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Preface

The Life and Microgravity Spacelab (LMS) was an ambitious scientific mission with the goal to
plan, integrate, and perform a number of spaceflight experiments and to do so in half the time
normally required. Due to the diversity of the experiments, the international participation, and the
shortened template for performing the mission, LMS provided an opportunity for NASA to obtain
lessons learned for scientific operations upcoming on the International Space Station. That the
mission was successful in performing the experiments with few compromises in the investigators’
desires is a tribute to the investigators’ teams and the support they received from the international
space agencies involved.

LMS was manifested in September of 1994 and flew abroad the shuttle Columbia from June 20
through July 7, 1996. The planning and integration of the mission was performed in 21 months.
This was the shortest planning period for any such mission, far shorter than the 3 to 4 years typical
for other Spacelab missions. As a result, the payload costs were approximately half those of other
Spacelab missions. At the time, the flight was the longest duration space shuttle flight in the
history of the program. The mission was planned for 16 days but was extended to 17 days in
flight to increase the scientific return of the mission.

There were 40 scientific investigations associated with LMS involving research sponsored by
NASA’s Office of Life and Microgravity Sciences and Applications (OLMSA). Unlike most
Spacelab missions, there was a roughly equal split of the laboratory experiments between the life
sciences and the microgravity science divisions of OLMSA. There were 16 life sciences and 24
microgravity science investigations, supported by data from three accelerometers.

The mission was international in scope. Five space agencies took part. In addition to NASA,
investigators from the European, French, Italian, and Canadian space agencies were involved. The
payload included principal investigators from ten countries. The payload crew of LMS was also
international. Payload Specialists Robert Thirsk and Jean-Jacques Favier and their alternates Luca
Urbani and Pedro Duque were from Canada, France, Italy, and Spain respectively. They were
joined by NASA astronauts Susan Helms, Richard Linnehan, Charles Brady, Kevin Kregel, and
Tom Henricks.

The LMS payload experiments were monitored and commanded by investigator teams from sites
all over the world. The US sites included Marshall Space Flight Center in Huntsville, Alabama,
Lewis Research Center in Cleveland, Ohio, Johnson Space Center in Houston, Texas, and
Kennedy Space Center in Florida. European sites in Toulouse, France, Milan and Naples, Italy,
and Brussels, Belgium were also active during the flight. This distribution of payload experiment
teams was without precedence and provided lessons for such operations in the future.

The material following describes the initial results of the varied experiments which flew on LMS.
In microgravity science these included interfacial fluid physics studies of thermocapillary flow and
electrohydrodynamics performed in the Bubble, Drop and Particle Unit. Also the most extensive
set of microgravity experiments to date regarding the morphology of semi-conductors and metal
alloys was performed in the Advanced Gradient Heating Facility. These materials were formed
under different processing conditions to achieve a spectrum of morphologies including single
crystals, equiaxed dendrites, and columnar dendrites. The final group of microgravity experiments
was protein crystal growth investigations performed in the Advanced Protein Crystallization
Facility, which included in-flight, in situ observations of growth and post-flight crystallography
studies.



The various life sciences investigations included studies on lignin formation in the Plant Growth

Facility, the role of corticosteroids in bone loss performed on rats in the Animal Enclosure Module,

and the development of medaka fish eggs performed in the Space Tissue Loss Module. In addition
a number of human physiology experiments involving musculoskeletal studies were performed on
the Torque Velocity Dynamometer (TVD). Other human physiology investigations included
neuroscience studies of torso rotation and canal and otolith function, metabolic experiments on
calcium and caloric balance, behavior and performance studies of circadian rhythms and cognitive
performance, and a study on pulmonary function. Taken together these investigations gave the
most complete characterization and understanding of human response and adaptation to spaceflight
performed to date.

The results reported in this document reflect the presentations that were made at the LMS One Year
Science Review hosted by the Canadian Space Agency in St. Hubert, Canada, on August 20 and
21, 1997. Also included in this document are the written reports of investigators who could not
attend this meeting. The analysis of the data gathered before, during, and after flight is on-going
for most of the investigations and therefore the reports should be regarded as preliminary. It is
presumed that when appropriate the principal investigators will submit their findings to refereed
journals. With this in mind, the following material should not be regarded as appropriate for
scientific reference.

On a personal note, I would like to mention my gratitude to those with whom I worked who made
the LMS mission so successful. The list is much too long to specify everyone and in fact, given
the complexities of spaceflight, there are surely a large number of people deserving my thanks of
whom I am not even aware. Since LMS was an example of teamwork, I think it is best to simply
thank the teams. These would include mission management, their contractors McDonnell Douglas
and Teledyne Brown Engineering, Spacelab operations laboratory, the flight director’s team, the
international agencies involved, particularly ESA who provided the microgravity hardware and the
TVD, and of course the astronauts, particularly the alternates who did not get to fly but worked as
hard as anyone. I would like especially to thank the people who worked the mission scientist team
as they made my job remarkably easy. Finally, I would like to extend my appreciation to the
investigators and their teams. The efforts of all those taking part in this mission were dedicated to
giving these investigations an opportunity to succeed but ultimately it is the effort of the science
teams which determines the success of a mission. The following pages are a testament to the
quality of the investigators and investigations involved in this mission.

IR %" o
2 James Patton Downey W
LMS Mission Scientist

NASA Marshall Space Flight Center
Huntsville, Alabama

Note: Reports on the following JSC Human Life Sciences Project experiments are not included in
this document because they were not available at press time:

» E036 - “Relationship of Long-term Electromyographic Activity and Hormonal Function
to Muscle Atrophy and Performance”

* E073 - “Canal and Otolith Interaction Studies” 4

* E409 - “An Approach to Counteract Impairment of Musculoskeletal Function in Space”
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Coupled Growth in Hypermonotectics
J. Barry Andrews* and Sam R. Coriell**
*University of Alabama at Birmingham
Birmingham, AL 35294
**National Institute of Standards and Technology
Gaithersburg, MD 20899

OBJECTIVE

The primary objective of this project is to obtain a better understanding of solidification
processes in immiscible alloy systems. While many alloys in these systems show great potential
for use in engineering applications (in particular for superconductors, bearings, catalysts,
electrical contacts, and magnetic materials) control of the solidification process is difficult due to
gravitationally imposed flows and sedimentation. This project makes use of the low-g
environment available during low-Earth orbit to obtain samples solidified without the deleterious
influence of gravity. The experimental results are compared to those obtained from modeling the
solidification process and are used to help enhance the models developed. Success in this effort
will eventually lead to an improved knowledge of ways in which to control microstructures
developed in these intriguing alloys.

BACKGROUND

Two-liquid immiscibility is usually associated with a monotectic alloy system, an example of
which is represented by the phase diagram in Figure 1. One of the most prominent features of
this phase diagram is the miscibility gap in which two separate liquids co-exist over a
temperature and composition range. It is also apparent that a transformation can occur in this
system which involves the decomposition of one liquid phase to form a solid and another liquid

phase (i.e. the monotectic reaction L;— S; + L,).

The monotectic reaction is similar to another type of reaction, called the eutectic reaction, which
occurs in many alloy systems (L — S; + S;). As a result, some of the theoretical work carried
out on eutectics can provide a starting point for the development of a model for monotectics.
However, the fact that one of the product phases in a monotectic is a liquid can lead to
substantially different behavior than that observed in eutectic systems where both product phases
are solids.

One of the useful features of eutectic alloy systems is that by directionally solidifying the alloys
under the proper conditions, a structure can be obtained which consists of aligned fibers of one
phase in a matrix of the other. This fibrous composite structure forms as a result of the unmixing
of the liquid phase to form the two product phases. In this reaction the solute rejected during the
formation of one of the solid phases is consumed in the formation of the other solid phase. This
“coupled growth” process has also been observed in some immiscible alloy systems for alloys of
monotectic composition.
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Figure 1. Phase diagram for the aluminum-indium alloy system

It is well known that in eutectic alloy systems, alloys which are off of eutectic composition can
also be directionally solidified to produce fibrous microstructures. In fact, the use of off-eutectic
compositions provides a means of controlling the volume fraction of the fibrous phase.
However, there has been some controversy whether off- monotectic alloys, especially those with
solute contents higher than the monotectic (i.e. hypermonotectic alloys) can be directionally
solidified under conditions which would lead to a stable coupled growth process and the
development of a fibrous microstructure.

As seen in an off-eutectic alloy, steady state coupled growth in an off-monotectic alloy should
involve two diffusion fields. One of these fields would be associated with the “unmixing”
process, which is part of coupled growth. This diffusion field should only extend into the liquid
a short distance, approximately one half the interfiber spacing. The other diffusion field would
arise due to the alloy being off of monotectic composition. The composition of the liquid far
removed from the solidification front would be equal to the alloy composition, while the
composition at the front would be held at the monotectic composition. This composition
variation, which would occur primarily close to the solidification front, is called the solute

boundary layer.

The presence of a solute boundary layer in the liquid in advance of the solidification front gives
rise to the possibility oi interfacial instability. The composition variation with position in the
liquid results in a variation in the temperature at which the miscibility gap would be entered.
Just adjacent to the interface, a temperature as low as the montectic temperature can be tolerated
without entering the miscibility gap. However, as the composition increases with distance from



the interface the temperature at which the miscibility gap would be entered increases as well. If
the thermal gradient in the sample is insufficient to keep the local temperature above the local
miscibility gap temperature, the second phase immiscible liquid can form in advance of the
solidification front and disrupt the coupled growth process. The conditions which must be met in
order to avoid this instability are given by the relationship

& > ml. (Cﬂ _Cm)
v D,

where G = temperature gradient in the liquid
V = solidification front velocity
my = slope of the (L, + L,) two-phase boundary
Co = alloy composition
Cm = monotectic composition
D, = diffusivity of solute in the liquid

If the above conditions are met it should be possible to produce an aligned fibrous composite
microstructure even in a hypermonotectic alloy. It is important to note that since the formation
of the L, phase in advance of the solidification front can be suppressed, difficulties due to
sedimentation of the L, phase during directional solidification can be avoided. However, there
are other gravity driven phenomena that make ground based experimentation difficult.

While the solute depleted boundary layer in advance of a solidification front should make it
possible to achieve steady state coupled growth by using the proper growth conditions, this
boundary layer may give rise to undesirable fluid flow in the sample. In almost every known
immiscible alloy system the solute has a higher density than the solvent. This implies that for
vertical solidification, the solute depleted boundary layer in advance of the solidification front
will have a lower density than the liquid above it. This density variation is expected to result in
convective flows which can lead to difficulties during solidification. In most cases the resulting
convective flow can cause compositional variations that are sufficient to prevent coupled growth
over a substantial portion of the sample.

In order to obtain steady state coupled growth conditions in immiscible alloys both interfacial
stability and convective stability will be required. It should be possible to obtain interfacial
stability by directionally solidifying alloys using a high thermal gradient to growth rate ratio.
This requirement can best be met by using a furnace that can produce a high thermal gradient in
the sample during solidification. Convective stability presents more of a problem. Analysis
implies that the only way to reduce convective flows to the level required for this study is by
carrying out directional solidification under microgravity conditions.

DATA ACQUISITION AND ANALYSIS

The Coupled Growth in Hypermonotectics project involves the directional solidification of a
range of alloy compositions over a range of growth rates. For the Life and Microgravity
Spacelab (LMS) mission, three alloy compositions in the aluminum-indium immiscible system
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Figure 2. Schematic of the ampoule assembly utilized to process aluminum-indium immiscible
alloys during the LMS mission.

were directionally solidified. The Advanced Gradient Heating Facility (AGHF) was used to
directionally solidify these samples and all samples were solidified at the same rate of 1.0 pm/s.
The samples were sealed under vacuum in aluminum nitride ampoules which contained several
sample segments, pistons and a spring in order to maintain the desired growth conditions during
processing (See Figure 2). Thermocouples were embedded into the wall of the ampoule and
were used to monitor temperatures and determine thermal gradients and growth rates. Alloys
were produced from five-nines pruity components and were vacuum induction melted.

A great deal of effort was used in the preparation of the alloy and ampoule assemblies in order to
avoid the presence of any free surfaces or voids in the samples during processing. Free surfaces
were undesirable because the surface tension driven flow at those surfaces could result in
undesirable mixing within the sample. In order to avoid free surfaces generated due to
contraction of the sample prior to and during solidification, a piston and high temperature carbon
spring were utilized. In an attempt to reduce any residual gasses, which could have led to bubble
formation, the alloys were vacuum induction melted. In addition, the ampoule components were
all vacuum degassed at 1250° C for more than 6 hours. Samples were loaded and sealed under a
vacuum of at least 1 x 10 ~* Torr.

During processing, data was collected on furnace position, acceleration (3 axes), furnace
translation rate, sample thermocouple outputs, and hot and cold zone temperatures.



Figure 3. Computed tomography image obtained for the 18.5wt% In sample, FM 1.

Metallographic and compositional information is also to be obtained on these samples. The
directionally solidified samples will be longitudinally sectioned and one of the sample halves
mounted for metallographic analysis. The other half of the sample will be transversely sectioned
and these sections used for compositional analysis (using precision density measurements) and
then metallographic analysis. Analysis of the transverse sections will permit determination of
interfiber spacings and the volume fractions of the phases along the length of the sample.

RESULTS AND DISCUSSION

Several difficulties were encountered during processing of the CGH samples aboard LMS. The
first difficulty concerned a thermal gradient in the flight furnace that was substantially lower than
that obtained using the engineering model of the furnace. This reduced thermal gradient is
expected to have a detrimental influence on the ability to maintain a stable solidification front,
especially for the highest composition alloy. Another difficulty involved the loss of data
telemetry from the AGHF during processing of the 18.5%. In alloy. Several attempts were made
to reestablish the data link without success. Unfortunately, there was no data recording
capability within the AGHF facility so all data on furnace position and sample temperatures were
lost for this sample.

Radiographic analysis and computed tomography of the samples while still in their ampoules
revealed the presence of several significant sized voids in in two of the flight samples (See
Figures 3, 4 and 5). These unexpected voids give rise to several difficulties. First, the voids
provide free surfaces, which, with the high thermal gradients in this experiment can allow
surface tension induced flow and undesirable mixing in the sample. However, perhaps an even
worse problem is the inconsistency in growth conditions that will exist along the sample. The
voids will obviously change the local cross sectional area of the sample and result in local
variations in both thermal gradient and growth rate. These variations in local conditions will
make analysis of the results much more difficult.



Figure 4. Computed tomography image of the 19.7wt% In, FM 2 sample.

Figure 5. Computed tomography image obtained for the 17.3wt% In, monotectic composition
sample, FM 3.



One of the first questions which must be answered in this study concerns the source of these
voids.  This information is especially important since additional flight experiments are
anticipated in this study. As a result, the primary focus of this project to date has been to
determine the source of these unexpected voids.

There are several factors that could have led to the development of voids in these samples. For
example, if the high temperature spring failed or if one of the pistons stuck, the ampoule would
not be able to compensate for the thermal contraction in the melt or for the solidification
shrinkage. This type of failure could result in the formation of voids. In several of the early
experiments carried out during development of the ampoule assembly the aluminum-indium
alloy leaked past the uppermost piston into the area containing the spring. At these elevated
temperatures (1110° C) the carbon spring and aluminum react to form aluminum carbide, thus
destroying the spring. After initial testing of the ampoule assembly, more stringent
specifications were placed on the tolerances and surface finish for the ampoule bore and pistons.
Further testing indicated this problem had been solved. However, it is apparent from post flight
x-ray analysis of the ampoule assemblies that leakage into the spring area occurred in two of the
flight ampoules and one of the ground based ampoules. Once this leakage occurred is assumed
the spring would have become ineffective.

Another factor that could lead to the development of voids in the samples is leakage of gas past
the silver chloride seal at the bottom of the ampoule. Gas that entered the ampoule could result
in bubble formation in the melt if the gas pressure within the bubble could not be overcome by
the spring assembly. Each ampoule was helium leak tested after assembly in order to avoid this
possibility. However, it is conceivable that changes in the integrity of the seal occurred during
subsequent handling or during heating for processing.

Another possibility for gas bubble formation involves gas release from within the ampoule either
due to decomposition of a component at temperature or due to a reaction. A reaction between
the aluminum or indium and the aluminum nitride ampoule is not anticipated. In addition,
reactions between the ampoule and carbon spring were not observed during testing. The vapor
pressures of aluminum and indium are both rather low at the temperatures utilized and should be
easily overcome by the spring pressure. However, it is still possible that some reaction is taking
place that was overlooked.

Since this experiment is to fly on future missions, it was felt that identification of the source of
the voids in these samples was a critical factor. Much insight could be gained by determining
whether the voids contained a gas, and if so, the composition of that gas. As a result most of our
recent efforts have focused on identifying the contents of the voids. The first thought was to
open the ampoules in a vacuum chamber and to monitor the species released using a mass
spectrometer. However, a survey of equipment at the University of Alabama at Birmingham and
at Marshall Space Flight Center revealed that an appropriately sized chamber was not available
and that mechanical manipulation within the chamber in order to open the ampoule was very
limited. Further discussions led us to Dr. Witold Palosz at the Marshall Space Flight Center who
has been using a specifirally designed apparatus to determine residual gas content in fused silica
ampoules used in semiconductor processing. Dr. Palosz’s approach has been to break open an
ampoule in a small vacuum chamber and determine the gas content by slowly lowering the
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Figure 6. Pressure vs. temperature variations during a typical residual gas analysis. The open
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monoxide calibration curve. The temperature scale covers a range of roughly 20K to 120K.

temperature and monitoring pressure changes. By noting the temperatures at which pressure
drops occur (due to condensation) it is possible to identify the gases present. Significant
modifications, including the construction of a new vacuum chamber, were necessary before this
apparatus could be used to open the aluminum-nitride ampoules. Before the final configuration
was obtained, several versions were tested, and the apparatus was redesigned and reconstructed.
As a result, the apparatus was only recently available for use and a limited amount of time has
been available for the analysis of data. The findings, while preliminary, are quite interesting and
are discussed below.

