. Thi, and D. Maes (Universite de Bruxelles) investigated the growth of

CcdB crystals, a protein involved in the control of cell death which may lead to the

design of new antibiotics and anti- tumoral drugs. The quality of terrestrially grown

crystals of this protein was not sufficient to obtain high resolution diffraction data and

twinning was a serious problem. In addition, they wanted to crystallize two specific

serine-to-cysteine mutants (Ser74Cys and Ser94Cys), proteins which have not produced

crystals large enough for data collection. Small needle shaped crystals of CcdB were
obtained in the hanging drop reactors on both USML-2 and on LMS, but they diffracted

no better than Earth -grown counterparts and twinning is still a problem. No useful

crystals of the mutants were obtained on either mission.

Zagari (U. Napoli) and coworkers crystallized Sulfolobus Solfataricus Alcohol Dehydrogenase on
the USML-2 and LMS missions. Alcohol dehydrogenase (ADH) is an enzyme that occurs in large

amounts in the livers of mammals, where it plays an important role in several physiological

functions, including the breakdown of alcohol. Mammalian ADH is unstable at high temperatures

or in the presence of organic solvents, properties that limit its biotechnological application to the

synthesis of organic compounds. ADH from Sulfolobus solfataricus, a bacterium that thrives at high

temperatures, has greater thermal stability, however, and is scarcely affected by the presence of

organic solvents. Given these properties, the enzyme is a good candidate for industrial applications.
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Crystalsof useful sizecanbegrownonEarth,butarebadly twinned,thuspreventingthecollection
of diffraction data. Somesuccesshadbeenobtainedwith growthin gels,whichalsoreduce
convectiveeffects,whichpromptedtheexperimentsin microgravity.

Sincetheproteinis knownto bevery stable,it wasnotreloadedduring the23daydelayin
launchingUSML-2. However,both flight andgroundcontrolexperimentswhichwereactivatedat
thesametime astheflight experimentsproducedonly smallcrystalsthatdiffractedpoorly,
suggestingthatdegradationof theproteindid occur. TheexperimentwasrepeatedonLMS with
muchbetterresults.Thespace-growncrystalsdiffractedto significantlyhigherresolutionand
exhibitedincreasedstability in theX-ray beam.Unfortunately,analysisof theX-ray datarevealed
thatthespace-growncrystalswerestill twinned.

T. RichmondandA. Mader,(Institutfur MolekularbiologieundBiophysik,Zurich)
crystallizednucleosomecoreparticles.ThenucleosomeshapestheDNA moleculeby
twistingandbendingit andform higherorderstructureson thescaleof genes.The
laboratorycrystalshaveananisotropicmosaicityspread,whichtheyhopeto reduceby
growingcrystalsof theseparticlesin microgravity. Unfortunately,thegrowthconditions
theyhadto usein theAPCFwerenot optimumfor thismaterial. Consequently,the
space-growncrystalsshowednosignificantimprovementoverthegroundcontrolgrowth
experiments,andneitherproduceasgoodresultsastheir optimizedlaboratorygrowth
methods.

J.Garcia-Ruiz,F.Otalara, D. Rondon,andM. Novella (U. Granada,Spain)usedthe
APCFonLMS to testtheMachZehnderinterferometer,measuregrowthrateandcrystal
motion,investigatetheuseof highproteinconcentrationin liquid-liquid diffusion
growth,andto exploretheconceptof growingproteincrystalsin X-ray capillarytube.
TheproteinchosenwasHEW lysozyme,which is oneof thestandardproteins,usedfor
investigatingthegrowthof proteincrystals.Theywereableto recordinteferograms,but
alsoraninto difficulty in interpretingthembecauseof instabilitiesin the laser. Their
observationsof particlemotionweresimilar to thosedescribedby Helliwell (seeabove).
Growthrateswereobservedto increaseinitially, andthendeclinewith time aswouldbe
expectedfrom growthunderdiffusion-limitedtransportconditionasthediffusionfield
spreadsout.

Sincecrystalsultimatelyhaveto bemountedin X-ray capillary tubesfor analysis,this
operationraisesthepossibilityof damageto thefragilecrystal. Theconfinedgrowth
environmentmayoffer anotheradvantage.Oneof theargumentsfor why proteincrystals
growbetterin microgravity is thatdiffusion limited growth slowstherateatwhich
nutrientis transportedto thegrowingcrystalsothatgrowthbecomestransportlimited
ratherthankineticslimited. Thisgivessurfacekineticsachanceto go to equilibrium,
assuringthateachadmoleculehasachanceto find its lowestenergyconfiguration,which
wouldproducegreaterorderin the lattice. An analogywouldbe thefilling of anarena
for arockconcertor asoccermatch. If thedoorswereopenedwide, thecrowdrushesin,
thereis greatconfusionin finding theproperseats,andmanyfansdonot wind up in their
assignedseats.Here,thefilling of theseatsis limited by therateat whichpeoplecan
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find anyold seat,whichwouldcorrespondto crystalgrowthunderkineticslimited
conditions.On theotherhand,if only afew peoplewereallowedin at anyonetime, the
filling of thearenawouldbe transportlimited andthepeoplewouldhaveamuchbetter
chanceof being in theright seat,whichwouldcorrespondto admoleculesfinding their
rightpositionandorientationin the lattice.

WhenacrystalgrowsonEarth,thenutrientnextto thegrowthinterfaceis depletedand
thelightersolventrises,bringingmoresoluteto thegrowthsite. Sincegrowthkinetics
areslowfor mostproteins,theconvectiveflows alwaysbring nutrientto thecrystalfaster
thanit canbe incorporatedinto the lattice. Thusthegrowthin normalgravity is
generallykineticslimited. In space,solutemustdiffuse in from thesurroundingregion,
whichslowsthetransportto thegrowingcrystal. However,thelawsof diffusionaresuch
thatthis depletedregion(socalleddiffusionlength)is approximatelytheradiusof the
growingcrystalandthediffusion limitedtransportmaynotbeslow enoughto bethe
limiting factor in thegrowthrateof thecrystal. In fact,Vekilov et al. recentlyshowed
thatgrowthinstabilitiesmayarisewhentransportandkineticsarein competition,and
thatthissituationcouldexplainwhysomeproteinsproduceinferior crystalswhenthey
aregrownin space.See.Vekilov, et al.,PhysicalReview54/6 (1966)6650-6660).
Growingcrystalsin X-ray capillarytubesin spacemayhavetheaddedbenefitof
extendingthediffusion lengthandassuringthatgrowthactuallybecomestransport
limited.

Garcia-Ruizet al.grewHEW lysozyme,whichhascometo bea standardproteinfor
studyinggrowth phenomena.Thespacegrowncrystalstypically diffractedto 1.25A
(onecrystaldiffractedto 1.15A), which is comparable to the best lysozyme crystals

grown on Earth with highly purified material. The longer diffusion length provided by

the X-ray capillary may have acted as an effective filter for the higher molecular weight

impurities usually found in lysozyme. The Garcia-Ruiz team found a spread of

mosaicities ( rocking curve width) ranging from 5 arc seconds (0.0014 °) to 20 arc

seconds (0.005°), depending on the part of the crystal they examined. These roughly

correspond to the flight and ground-based values obtained by Helliwell. Since the first

growth incorporates the nearby impurities before the diffusion field has a chance to

develop and act as a filter or to limit the growth rate, this could explain why different part

of the crystal exhibited different mosaicities. Similar results have been seen in ground

based work by Garcia-Ruiz using the gel-acupuncture method for growth.

Other Biotechnology Experiments

Electrophoresis

Electrophoresis, and its related electrokinetic separation processes such as

isoelectrofocussing, are widely used for separation of proteins on an analytical scale. The

protein molecules take on a particular surface charge (zeta potential) in a buffer solution.

When an electric field is applied, the molecules will be move under the influence of the

applied field. Usually, the proteins are caused to migrate through a gel. The combination
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of the attractionby theappliedfield andthedragthroughtheporesof thegel give each
proteina specificmobility sothattheywill becomeseparatedspatiallyastheprocessis
continued.Becausethisprocessis limited to microgramquantities,it is usedprimarily as
ananalyticaltool.

Attempts to scale electrophoresis to a preparative scale by replacing the gel with a

continuous flowing sheet of sample plus buffer solution has enjoyed only limited success

on the ground, primarily because buoyancy driven convection places severe restrictions

on the sample concentration and the thickness of the flowing buffer sheet. These factors

limit the throughput of continuous flow electrophoresis (CFE); consequently, it has

largely lost favor to other methods, such as column chromatography, as a preparative

separation method. There are certain potential advantages to CHE, however. It is a

universal method, as opposed to column chromatography, where the columns have to be

designed to separate specific proteins. Also, it can be applied to cell separation without

having to tag the cells as is required by various cell sorting techniques.

The potential advantages of CFE prompted the McDonnell Douglas Corporation to

develop a space continuous flow electrophoresis device (CFES) with the hopes of

carrying out preparative electrophoresis on a commercial scale by widening the flow

chamber and using a highly concentrated sample stream. The CFES flew seven times on

the early Shuttle flights and worked reasonably well, but the separation was never as

clean as was hoped for. Eventually, their commercial partner found a ground-based

alternative to separate their product, and the project was dropped.