Preliminary Findings

In order to facilitate opening of an ampoule in the vacuum chamber, a shallow groove was cut
around the perimeter of the ampoule at the desired location. The ampoule was then placed in the
vacuum chamber such that the groove location was within with a bellows in the system. After
evacuating the system, the ampoule could be fractured simply by bending the system at the

bellows.

A typical test procedure involved evacuation of the chamber for a sufficient time to allow the
ampoule to out-gas. After out-gassing had dropped to a reasonable value, the ampoule was
cracked and the gas collected. The temperature was then lowered and pressure changes
monitored in order to determine the gas content. A typical Pressure vs. Temperature plot is




shown in Figure 6. This figure also contains calibration curves for nitrogen (open circles) and
carbon monoxide (open triangles) which are the most difficult gases to distinguish by this

technique.

The first sample tested in the system, sample FM1, exhibited behavior which was later found to
be nontypical. After evacuating the system for one hour the sample was found to be out-gassing
at a rate of 400mTorr/hr. After 20 hours total pumping time the out-gassing rate had dropped to
150m Torr/hr. The outgassing rate then dropped to 40mTorr/hr after a total of 46 hours and to
13 mTorr/hr after 66 hours. When the ampoule was opened only 0.06cm’ of gas (at standard
temperature and pressure) was released. These results indicate that a leak may have been present
in this ampoule. All of the sealed ampoules were helium leak tested before being incorporated
into the cartridge assemblies for processing. However, it is possible that the seal failed either
during handling or during processing. Retesting of all of the ampoule seals is currently planned
in order to determine if seal leakage was a contributing factor to void formation in some cases.
Another possibility is that a hairline crack developed in the ampoule when the groove was cut to
serve as a fracture site. Most of the other ampoule assemblies did not exhibit outgassing to this
extent. In addition, as shown in Table 1, the volume of gas released when the other flight
ampoules were opened was much more significant, giving volumes of 1.7 and 0.92 cm® at STP.
Compositional analysis of the gas obtained from the flight ampoules revealed that a significant
amount of nitrogen was present in all cases. While preliminary, indications are that carbon
monoxide was also present in two of the ampoules. It is tempting to speculate on the source of
this carbon monoxide, especially since this gas was found in the two ampoules in which the alloy
leaked past the piston and came in contact with the carbon spring. However, additional
calibration runs are necessary to verify the presence of carbon monoxide. These calibration runs
are the next order of business.

The nitrogen found in these flight ampoules may have come from several sources. Of course,
one possibility is from air which was either trapped in, or leaked into, the ampoule. Since the
ampoules were sealed in a vacuum after an elevated temperature bakeout there should have been
very little air initially present in the ampoules. Another possibility is due to breakdown of the
aluminum nitride ampoule material at the elevated temperatures used during processing. While
there is very little information available pertaining to this possibility, tests are currently being
carried out to collect gases released by aluminum nitride during extended duration elevated
temperature exposure.

Two ground based control samples were also processed as a part of this investigation. One of
these samples, GM1, contained a rather large void in the cold load segment of the ampoule.
Unfortunately, this ampoule was apparently cracked when the groove was cut to facilitate
opening and a gas analysis could not be obtained. The remaining ground based ampoule, GM2,
exhibited almost ideal behavior. The sample was essentially void free and no leakage occurred
past the piston into the spring assembly. Analysis of the residual gas present in this ampoule
revealed 0.34 cm’ of almost pure hydrogen (at standard temperature and pressure) was present.
Obviously this result is quite different than that observed in the other ampoules. We currently
have no explanation for the source of this gas.
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Table 1: Preliminary Results from Residual Gas Analysis

SAMPLE | COMPOSITION | PRELIMINARY | GAS VOLUME | COMMENTS
NUMBER (Wt % In) GAS AT STP(cm®)
COMPOSITION
FM1 18.5 Nitrogen + some 0.06 May have
CO, leaked
FM?2 19°7 Nitrogen 175
FM3 17.3 Mostly nitrogen 0.92
some CO & H,
GM1 18.5 Ampoule
cracked
GM2 19.7 Almost all 0.34 Essentially void
hydrogen free

SUMMARY AND FUTURE PLANS

To summarize our findings to date, three immiscible aluminum indium samples were
directionally solidified during the LMS mission. Two of these samples contained voids that
were sufficient in size to modify the solidification parameters locally during processing. In
addition, the aluminum-indium alloy leaked past the uppermost piston in two of the flight
ampoules and one of the ground based ampoules and destroyed the carbon spring. Most work to
date has concentrated on identifying the gas present in the voids in order to help determine their
source.

Residual gas analysis revealed that the voids contained primarily nitrogen with some ampoules
also containing smaller amounts of a gas, which, at this stage is thought to be carbon monoxide.
Additional testing must be carried out to verify this finding. Analysis of one of the ground based
ampoules revealed a residual gas composed almost entirely of hydrogen. This ground-based
sample was essentially void free.

Much remains to be done in the analysis of these samples. Part of this work involves a
continuation of the investigation of void formation. This will include collection and testing of
any gases released during extended duration high temperature exposure of an ampoule. The
seals for each ampoule will also be helium leak tested. Additional testing will be carried out to
determine if the ampoules all met surface finish and tolerance specifications as well.

In addition to the work described above, an extensive amount of metallographic analysis remains
to be done on these samples. This work will involve determination of the interfiber spacings and
volume fractions of phases as a function of position along the samples. The findings from the
metallographic analysis will be used to first determine if interface stability and coupled growth
were obtained. The specific microstructural details will then be used to test the monotectic
solidification model developed as part of this investigation.
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Coupled Growth in Hypermonotectics
J. Barry Andrews* and Sam R. Coriell**
*University of Alabama at Birmingham
Birmingham, AL 35294
**National Institute of Standards and Technology
Gaithersburg, ME 20899

NON-TECHNICAL SUMMARY

Well over 1000 alloy systems exhibit immiscible behavior in the liquid state, where, like oil and
water, two liquids form that do not mix. Many of these alloy systems show promise for use in
engineering applications such as superconductors, high performance permanent magnets,
electrical contact materials and catalysts. However, controlling the solidification process in
order to produce desirable structures in these alloys is very difficult. An improved understanding
of solidification processes is needed, but study of the solidification process on Earth is hindered
by the inherent flows which occur in these systems and by the possibility of the heavier of the
two liquid phases sinking to the bottom of the container during processing.

The objective of this investigation is to gain an improved understanding of solidification
processes in immiscible alloy systems. A portion of the study involves the development of
experimental techniques which will permit solidification of immiscible alloys to produce aligned
microstructures. A parallel effort is underway to develop a model for the solidification process
in these alloy systems. This analysis avoids many of the simplifying assumptions often utilized
in similar analyses. Results from experimentation will be compared to those predicted from the
model and utilized to improve the model. In order to permit solidification under the conditions
necessary to form fibrous structures in these immiscible alloys, experimentation must be carried
out under low-gravity conditions.

This experiment used the Advanced Gradient Heating Facility (AGHF) and low-gravity
conditions to help remove the complications of sedimentation and buoyancy driven convective
flow during directional solidification of immiscible alloys. Alloys in the aluminum indium
system were solidified using specialized aluminum nitride ampoules in order to control several
undesirable effects that are sometimes observed during low gravity processing. Three alloy
compositions were processed in order to permit comparison with the model over a composition
range. Two ground based control samples were processed under conditions identical to those of
two of the flight samples in order to allow a direct comparison of the results.

Upon analysis several voids were found in two of the flight ampoules. The presence of these
voids will present problems in the analysis of the samples since the voids can influence the
solidification conditions locally. Most work to date has focused on identifying the gas present in
these voids in an attempt to identify their source. Preliminary data has been collected and
several experiments are underway in this area. The next step in the project will involve a
detailed structural analysis of the samples.
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LMS-AGHF-ESA2b EXPERIMENT DIRECTIONAL SOLIDIFICATION
OF REFINED Al-4wt.%Cu ALLOYS
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Commissariat a |'Energie Atomique - CEREM - Département d'Etude des Matériaux
17 Rue des Martyrs, 38054 Grenoble Cédex 9, France

(1) OBJECTIVES

In the case of directional solidification of inoculated alloys under diffusive transport conditions,
the transition from columnar to equiaxed grain structure is predicted to occur continuously through
intermediate mixed structures, as a function of the nuclei density N,, temperature gradient G and
solidification rate R [1]. The Hunt’s model could not be verified experimentally [2, 3] because, in
practice, gravity driven convection affects these three parameters. For this reason, more recent
models [4, 5] try to include convective effects. However, in order to assess the models, experiments
able to separate convection from the other mechanisms involved are still needed. The purpose of
the LMS-AGHF-ESA2b experiment was to examine the columnar to equiaxed transition (CET) in a
refined Al-4wt.%Cu alloy under conditions in which convection is minimized and diffusive
phenomena are dominant, and in which the nuclei density N, is controlled through the refiner
content. From these experimental results, we expected to check Hunt’s model, and in a more
general way, to better understand the underlying physical mechanisms associated with equiaxed
dendritic solidification of alloys, and the influence of convection on this type of growth.

(2) BACKGROUND

Metal alloys normally solidify with dendritic structures. In constrained growth, arrays of
columnar dendrites are commonly observed and grow parallel and in a direction opposite to that of
heat flow. However, with aluminium alloys used for engineering applications it is frequently
desirable to ensure that the cast microstructure has an equiaxed dendritic as opposed to a columnar
dendritic morphology. In aluminium the columnar to equiaxed transition is promoted by the
addition of inoculants which are termed grain refining master alloys (or grain refiners) [6]. Grain
refiners are most commonly Al-Ti-B master alloys. Over the last two decades much work has been
done to understand the factors which influence the columnar to equiaxed transition. Hunt [1]
proposed to model steady state equiaxed growth in the constitutional undercooled region in front of
a columnar array, in order to predict the transition from columnar to equiaxed grain structure as a
function of the nuclei density Ny, and local temperature gradient G and solidification rate R.
Weinberg and co-workers [2, 3] undertook unidirectional solidification experiments vertically
upwards in Sn-Pb and Al-Cu systems, in non steady state conditions, so that G and R varied
continuously during solidification, to track the CET and check Hunt’s model. But they could not
verify the Hunt’s prediction for inoculated samples, partly due to the low thermal gradients
involved. In fact, gravity driven convection may strongly affect both the nuclei distribution and the
undercooled region. For this reason, more recent models [4,5,7] try to include these last effects.
However, well controlled equiaxed dendritic solidification experiments are needed to provide
benchmark data for the testing and refinement equiaxed microstructure evolution models, both in
the pure diffusion limit as well as with convection.
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With this aim in view, we performed a series of experiments under reduced gravity (EUROMIR
95 and LMS 96) where Al-4wt.%Cu alloys refined at different levels (2 to 50 ppm B, and 10 to 250
ppm Ti) with Al-5Ti-1B master alloys, were unidirectionally solidified with continuously
decreasing temperature gradient G and increasing rate R. Nearly isothermal samples from the same
batch were also solidified in parallel, to give the reference purely equiaxed microstructure.
Reference ground based experiments were also performed in identical thermal conditions with
different orientations relative to gravity. In this paper we only present the results of the LMS-
AGHF-ESA2b experiments.

(3) EXPERIMENTAL PROCEDURE

3.1 Materials

Two ingots were prepared from super purity Al (99.995 wt%) and electrolytic Cu, at the nominal
composition of 4 wt.%Cu and with the respective refiner contents given in Table 1, according to the
following procedure. The Al-4wt.%Cu master alloy was melted in a 42 mm diameter graphite
mould coated with boron nitride. The required quantity of grain refiner, cut from an Al-5wt.%Ti-
1wt.%B master alloy in rod-form, and Ti in excess if needed, was stirred into the melt for 3
minutes, and the alloy was then solidified at a cooling rate of 5°C/min, in a thermal gradient of
about 16°C/cm. For the unidirectional solidification experiments, four equivalent rods were
extracted from each ingot by spark erosion, and then machined to the diameter of 12 mm. Ground
reference and space samples were taken from equivalent rods.

Experiments | Al-5Ti-1B rate | Ti content B content Microgravity | ground based
(kg/T) (ppm) (ppm) samples samples
AGHF 1 0.2+excess Ti 100 2 FM1 GM2
AGHF 2 0.2 10 2 FM2 GM1

Table 1 : Refining contents of the experiments

3.2 LMS-AGHF-ESA2b experiments : unidirectional solidification

During the LMS mission in June 1996, two Al-4wt.%Cu alloys refined at the different levels
given in table 1, were solidified in the Advanced Gradient Heating Facility (AGHF) of ESA which
is a Bridgman type furnace.

Each tantalum cartridge contained two samples as illustrated in Fig.1, with the same refining
content, inserted in a boron nitride crucible. The longer sample (95 mm) was solidified under
varying G and R, and the shorter one (45 mm) was solidified in nearly isothermal conditions, and
used as a reference case for equiaxed growth. To measure local temperature gradients and
solidification rates during the whole experiment, the cartridges were equipped with 19
thermocouples (12 for the gradient sample and 7 for the isothermal one), glued on the outer surface
of the crucible or inserted in a central multibore capillary Al,O; tube (8 of them).

Heaters were programmed to cool down at a given cooling rate, i.e. 1°C/min. The processing
parameters were predetermined by experiments performed in the breadboard and engineering
models of the AGHF in the Centre National d’Etudes Spatiales (CNES) in Toulouse (France).
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Figure 1 : Schematic representation of LMS-AGHF-ESA 2b experiment.

Thermal data

Thermal conditions in the gradient samples are analysed by recording time variations of the
temperature differences between neighbouring thermocouples of the central capillary. Times
corresponding to the passing of the solidification front at the level of each thermocouple are then
determined from the breaks appearing on these curves, and the average velocity between
thermocouples i and i+1 is evaluated as :

X —%;
ti+1 _ti

R, =

1

where x; is the position of thermocouple i, and t; the passing time of the front at thermocouple i.
The temperature gradient in the liquid ahead the front is then calculated as :

L,,(t; — 2mn) — T(t, — 2mn)
X — X

GLi =

Values of G and R at the beginning and end of solidification are given on Table 2. An example of
the overall solidification paths in a logR vs logG diagram is shown on Fig.5.

Microstructural examination

Longitudinal sections of solidified rods, taken parallel to the growth direction, were prepared by
conventional metallographic procedures. In order to reveal grain morphologies, and to enable
equiaxed grain densities to be measured, metallographic sections were anodized with HBF4
aqueous solution (34% HBF4 acid in water) at 30 V DC for between 2 and 3 minutes at room
temperature. When viewed with crossed polarizers in an optical microscope, grains of different
orientations were clearly delineated. Grain density measurements were performed only on those
parts of samples that were found to have a fully equiaxed grain morphology. The grain density was
evaluated by means of image processing softwares and grains counting methods based on
stereology [8, 9].
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(4) EXPERIMENTAL RESULTS

4.1 Isothermal samples

Typical grain structures formed in isothermal samples under microgravity and on the ground are
shown in the longitudinal sections of Fig.2a and b. Average grain densities measured on the

different isothermal samples are given on Table 2.

Figure 2: Optical micrograph of an anodized microstructure viewed under polarized light showing a
longitudinal section of : a) FM1 microgravity isothermal sample, with a regular equiaxed structure, b) GM2

b

ground based isothermal sample, with a strong settling effect.

Sample | Ny (part./mm°) | Initial thermal conditions | Final thermal conditions
G(K/cm) - R(cm/s) G(K/cm) - R(cm/s)
FM1 5.1 17.0 6.82 10" Shs! 2.58 10°
FM2 1.37 12.7 1.10 10™ 5.6 1.20 107
GMI1 0.35 19.2 1.70 107 54 1.93 107
GM2 0.92 [PN7 1.28 10~ 8.8 1.50 107

Table 2 :Averaged Ny measurements for isothermal samples :

initial and final thermal conditions (G, R) at the growth front, for gradient samples.

In microgravity isothermal FM2 sample, the equiaxed grain structure is very regular with
homogeneous grain size. In presence of excess Ti (FM1 sample) grain sizes are smaller (nearly a
factor 2). A slight variation of grain size can be observed for this sample, probably due to a bad
distribution of excess Ti. All the grains have a dendritic microstructure. In ground based samples
GM1 and GM2, grain sizes are much less uniform than in microgravity, as shown in Fig.2b : a thin
region with very small grains is present at the bottom of the samples, but grains are much larger in

the central part, so that the average grain density is larger than in microgravity (Table 2).
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4.2 Gradient samples

Microgravity gradient samples FM1 and FM2 show a continuous transition from an anisotropic
structure at the beginning of solidification (Fig.3) towards a fully equiaxed microstructure at the
end of solidification (Fig.4a). Indeed, the interdendritic segregated regions are found to be
elongated and preferentially oriented in the direction of the temperature gradient in the first part of
the sample (Fig.3a), and this effect progressively disappears along the solidification direction. This
anisotropy is however not reflected in the grain structure itself, which shows no elongation in the
solidification direction (Fig.3b). One can only remark a tendency for the grain boundaries to be
either parallel to the temperature gradient, or nearly perpendicular to it. Eutectic inclusions are
preferentially concentrated along the first type of boundaries. These inclusions form dihedral angles
at the intersection of perpendicular boundaries (Fig.3c). In the regions where the grain boundaries
are not filled with eutectic, small aligned Al,Cu platelets are observable (Fig.3d). In presence of
excess Ti (FM1 sample), the equiaxed region at the end exhibits smaller dendritic grains.