The unexplained broadening of the concentrated sample stream prompted Snyder and

Rhodes at NASA/MSFC together with Saville at Princeton University to carefully

examine the electrohydrodynamics involved in the distortion of a concentrated sample

stream because of the mismatch in conductivity and dielectric constant between the

sample and the surrounding buffer. Such effects had gone unnoticed in the development

of CFE machines for terrestrial use because they were usually masked by convective

effects. None-the-less, these electrohydrodynamic effects had to be operating, even

though on a scale of lesser importance, but they could ultimately become a significant

factor as other limitations were overcome by clever designs.

Interest to re-evaluate the potential of CFE in space on the part of the Japanese and the

French led to the inclusion of two CFE systems on IML-2. The Japanese Free Flow

Electrophoresis Unit (FFEU) was designed primarily as a separation device and was first

flown on the Spacelab-J mission during which Kuroda and his team from Osaka

University Medical School attempted to separate a group of standard proteins (horse

cytochrom C, chicken conalbumin, and bovine serum albumin) in order to test the

resolution as a function of concentration, flow rate, and operating voltage. Their results

were inconclusive due to technical difficulties. On the same mission, Akiba (Institute of

Physical and Chemical Research) attempted to separate three strains of Salmonella

typhimurium LT2 cells, each of which has a different surface charges, which corresponds

to its sensitivity to antibiotics. A clean separation was obtained for one of the cell types,
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but thepeakof thethirdcell line unexpectedlyoverlappedwith thesecond,thus
preventingtheir separation.

On IML-2, Kobayashi(JOSAIUniversity)successfullyseparatedtwo typesof nematode
DNA from aDNA mixtureusingtheFFEUwith a specialbuffer to operatein the
isoelectricfocussingmode.Thesampledetectorindicated sharp,well definedsample
streams.However,abubblein theseparationchambercausedsomeirregularityin the
collection.

Okusawa(HitachiLtd.) alsousedtheFFEUon IML-2 to extractIgG form a culture
mediumof STK1 cells. He reportsthatthecellsculturedin spaceproducedtwice as
muchIgG astheir groundcontrol. Thesampledetectorindicatedtheseparationwas
muchmorestablein spacethanontheground,howeverbubblesin thechambercaused
difficulty in thesamplecollection.

Hymer (PennStateUniversity)usedtheJapaneseFreeFlowElectrophoresisUnit (FFEU)
on IML-2 to separaterat anteriorpituitaryorganelleswith aimof separatingout those
vesiclesthatcontainedgrowthhormone(GH). Thevesicleswereobtainedfrom thelysate
of pituitary cellsculturedin space.Due theabsenceof sedimentation,hewasableto use
ahigherconcentrationof the lysatein space,hencewasableto increasethethroughput
by afactorof 5.6. Hedid noticeawiderbandspreadof theGH-producingparticlesthat
wereseparatedin space.Theplanto separatetheGH-producingcells from othercells
usingtheFFEUcouldnotbecarriedoutdueto equipmentproblems,but wasperformed
on thegroundatKSC 8hoursafterlanding. Pituitarycellsthatwerefedin space,for
unknownreasons,produced5 timesasmuchGH asthegroundcontrol. Further,it was
foundthattheir electrophoreticmobility hadincreasedby afactorof 2 ascomparedto
cellsthathadbeenculturedonEarth.

Theotherelectrophoreticdeviceflown onUSML-2 wasthe French"Recherche
Appliquesurla MethodesdeSeparationElectrophoreseSpatiale"or RAMSES. This
instrumentwasdesignedasaresearchtool aswell asaseparationdevice. It couldbe
operatedwith AC fieldsto examinetheelectrohydrodynamicsamplestreamdistortion
withoutthecomplicatingcrossflows involvedin theactualseparationprocess.

SanchezandClifton (UniversitePaulSabatier,Toulouse),characterizedtheseparationability of the
RAMSESsystemby separatingvariousstandardproteins,hemoglobin,anddyedBSA. A much
broaderrangeof operatingconditionsareavailablein microgravityandtheflows werestableunder
all conditionsstudied,confirmingthatgravitationaleffectslimit theoperatingrangeonEarth.
Dilute samplesdiffering in mobility by only 3x109 m2/Volt/seccouldbeseparated.However,the
moreconcentratedsamplesspreadsothattheirpeaksoverlapped.This electrohydrodynamic
phenomenonis dueto thedifferencebetweentheconductivityanddielectricconstantof thesample
andthebuffer. TheInvestigatorswere,however,ableto increasethethroughputof abiologically
activesampleby afactorof 5 by concentrationandstill getasgoodaseparationasonEarth. All of
theseresultsweresupportedby extensivecomputermodeling.
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SnyderandRhodeshadalsoplannedto investigatetheeffectof highsample
concentrationandelectrohydrodynamicinstabilitiesin theabsenceof shearflow.
Unfortunately,their experimentcouldnotberundueto anelectricalfailure in the
RAMSESequipment.

Electro fusion

Electrofusion has emerged as an important new hybridization technique on the cellular

level for the formation of hybridomas for making monoclonal antibodies as well as for

somatic hybridization in sexually incompatible plants. In the later application,

hybridization and exchange or recombination of organelles can be achieved by fusion of

protoplasts by the reversible electric breakdown of their plasma membranes. With this

method, protoplasts are first brought into close membrane contact by a weak alternating

electrical field and then subjected to a high voltage pulse of short duration to induce local

membrane reorganization at the contact area. However, for this process to be successful,

it is necessary for the two electrically-aligned cells to remain in the same relative

positions for a certain time after the application of the high voltage pulse. Gravity tends

to interfere with this process, especially when the protoplasts have different densities.

This consideration prompted a number of microgravity experiments using the TEXUS

suborbital rocket program, which led to the electrofusion experiments on the D-2

Spacelab mission.

During theD-2 mission, Hampp and his team at Univertat Tubingen performed

electrofusion experiments on three different systems; 1. tobacco as a model system, 2.

Helianthus (sunflower) as an important crop, and 3. Digitalis as a plant of

pharmacological interest. The resulting fusion products were cultivated (along with

parental cells) for 10 days under microgravity, and subsequently regenerated on the

ground for biochemical analysis.

The alignment times were shortened for all three systems, however, for some reason, the

tobacco did not respond to the first pulse and increased voltage had to be applied.

Consequently, the heterofusion yield for the tobacco was only 0.3-1.5% in both flight and

ground control experiments. However, the yield for HeIianthu was increased by 4-fold in

microgravity and the yield for Digitalis was increased by a factor of 10.

ASTROCULTURE

ASTROCULTURE TM is a state-of-the-art plant growth chamber for space as well as

terrestrial research that was developed by the Wisconsin Center for Space Automation

and Robotics (WCSAR), a NASA-sponsored Commercial Space Center (CSC) located in

the College of Engineering at the University of Wisconsin-Madison. This chamber uses

many of the technologies developed by WCSAR and its industrial partners which

includes the ASTROPORE® humidity control system, high intensity LED light sources,

a porous tube water-nutrient delivery system, a unit for removing ethylene which does
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not requireconsumablematerials,andproprietarysoftwareto coordinateandmonitor
operationof thesesubsystems.This chamberrepresentsanintegrationof agricultureand
automation,two of WCSAR'scoretechnicalstrengths.Thetraditionalmethodof
studyingplantshasbeenin their naturalenvironment.Overthepastfew decadesthat
approachhaschangedto oneof researchin acontrolledenvironmentsuchasthe
ASTROCULTURETM where scientists are able to control each variable.

The primary missions of the WCSAR are: 1. to support industry in the identification and

development of new products and new technologies for the commercial marketplace, 2.

to support NASA in the development of technologies that will contribute to the human

exploration and development of space, and 3. to support dissemination of WCSAR

program experience for educational purposes.

The ASTROCULTU RErM facility first flew on USML-1 and subsequently has flown on

a number of Shuttle flights including the USML-2 Spacelab mission. The earlier flights

were primarily tests of the various subsystems in microgravity, which culminated in an
actual demonstration of the growth of potato tubers on USML-2 that could be used as a

source of food on later extended duration missions. The potato tubers developed

normally, despite the lack of gravity, and the starches they produced were very much the

same as the starches produced by potatoes grown on Earth except for the reduced activity

of the enzyme, ADP-glucose pyrophosphorylase. This later finding is not understood and

requires further study.

Later flights investigated the growth of other plants as possible food sources for extended
manned missions including the growth of dwarf wheat plants from seed-to-seed on the

MIR station. It was also demonstrated during the STS-95 mission that the microgravity of

space provides a particularly suitable environment for transgenic plant alterations. A

scaled-up version of the ASTROCULTURE TM facility is being developed for the

International Space Station to provide food to the crew.

A number of the technologies that went into the development of the

ASTROCULTURE TM flight hardware have found their way into the commercial market.

For example, owners of large commercial nurseries nationwide are now using the

module's water and nutrient delivery tubes. The project also developed a system of air

humidification/dehumidification that does not need a gas or liquid separator as other

systems do. The LED arrays used for lighting in the facility produce an average
continuous output of 4 - 6 watts at a wavelength of 660 nm. This output is equivalent to

the terrestrially sensed output of the sun at this wavelength at high noon. These LED

chips are arrayed on an alumina tile substrate that may be formed to provide optical

power focused on a specified target area which can be used as energy efficient lighting

systems for large scale commercial nurseries. These arrays also offer a low cost

alternative to laser light sources in a wide range of medical applications such as

measuring blood sugar levels or use in photodynamic cancer therapy.