100 pm

C

Figure 3 : Microstructures obtained in the first solidified part of FM1 gradient sample : a) SEM picture
showing the elongation of interdendritic segregated regions in the solidification direction, b) optical
metallography of anodized sample showing no elongation of the grains, c)dihedral angle formed at the
junction between a eutectic inclusion and a grain boundary perpendicular to the solidification direction, d)
aligned Al,Cu precipitates formed at a grain boundary containing no eutectic.
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Ground based GM1 and GM2 samples exhibit slightly different grain structures, due to their
different Ti level. The GM1 sample (without excess Ti) is fully columnar, except at the end, where
few equiaxed grains appear, mainly on the periphery of the sample (Fig. 4b). In presence of excess
Ti (GM2 sample), a sharp transition from purely columnar to equiaxed structure is observed.

Figure 4 : grain structure of the last solidified part of gradient samples : a) equiaxed structure of the
microgravity sample FM1, b) mixed columnar-equiaxed structure of the ground sample GM1

(5) DISCUSSION

The mechanisms controlling the equiaxed grain sizes in the isothermal samples and the grain
structure transition in the gradient samples are discussed below. In each case, one first consider
space samples where convective effects are minimized. Then, the influence of convection is
discussed by comparing ground and space macrostructures.

5.1. Isothermal samples

In space samples, the refiner is found to operate, even for the case of the low Ti content (10ppm).
This result shows that there is no significant fading of the efficiency of the refiner particles during
their long stay into the liquid (4 hours), and that, if a lower limit of excess Ti necessary for
heterogeneous nucleation on the TiB, particles exists, it should be very low. However, the grain
size is significantly smaller in the sample with 100ppm Ti. This may be due to an increase of the
number of efficient nucleation sites and/ or a contribution of the Ti content in the liquid to slow
down the growth of the equiaxed grains. Comparatively, the grain structure in the ground samples
is strongly influenced by the settling of refiner particles towards the bottom. This settling is
however not complete due to the slight mixing by natural convection.
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5.2 Gradient samples

In order to interpret the microstructures observed in the microgravity and ground gradient
samples, we will first briefly recall the accepted description of the columnar-equiaxed transition.

The model of the columnar-equiaxed transition :

Considering the nucleation and growth of crystals inside the liquid ahead an already formed
solidification front (columnar front), and supposing that both the nucleating particles and the
growing crystals do not move, three different situations have to be distinguished :

¢ if equiaxed grains cannot nucleate, i.e. if the constitutional undercooling ahead the columnar
front is smaller than the nucleation undercooling, a purely columnar structure is expected ;

e if equiaxed gains can nucleate and grow enough to stop the advance of the columnar front, a
fully equiaxed structure will result ;

e at last, if the equiaxed grains do not fill completely the space before being reached by the
columnar front, then it is admitted that they will be overgrown by it, so that a mixed columnar-
equiaxed structure should be obtained. Let us remark that this presupposes that, due to a
selection mechanism associated with the relative cristallographic orientation of the grains,
growth of the former columnar grains is preferred to that of the new impinged grains.

A simple model has been proposed by Hunt [1] to predict the conditions for transition between
these different microstructures. The main assumptions of the model are the following :

e stationary state is considered, corresponding to the situation of directional solidification in a
Bridgman furnace ;

e equiaxed nucleation is possible only in the undercooled region, ahead of the columnar front ;
there is no convection, and the equiaxed grains cannot be shifted out of the undercooled region.

e columnar undercooling AT is given as follows :

RC 1/2
ATC:( AO)

R is the columnar dendrite tip velocity, C, is the wt.% alloy composition. A = -[D/8m (1-k)I']
where D is the diffusion coefficient of solute in the liquid, m is the liquidus slope of the phase
diagram, k is the equilibrium distribution coefficient and I' is the Gibbs-Thomson coefficient. In
this expression, the DG/R contribution is neglected.

Briefly, a transition from a mixed to a fully equiaxed microstructure is predicted when :

R
G, <0617 N[°| 1~ (ATNJ AT,
AT,

(e

where Gy is the temperature gradient in the melt, N, the number of nucleating sites per unit volume,
and ATy, is the nucleation undercooling. Hunt also considers that the structure becomes practically
fully columnar if the volume fraction of equiaxed grains becomes lower than an arbitrary limit. The

corresponding transition occurs when :
3
1- (ATN j AT,
AT,

If ATy can be neglected compared to AT, the above relations simplify as follows :

G, > 0.617(100N,)"”
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Comparison with our space resullts :

In our experiment, a preferential growth of the grains in the direction opposite to the heat flux is
evidenced by the elongation of the interdendritic segregated regions. But, contrarily to the
theoretical expectations, one cannot distinguish two different categories among the grains and none
of them appears elongated. A similar trend was observed in the previous MIR experiment with a
higher refiner content. But, in the present case, the elongation length of the segregated regions
appears even larger than the characteristic dimension of the grains. This can only be explained by a
motion of the grain boundaries behind the front. Such a motion of the transverse grain boundaries is
possible since they generally did not contain residual liquid (as evidenced by the absence of a
eutectic layer). On another hand, the presence of fine Al,Cu precipitates along all the boundaries
attests that this motion occurred above the eutectic temperature. Finally, a consistent description of
the formation of the observed grain structure would be as follows : A large density of more or less
elongated grains would initially be formed because, due to the absence of a sharp selection
mechanism, new impinged grains would grow as well as the older ones. Then, grain boundaries
which become free of residual liquid might start moving, thus leading to a more stable isotropic
arrangement of the grain structure. Thus, the above microstructure will be referred to as
"recristallized" in the following.

According to our interpretation, the transition between our recristallized microstructure and the
fully equiaxed one should correspond to the equiaxed-mixed transition of Hunt's model. In order to
compare the observed conditions of the transition with the ones predicted by the model, we
proceeded in the following way. Due to the low Ti levels of interest, viz 0.001-0.01 wt.%, we have
neglected the growth restriction effect (the product m(1-k) is large for Ti in molten Al [10]), and
we have considered our alloys were strictly binary. Thus, we have taken for A the experimental
value given by Hunt [1], A = 300 pm.s'l.wt.%.K'z. As Ziv and Weinberg did [3], we have
neglected the ATy term before AT.

The isothermal samples were expected to solidify in an equiaxed way, to give us the number of
grains per unit volume, and thus the nuclei density N,, with the Hunt’s assumption where each
equiaxed grain is associated with a nucleation event. Grains counting methods based on stereology
give more accurate value for the grain density, than estimation from grain size measurements, due
to the dendritic form of the grains, and the polydisperse grain distribution. This density, considering
the Hunt’s model, leads to the construction of equiaxed, mixed and columnar fields on a log(G)-
log(R) diagram. Thanks to thermal data, the construction of the « solidification paths » of each
experiment was made possible, as illustrated on Fig.5.
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Figure 5 : Plot of growth velocity, R, against temperature gradient, G, showing the predicted columnar and
equiaxed regions for GM1 sample, with the experimental solidification path.
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It permitted to establish the structures expected by Hunt and compare with our experimental
results. This comparison is summarized in Table 3.

Sample | observed grain structure | predicted grain structure
FM1 recristallised-equiaxed columnar-mixed
FM2 recristallised-equiaxed columnar-mixed
GM1 columnar-equiaxed columnar-mixed
GM2 columnar columnar-mixed

Table 3 : Comparison between the observed and predicted grain structures

It appears that our microgravity samples are more equiaxed than predicted. Several hypothesis
can be made to explain this departure :

e in Hunt's model, the contribution of solute boundary layer built-up ahead the columnar front to
decrease its temperature (by around DG/V) is neglected. This effect, which is not negligible in
the first part of our solidification path, does not change the local undercooling, but increases the
extent of the undercooled region, and thus gives more time for the equiaxed crystals to grow ;

e taking into account the growth restriction effect of Ti should slightly decrease the A value, and
thus shift the predicted transition towards lower velocities and higher gradients. On another
hand, no significant difference is observed in this respect between the samples with and without
excess Ti.

Ground samples / the effect of convection on the columnar-equiaxed transition :

Qualitatively, different complementary factors can be invoked to explain the observed shift of the
columnar-equiaxed transition under the effect of convection :

e as already evidenced on isothermal samples, the settling of nucleating particles causes an
accumulation in the lower stagnant parts and a depletion of N, elsewhere ;

¢ in addition, part of the growing equiaxed crystals may be swept away from the front ;

e at last, the solute built-up ahead the front, and thus the corresponding contribution to the front
undercooling, are reduced, which leads to a decrease of the extent of the undercooled region.

The first factor can be taken into account at first order in the frame of Hunt's model by deriving
N, from the average grain density measured in isothermal samples (Table 2). In this way, a rough
agreement is found with our ground experiments, which might be explained by the fact that
negligence of solute built-up is better justified in this case.

(6) CONCLUSIONS

The present microgravity experiment has for the first time shown a continuous transition from a
purely equiaxed to an anisotropic solidification microstructure as a function of solidification rate
and the local temperature gradient at the front. The conditions for the transition have been found to
somehow depart from the ones predicted by the simple model of Hunt which in particular neglects
the influence of solute built-up ahead the front. In addition, the aspect of the anisotropic
microstructure is not the same as anticipated in the model. This might be due to the fact that for our
experimental conditions, there was no strong selection mechanism operating.

By comparison, a very different microstructure is obtained in the corresponding ground
references. This is mainly the result of the important settling of the nucleating particles occurring
during the long stay in the liquid state inherent to the thermal profile presently applied. However
this single effect can hardly explain the abrupt character of the transition between zones with very
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large columnar grains and purely equiaxed zones. A possible other factor is the motion of the
growing equiaxed crystals relative to the advancing columnar front. This last point is a topic for our
next proposed experiment in AGHF, which will focus on the morphology of the equiaxed grains
themselves.
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SUMMARY OF THE LMS-AGHF-ESA 2b EXPERIMENT

In the case of directional solidification of inoculated alloys under diffusive transport
conditions, the transition from columnar to equiaxed grain structure is predicted to occur
continuously through intermediate mixed structures, as a function of the nuclei density N,
temperature gradient G and solidification rate R. On the ground, gravity driven convection affects
these three parameters. For this reason, recent models try to include convective effects. However, in
order to assess the models, experiments able to separate convection from the other mechanisms
involved are still needed.

With this aim in view, we performed a series of experiments under reduced gravity
(EUROMIR 95 and LMS 96) where Al-4wt.%Cu alloys refined at different levels (2 to 50 ppm B,
and 10 to 250 ppm Ti) with AI-5Ti-1B master alloys, were unidirectionally solidified with
continuously decreasing temperature gradient G and increasing rate R. Nearly isothermal samples
from the same batch were also solidified in parallel, to give the reference purely equiaxed
microstructure. Reference ground based experiments were also performed in identical thermal
conditions with different orientations relative to gravity.In the present work, the results of the LMS
experiments are analysed.

In the samples solidified in microgavity under nearly isothermal conditions, the refiner is
found to operate, even for the case of the low Ti content (10ppm). This result shows that there is no
significant fading of the efficiency of the refiner particles during their long stay into the liquid (4
hours), and that, if a lower limit of excess Ti necessary for heterogeneous nucleation on the TiB,
particles exists, it should be very low. However, the grain size is significantly smaller in the sample
with 100ppm Ti. This may be due to an increase of the number of efficient nucleation sites and/ or a
contribution of the Ti content in the liquid to slow down the growth of the equiaxed grains.

Comparatively, the grain structure in the ground samples is strongly influenced by the settling
of refiner particles towards the bottom. This settling is howver not complete due to the slight mixing
by natural convection.

Samples solidified under varying G and R in microgravity show for the first time a continuous
transition from a purely equiaxed to an anisotropic solidification microstructure as a function of
solidification rate and the local temperature gradient at the front. The conditions for the transition are
found to somehow depart from the ones predicted by the simple model of Hunt which in particular
negects the influence of solute built-up ahead the front.. In addition, the aspect of the anisotropic
microstructure is not the same as anticipated in the model. This might be due to the fact that for our
experimental conditions, there was no strong selection mechanism operating.

By comparison, a very different microstructure is obtained in the corresponding ground
references. This is mainly the result of the important settling of the nucleating particles occurring
during the long stay in the liquid state inherent to the thermal profile presently applied. However this
single effect can hardly explain the abrupt character of the transition between zones with very large
columnar grains and purely equiaxed zones. A possible other factor is the motion of the growing
equiaxed crystals relative to the advancing columnar front. This last point is a topic for our next
proposed experiment in AGHF. which will focus on the morphology of the equiaxed grains
themselves.
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RESUME

L’expérience spatiale LMS-AGHF-ESAS est dévolue a Iétude de la solidification des alliages
concentrés. C’est un domaine qui souffre simultanément de I’absence de description théorique
rigoureuse des phénomenes physiques mis en jeux et d’'un manque d’expériences soignées pour les
valider.

Nous décrivons le dispositif expérimental et les parametres de I’expérience, choisis pour en
optimiser les résultats. L’alliage retenu est le pseudo-binaire semiconducteur GaSb-InSb, pris comme
matériau modele.

Les premiers résultats expérimentaux, qui restent a compléter par des mesures plus
approfondies, permettent de tirer des conclusions dans deux domaines :

- Du point de vue ségrégations chimiques, on a mis en évidence dans I’échantillon spatial une
homogénéisation inattendue du liquide tout au long de la solidification. Ce phénomene ne rentre pas
du tout dans le cadre de notre compréhension actuelle de la solidification des alliages concentrés.

- Sur le plan des interactions cristal-creuset, le phénomene de démouillage, consistant en un
décollement de I’échantillon par rapport au creuset, a été quantifié pour la premiere fois. Les résultats

obtenus sont en bon accord avec nos derniers développement théoriques sur le sujet.

ABSTRACT

The space experiment LMS-AGHF-ESA8 was devoted to studies on the solidification of
concentrated alloys. Indeed, the knowledge in this field suffers simultaneously of a lack of theoretical
description of the physical phenomena involved and of clear experiments to validate them.

We describe the experimental set-up and the experimental parameters chosen in order to
optimize the results. The alloy used is the pseudo-binary semiconductor GaSb-InSb, taken as model
material.

The first results, still to be confirmed by more in depth measurements, lead to conclusions in
two domains :

- The chemical segregations in the flight sample have shown an unexpected homogenization
of the liquid all along the solidification. This phenomenon does not agree with the present
understanding of the solidification of concentrated alloys.

- The crystal-crucible interactions, leading to detachment under microgravity conditions, have

been quantified for the first time. The results are in good agreement with our theory on the subject.
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1 SCIENTIFIC OBJECTIVES

The ESAS8 experiment is essentially devoted to the study of the solidification of concentrated alloys.
When an alloy is melted then solidified back, a number of phenomena are occurring, which has an
impact on the quality of the resulting solid. For example, there are several growth regimes during
solidification that lead to very different structures of the sample: the first stage is characterized by a
smooth solid/liquid interface; when the growth rate is increased, the interface becomes wavy and, at

highest rate, totally disturbed. We have restrained our experiment to the first stage.

The shape of the solid/liquid interface and the chemical segregations of the components of the alloy
have a large influence on the final quality of the sample. These phenomena are now rather well
understood in the case of diluted alloys (i.e. when the chemical composition has no sensitive effect on
the physical parameters of the sample, such as density or melting temperature) but there is a lack of

both theory and experiments in the case of highly concentrated alloys [1].

Indeed, the large number of physical phenomena involved make the problem very complicated:

- Heat transfer in the liquid and solid phase, including release of latent heat at the interface.

- Hydrodynamical movements in the liquid that are due to differences in temperature or in chemical
composition. The resulting variations of density interact with the gravity field and generate
movements.

- Chemical segregations during solidification due to the fact that the solidified solid has not the same
composition than the liquid: some components of the alloys stay in the remaining liquid rather than
being incorporated in the solid.

In diluted alloys, these three phenomena are well decoupled (the thermal field induces movements
that induce chemical species transport) and the problem is rather simple (but it took more than thirty
years to get a satisfactory model!). In concentrated alloys, there is feedback between the phenomena
(chemical field induces movements and modifies thermal properties, especially melting temperature)

which makes the problem much more complicated.

The purpose of the experiment is to quantify the effect on solidification of variations in the external
thermal field (by varying the crucible material) and in the gravity level (by comparison between space
and ground experiments) by measuring:

- The temperature distribution around the sample.

- The interface shape along the growth process.

- The chemical segregations in the resulting solid.
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Another, totally independent, objective of the experiment is to study the phenomena of dewetting.
This denotes a detachment of the sample from the crucible, which is commonly observed when
semiconductor materials are solidified under microgravity conditions [2, 3] even though it is never

observed on earth.

2 EXPERIMENT PARAMETERS, DEVELOPMENT AND PROGRESS

The alloy is a mixing of 20% (molar) of InSb and 80% of GaSb. These two compounds are
semiconductors that can be mixed in any proportion in the solid and liquid states and then the system
can be considered as binary. Antimonides are the less toxic semiconductor compounds and
furthermore they melt at the lowest temperature (530°C for InSb and 710°C for GaSb). This makes
them good candidates for a space experiment where safety concerns are mandatory and thermal

energy restricted. They are well known to show the dewetting phenomenon.

The InSb is heavier than GaSb and is rejected in the liquid. It is then expected that it stabilizes the
convective motion of the liquid close to the interface when the alloy is solidified vertically on earth
and that is why it has been chosen as the « solute ». The concentration of 20% corresponds to the
maximum difference between the solidus and liquidus lines of the pseudo-binary phase diagram. The
physical properties of these materials are very well known, including wetting properties on the

crucibles (wetting is of importance in the detachment matter).