BioServe
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BioServeSpaceTechnologiesis aNASA Centerfor SpaceCommercializationlocated
jointly attheUniversity of Coloradoin Boulder,Colorado,andKansasStateUniversity
in Manhattan,Kansas.Theprimarymissionof BioServeis to facilitate commercialuseof
theuniqueenvironmentof space.BioServefocuseson researchin biomedical,
pharmaceutical,bioprocessing,bioproducts,agricultural,andenvironmentalareas.Areas
of investigationcanbecategorizedto includestudiesonwholeorganisms,mammalian
cells,viruses,plants,microorganisms,biocrystalgrowth,biomaterials,bones/skeletal
materials,andotherrelatedtopics.In general,reducedgravityhasbeenshownto alter
oneor moreaspectsassociatedwith eachof theabovecategories.Ongoingresearchis
directedtowardsidentifyingtheunderlyingcausesof thealteredoutcomesandexploring
thepotentialof relatedcommercialapplications.

A GenericBioprocessingApparatus(GPA)payloadwasflown for thefirst time on
USML-1 (STS-50).TheGPAmodulereplacesamiddecklocker andprovides
confinementandenvironmentalcontrolfor up to 72Fluid ProcessingApparatuses
(FPAs). EachFPAcanbe thoughtof asanautomatedtesttubein whichup to three
differentfluids canbemixedatdifferenttimesin orderto performanindividual
experiment.(For example,anactivatorcanbeaddedto aculturemediumat the
beginningof theexperimentandafixative addedat thetermination.). On USML-1,the
FPAswereactivatedindividuallyby thecrew. Onlaterflights, theFPAswerepackaged
in groupsof 8 sothattheentiregroupcouldbeactivatedmanuallyor automatically.
IndividualFPAscanbeplacedinto anopticaldensitymeasurementdeviceinsidethe
GBA to collectturbidity dataprovidingreal-timeexperimentalreactionrates.Variations
of thestandardFPAconfigurationincludeaGas-ExchangeFPA(GE-FPA),aPlant-FPA
(P-FPA)andan InsectFPA(I-FPA).Insertsarealsousedto facilitateproteincrystal
growthexperiments.Thedifferentdesignsaddressspecificexperimentalrequirements
suchasproviding largerhabitats(insects)or allowinggasexchangewithin theGAP
atmosphereto increasetheavailableamountof oxygen/ carbon dioxide. The T-GAP

(toroid) contains a single volume insert (no activation or termination) that replaces the 8

FPAs to provide a larger experimental volume for specific applications. Other
modifications can be considered on an "as needed" basis.

The Commercial GBA can either be flown as an isothermal containment module (GBA-

ICM) with a set temperature ranging from 4°C to 37°C, or as an incubator (GBA-INC).

A Fluid GBA was designed to dispense carbonated beverages on STS-77 and a Plant

GBA designed to support plant growth was flown on STS-77 and on MSL-1 and 1R. All

told, GBAs have been flown on 18 Shuttle flights, including two extended stays on MIR.

More than 100 plant experiments have been conducted, more than 2500 space

experiments have been performed in FPAs and another 120 experiments have been

performed in Bioprocessing Modules (a JSC-developed device whose function is similar

to the FPA).

These flights have been used to investigate a wide variety of microgravity effects, many

of which were totally unexpected and could not have been predicted from simple fluid

mechanical arguments. A few examples are:
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Accelerated growth of microorganisms. Many experiments have demonstrated

that bacteria, paramecia, and other microorganisms grow faster in microgravity.

One argument that has been suggested is that since the organism does not have to

swim against gravity, more resources can be devoted to growth. The BioServe

experiment, which demonstrated enhanced growth of a nonmetal strain of E. coil

(ATCC 4157), shows that other factors are responsible. Growth in suspension

cultures as well as on agar substrates were enhanced in microgravity.

Enhanced cellular production. The production of the antibiotic monorden by the

fungus Humicolafuscoatra was increased by 190% in microgravity, which is
consistent with reports of increased production of cell products from other cell

lines in a weightless environment.

Altered development of organisms. In one set of experiments, the development of

brine shrimp was significantly increased in microgravity. However, in another

set of experiments, the differentiation of bone marrow macrophages was retarded,

although their growth was enhanced.

Enhanced enzymatic activity. Enzymes such as plasmin, collagenase, and

cellulase were shown to degrade fibrin, collagen, and cellulose respectively 30-

50% faster in microgravity than in normal gravity. A smaller enhancement was

also observed in clinostat experiments.