Elect
ectrode (+ Goliar

Crucibles

Fig 1: Sketch of the experimental set-up.
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To avoid undercooling of the sample, a « seed », which is not melted and is used as initiator of the
growth, is placed at the cold side of the sample. Because the experiment is not focused on structural

quality, the seed is not a single crystal. Seeds and feed materials have been prepared from pure (6N)

In, Ga, Sb and Te. The preparation by itself is a complicated task that led to a specific publication [7].

In order to act on the interface curvature during the growth, two crucibles are used. One is made in
quartz, with a very low thermal conductivity that gives interfaces with a very low curvature. The
second one is in boron nitride (BN) which gives strong interface curvatures. The inner diameters of
the crucibles were measured with a precision of a few micrometers, for subsequent comparison with
the external diameter of the solidified samples. Both crucibles don't conduct electricity. This is of
importance because the investigation on the interface curvature is made by applying electrical pulses
to the sample at regular intervals. By this way the Joule effect and the Peltier effect generate heat
close to the interface and disturb the growth. This disturbance can be revealed by subsequent cutting,
polishing and etching of the sample : the shape of the interface at the moment of the pulse is
materialised by a thin line visible on the polished, etched surface. By measuring the distance between
two lines, and knowing the time between the two electrical pulses, it is also possible to calculate the
growth rate. The parameters of the Peltier pulse marking are: duration 800 ms, amplitude 18 A and
they are sent every ¥ hour. It is necessary to dope the alloy with Te (10" to 10% at/cm®) in order to
get a good etching and demarcation of the interfaces. The electrical current enters the sample by the
hot (liquid) side, via a graphite piece and is collected at the cold part by a bronze pincer around the
seed. Nine thermocouples are placed all along the crucibles in order to measure in real time the

thermal field around the sample.

To avoid pollution of the sample, the experimental set up, which is enclosed in a standard Ta
cartridge, is under vacuum. A getter is placed at the hot part in order to pump the remaining gases

during the heating of the cartridge.

Given the chemical composition, the growth rate, thermal gradient, diameter and length of the sample
are a compromise between several constraints:

- Allocated time for the experiment.

- Avoidance of interface destabilization due to constitutional supercooling (the interface must remain
smooth).

- Avoidance of thermal convection due to residual gravity fluctuations during the space experiment.

- Interface curvature must be high enough so that fluctuations are detectable.

- Border effects at the beginning and end of the sample must be avoided.
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Taking into account the available theoretical literature on these effects [4-6], the optimal parameters
were found:

- Growth rate 1.1 pm/s. This will be the value chosen for the furnace pulling.

- Thermal gradient in the liquid: 60 K/cm.

- Sample diameter 12 mm.

- Sample length: 152 mm plus 63 mm of seed. At least 95 mm of the sample will be solidified under

controlled conditions.

- Experiment duration (controlled growth): 24 hours.

In order to optimise the experimental design and the thermal profile, two prototype tests have been
performed. A qualification test, including vibrations, has then been performed in order to fix the flight
design and parameters. Only minor modifications have been implemented after these tests. The most
important was due to the fact that it has been found impossible to identify the Peltier pulse marks
when they are sent with a perfect periodicity. A few pulses with an interval of ten minutes have then

been put among the ¥ h spaced pulses.

The scientific observations performed on the samples during these preliminary tests have been

communicated [8]. They will be emphasized in a most quantitative way for the ground reference test.

During the first attempt to perform the experiment during the flight, a fault corresponding to an open
circuit in the Peltier pulse marking electrical circuit was detected by the furnace. The electrical
resistance of the Peltier circuit was measured by the crew in the flight model (infinite value, open
circuit) and in the spare model (0.6 Ohms). It was then decided to process the spare model for the
second attempt. The cartridge has been inserted without problem and the processing (pulling of the
furnace) phase began at MET 9/14:02 for 26 hours and 40 minutes: the experiment gained the
advantage of been processed during the 11th day of the mission that was a rest day for the crew. Then
the gravity disturbances were supposed lower than for a busy day. Figure 2 gives the process

parameters of the furnace versus time, as programed in real time during the flight experiment.

The thermocouples' measurements were analysed directly during the flight. (Excepted TC1 which
failed after 2h at high temperature). The interface position versus time, extrapolated from the melting
temperature and TC readings, showed a very constant nominal growth rate. The thermal gradients in

the liquid were 60°C/cm or higher, as expected.
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Fig 2: Process parameters of the flight experiment.

During opening of the cartridge and extraction of the sample, a bubble at the hot part was observed,
taking the whole diameter of the crucible. It was then supposed that the electrical current has not
passed through the sample and that the interface demarcation was not efficient. Indeed, subsequent
polishing and etching attempt never gave any trace of interface marking. This bubble is probably the
consequence of the presence of a fissure in the feed material right in front of the hottest part of the
heating element of the furnace. It is supposed that the melting process began at the fissure and that the
fissure gap increased more and more, because this semiconductor contracts during melting, leading
finally to a big bubble. Careful analysis of TC readings at the beginning of the processing phase
showed an anomaly (not detected during the flight) of heat transfer in the region of the bubble. This
insures that the bubble didn’t move during the solidification process and remained at the same

position from the beginning to the end. Figure 3 shows a picture of the flight sample.

36



e

I‘HI!ilIH;HH?HW?HI[HH]
6 7 | ]

it

I
B

1

i

]

'%??ﬂ'[

|

FLIGHT

e

!Il'l!?i'ﬂ!
2

gmmmmxf;nni

l‘l(ﬂ

9

AGHF ESAS

lmx[nnlnnp

LMS
;|}m|[ml‘l‘lm[‘mfimmmémqIm

3

gmpm uuirmlﬂn[u

Fig 3: External view of the flight sample. The seed is on the right (between 16 and 21 cm), the

BN/SiO, junction at 10.5 cm and the bubble can be seen on the left (between 5 and 6 cm).
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Vacuum inside the cartridge has been measured at the opening: 10 mbar. These residual gases were

not analysed.
The ground reference test has been performed end of November 1996 in the flight model of the

furnace, with the same parameters than for the flight, using the flight cartridge initially rejected by the

furnace. Every process parameters and observations were nominal and no bubble was observed.

3 RESULTS ON CRUCIBLE-SAMPLE INTERACTION

Visual observation of the flight and ground samples shows a clear difference of external aspect in the
BN crucible. In the quartz crucible, on the contrary, the aspect is the same. Fig 4 shows the surface
morphology of the flight sample in the middle of the BN crucible. Fig 5 shows the morphology at the
BN/Si0O; junction. On the SiO; side, the external surface of the sample is a molding of the roughness
of the machined crucible, as well as in the case of the ground sample. Fig 6 and table 1 give a

profilometer quantification of the surface roughness.

Si0, BN
Ground 3 pm 7 pm
Flight 3 pm 25 pm

Table 1: Apparent roughness (Ra) of the sample in the two crucibles, compared between earth and

space.

Fig 7 and Fig 8 show the variations of the sample external diameter and of the crucible internal
diameter (as measured before and, when possible, after the experiment). The results are practically the
same for ground and space samples. Due to the measurement method (electronic vernier), the
measured diameter for the BN part of the flight sample is taken on the ridges. It can then be inferred
that the outer top surface of the ridges touched the crucible wall because there is clear evidence that
the ground sample, with the same diameter, touched the crucible. In the part grown in silica, it can be
noticed a close contact between the sample and the crucible (practically no gap) on earth and a narrow
(10 to 20 um) gap for the sample grown in space. It seems then that the sticking of the sample on the
quartz was stronger on earth than in space where some differential contraction occurred between the

sample and the crucible. It seems that both samples grown in BN were allowed to contract freely.
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Fig 4: External aspect of the flight sample from the BN crucible
The conclusions of these observations are that the dewetting of the sample occurred only in space for

the BN crucible. The sample shows the classical « ridges » on it surface. From the profilometers, the

depths of the valleys between the ridges have a mean value of 25 um with maximum values of 40 pm.
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For the three other configurations, the sample was a molding of the roughness of the BN or SiO,
crucibles. Considering that the contact angle of antimonides on silica is 120° and on BN 135° [9], it
can be concluded that the largest contact angle causes de-wetting and the lowest causes sticking.
These results are in good qualitative and quantitative agreement with our understanding of de-wetting

[2,3].
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Fig 5: Surface morphology of the flight sample at the BN/SiO; junction
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Fig 7: Internal diameter of the crucibles and external diameter of the sample after the flight
experiment, versus sample length.
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Fig 8: Internal diameter of the crucibles and external diameter of the sample after the ground

experiment, versus sample length.
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4 RESULTS ON CHEMICAL SEGREGATION

After cutting longitudinally in two parts, the samples were polished and the chemical concentration of
InSb was measured by the electron microprobe method. These analyses are not totally completed.

Especially, chemical analysis of the Te distribution is lacking.

Figure 9 shows the longitudinal composition of the flight sample on its axis. Fig 10 A and B give the

radial segregation curves, respectively in the BN and in the SiO, parts.

AGHF-ESA8-Flight Sample : Longitudinal InSb concentration
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Fig 9: Longitudinal InSb concentration along the flight sample axis. Solid line represents the

theoretical Scheil’s law with full mixing in the liquid.

The solid line on figure 9 corresponds to the theoretical Sheil equation of full mixing. It appears
clearly that the solidification occurred under strong mixing of the rejected InSb in the bulk liquid,
whatever the mechanism of mixing. This result is totally supported by the radial segregation curves of
fig 10: the sample is practically homogeneous radially, which is characteristic of a very strong mixing
at the immediate vicinity of the solid/liquid interface. Only at the very beginning of the growth, a
relatively fast increase of concentration occurred, followed by a kind of destabilization that can be

seen on the etched sample. Nevertheless, this destabilization does not correspond to the classical
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Mullins-Sekerka criteria, because of a too low concentration at this point. The classical destabilisation
can be seen at the 10% level, at the end of the sample. Further in depth chemical analysis, especially

close to the BN/SiO, junction, are needed to have a better insight on the results.
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Fig 10: Radial InSb concentration along sample diameter, at the positions A and B.
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From the radial segregation curves, it can be expected that the solid/liquid interfaces were practically
flat (only curved due to the effect of the crucible on the thermal field) and that its speed didn’t
experience strong variations. This is in good agreement with the very stable growth rate deduced from

the thermocouples' measurements and attenuates the disappointing lack of interface marks for the

flight sample.

Because the mixing was very strong close to the interface, it is not believed that some Marangoni
convection, associated to the bubble 10 cm away, could be responsible of such a result. From quick
estimation of the thermal and solutal Grashoff numbers, it can be concluded that, at the very good
gravity level measured during the experiment (better than 10 ~ g, in the frequencies under interest) the
residual thermal convection cannot mix the liquid and that solutal convection was always of a lower

magnitude than the thermal one.

Then this very surprising result is still to be explained. It should be pointed out that similar results
have recently been reported in the case of microgravity growth of concentrated semiconductor alloys:

see for example (10 and I1].

AGHF-ESA8-Ground Sample: Longitudinal InSb concentration
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Fig 11: Longitudinal InSb concentration along the ground sample axis.
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For the ground sample, Fig 11 and 12 give the longitudinal (on the axis) and radial segregations. Fig
13 shows the structure of the sample and the marked interfaces, as revealed by chemical etching. It
can be seen that the middle of the sample is destabilized after some distance of growth in the BN and
SiO,. In between, the quality is rather good. A very qualitative explanation of these observations can
be given:

- The initial solid liquid interface is curved, concave when seen from the liquid, due to thermal field.
- When growth proceeds, the InSb is rejected, especially toward the center of the sample (due to the
curvature), where the concentration increases (see fig 12-A) and then the melting point decreases.

- This leads to a more curved interface (fig 13) and the process goes ahead with a greater and greater
amount of InSb toward the axis.

- Destabilisation occurs (Fig 12-B) when the axial and radial thermal gradients are no more sufficient
to stabilise the interface.

- At the junction between the two crucibles, the thermal field in the liquid is highly distorted and this
gives a strong thermal convection that mixes the liquid.

- Then the process is repeated in the silica.
Of course, this is only a very hypothetical explanation and it is necessary to quantify the relative
magnitude of thermal convection, solutal damping, increase of interface curvature, etc., in the
transient process in order to validate it. Because of the very complicated, highly coupled non linear
nature of the problem, only a full numerical simulation taking into account all the thermal,

hydrodynamical and chemical phenomena can be used for this purpose.
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Fig 13: Metallography of the ground sample showing the destabilized central zones and some

interface markings. Position and curvature of the viewed interfaces.
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5 CONCLUSION

This experiment has given important results concerning two major effects of microgravity in
semiconductor growth:

- The de-wetting phenomenon has been quantified in terms of sample roughness and diameter. It has
been shown that the contact angle of the liquid on the crucible gives de-wetting when it is high and
sticking when it is lower. The measurements and observations are in good agreement with our
understanding of the phenomena.

- Chemical segregation analyses have shown that, under less than 10 ~ g, residual accelerations, a full
mixing of the rejected solute in the remaining liquid is observed close to the interface. This result
cannot be explained with a simple estimation of the leading convective forces.

- Segregations observed on earth show complicated behavior which will necessitate a detailed global
numerical simulation to assess our qualitative description. It is hoped that the quality of the

experimental results is good enough to validate, or invalidate, the results of the simulation.

Further work on this experiment concerns full analysis of the thermal data, taking into account the
effect of the measured chemical analysis on the melting point, in order to get good estimates of the
growth rate and thermal gradients. Then results will be compared to detailed numerical simulations.

Also, analysis of ground samples at different, lower, compositions are in progress.

Due to the very surprising strong mixing obtained in space, a ground experiment in the horizontal

configuration would be of interest in order to solidify under well-known highly convective conditions.
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DIRECTIONAL SOLIDIFICATION OF Al - 1.5 wt% Ni ALLOYS
DURING THE LMS - AGHF - ESA7 EXPERIMENTS

H. Nguyen Thi, B. Billia, Y. Dabo
Laboratoire MATOP, Associé au CNRS, Université d'Aix-Marseille III
Faculté des Sciences St-Jérome, Case 151,
13397 Marseille Cedex 20, France
and
D. Camel, B. Drevet, M.D. Dupouy, J.J. Favier
DTA/CEREM/DEMY/SE, CENG, 17 Rue des Martyrs,
38054 Grenoble Cedex 9, France

(1) OBJECTIVES

The final properties of alloys depend strongly on the microstructures formed at the solid -
liquid interface during the solidification process. Thus, a precise understanding of this pattern
formation is essential to produce high quality materials. In ground-based experiments, even when
solidification is performed in a both thermal and solutal stabilizing configuration, strong convective
flows remain present due to residual radial thermal gradients. The purpose of the LMS - AGHF -
ESA7 experiment is to examine cellular and dendritic arrays under conditions in which convection
is minimized and diffusive phenomena are dominant. From these experimental results, scientists
will better understand the dynamics of the microstructures and also enlighten the influence of

convection on the solidification.

(2) BACKGROUND

During the directional solidification of a binary alloy, three experimental parameters control
the morphology of the solid - liquid interface, namely the initial solute concentration, the
temperature gradient at the solid - liquid interface and the growth rate. If the first two factors are
maintain constant, at slow growth velocities, the solidification front is planar; as the rate is
increased, above a critical value, the interface forms a cellular microstructure which becomes
dendritic at higher growth velocities. This pattern formation is associated to the Mullins - Sekerka
instability [1] and much effort has been devoted to predict the characteristics of the cell or dendritic
arrays as a function of the solidification control parameters [2].
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However, convection in the melt is well known to be the source of various perturbative effects
which can modify or mask some important physical mechanisms [3]. Attempts are often made in
directional studies to eliminate buoyancy convective motion in the liquid phase. A simple way of
doing this is to ensure that the density gradient is everywhere vertical, the heaviest material being at
the bottom. This occurs when growth takes place upwards in an alloy system in which the rejected
solute is denser than the solvent. Nevertheless, even in this experimental configuration, it is well
known that strong convective flow can exist owing to radial effects, especially in the cellular
growth regime [4-6].

As shown in previous experiments [7, 8], a comparative study between samples solidified at
lg and under microgravity is worth to provide critical information concerning the influence of
convection upon the directional solidification. Al - 1.5 wt% Ni is well adapted for such a study as
the distribution coefficient is much lower than one (i.e. the solute is almost completely rejected at
the front during the solidification process) and the solute (nickel) is denser than the solvent

(aluminum).

(3) EXPERIMENT

LMS - AGHF - ESA7 experiments

During the LMS mission in June 1996, two Al - 1.5 wt% Ni alloys were solidified in the
Advanced Gradient Heating Facility (AGHF) of ESA which is a Bridgman type furnace. After
being machined into rods of 8 mm in diameter and 218 mm in length, the samples were elaborated
in a boron nitride crucible. To measure temperature gradient and solidification rate during the
whole experiment, the cartridges were equipped with 12 thermocouples, glued on the outer surface
of the crucible. The processing parameters were predetermined by experiments performed in the
breadboard and engineering models of the AGHF in the Centre National d’Etudes Spatiales
(CNES) in Toulouse (France).

For both experiments, the thermal gradient was about (35+2) K/cm but two different pulling
rate profiles were used. In one experiment, a single low solidification velocity was imposed (V =
0.05 mm/min) whereas in the second run, two growth rates were successively applied (V = 0.2
mm/min and 0.1 mm/min). After a solidified length of typically three centimeters, the residual
liquid was quenched by a rapid furnace displacement (V = 10 mm/min). This stopped the

solidification and froze the interface microstructure.

Determination of longitudinal concentration profile

The axial concentration profiles are obtained by analyzing in grey levels the X - Ray picture of each
sample. This technique presents the great advantage to be non destructive and also enable us to
precisely determine the successive steps of the experiment, namely the initial position of the
interface and final position of the solidification front just before the quench. The solute
concentration is then given in arbitrary unit and will be calibrated with chemical or microprobe

analysis in future.
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Metallographic procedure

Since metallic alloys are opaque, a somewhat tedious procedure has to be used to obtain the
morphology of the solid - liquid interface. During the solidification, after stationary conditions are
reached, the shape of the solidification front is fixed by quenching the residual liquid phase. After
the experiment, the morphology of the solidification front is revealed by polishing on a
longitudinal section of the sample, containing the quenched interface. Transverse sections of the

samples are also obtained by the same metallographic procedure.

(4) RESULTS

Concentration profiles

The solute distribution in a directionally solidified alloy depends strongly on the type of
transport in the liquid phase [9]. In pg experiments, the absence of convection leads to a diffusive
mass transport in the melt as opposed to 1g-experiments where convecto-diffusive transport is
dominant. Nevertheless, for the considered convection, namely upwards solidification with a
solutal stabilizing effect, a weak longitudinal macrosegregation is expected with a large radial
macrosegregation [6]. This point is confirmed by the concentration measurements on 1g-samples
as shown in Fig.1. After an initial transient, the average solute composition is quite constant at a
value slightly lower than the nominal value. This clearly shows that the convective roll formed
weakly mixes with the bulk liquid.

| | | L
2 1 ! ! !
E E % é
- __unmelted  Stationary
zone solidification

y |
y Transient
|

TTTT{TTTT I|ll|llll TTTT

Solute concentration
(arbitrary unit)

S = N W A W O N

oS
(=)
n
[e=]
(o)}
(@)

Figure 1: Longitudinal segregation in Al - 1.5 wt % Ni sample
solidified at 1g (G = 33 K/cm and V = 0.06 mm/min)

Macroscopic shapes of the solidification front

Fig.2 shows typical solidification fronts for sample elaborated at 1g (Fig.2a and 2b) and in ug
(Fig.2c). The effect of convection results in a severe distortion of the solidification front which
could be divided in a cellular region and eutectic borders. The microstructure is obviously not
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uniform across the specimen cross section and therefore a large radial macrosegregation is
expected.

The explanation for this effect is that fluid flow occurs as a consequence of gravity. The flow
is as described in [4, 6]: the interdendritic liquid which is solute richer, therefore denser than the
bulk liquid, moves towards any depressed region of the solidification front and further retards
solidification there. When the local solute concentration reaches the eutectic composition, eutectic
growth occurs and the lighter liquid moves upwards away from the solidification front. Therefore,
if the interface is not completely horizontal, convection inevitably occurs.

In real experimental conditions, this may happen because of the differences in thermal
conductivities of the solid, the liquid and the crucible material. This may also be produced by
microconvection in the tip zone [4]: when one cell in the cellular array lags behind its neighbors,
the denser liquid flows down, further eliminating other neighboring cells and producing the

distorted solid - liquid interface.

s -Gy
Eutectic

Figure 2: Longitudinal sections of Al - 1.5 wt% Ni samples solidified :
atlg: -a-V=0.060 mm/min, G = 33 K/cm and - b - V = 0.107 mm/min, G = 37 K/cm

in ug: -c-V=0.053 mm/min, G = 34 K/cm

Microstructures of the solid - liquid interface

Typical cross sections, four millimeters under the quenched interface, are presented in Figure
3. In 1g-specimen (Fig.3a), the microstructure is not uniform across the sample section: in the core
of the sample, the microstructure is cellular but becomes more and more dendritic close to the
eutectic border. A strong tendency for these dendrites to grow towards the eutectic region is also
observed. Moreover, the location where these eutectic regions take birth is not correlated with the
symmetry of the thermal conditions applied by the furnace to the sample. As for the AGHF
samples grown at 1g, this feature is always obtained and, in most of experiments carried out in our
laboratory, the solidification front could be described as consisting of two parts: a cellular or

dendritic array and an eutectic zone (Fig.3b). In that case, the cells are said "clustered”. On the
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Figure 3: Transverse sections of Al - 1.5 wt% Ni samples solidified :
atlg: -b-V=0.06 mm/min, G = 33 K/cm and - ¢ - V = 0.20 mm/min, G = 24 K/cm
inyg: -a-V=_023 mm/min, G = 33 K/cm

These conclusions remain valid for experiments carried out at the Laboratory, in the same
range of solidification rates. For a higher value of the growth rate, the solid - liquid interface
becomes obviously dendritic but the macroscopic distortion of the front does not occur (Fig.4).
The influence of the convection is thus more important in the range of low velocities, for cellular or
weakly dendritic growth.

QUENCHED§
LIQUID pe

solid - liquid Interface

300 um

Y3 = w

Figure 4: Longitudinal section of Al - 1.5 wt% Ni samples solidified at 1g: V = 1.7 mm/min, G = 24 K/cm

All these results are in very good agreement with the model of Dupouy et al, for dendritic

growth [6]. Assuming that convection will have a significant effect on the solidification as soon as
the ratio T of the characteristic velocity of the convective flow U* to the solidification rate V is

greater than unity, it is possible to draw the theoretical curve of the transition between the
convective and the purely diffusive regimes (Fig.5). Experimental data are also reported in this
figure. Circles symbols correspond to cellular microstructures which are strongly perturbed by
convection and square symbol to one experiment where the solidification front is dendritic but with

no visible influence of the convection.
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Figure 5: Transition curve between convective and diffusive regimes

for Al - Ni alloy in the composition - growth rate diagram

(5) CONCLUSIONS

This comparative experimental study has shown that the coupling between the natural
convection and the morphological microstructures can be strong even when solidification is
performed in a both thermal and solutal stabilizing configuration. In that case, ground based
experiments are invariably perturbed by the thermosolutal convection and, consequently are totally
unsuitable for a study of cellular or dendritic arrays. For this alloy, only pg environment with a
dominant diffusive transport can provide reliable data.

(6) ARTICLES/PRESENTATIONS RESULTING FROM THE FLIGHT

1) Proceeding of the « Joint Xth European and VIth Russian Symposium on Physical
Sciences in Microgravity », St-Petersburg (Russia), 15-21 June 1997

2) Proceeding of the « 5émes Journées Européennes de la Thermodynamique
Contemporaine », Toulouse (France), 16-19 September 1997

(7) ACKNOWLEDGMENTS

The authors are greatly indebted to the Europeen Space Agency and specially to J. Stroede.
The financial and technical support of the Centre National d’Etudes Spatiales is also gratefully

acknowledged.

57



(8) REFERENCES

(1]
(2]

(3]
(4]
(5]
(6]
(7]

(8]

(9]

W.W. Mullins and R.F. Sekerka, J. Appl. Phys. 35 (1964) 444

J.S. Langer in Chance and Matter, Lectures on the Theory of Pattern Formation, Les

Houches Summer School (Eds by J. Souletie, J. Vannimenus and R. Stora, North

Holland (1986), 689)

M.E. Glicksman, S.R. Coriell and G.B. McFadden, Ann. Rev. Fluid Mech. 18 (1986) 307

M.H. Burden, D.J. Hebditch and J.D. Hunt, J. of Cryst. Growth 20 (1973) 121

J.D. Verhoeven, J.T. Mason and R. Trivedi, Metall. Trans. A 17A (1986) 991
M.D. Dupouy, D. Camel and J.J. Favier, Acta Metall. Vol.37, N°4 (1989) 1143

D. Camel, J.J. Favier, M.D. Dupouy and R. Le Maguet, Proceedings of Vith European

Symposium on Material Sciences under Microgravity, ESA - SP 256 (1987) 317

B. Drevet, D. Camel, C. Malmejac, J.J. Favier and H. Nguyen Thi, Q. Li, B. Billia,

Adv. Space Res. Vol.16, n°7 (1995) 17

3

J.P. Garandet, J.J. Favier and D. Camel, Handbook of Crystal Growth, Vol.2B (1994) 659

58




SUMMARY OF THE LMS - AGHF - ESA7 EXPERIMENT

The final properties of alloys depend strongly on the microstructures (cells and dendrites)
formed at the solid - liquid interface during the solidification process. Thus, a precise
understanding of this pattern formation is essential to produce high quality materials. In ground-
based experiments, even when solidification is performed in a both thermal and solutal stabilizing
configuration, strong convective flows remain present due to residual radial thermal gradients. The
purpose of the LMS - AGHF - ESA7 experiment is to examine cellular and dendritic arrays under
conditions in which convection is minimized and diffusive phenomena are dominant. In addition, a
comparative study between samples solidified at 1g and under microgravity is worth to provide
critical information concerning the influence of convection upon the directional solidification.From
these experimental results, scientists will better understand the dynamics of the microstructures and

also enlighten the influence of convection on the solidification.
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EXPERIMENT:
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DOCUMENT:

1. INTRODUCTION

The high strength/density ratio makes
particle reinforced aluminum alloys with
precipitation-hardenable matrices e.g.
2XXX attractive for use in aircraft and
automobile structural parts. The most
effective way to achieve high quality - low
cost PRMMC products is via casting
processes. Development and application
might be improved by understanding of
the microstructural evolution  during
solidification, especially with respect to
the distribution of the reinforcing particles.

The microgravity experiment
INTRAPP, performed in the Advanced
Gradient Heating Facility (AGHF) during
the Spacelab Mission-LMS in June ‘96,
aimed to investigate specific transient and
morphological aspects of the interaction
between inert particles and solidification
interfaces in the aluminum based
commercial composite material 2014 + 10
vol% Al,O,. Actually, it is not evident if and
how particle pushing criteria developed
for planar interface in steady state motion
can be transfered to transient and/or non-
planar solidification. The experiment was
completed in November 1996 with the
realization of flight identical ground
reference tests in the Flight Model (FM) of
the AGHF. The samples and the
corresponding processing data sets are
since available for evaluation.

The experimental results, summarized
in appendix 1, show that several specific
interaction patterns between particles and
solid/liquid  interfaces  have been
successfully generated in the different
sample regions as corresponding to the
selected processing parameters:
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1. particle pushing at coarsening grains
in the mushy zone of the fusion
interface during stabilization

2. particle pushing and the transition
from pushing to engulfment in
directional solidification with planar
interface within the initial transient

3. interdendritic entrapment of the
particles during directional solidi-
fication with dendritic interface

4. interdendritic entrapment of particles
at columnar and equiaxed dendrites
during solidification at constant
cooling rate

This report addresses the evaluation of
the thermosolutal history and of the
related particle distributions in the
different sample regions, with focus on
the phenomenon of particle pushing in
the initial transient. The results will be
discussed in comparison with theoretical
model predictions.

2. EXPERIMENTS

The microgravity experiment INTRAPP
comprised the experiment development
in the BBM and the EM of the AGHF, as
well as processing of two cartridges in
orbit and in 1g reference runs,
correspondingly. The cartridge design,
schematically represented in figure 1,
shows the core parts containing two
cylindrical samples, one sample
subjected to directional solidification with
planar and dendritic interface and the
second one to solidification at constant
cooling rate with columnar and equiaxed
dendritic morphology.




c. sample 1

'\‘ c. sample 2

Figure 1. Cartridge design
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a. cartidge tube (Ta-W 2.5 wt%), b. crucibles and isolating ring (BN-ZrO, composite), c.
samples (2014 + 10 vol% Al,O,), & 8 *206 mm and @ 8 *39 mm d. liquid metal ring
A number of 14 Inconel-sheethed thermocouples (typ N & 0.5) were placed in individual
grooves at the outer circumference of the crucibles at different longitudinal position.

2.1. Sample material

The sample material consisted of the
commercial composite 2014 + 10 vol%
Al,O; (DURALCAN), the particles being of
nominally 13 pum mean size and of
angular morphology with an elongation
factor close to unity. Figure 2 shows the
solidification characteristics (2a.) and the
microstructure (2.b) of the sample
material in the as extruded condition.
Table 1. contains the standard compo-
sition of the matrix alloy.

For the investigation of particle /
interface interactions in this composite,
knowledge about the segregation beha-
vior of the matrix, as well as a reasonable
estimation of the magnitude of repulsive
forces is required. Qualitatively, the
segregation behavior and the invariant
reactions in 2014 correspond to the
quaternary system (Al-Cu-Mn-Si) as
assessed by Mondolfo [1]. The magnitude
of repulsive forces is related to interfacial
energies in the three phase system:
particle / liquid / solid, or else to
constants of molecular interaction like the
Hamaker constant [2] or the London-van
der Waals constant [3]. For Al,O,in 2014
the interfacial energies o, o, and o, are
taken from literature data refering to
aluminum or aluminum alloys [4,5]. The
interfacial energy difference, calculated
according to [6], gives Ac = 0,68 [N/m],
the accuracy being estimated to + 0,2
[N/m].

2.2. Processing parameters

The parameters, heater temperature and
furnace velocity, were defined such as to
obtain directional melting of the two
samples, followed by  directional
solidification of sample 1 at two different
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furnace velocities and subsequent solidi-
fication of sample 2 at a constant cooling
rate of 4 [K/min], the furnace being
immobile.

For sample 1 the parameters were
selected as to obtain an interface position
(isotherm 620°C) close to the middle of
the adiabatic zone and moreover, to
obtain the transition from particle pushing
to engulfment prior to the morphological
destabilization of the planar interface.

Figure 3 summarizes the processing
parameters applied in the two ug- and the
corresponding 1g-reference runs. Figure
4 shows typical gradient profiles along
the directionally solidified sample 1.

-30
g T liquidus = 640°C
TF | Tosonaus = 510°C
SOF | AH = -360 [J/g]
60k
3 70F
g. -80 |-
2z s 5 s
8 -wf invariant primary o-Al
§ -w0fF  eutectic solid solution
-110
0 monovariant
t . — -2 [K/min]
130} eutectic —— 10 [K/min]
140L ¢ L { L 1 ( L
500 520 540 560 580 600 620 640
temperature [°C]
Figure 2a.

Solidification characteristics of the
matrix alloy determined by differential
scanning calorimetry (typ Perkin-Elmer
DSC 7)



Table 1. Chemical composition of the matrix alloy 2014

Element [wt%] Cu Si Mn Mg Fe Cr Ti Zr Al
min. 3.90 | 0.50 | 0.40 | 0.40 - = - - bal.
max. 500 | 1.20 | 1.20 | 0.80 | 0:10. | 0.15 | 0.15 | 0.257] bal
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Figure 2 b. Microstructure in the as extru-
ded condition. The alignement of the
alumina particles along the direction of
extrusion (vertical) can be observed.
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Figure 3. Processing parameters
Diffuser temperature and furnace
velocity profiles applied during run 1
(FM1, GM1) and run 2 (FM2, GM2). The
two "quenching" operations were ment
for rapide furnace positioning, rather
than for structural conservation of the
interface.
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Figure 4. Gradient profiles

Axial profiles of the thermal gradient for
consecutive furnace positions in FM2
and the corresponding positions of the
interfance (v = 0.03 mm/min)

2.3. Evaluation techniques

The evaluation is based on the analysis

of the particle distribution and its
correlation  with  the thermosolutal
conditions during solidification. For this

purpos the samples were cut along their
longitudinal axis by using a diamond wire
saw of 170 um wire diameter, one sample
half being dedicated to longitudinal ana-
lysis, the second to the preparation of
transversal metallographic sections.

The analytical techniques that have
been employed are: microscopy (LM and
SEM), interactive automated image
analysis and EDX / WDX for measure-
ment of solutal profiles in line scans and
area mappings. The thermal history is
based on as-registered thermocouple
data, while ongoing work is dedicated to
a more detailed simulation of the thermal
field.



3. EXPERIMENTAL RESULTS

3.1 Transition from particle pushing to
engulfment at planar interface in
the initial transient

Solidification with planar interface in the
initial transient is associated with the
increase of concentration for alloying
elements  with  subunitary  partition
coefficient, of volume fraction of pushed
particles and of the interface velocity.
Under these conditions the particle /
interface interaction reveals two aspects:
First, because more evident to observe,
the transition from pushing to engulfment
occuring when a critical pushing
configuration is reached. Second, the
evolution of the pushing configuration
prior to particle engulfment, which is
suspected to occur in subcritical force
equilibrium with continuous adjustment of
the liquid gap width.

In the given experimental conditions
the transition from pushing to engulfment
was observed after 2.5 mm (run 1) and
5.5 mm (run 2) of particle pushing. The
critical velocity model of Pétschke and
Rogge [7], transcribed into a more
general form gives:

(1)
v’n®[o + B(c/Gn) + y(c/Gn) ?] = 1.69 AG®

a = 240(R/a,)’p?
B= 16 (R/a,)’n (|m|Ac /kD)
y = (Im]ac /kD)?

For the experimental verification of this
model the evaluation of the thermal
gradient and of the solute concentration
at the transition to engulfment is required.
Moreover, knowledge of the effective
interface velocity and of the effective melt
viscosity can be attempted via the models
of Coriell et al. [8] and Stefanescu et al.

[9].

Figure 5 shows the critical thermal
gradients at the transition to engulfment,
as extracted from thermocouple data.

Figure 6 exemplarily shows the solutal
profiles measured along one scan line in
sample FM2.
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Figure 5. Temperature gradient profiles
at the transition pushing / engulfment.
From the axial gradient profiles at the
moment of engulfment, the critical
gradient is determined as corres-
ponding to the respective position of
the interface at the onset of engulf-
ment.
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Figure 6. Axial concentration profile
along the initial transient of FM 2.

Three parallel WDX-line scans were
measured per sample as follows:

scan length 10 mm, step width 40 pum
and beam defocus 5 um.

The oxygen peaks correspond to
Al,O;-particles and roughly indicate the
beginning of pushing and the transition
from pushing to engulfment.