Enhanced expression of auxin-regulated genes. Plant growth and development is

highly sensitive to auxin and altered sensitivity can have dramatic effects on such

things as root growth and the production of metabolites of pharmaceutical

interest.

Plant growth and development in absence of gravitational cue. The role of the

statocytes (specialized cells though to be the gravity sensors) in gravitropism is

reasonably understood, but not the mechanism by which the gravity force is

turned into a biochemical signal. BioServe is interested in how plants, in the

absence of gravitational cues, signal for ethylene production, cell wall thickness,

lignin production, and the partitioning of carbohydrate between lipid and starch

production. This knowledge might allow them to manipulate plants to optimize

plant products, both in space as well as on Earth.

Magnetic combing of collagen. Collagen can be grow in vitro on Earth, but it is
disordered at the fiber level making it undesirable for implants. BioServe

demonstrated that it could be "combed" in microgravity by drawing fixed

magnetic bacteria through it with a strong magnetic field as it is being

polymerized.

Growth of biocrystals. BioServe has demonstrated that different growth

techniques; e.g. osmotic dewatering, dialysis diffusion, microdialysis, etc. can
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alsoproducebiocrystalsthatareof higherquality in microgravity asevaluatedby
X-ray diffractionresolution,mosaicity,andstability in anX-ray beam.

Science Assessment

Biomolecular Crystal Growth

The growth of protein and other macromolecular biomaterials has been and still is more

of an art than a science. There are many variables that can affect the growth process,

many of which are not well understood, are not always under control. Furthermore,

nucleation in a stochastic event so that there is always a certain amount randomness

involved, even if all other variables are controlled. As a result, it is not unusual for

apparently identical experiments to yield quite different results. Traditionally, structural

molecular biologists have set up large arrays of growth experiments, not just to screen for

optimum growth conditions, but also to improve their chances of obtaining at least one

growth chamber with usable crystals. Since their primary job was to obtain molecular

structure, not to investigate growth processes, these workers seldom had the opportunity

or the background to investigate the fundamentals of the growth process.

There is no question that some growth systems have produced crystals of outstanding

quality in microgravity and, in a number cases, the space-grown crystals were superior to

the best crystals of those particular systems that had ever been grown on Earth. These

findings have attracted the attention of the some of theoreticians who study the formation

of crystal structure in small molecule systems. Exactly how does gravity affect the

growth process? Why do some protein systems seem to benefit from microgravity and

others do not? Can we apply this knowledge to improve the growth of protein crystals on

Earth? NASA is now vigorously supporting this avenue of research. Consequently, this

growth problem is being attacked by a multi-disciplinary approach, which includes

protein chemists, solid state physicists, surface scientists, fluid dynamists and

computational process modelers. International meetings sponsored by several crystal

growth societies are now being held on an annual basis and are attracting an increasing

number of participants.

There are a number of theories and conjectures that have been set forth as possible

explanations for this phenomenon, several of these have already been discussed in the

preceding sections. One of the more paradoxical findings has been the fact that the

space-grown crystals in many cases have been both larger and better organized.

Generally better internal order requires slower growth rates, which would be case if

diffusion controlled transport became the rate limiting step in the growth process.

Therefore, the growth rate in space should always be equal or less than the growth rate on

Earth where convection provides additional transport. How then can the space-grown

crystals grow larger in the same length of time as their ground control counterparts?

One possible answer is that the space crystals continue to grow while the growth of their

Earth counterparts slows and eventually ceases. This well-known, but poorly
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documented,phenomenonof growthcessationhadbeenoneof thefactorsthatlimited the
sizeof manyproteinsystemsandis hasbeendemonstratedthattheproblemis
exacerbatedby forcedconvection(seePuseyet al.J.CrystalGrowth90 (1988)105-111).
It wasspeculatedthattheconvectiveflowsbringcontaminantsto thevicinity of the
growingcrystalwheretheymaypoisonthegrowthinterface.For this theoryto hold, the
contaminantsmustbeincorporatedinto thecrystallinelatticein preferenceto theprotein
monomers;otherwise,convectiveflowswouldhavethebeneficialeffectof sweepingthe
build-upof thepartially rejectedimpurities awayfrom thegrowthfront. It is knownthat
proteingrowth solutionsarefrequentlycontaminatedbyhigherorderoligomersof the
nativeprotein thatform spontaneously.Whethertheseoligomersarepreferentially
incorporatedand,if so,how their presencemightpoisonthegrowthinterfaceisstill not
clear. However,theresultsobtainedby Garcia-Ruizfrom growthin X-ray capillaries
lendcredenceto thehypothesisthatthediffusionfield actuallydomakeaneffectivefilter
for highermolecularweightcontaminantsandthattheir reductiondoesin fact improve
thegrowth andqualityof thecrystal.Subsequently,it hasbeenfoundthatby paying
moreattentionto thepurity of thestartingmaterial,dramatic improvementscanalsobe
madein terrestriallygrowncrystals.. Progresssuchasthismayultimatelyproveto be
themostvaluablecontributionthespaceexperimentscanmaketo thefield of
macromolecularcrystalgrowthandstructure-baseddrugdesign.