In addition, stage mapping of the
elements Cu, Mn, Mg and O was
performed for the samples FM2 and GM2
in order to check if the longitudinal scans
are indeed representative. Figure 7
shows one longitudinal scan through the
mapping area in FM 2 in comparison to
the lateral scatter. From the line scans the
critical concentration of the individual
alloying elements was extracted as
corresponding to the respective position
of beginning engulfment. Figure 8 and
figure 9 show the evolution of two
representative alloying elements, copper
and manganese, along the initial
transient of the flight and ground
reference samples respectively.
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Figure 7. Sections through the area
mapping of the copper concentration in
FM 2. Area size: 5 *10mm

The error bars indicated at selected
positions of the longitudinal scan
represent the transversal scatter.

In order to define the "critical concen-
tration", the multiply alloyed matrix is
reduced to an equivalent binary matrix via
the transformations [10,11]:

(2) ce = Zdi, for i=1t05
me =(Zci-mji)/ ce
ke =(Zci-mi-ki) /ce-me
Here, the indices "i" are related to the
individual binary systems between Al and
the alloying elements, while "e" represent
the equivalent binary data.
These transformations are rather simple.
A more refined analysis of the segre-
gation behavior based on thermo-
dynamics of the multiply alloyed matrix
will further enhance the evaluation.
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This is especially true with respect to the
partition coefficients and the liquidus
slopes. In ternary or higher alloyed
systems the sign of the liquidus slope
changes for certain elements (e.g. Mn in
Al-Cu-Si-Mn) from negative to positive, as
the system passes into the binary eutectic
region, although the partition coefficient
remains subunitary. It depends on the
sign of m,, wether the solutal distortion
induced by a particle leads concave or
convex deformation of the interface.

A check of the matrix segregation has
been made by solidifying the particle free
alloy 2014 at constant cooling rate and
measuring the solute profile across a
dendrite arm via EDX. The segregation
pattern, represented in figure 10, shows a
change from increasing (my.< 0 ) to
decreasing Mn-concentration (my, > 0)
related to intermetallic phase nucleation
in the system Al-Cu-Mn-Si-Mg [1].

A detailed investigation of the
segregation profiles obtained during
directional solidification of the INTRAPP-
samples will address this behavior of Mn,
which is representative for specific ele-
ments in higher alloyed systems.
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Figure 8. Axial concentration profiles
for the main alloying element Cu.

The sample position "0" corresponds to
the initial position of the liquidus tem-
perature + 10°C, being the position at
which the string-like particle agglome-
rates, originating from coarsening
grains in the mushy zone, cease to
exist.
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Figure 9. Axial concentration profiles
for the alloying element Mn.

The position "0" corresponds to the
initial position of the liquidus tem-
perature + 10°C, e.g. to the position at
which the string-like particle agglo-
merates, originating from coarsening
grains in the mushy zone, cease to
exist.

5\
SN
U\l UOREBRUIIUOD

concentration Cu [wt%]
o
AL

0 7 2 Sove ST AN e o S 0.0
20 0 20 40 60 80 100 120 140 160 180 200 220

position [um]

Figure 10. Solute profile across a
globulitic dendrite obtained during
unconstained solidification of the
particle-free matrix alloy 2014 at 2
[K/min]. Colour etching with Weck's
reagent gives an optically accessible
view of the segregation . The EDX scan
line is indicated in the inserted image.

To date, the critical conditions for the
transition from particle pushing to
engulfment should be regarded as an
order of magnitude analysis only. They
are summarized in Table 2.
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Here, the effective melt viscosity is
calculated according to:

@) n
4 f,

where z represents the pushing length, Z
the width of a boundary layer where the
pushed particles accumulate e.g. z'=1.2
[nm], R the sample radius, and f, the
initial volume fraction of particles in the
MMC.
Based on these data, the critical velocity
is calculated according to Pdtschke and
Rogge [7] and included in table 2. I
results that the experimental data are in
good agreement with the model
predictions, especially when taking into
account that the interface velocity is lower
than the furnace translation velocity. This
correction will be included during further
work. An analysis of errors associated
with the critical velocity values will be
addressed together with a more rigouros
treatment of the segregation in the matrix.
Beside the transition from pushing to
engulfment, a quite challenging question
arises with respect to the evolution of the
pushing configurations along the initial
transient. We expect these configurations
to be subcritical force equilibria,
continuously adjusting to the change of
governing variables (c, m, v, G). The
adjustment process is realized through
changes of the local curvature and of the
liquid gap width. Subcritical force
equilibria are consistent with the concept
of the critical velocity, or more general of
the ‘critical conditions", as being the
maximum velocity - or the maximum
concentration etc. - for which force
equilibrium can be established.
Transfering the model of Poétschke
and Rogge to transient pushing along the
initial  transient  predicts, that with
increasing concentration of the alloying
element both forces increase, with the
viscous drag force increasing more
rapidly than the molecular repulsive force.
Consequently, force equilibrium is
established at gradually decreasing width
of the liquid gap. Figure 11 principally
shows the evolution of subcritical force
equilibria with changing curvature of the
interface according to [7]. The analysis of
the experimental data on transient
pushing is in progress.

No-(142.5 f,+10.05 %) [8]
(rR? 2) £,/ (7R? 2),




Table 2. Critical conditions for the transition from particle pushing to engulfment

Run G c [m, | K n vexp. verit. [7]
[K/em] (Wt%)] K/ %] [Ns/m2] [um/s]
Flight 1 109 2.93 3.20 0.2 3.9E10” 0.66 0.60
Flight 2 87 3.04 2.98 0.2 6.3E10~° 0.50 0.43
Reference 1 101 2.74 3.10 0.2 3.9E10~° 0.66 0.61
Reference 2 88 2.98 3.03 0.2 6.3E10° 0.50 0.44

Data for calculation of the critical velocity in 2014 / Al,O, are summarized in [12]
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Figure 11. Subcritical force equilibria
configurations calculated according to
[7] for a 20 um-sized Al,O, particle in
the equivalent binary matrix Al-X, as
function of the particle induced inter-
face curvature (e.g. concentration).

3.2 Particles at dendritic solid/liquid
interface in constrained and
unco nstrained growth

The INTRAPP samples contain two
regions with dendritic morphology: In
samples 1 constrained dendritic growth
was generated over a length of 40 mm, at
v=1.0 [mm/min] and a thermal gradient of
85 to 105 [K/cm]. The samples 2 were
designated to unconstrained dendritic
growth at constant cooling rate, but due to
residual axial temperature gradients the
dendritic structure is columnar with a
transition to equiaxed growth in the
region of the cartridge hot end only. In the
dendritic regions particle distributions
were measured by interactive automated
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image analysis on longitudinal sections of
the flight samples.

Among several distribution features, the
mean choard length (MCL) has been
selected for evaluation. The MCL is
measured perpendicular to the sample
axis, thus representig a means to quantify
the spacing between stringlike particle
agglomerates that occur in columnar
dendritic structures. Figures 12 and 13
show the evolution of the MCL in the flight
samples, for solidification at a furnace
velocity of 1 mm/min and at constant
cooling rate of 4 [K/min], respectively. The
evolution of MCL with proceeding
solidification gives interesting insight into
the dynamics of particle distribution in
relation to spacing selection during
transients that are induced by velocity
changes etc.. Its absolute value scarcely
bears information on the mechanism of
particle incorporation. More details can
be visualized in LM with an appropriate
etching technique (figure 14) or by SEM
(figure 15). They show that the particles
are located inbetween dendrite arms e.g.
in eutectic surroundings, for both, ground
and flight samples.

Models based on steady state
pushing, although validated for planar
interface [7], fail to explain the observed
interdendritic particle distribution e.g. the
critical velocity for unconstrained growth
configuration calculated according to [7]
ranges from 10 to 10™ [m/s] depending
on the concentration. This extreme
reduction of the critical velocity compared
to the constrained planar growth is due to
the fact, that a particle of lower thermal
conductivity than the melt depresses the
interface via both, thermal and solutal

distortion. This order of magnitude
analysis suggests, that interdendritic
particle incorporation is based on

entrapment mechanisms, rather than on
"pushing in force equilibrium".
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Figure 12. Particle distribution in the
flight samples, directionally solidified at
v=1.0 mm/min, G = 85-105 K/cm. The
evolution of the mean choard length
shows the response of the particle
distribution to the velocity transient at
the steplike increase of the furnace
translation velocity from 0.03 (0.04) to 1
mm/min (arrow).

Figure 14. Interdendritic location of
particles in FM 1, solidified at a con-
stant cooling rate of 4 K/min. Colour
etching with Keller's reagent reveals
the segregation pattern of the matrix.
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Figure 13. Particle distribution in the
flight samples, solidified at a constant
cooling rate of 4 K/min.

The high values of the MCL in the left
region are due to the fact that filling of
the free volume is accomplished by
flow of particle free matrix melt.

Figure 15. Interdendritic location of
particles in FM 2, solidified at a con-
stant cooling rate of 4 K/min. The Al,O,
particles (dark) are surrounded by
eutectic (white).



Complementary experiments on particle
behavior during solidification at constant
cooling rate, carried out in 1g-gravity via
Differencial Scanning Calorimetry point
towards following specific mechanisms:
For cooling rates ranging from 0.2 to 50
[K/min] particle entrapment inbetween
dendritic  branches is followed by
subsequent pushing at coarsening
dendrite arms (figure 16). For cooling
rates higher than 50 [K/min] entrapment
mechanisms are mainly related to particle
induced morphological instabilities,

resulting from the longrange thermo-
solutal interaction between particles and
dendrites (figure 17). This interaction
strongly disturbs the dendritic micro-
structure compared to the unreinforced
matrix.

Figure 16. Coarsening controlled inter-
dendritic particle distribution
dT/dt =-2 [K/min]

Figure 17. Entrapment controlled inter-
dendritic particle distribution
dT/dt =-100 [K/min]
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4. CONCLUSIONS AND OUTLOOK

The experimental results reflect the
manifold facettes of the interaction be-
tween inert particles and advancing
solid/liquid interfaces. From these, only
the transition from pushing to engulfment
at planar interface in the initial transient
has been reported here in some detail,
showing that the critical conditions for the
transition to engulfment are in good
agreement with predictions according to
the model of Pétschke and Rogge. More-
over, particle pushing along the initial
transient indicates that the system particle
/ interface adapts to the evolution of the
governing variables, while going through
a series of subcritical pushing configu-
rations. The evaluation of these pushing
configurations is in progress.

These results show, how sensitively
particle pushing depends on processing
conditions and more, how complex it is to
transfer physical models (binary systems,
individual particle etc.) to real systems,
even in the rather simple case of a planar
interface. The situation gets more
complex - and more interesting - for
dendritic morphologies of the solidifying
matrix in constrained or unconstrained
growth.

Here, critical velocity models fail to
predict the observed interdendritic
particle incorporation by several orders of
magnitude, meaning they are non-
applicable as such. More general, the
phenomenon of pushing in force equi-
librium is probably irrelevant for particles
at morphologically structured interfaces,
being covered by thermosolutal
interaction mechanisms. Detailed under-
standing of the interaction, therefor re-
quires numerical simulation to resolve the
timedependent thermosolutal and force
interaction at high spacial resolution.

So far, the dependence of the critical
conditions for the transition from pushing
to engulfment on the gravity level, is not
evident. This is expected to be more
pronounced for pushing during the initial
stages of the initial transient. Here, for low
concentration of alloying elements the
magnitude of the buoyancy force,
ranging at about 10" [N], is comparable
to that of the repulsive and drag forces,
meaning that force equilibria are g-
sensitive. This aspect will be treated
during further evaluation.
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Appendix 1

particle entrapment and
pushing at columnar and
equiaxed dendrites during
solidification at constant
cooling rate of 4 K/min

particle entrapment and
pushing at columnar den-
drites during directional
solidification:

v =1.00 [mm/min]

G =85 +100 [K/cm]

transition from pushing to
engulfment at planar inter-
face in the initial transient:
v =0.03 (0.04) [mm/min]
G=85+110 [K/cm]

particle pushing at coar-
sening grains in the mushy
zone of the fusion front
during thermal stabilization
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INTERACTIVE RESPONSE OF ADVANCING PHASE BOUNDARIES TO PARTICLES
INTRAPP

U. Hecht and S. Rex, ACCESS e.V., Intzestr. 5, D-52072 Aachen, Germany

Many natural and artificial composite materials offer unique properties that cannot be
obtained with a single material. Small ceramic particles for instance, when mixed into
aluminum alloy, lead to an increase of the overall strength and abrasive resistance, making
the material attractive for use in aircraft and automobile components. It is well known, that
the properties of the composite material do not only result from the rule of mixture, but that
they are highly sensitive to newly created characteristics of the material. Such
characteristics are the structure of the interface between particles and the base alloy and
the distribution of particles inside the base alloy. It is also known that particles are
preferentially located in specific regions of the base alloy, for instance inbetween the tiny
tree-like structures called dendrites, that grow from the molten alloy during solidification.
Here, the particles form net-like agglomerates and can lateron act as crack-paths. A reason
for this behavior might be the very small forces, some 10 [N] small, that act between the
growing solid and the ceramic particle, pushing the particle further into the liquid as growth
proceeds. The forces originate from fluctuations of the electric charge inside the atoms,
much like the forces that hold liquid atoms together in the condensed state.

The microgravity experiment INTRAPP, performed in the Advanced Gradient Heating
Facility (AGHF) during the Spacelab Mission-LMS in June ‘96, investigated the behavior of
alumina particles (mean size 13 pym) in interaction with advancing solid / liquid interfaces.
The samples consisted of the aluminum based commercial composite material 2014 + 10
vol% Al,O;. The microgravity results show a large variety of particle behavior: at plane
solidification front particles were pushed over several mm like being swept away by a snow-
plough, before getting engulfed into the solid. At non-planar front, particles were found to be
located inbetween the dendrite arms. Moreover, the large solidification interval of the alloy
allowed to show particles being pushed at coarsening grains in the mushy zone.

From the manifold data, particle pushing at plane front was evaluated first and shows
good agreement with the theoretical model of Pdtschke and Rogge. It also shows the
complexity of transfering theoretical models to real commercial materials. This becomes
more evident when processing conditions come closer to application, e.g. when dendritic
growth is generated in the base alloy: For these situations further modeling activities are
necessary when more than a qualitative prediction of the particle distribution is desired. The
microgravity experiment gave new impulse to our modeling activities, as it suggests two
overlapped mechanisms of particle incorporation at dendritic interface: particle induced
entrapment and pushing at coarsening dendrite arms.

The numerical simulation of this dynamic interaction will improve the understanding of
the microstructural evolution during solidification and might enhance development and
application of particle reinforced composites.
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Particle Engulfment and Pushing by Solidifying Interfaces

- PEP -
One Year Report

D.M. Stefanescu, PI, B.K. Dhindaw, CoPI, F.R. Juretzko, Gr. Res. Asst.
The University of Alabama

P.A. Curreri, CoPI, S. Sen, CoPI
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During the LMS Mission on the space shuttle Columbia (between June 22 and July 6, 1996), three
experiments were conducted to evaluate the effect of liquid metal convection on the phenomenon of
particle engulfment and pushing by solidifying interfaces (PEP). This report includes the results
obtained after one year of analysis of flight results. In addition, a succinct account of ground pre-
flight results is included, so that an appropriate comparison can be made. Ground post-flight
experiments were also performed, but their analysis is not complete at this time.

1. Objectives

During solidification of metal matrix composites the ceramic particles interact with the solidification
front. This interaction is responsible for the final microstructure. The solutal and thermal field, as
well as fluid motion at the liquid/solid interface influence both interface morphology and the
particle/interface interaction itself. It is thus imperative to fully understand the solidification science
and transport phenomena aspects associated with the process in order to control it.

The scientific objectives of this work include: 1) to enhance the fundamental understanding of the
physics of interaction between inert particles and the solidification interface, and 2) to investigate
aspects of melt processing of particulate metal matrix composites in the unique microgravity
environment that will yield some vital information for terrestrial applications. The proposal itself
calls for a long term effort on the Space Station. The LMS was a flight opportunity with limited
scope. Its main objectives were as follows:

e to evaluate the experimental method including thermal regime, velocity regime, analysis
procedures;

e to obtain preliminary data on the critical velocity of particle engulfment.

2. Background

The phenomenon of interaction of particles with melt interfaces has been studied since the mid
1960's. While the original interest in the subject was mostly theoretical, researchers soon came to
the realization that understanding particle behavior at solidifying interfaces may yield practical
benefits. The experimental evidence demonstrates that there exist a critical velocity of the planar
solid/liquid (SL) interface below which particles are pushed ahead of the advancing interface, and
above which particle engulfment occurs.

While the problem is relevant to many fields of work such as cryobiology, frost heave in soils,
ceramic superconductors, etc., the majority of research work involving PEP is aimed at metal
matrix composites. Here the driving force is to obtain a homogenous particle distribution. To
achieve this goal one has to control the cooling conditions of cast composites in such a way that the
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solidification velocity is higher than the critical velocity. Only with a homogeneous distribution of
the reinforcement phase the improved mechanical properties of these materials can be fully
exploited.

While numerous models have been proposed over the years in an attempt to explain particle
behavior at the SL interface, a paucity of data exist in particular for ceramic particles dispersed in
metal matrices. The basic assumptions of all models include spherical and inert particles, and
macroscopically planar SL interface. Existing literature data on this subject are rather limited. With
a few exceptions the SL interface, for which the data have been reported, is not planar. Thus, the
results do not refer to the pushing / engulfment transition, but rather to pushing / entrapment. The
particles used in most studies were not spherical but had an irregular shape, which runs against one
of the basic model assumptions. These and other constrains of presently available experimental
data make the task of model validation for metallic systems an impossible one. Accordingly, the
main goal of the flight program is to provide reliable experimental data that can be used for
validation of models describing particle behavior at the solidifying interface in metal matrix
composite materials.

3. Methods of Data Acquisition and Analysis

3.1 Selection of metal matrix - ceramic particle system

The metal matrix - ceramic particle system to be used for evaluation of the critical velocity for the
pushing / engulfment transition (PET) must satisfy the requirements imposed by the major
assumptions in existing particle pushing models. These assumptions include: pure metal matrix,
planar SL interface, spherical particle, particle is chemically inert with respect to the metal,
minimum liquid convection at the SL interface, no flotation or sedimentation of particles.

Based on these restrictions the experimental system chosen consisted of zirconia particles dispersed
in a pure aluminum matrix. Aluminum (99.999% Al) was selected in spite of obvious difficulties
resulting from its high affinity for oxygen, because it is the basis for the most promising cast metal
matrix composites for mass production. In addition, an Al-4.5% Ni alloy was also prepared, to
explore the implications of low solutal levels, and of change in wettablity.

Zirconia particle were selected because they do not react with aluminum up to temperatures of 900
°C. While both zirconia and silicon carbide are non-wetting at 700 °C, as the temperature is raised
to 1100 °C the SiC becomes wetting, indicating an interface reaction. Zirconia remains non-
wetting. Additionally, ZrO; is thermodynamically more stable than Al;03. Thus no reducing
reaction is expected below 900 °C. Finally, spherical zirconia particles are available, while it was
impossible to find spherical SiC particles.

The general shape of the zirconia particles is presented in Fig. 3-1. The nominal particle diameter
was 500 um. A size distribution of the particles is given in Fig. 3-2.
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Fig. 3-2 Zirconia particle size distribution

3.2 Sample preparation

The same method was used for ground and flight sample preparation. The samples to be used for
directional solidification were prepared by melt processing in a resistance furnace under high purity
argon atmosphere and casting into a graphite mold to produce cylindrical specimens of 9 mm
diameter and 100 mm length. Two to three vol.% zirconia particles were added to the liquid and
mechanically mixed before pouring.

3.3 Evaluation of particle position

The zirconia particle distribution in the aluminum samples after casting and after DS was evaluated
through real time X-ray Transmission Microscopy (RXTM). Magnifications of up to 20x were
used. A three dimensional distribution of the particles was obtained by rotating the sample under
the X-ray beam and recording the transmitted image on a video recording device.

In addition to RXTM all ground samples were examined by optical metallography. The samples
were grounded layer by layer to map the volumetric particle location. About 200 um of material
were removed each time. As the particles were 500 pm in diameter it was possible to locate all of
them. The flight samples will also be examined by optical metallography.

A number of criteria for interpretation of experimental results were established to obtain “clean”
data for the evaluation of the PET, as follows:

e Particles were assumed to be pushed if:
for ground (quenched) samples: particles were found at or very near the quench interface;
for all samples: there were no particles in the middle of the sample in the DS region.

e Particles were assumed to be engulfed if:
for ground (quenched) samples: there were no particles at the quench interface.
for all samples: there were particles in the middle of the sample in the DS region;

e Clusters of particles were ignored.

e Particles at the following locations were ignored: the first 3 mm from the initial melt interface;
the walls of the sample; particles attached to gas bubbles.

3.4 Ground pre-flight methodology

The ground samples (9 mm dia. x 100 mm length) were directional solidified in a Bridgman-type
furnace. A total of 28 experiments were run with Al-ZrO, and 22 experiments were run with AINi-
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ZrO,. The gradients at the SL interface, as measured with the main heater temperature set at 800 °C

and the trim heater temperature set at 850 °C, were 100 K/cm. For each sample only one

translation velocity was used. After enough solid was produced through DS the crucibles
containing the samples were quenched in water.

In DS experiments it is well known that the furnace translation velocity is not the same as the
solidification velocity. To evaluate an average solidification velocity, the distance between the
initial melt interface and the SL interface after quenching was measured and divided by the furnace
translation time.

3.5 Flight methodology

During the LMS Mission three samples were directionally solidified in the AGHF facility. They
will be referred here as flight samples FM1, FM2, and FM3. The main characteristics of the
samples are summarized in Table 1. The ampoule-sample assembly for the three flight samples is
shown in Fig. 3-3. Each ampoule-sample assembly was instrumented with 12 thermocouples.
Three of these were placed into a ceramic sheath and incorporated into the sample by casting. The
remaining eight were positioned in grooves on the outside of the crucible. Different furnace
velocity regimes were used during the DS of the samples. For FM1 a step-wise decreasing regime
was used, while for the other two a step-wise increasing regime was chosen. The exact numbers
used for furnace translation velocity are given in Table 1. The flight data were recorded on a
spreadsheet and included furnace position, furnace velocity, thermocouple position, and
temperature for each thermocouple versus time. The SL interface velocity resulting from the
different furnace translation velocities was calculated based on thermocouple data.

Table 1 Characteristics of flight samples

Flight sample Material Ampoule-sample Velocity regime,

um/s

FM1 Al - ZrO, spring-piston 20-5-0.5
FM2 AINi- ZrO, expansion reservoir 1-3-9
FM3 Al - ZrO, expansion reservoir 1-3-9
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b) expansion reservoir design: samples FM2 and FM3

Fig. 3-3 Design of ampoule-sample assembly.

{19



Each flight sample was examined after micro-g processing by X-ray computer tomography (CT) to
asses its integrity.

4. Flight Results Compared with Ground Results

4.1 Ground results

From the 28 experiments run only 13 experiments were considered “clean” and were used for the
evaluation of the PET. Some typical examples of particle distribution after DS are shown in Fig. 4-
1. Note that on sample Al-14 two particles present in the DS region were not considered as
engulfed because they were engulfed during the initial transient when the solidification velocity is
not steady.

SLI pa/rtlcle
A"1 4 } ° ? oﬁ ; :
V=19 pum/s [
unmelted DS region quenched liquid
Al-15 0
V=85ums E °

Fig. 4-1 Schematic representation of particle distribution in DS aluminum - zirconia samples: top - pushing;
bottom - engulfment.

The results of the directional solidification experiments for the aluminum-zirconia system are
summarized in Table 2. For ease of interpretation the data have been listed in increasing order of
the solidification velocity at which they have been processed. From these data it is obvious that a
clear PET exists at a solidification velocity between 1.9 and 2.4 pum/s. However, a notable
exception is seen for sample Al-18.

Table 2 Experimental results for aluminum - zirconia samples

Solidification 24|26(58|65]|109 |11.8] 15 | 44.8]| 85

velocity, um/s B

Sample no. Al- | Al- | Al- | AI- || Al- [ Al- | Al- | Al-| Al Al- | Al- Al- | Al
22 [ 27 |28 (1423 | 21 |29 | 30| 17 | 18 | 24 | 16 | 15

Result’ P PIRIPREY BT E | E E P E E E

" P: pushing, E: engulfment

For the AlNi-zirconia system particles were engulfed at all velocities used, that is from 1.2 to 80
pm/s. Thus, it is apparent that the PET should occur at velocities smaller than 1.2 pm/s. This
lower range of velocities is beyond the present capabilities of the UA furnace.

4.2 Flight results

4.2.1 Engineering report

Both the cartridge containing the ampoule, and the ampoule after extraction from the cartridge were
examined by X-ray and computer tomography (C7). The results of the cartridge C7 evaluation are

shown in Fig. 4-2.

The spring-piston assembly used for sample FM1 functioned as expected. Some liquid Al leak is
seen past the fore side of the piston. This leak does not seem to be significant, since no Al is seen

in the 90° position of the CT (lower picture on Fig. 4-2a). No metal has leaked past the aft side of
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the piston, and the nominal operation of the spring-piston assembly was not affected. As a result of
this no void is seen between the piston and the sample and the sample itself was sound.

¢) sample FM3

Fig. 4-2 CT images of the flight cartridge - ampoule assembly.

Sample FM2 was less successful. On Fig. 4-2b it is seen that several voids have formed along the
sample. It appears that the liquid metal has fractured in that region resulting in a two-part solid
sample: an upper part that is in contact with the alumina plug, and a lower part.

Sample FM3 behaved as expected. On Fig. 4-2c it is seen that the shrinkage cavity was positioned
between the metal and the alumina plug. The sample itself appears to have no significant shrinkage
porosity or voids.

4.2.2 Science report

Samples FM1 and FM3 which consisted of Al-ZrO, will be discussed first. A summary of RXTM
particles positions in the FM1 sample before and after flight is given in Fig. 4-3. To identify the
particles positions with respect to velocity zones, a velocity-distance graph was associated with the
RXTM images. It is quite clear that at velocities of 5 um/s and above all particles were engulfed. A
more detailed analysis is necessary for the region solidified at 0.5 pm/s. To this effect the region of
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interest was enlarged in Fig. 4-4. It is seen that as the SL interface velocity decreases from S to
0.5 pmy/s particles are still engulfed ( no.l, 2 and 3). In the region of 0.5 pm/s all particles have
been pushed by the interface, with the exception of particle no. 4. However, upon rotating the
sample during RXTM examination it was found that this particle is very close to the crucible wall,
which means it should be removed from consideration. As soon as the velocity increases due to
rapid furnace translation at the end of the experiment particles are engulfed (no. 5). A detailed
RXTM image of the region of interest is presented in Fig. 4-5.
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Fig. 4-3 Summary of RXTM evaluation of particles positions correlated to furnace and solid/liquid interface
velocity for sample FM1.
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It must be noted that the interface velocity could be accurately determined only as long as
thermocouple information was available. Then, since in the 0.5 pm/s regime our calculations
indicated that furnace velocity and interface velocity were linear and had approximately the same
slope, the position of the SL interface was extrapolated as shown in Fig. 4-4.
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4-4 Summary of RXTM evaluation of particles positions in sample FM1 in the region of furnace

translation rate of 0.5 pm/s.

Fig. 4-5 RXTM image of flight sample FM1. Particles are engulfed at 5 um/s and in the transient region. No
valid engulfed particles are present in the 0.5 pm/s region.
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From the analysis of RXTM particles position in the FM3 sample before and after flight (Fig. 4-6)
it is concluded that, since particles are found in all three velocity regions, engulfment occurred even
at the lowest velocity regime used in this sample, which was of 1 pm/s.

Velocity [um/s]
As-cast Flight 0 5 10 15
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8
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5 ~ ] | |
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4 . - . 140 = 2
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Fig. 4-6 Summary of RXTM evaluation of particles positions in sample FM3 in the region of furnace
translation rate of 1 and 3 pm/s.

The material used for sample FM2 was AINi-ZrO,. The RXTM particles position in this sample is
presented in Fig. 4-7. From the analysis of these data it is apparent that the target interface velocity
of 1 um/s has been achieved only on a very narrow region of the sample. It is not clear if pushing
occurred in that region. It was also observed, even by RXTM, that many particles have reacted, in
particular toward the end of the sample. Clearly, metallographic analysis and additional
experiments are required to allow for any definitive conclusions.

4.3 Discussion

One of the basic criteria for acceptability of PEP experimental results is an inert particle / matrix
system. Thus, before any definitive conclusions could be reached on any of the flight samples, it
must be documented that no reaction occurred at the particle / matrix interface. At this time only
some preliminary results are available on sample FM3. They are illustrated in Fig. 4-8. It is seen
that as long as moderate temperatures were reached during processing a clean particle / matrix
interface is obtained. The white borders on Fig. 4-8a are only shadows. However, at temperatures
higher than 900 °C, EDAX analysis confirmed that zirconia particles reacted with the matrix,
producing an oxidized interface (Fig. 4-8b). The oxidized region is AL,O,. It is thus clear that a
complete analysis of particle /matrix interface must be conducted for the regions of interest.
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Fig. 4-7 Summary of RXTM evaluation of particles positions in sample FM2 in the region of furnace
translation rate of 1 and 3 um/s.

Assuming for the time being that in the controlled DS regions of the samples zirconia particles did
not react, it seems to be possible to conclude that the absence of convection resulted in a decreased
critical velocity. Indeed, for the Al-ZrO, system flight results seem to indicate a critical velocity
between 0.5 and 1 pm/s, while ground experiments suggest a critical velocity between 1.9 and 2.4
pm/s.

a) good interface in the DS region at 710 °C b) oxidized interface in DS region at 950 °C

Fig. 4-8 SEM evaluation of particle (zirconia) - matrix (Al) interface
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These results are not surprising. Indeed, work with organic transparent materials has also
demonstrated that the critical velocity increases with the level of convection in the liquid, and that
above a certain convection level the particle does not interact with the interface at all'.

Fluid mechanics also provides arguments for this

behavior. Assuming that the particle moves parallel to

the SL interface because of natural convection (Fig. 4- /\
9), it can be expected to roll because of the velocity VL

gradient imposed in the y-direction. Simple calculations e

for ideal fluids show that in such a case a “lift” force
will be generated®. This force will act in the y-direction

and will be directed away from the interface. This force

is accentuated when the particle moves at a velocity

different from the average fluid flow rate’.The lift force

will thus behave like an additional repulsive force and
therefore will increase the critical velocity.

5. Conclusions Fig. 4-9 Origin of the lift force.
The main conclusions that can be drawn at this time are as follows:
e A flight methodology has been developed and successfully tested.

e Pushing has been observed in the Al-ZrO, system at a solidification velocity of 0.5 pm/s.
Engulfment was observed at velocities of 1 pm/s and above. This seems to indicate a
critical velocity for PET of 0.5 to 1 pm/s.

e Inthe AINi- ZrO, system pushing may have been observed at 1 pm/s. However, no firm
conclusion could be reached at this time.

e The present results may only be considered as preliminary. A significantly larger number of
samples must be processed in order to confirm the present conclusions.
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7. Non-technical Summary

In this experiment zirconium oxide particles dispersed in liquid aluminum were used to model what
happens to inert, nonreactive particles at the solid-liquid interface in different systems. Convection,
and thus movement in the liquid, complicates the physics of the material interaction on Earth. By
conducting this investigation in microgravity these difficulties could be overcome. When discrete
particles are present in a liquid matrix, directional solidification of the liquid will either cause the
particles to become engulfed in or pushed out of the solid. Whether particles are engulfed or
pushed depends on the speed of solidification. If the solidification velocity is higher than a certain
critical velocity, the particles are engulfed by the advancing solid; if it is lower, they are pushed
ahead of the solid.

Modeling these systems has future applications in fields ranging from superconductor and metal
matrix composites to frost heaving and cryobiology. For example, particle engulfment is beneficial
when creating metal matrix composites, which are metals that incorporate strengthening particles,
usually of a ceramic material, for reinforcement. Engulfment of these particles results in their being
uniformly distributed, giving the composite material better properties than if the particles were
pushed during solidification. In addition, understanding the physics behind particle engulfment and
pushing can lead to solutions to problems like frost heaving. Frost heaving occurs when water that
has seeped around soil begins to freeze. Because the solidification velocity of the water is slower
than the critical velocity for engulfment, the soil particles are pushed out of the solid water (ice),
causing the combination of ice and soil to take up as much as 300 percent of the volume of the
original soil and water mixture. The increase in volume can displace road surfaces and
foundations, causing a great deal of damage. The exploration of these physical phenomena may
provide a stepping stone for those who wish to conquer such earthly problems.
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subject: LMS One Year Science Review

protein crystal growth experiment / APCF

The EGF receptor is the prototype of a family of tyrosine kinase receptors
involved in cell growth control. Many human malignancies are characterized
by its overexpression. The solution of the EGF receptor structure would
pave the way for drug design and novel concepts of therapeutical treatment
of tumors. However, the crystal structure of none of the growth factor
receptors has been solved so far. - The difficulty of crystallizing a
membrane protein has been overcome by purifying only the hydrophilic
external domain of the EGF receptor. Using this ectodomain the co-
crystallization with the ligand EGF was achieved; diffraction of these
crystals had been poor, probably due to the high amount (30% of molecular
mass) of heterogenous carbohydrate. Microgravity conditions have been
tested which seemed to favour crystal growth. However, results have been
variable so far.

On LMS different batches of EGF receptor preparations were flown all of
which have proved to crystallize in the laboratory, however after non-
predictable time spans. Four hanging drop reactors and one dialysis reactor

were used; comparable set-ups in APCF reactors served as laboratory
controls.

Results:

Two hanging drop reactors yielded showers of non-usable micro-crystals (lab
controls also). Crystals of 0.25 mm length grew in another hanging drop
reactor (Fig. 1) whereas the corresponding lab control contained just
amorphous precipitate. The fourth hanging drop reactor provided small
lancet-like crystals (Fig. 2), with similar crystals in the lab controls.
Fig. 3 shows the fragment of a larger crystal which grew in the dialysis
reactor and broke during removal from the chamber; if in these reactors
crystals grow sticking to the dialysis membrane, cracking during harvest is
almost inevitable. The corresponding lab control did not yield crystals.
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Fig. 2

Fig. 3

Ten crystals from two reactors were analyzed using synchrotron radiation.
However, the diffraction was poor, and collection of data was impossible.
From previous experiments a high solvent content (65%) of EGF receptor
crystals is known; therefore a larger crystal size is required for
diffraction. This was e.g. achieved in a former microgravity experiment
(STS-47) when a crystal of 0.5 x 0.3 mm was obtained.

Summarized, the growth of EGF receptor crystals seems to be favoured by
microgravity conditions, since the results of 2 out of 5 set-ups were
superiour to the corresponding lab controls, at least in terms of crystal

growth. It emerges also that for a difficult protein like the EGF receptor

the small number of 5 trials may be not sufficient to achieve satisfying
results.

Dr. Wolfgang Weber
Institut flir Physiologische Chemie

Universitdtskrankenhaus Eppendorf, Hamburg
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Crystallization of Apocrustacyanin C1 on the LMS Mission
PI Naomi Chayen, Imperial College London

The results of the mission were obtained jointly with Prof Helliwell's group in
Manchester University and P. Zagalsky of Royal Holloway College, U of London

Introduction

Apocrustacyanin C1 had previously been crystallised on the IML-2 and USML-2 and
>Shuttle missions. On IML-2 the crystals grown in space were mostly better
diffractors compared to the Earth grown crystals.CCD video was used to follow the
crystallisation. The crystals, which grew in the vapour diffusion droplet moved in a
circular way,consistent with that of Marangoni convection (Chayen et al. 1997). The
images also display a ““halo" effect around the growing crystals which is attributed
to the presence of a depletion zone (i.e., solution regions which are depleted of this
coloured protein).