Anotherissuethatmustbeaddressedis why somanyspaceexperimentshavefailed to
producehighquality crystals.Oneto two weeksis marginalfor thegrowthof many
systemsandanumberof flightshavereturnedcrystalsthanweresimplytoo smallfor X-
raydiffraction analysis.Longerdurationflights, whichwill bepossibleon theISS,
shouldhelpthissituationimmensely,asevidencedby thesuccessesMcPhersonhashad
with his GN2dewarexperimentsontheMir station. In addition,thereseemsto besome
evidencethatgrowthconditionsthathavebeenoptimizedfor growth in normalgravity
maynotbeoptimumgrowthunderpurelydiffusion-limitedconditionsandsome
tinkeringwith thegrowthconditionsin spacemayberequired.Theproblemof
maintainingcontroloverthemanypossiblevariables,suchasthepresenceof trace
contaminants,plaguesspaceexperimentsasit doesterrestrialexperiments,makingit
difficult to getreproducibleresults.Finally, accordingto Vekilov's theory,growthof
somesystemsin microgravity mayactuallymovethegrowthmechanismfrom aregion
of stabilityto anunstableone. Unfortunately,thephysicalpropertiesof only a few
proteinsystemsareknownwell enoughto beableto apply this theory,andarigoroustest
of thetheoryhasnotyetbeenperformed.

Eventhoughthesuccessrateof obtainingsuperiorcrystalsby growing themin spaceis
only 20-25%for agivenprotein(i.e.,oneor moreof all thespaceexperimentswith that
particularproteinproducedbettercrystalsthanhadpreviouslybeenproducedonEarth),
thescientificandindustrialinteresthasbeenveryhigh. GuestInvestigatorsfrom a
numberof researchfoundations,medicalschools,andpharmaceuticalindustrieshave
committedtheir ownresourcesto participatein theprogram. It shouldbeunderstoodthat
althoughtheseGuestInvestigatorsdonotpayNASA to fly their experiments,neitherdo
NASA paythemfor their efforts. Theycommittheir owntime andtravelexpensesas
well asprovidethehighly valuablepurifiedproteinsto supportthe experiment.The

115



scientificoutputhasalsobeenimpressive.Thebibliography(seeAppendix)citesatotal
of 283publications,211of whichappearedin refereedjournalsthatdealwith the
background,flight preparation,flight resultsandtheirapplications.

Electro kinetic Separation

Even though the flight experiments were hampered by equipment problems, it is fairly

clear that enhanced throughput from a continuous flow electrophoresis device can be

achieved in a microgravity environment by the use of more concentrated samples and

wider spacing between the walls of the flow channel. However, increasing the sample

concentration exacerbates the electrohydrodynamic effects caused by the mismatch in

conductivity and dielectric constant between the sample stream and the buffer curtain,

which tends to degrade the resolution. Understanding these effects may lead to the

development of more efficient continuous flow electrophoresis machines for terrestrial

use, but it appears unlikely that the gain in efficiency would be sufficient to justify

carrying out such separations in space unless they were done in conjunction with

materials that were already in space (e.g., products from some cell culture or fermentation

process). The bibliography cites a total of 31 related publications, which include 19

journal articles.

Electrofusion

Although there have been only a limited number of space experiments (mostly rocket

flights) to investigate the advantages of using microgravity in the creation of hybridomas

and hybrid plants by electrofusion, the results look encouraging. The role of gravity in

the process is clearly not understood, but given that the process seems to benefit from

space, more research to understand the process is certainly merited. The bibliography

cites 9 related publications including 6 journal articles.

Commercial Biotechnology

The WCSAR ASTROCULTURE TM effort is more of a technology development than a

scientific endeavor. However, it has produced some very useful spinoff products such as

their closed plant growth system that allows complete control of the growth environment,

their proprietary water and nutrient delivery tubes as well as their air humidification

/dehumidification systems for use in plant nurseries, and their efficient LED light source

for plant growth and other medical applications. Their work on the use of microgravity

for transgenic plant alterations is intriguing since the role of gravity is not understood in

the process, but as in the case of electrofusion, it apparently is important and needs to be

understood. The bibliography cites 10 related publications (no journal articles).

The BioServe effort is extremely broad based scientifically and is carrying out an

extensive research program to catalog how various organisms respond to the

microgravity environment with the goal of exploiting those characteristics they find

useful for commercial purposes. Many of their findings, such as the accelerated growth
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of certainorganisms,enhancedproductionof cellproducts,enhancedenzymaticactivity,
etc. in microgravityaresurprisingandarenotunderstoodfrom simplefluid modelingof
gravityeffectsin living organisms.Their academiccollaboratorsattheUniversityof
Colorado,Boulder,andKansasStateUniversityin Manhattan,Kansashavepublisheda
very impressivetotal of 265papers,160of which appearedin peerreviewedjoumals.

Economic and Societal Impacts

Of all the NASA-sponsored microgravity endeavors, the Biotechnology effort offers by

far the greatest promise of economic and societal benefit. Structure-based drug design,

which requires improved methods for crystallizing biomolecular materials, has the

potential to produce pharmaceutical compounds with fewer side effects. In today's highly

competitive, cost-sensitive drug market, macromolecular crystallography can help

pharmaceutical manufacturers bring exclusive, proprietary drugs to market faster and

with significantly lower development costs. Therefore, any improvement in obtaining the

crystals of interest that NASA can make, either in space or on the ground, translates into

significant potential cost and health benefits. Crystals grown in space have already
contributed to the direct solution of several protein and viral structures and to the

refinement of many others. Some of the more promising drugs under development, in

which space played a significant role, are summarized below:

, Pharmaceutical companies had been searching for way to control the release of

human insulin so that diabetics could take fewer injections and have a more constant

supply. One promising binding agent turned out to be toxic to humans. Space grown

crystals provided the clue as to what was going was going on and led to a solution of

the problem.

• Factor D is a protein that often stimulates the immune system to overreact from the

trauma following open heart surgery. A particularly large crystal of this protein

grown on USML-1, when merged with other data, provided the structural
information. Drugs to block this protein are in Phase II clinical trials and may be

available by 2001.

• Space grown crystals of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), an

essential enzyme in the parasite that is responsible for Chagas' disease, were

instrumental in refining this protein. Drugs based on the structure of this molecule

are in pre-clinical trials.

• NAD-synthetase is a target for a wide spectrum antibiotic under development that

pre-clinical trails have shown to be effective against anthrax, pseudomonas, and flesh

eating bacteria. Space grown crystals played a role in obtaining its structure. A

crystal grown on STS-95 improved the resolution from 1.6 ]k to 0.9/_. These data

should prove useful to help improve knowledge of the active site if it becomes

necessary to adjust the design of the drug that is presently being tested.
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TheNASA-sponsoredCenterfor MacromolecularCrystallographynowemploysmore
than100Scientistsandengineersworkingoncrystalgrowth,structuredetermination,and
thenextgenerationof flight experiments.Theycollaboratewith 37universitiesandhave
21 industrypartnersthatcontributeover$2million peryearin directfunding. Thereare
now4 spin-off companies(BioCrystPharmaceuticals,Inc., Ibbex Pharmaceuticals, Inc.

and Diversified Scientific, Inc., in Birmingham and New Horizons Pharmaceuticals in

Huntsville) that have been created as a result of the NASA-sponsored work in this area.

BioCryst uses data from the space experiments to help design new structure-based drugs.

Presently, they are developing drugs to treat cutaneous T-cell lymphoma (in phase UII

human clinical trials), psoriasis (in phase I/II human clinical trials), stroke and certain

complications of open heart surgery (preclinical trials), viral influenza (preclinical trials),

and AIDS (preclinical trials).

Ibbex has used the protein structures developed initially by the Center for

Macromolecular Crystallography to develop drug for cystic fibrosis, bacterial vaginosis,

and Chagas' disease, all of which are in preclinical trials. Chagas' disease is a

devastating parasite disease that affects more than 18 million people in South America

and 150,000 in the US. The high resolution data from the malic enzyme crystal obtained

in the glovebox experiment on USML-1 played a major role in obtaining the structure of

this protein.

Diversified Scientific is commercializing the improved crystallization techniques based

on the knowledge gain from the space experiment. This equipment will allow other

pharmaceutical companies to improve the crystals they grow in the laboratory in order to

further stimulate the use of structure-base drug design.

Some of the technological benefits that has come from the other NASA-sponsored

Commercial Space Centers that work in biotechnology, BioServe and WCSAR, have

already been discussed. Their work on utilizing microgravity to improve the process of

transgenic plant alterations could have significant societal and economic benefits by

producing food crops that mature faster. BioServe's work on controlling the production

of lignin in wooded plants could also have a major impact on the building as well as the

pulp paper industry.
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