>The crystals from the USML-2 mission (which were not monitored by CCD video)
>underwent an X-ray mosaicity analysis.The quality enhancement between earth
grown and microgravity grown crystals was not as marked as for the lysozyme
crystals grown in dialysis geometry nor was it consistent between the two
populations, although the best crystal was microgravity grown (Snell et al.

>1997).

Objectives of experiment

The crystallisations on LMS aimed to complement, and expand upon the X-ray
analyses obtained from the USML-2 crystals (as CCD video was not available to
>monitor the crystallisations on the LMS mission).

Experimental

>Apocrustacyanin C1 was crystallised on the LMS Shuttle mission. Four
>crystallisations were carried out on the flight, and four identical experiments
>were conducted as ground controls during the period of the mission. These
>ground controls were set up at the same time, and used the same solutions as
>those of the mission.
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>Synchrotron X-ray analysis of the LMS apocrustacyanin crystals was carried out
>at two facilities. Firstly at the NSLS using beamline X26C. Here, protein crystal
mosaic spread measurements by use of rocking curves is an indicator of the internal
physical perfection present (Helliwell 1988). The addition of an analyser crystal
between the sample and detector enables reciprocal space mapping of omega, the
sample axis,and omega ', the analyser axis (Snell 1997). Reciprocal space maps, along
one axis provide a measure of pure mosaicity effects (volume and orientation), and
along the other axis strain effects.

>Combination of the use of this technique with X-ray topography (Stojanoff et

>al. 1996),can produce a finely detailed picture of a single reflection, and an in-depth
knowledge of the internal order of the crystal. The analysis of this data is still in
progress, however an example topograph,and reciprocal space map are shown in
figures 1 and 2.

>

>Secondly, at the bending magnet source beamline, BL19 at the ESRF, where two
>complete datasets,one of an LMS crystal, and one of an LMS ground control crystal
were obtained.

>The resolution limits of apocrustacyanin C1 crystals grown onboard the LMS
>missions in a vapour diffusion reactor and earth grown controls were
>determined from 1 degree oscillation images. Operating parameters during data
>collection were lambda = 0.7513 Angstroms ; CCD detector

> (image intensifier type), exposure times 30 secs, rotation angles 1 degree,

>delta lambda / lambda = 10-4. Overall I/Sigma I for LMS = 30.4,

>and for ground control = 9.5. LMS crystal volume = 0.0432 mm3, ground control
>crystal volume = 0.0034 mm3.

>The full data merge for both LMS and ground control is shown in table 1.
>Obviously the LMS crystal is diffracting

>off the edge of the detector, since the Rmerge at 2 A is 10.4%, by contrast,

>the earth control Rmerge at 2 A is 40 %. But the crystal volume for the earth

>is 12 times smaller, and for ground control = 9.5. LMS crystal volume = 0.0432
>mm3, ground control crystal volume = 0.0034 mm3.

>When compared to earlier data collections on earth and microgravity grown
>apocrustacyanin crystals, these results show that resolution limits are

>dependent on the data collection source and measuring conditions. The full
>exploitation of the crystal perfection

>available is very difficult if step widths of 10-4 degrees are required.
>Nevertheless, new area detectors like the pixel detector could exploit such
>quality (for a discussion see Helliwell (1992) and

>Chayen \et (1996)) when used in conjunction with X-ray undulator sources, which
>have extremely fine collimation inhorizontal and vertical directions.
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>Figure 1:

>Protein crystal quality assessment via topographic images of an LMS ground
>control apocrustacyanin C1 grown as an example.

>

>Figure 2:

>Protein crystal quality assessment via reciprocal space mapping of the same LMS
>ground control apocrustacyanin C1 crystal. The reciprocal space map shows omega
>verses omega ', with intensity on the z axis.
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LMS LMS Ground Control
Resolution Rmerge Completeness % Rme{ge Completeness %
(Angstroms)
25.00 -- 4.92 0.048 86.5 0.045 972
4.92 -- 3.91 0.048 9150 0.047 99.0
3.91 --  3.42 0.050 92.6 0.070 99.5
3.42 -- 3.1 0.051 94.2 0.089 99.8
3:11 =- 2.88 0.058 94.7 0.130 99.9
2.88 -- 2.71 0.064 95.0 0.172 997
271 —- 2.58 0.070 95:.3 0.203 99.8
2.58 -- 2.47 0.074 96.6 0.230 99.6
2.47 -- 2.37 0.075 D6l 0.239 99.9
2.37 -- 2.29 0.084 95.2 0.266 995
2.29 -- 2.22 0.084 9729 0.265 99 .7
2.22 -- 2.15 0.085 95.7 0.275 99::1.
2.15 -- 2.10 0.086 981 0.317 98.6
2,10 -=- 82105 0.094 95.3 0.358 98.9
2.05 -- 2.00 0.104 98.2 0.403 98.2

Overall 0.056 94.7 0.110 99.2
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Final science report of the experimental results from the L. MS space mission in

1996.

Crystallization and x-ray analysis of 5SS rRNA and the
5S rRNA domain A.

Prof. Dr. Volker A. Erdmann and Siegfried Lorenz

Freie Universitit Berlin, Institut fiir Biochemie, Thielalle 63, D-14195 Berlin-Dahlem,

Germany.

Introduction

The ribosomal 5S rRNA is an essential component of the ribosomes. Ribosomal particles lacking
5S rRNA have a greatly reduced peptidyltransferase activity. Because of its functional importance
and the fact, that the 5SS rRNA interacts specifically with several ribosomal proteins, it is of great
interest to know its three dimensional structure at atomic resolution. Based upon chemical and
enzymatic structural characterization and the comparison of more than 750 different 5S rRNA
sequences a secondary structure for this class of RNA molecules has been derived, which is
generally accepted. (Figure 1). The size of the 5S rRNA, 120 nucleotides in length, limits its
structural determination to that by x-ray analysis. With this goal in mind we have tried for more
than ten years the crystallization of about 20 different 5SS rRNA species (Figure 2). The best
results obtained so far are those for the 5SS rRNA from Thermus flavus, whose crystals diffract up
to a resolution of 8 A (1).

Since crystal structure analysis of whole 5S rRNA molecules could provide so far only low
resolution data at 8 A, we turned to the chemical synthesis and structural determinations of the
individual 5S rRNA domains.

Figure 3 shows as example the structure of the domain A from Thermus flavus 5S rRNA and the

fact that a large number of solvent molecules are associated with this molecule. (2, 3).
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Currently we are continueing our crystallization experiments with engineered Thermus flavus 5S
rRNA molecules. Internal breathing of the structure on one hand and small differences in the
primary structure of the 5S rRNA molecules on the other hand can significantly influence the
ability to produce well ordered crystals. For example, crystals from the Thermus aquatics 5S
rRNA gave a resolution up to 25 A, while crystals from the Thermus flavus 5S rRNA gave a
resolution up to 8 A. The difference in the primary structure are only the exchange of 9
nucleotides. These nucleotides differing in the two structures are labeled by solid circles in Figure
1. With this observation in mind, we used engineered variants of 7hermus flavus 5S RNA in such
a fashion that an improved crystallization was anticipated. First results of the purified 5S rRNA
variants show crystals in dimensions up to 0.6 mm. One of the engineered variants was used in the
APCF (Advanced Protein Crystallography) microgravity experiment on the USML-2 space

mission in November 1995 and one in the LMS space mission in June 1997.

Material and Methods

1. About 20 different 5S rRNAs were prepared from isolated ribosomes or ribosomal subunits by
extraction with phenol and purified by two chromatographic procedures on Sephadex G 100
gelfiltration or by hydrophobic interaction chromatography with Phenylsuperose (1). Having
tested various crystallization methods we found, that the best crystals were obtained by the

microdialysis method.

2. The 5S rRNA domain A from Thermus flavus was prepared by solid phase chemical synthesis
(3). Crystals of the dodecamer suitable for x-ray analysis were obtained by vapor diffusion in

Linbro plates followed by repeated seeding of the crystals.

3. The engineered variants of 7Thermus flavus SS rRNA were synthesized on the DNA level and
then transcribed in large amounts in vitro. The chromatographically purified RNA was crystallized
in Linbro plates by the hanging drop method and also in the APCF microdialysis reactors during

the ESA and NASA USML 2 and LMS space mission. The crystals were analysed by using the
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image plate detector at the EMBL Synchrotron beam line X 11 at DORIS / DESY, Hamburg,
Germany and also at the ELETTRA Sincrotrone Trieste in Italy

Results and Discussion

The preliminary assignment of the wild type Thermus flavus SS rRNA crystal lattice is monoclinic,
space group C2, with units cell dimensions a=190 A, b=110A, c=138 A and 8=117 A. The
unit cell volume is 2.69 x 10° A and the packing volume 4.3 A / dalton. The solvent content for the
crystals is about 70%. The resolution was up to 8 A (1). The reason for this low diffraction could
be the internal breathing of the structure and the large size of the RNA molecule.

To overcome the problems associated with the crystallization of whole 5S rRNA molecules we
tried to crystallize chemical synthesized structural domains of this RNA from Thermus flavus and
E.coli (Figure 1). It is anticipated that the knowledge of all domain structures of the 5SS rRNA
molecule will eventually permit the determination of the whole RNA structure. In this report we
show for example the structure of the domain A from Thermus flavus SS rRNA. Two crystals
were used to collect data up to 2.3 A resolution. The final structure of the dodecamer presented in
Figure 3 is a right handed A type double helix with two strands defined as A and B according to
Figure 1. Strand A consists of 245 non-hydrogen atoms and strand B of 263. The structure
includes a total of 159 solvent molecules. 49 water molecules were located (blue label) in the
interior of the duplex and 68 externally involved in the first hydration shell around the surface of
the duplex.

The remaining 42 represent crystal water filling the spaces between the domains. In conclusion it is
quite apparent, that with the recent developments of the methodology to synthesize defined RNA
molecules it will be possible to determine their atomic structures by x-ray analysis.

In addition to the crystallization experiments of the domain A from Thermus flavus 5S rRNA we
crystallized the chemically synthesized domain E from the same RNA (5). The crystals are
trigonal with unit cell dimensions a=b =42.8 A, ¢ = 162 A. The resolution of the crystals reached
a value of 2.8 A. The chemically synthesized domain E from E.coli 5S rRNA was also crystallized.
Data sets were collected (S. KluBmann et. al, unpublished results). In addition 11 other chemically

synthesized RNA fragments have been crystallized (V.A. Erdmann et. al, unpublished results).
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First results of the purified Thermus flavus SS rRNA variants, isolated on the DNA level by in
vitro transcription, in which the 3*and 5 ends were stabilized, yielded crystals up to 0.6 mm length.
Although the crystals obtained so far did not show an improved resolution (10 A), we are
currently continuing these studies with different structural variants and by variations of
crystallization conditions. The variations of crytallization conditions include also crystallization
experiments under microgravity conditions. In November 1995 we initiated these studies with
engineered Thermus flavus 5S rRNAs in the USML-2 Mission (ESA/NASA) in APCF (Advanced
Crystallography Protein Facility) microdialysis reactors. Of five reactors three yielded crystals. The
crystals obtained were larger in size than those obtained simultaneously from ground control
experiments (Figure 4). In the LMS mission in June 1996, we continued these experiments also in
the APCF system. Of seven reactors all yielded crystals. The crystals obtained were larger in size
than those obtained in silmultaneous ground control experiments. The largest space grown crystals
in the LMS Mission exhibited a length of 0.45mm. In the ground-control experiment 5 chambers
yielded crystals. These were smaller in size than those grown in space.(Figure 5). The crystals
were analyzed by synchrotron radiation at DESY in Hamburg, and at the ELETTRA Sincrotrone
Trieste, Italy. In the LMS mission space crystals exhibited a resolution of about 8 A. We were not
able to determine the resolution of the simultaneously obtained ground crystals, because they were
to small in size. The resolution of the best crystals of the engineered Thermus flavus 5S TRNA

grown in the laboratory yielded until now a resolution of 8 A.

Summary

1. 19 different 5S rRNAs were isolated from ribosomes and tested for their ability to crystallize.
The best results gave the 5SS rRNA from the thermophilic bacterial strain Thermus flavus AT62.
The resolution of the crystals was up to 8 A (1).

2. The chemical synthesized domain A from Zhermus flavus 5S rRNA was crystallized. The
diffractions of the crystals were 2.3 A. The structure has been solved (2). Chemically synthesized
domain A from Thermus flavus has been also crystallized (5). Data sets from domain E from E.

coli are collected.
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3. Engineered variants of 5S rRNA are produced on the DNA level by in vitro transcription. It is
anticipated that stabilizing elements at the 3° and 5’ends in the primary structure will reduce the
flexibilities of these RNA molecules in order to yield crystals for x-ray analysis.

4. The influence of microgravity on the crystal growth was tested with one engineered 5S rRNA
variants in the ESA and NASA APCF/USML-2 and LMS space missions. The results obtained
show clearly that the space grown crystals were larger in size than those in the ground
controls.The diffraction of engineered Thermus flavus 5S rRNA crystals grown in space is nearly
the same then the crystals in the best laboratory experiments. The crystals from the simultaneous

ground control experiments were to small for diffraction studies.
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5S rRNA Species:

Azobacter vinelandii
Bacillus lichiformis
Bacillus stearothermophilus
Bacillus subtilis
Caulobacter

Echerichia coli
Halobacter cutirubum
Lupinus luteus

Mung bean

Micrococcus luteus
Proteus vulgaris
Pseudomonas fluorescens
Rat (liver)
Staphylococcus aureus
Thermotoga

Thermus aquaticus
Thermus flavus

Wheat germ

Yeast

5S rRNA Protein-complexes:

Bacillus stearothermophilus
Echerichia coli

Thermus thermophilus
Thermus flavus

Figure 2

5S rRNA species for crystallization experiments.
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Figure 3

Crystal structure

of the dodecamer

5S rRNA domain Helix A
with 117 water
molecules.

(Left side: 49 water
molecules in the
interior of the duplex).

(Right side: 49 internal
plus 68 external water
molecules).
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Figure 4
Crystals of engineered Thermus flavus 5S IRNA

b) grown in APCF reactor under microgravity,
a) grown on earth, ( 0.4 mm length), (0.7 mm length). p




Figure S

Crystals of the bacterial 5S rRNA Thermus flavus under microgravity conditions
crystallize better in size, shape and quality (A) than the ground control crystals (B).
The crystals were obtained in the ESA / NASA mission LMS, 1996
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1. Objectives

Five experiments were prepared for this flight in the same reactor type (FID200) and with the

same initial concentrations (10% Sodium Chloride and 100 mg/ml Lysozyme). The experiments were
prepared with the following objectives:

Test of the new Mach-Zehnder interferometer installed in the APCF facility. During mission
STS-78. the APCF has flown equipped for the first time with a Mach-Zehnder interferometer to
study the concentration of reactants inside the protein chamber. The experiment at position 1L3 was
designed to test this feature.

Crystal growth rate and movement studies. Three of the five reactors were accessible by the
APCF video camera. Time series of images during crystal growth can be used to study growth rate
and crystal movement due to residual acceleration in the microgravity environment.

Precipitation of Lysozyme at high concentration. Non equilibrium one-dimensional techniques
for crystal growth has shown their potential for crystal growth. The space-time self organisation of
supersaturation provokes inhomogeneous distributions of nucleation density, growth rate and crystal
size'. Our experience from on-ground experiments shows that long growth chambers and high
protein concentration are the optimum conditions to explore the properties of these systems. This is
the reason to use 100 mg/ml lysozyme solutions and to fill with this solution the plug channel in
experiments (1R2 and 2R2).

Testing the use of capillaries inside the protein chamber. In soft materials like proteins, handling
of crystals is supposed to create defects that can potentially lower the crystal quality. Very good
quality crystals are obtained routinely on ground by growing the crystals inside X-ray capillaries,
which allows its use in diffraction experiments without further handling of crystals and mother
liquor. Shocks during manoeuvres of the spaceship (specilly during landing) are also avoided. A
pack of flat capillaries is introducing filling the protein chamber in two of the experiments (IR1 and
1R2) to check the usefulness of this technique in the APCF.

The following table summarises the configuration and initial conditions of the five experiments:

Flight Configuration Initial Conditions
Stack | Tvpe | Pos. | S/N [ Video [ Interf.| Salt Res. | Rot. Plug [ Prot. Ch.
1 FID200 1L3 324/B 5 5 10 % CINa Agarose 0.5% 100 mg/ml Lysozyme
1 FID200 1R2 316/B E - 10 % CINa 100 mg/ml Lysozyme 100 mg/ml Lys. Cap.
1 FID200 1Rl 207/B - - 10 % CINa _ Acetate buffer 100 mg/ml Lys. Cap.
2 FID200 2R3 208/B 6 - 10 % CINa Acetate buffer 100 mg/ml Lysozyme
2 FID200 2R2 322/B 4 - 10 % CINa 100 mg/ml Lysozyme 100 mg/ml Lysozyme

Initial conditions for the experiments were selected based on our experience in protein crystal

growth into capillaries® after test experiments performed on ground using APCF reactors with the
protein chamber filled with a gelled protein solution to mimic microgravity conditions.

' J.M. Garcia-Ruiz, F. Otalora (1997) ESTEC contract 11629/95/NL//JS final report. JM. Garcia-Ruiz, A Moreno, F. Otilora, C.
Viedma, D. Rondon and F. Zautscher (1997) J. Chem. Education. In Press. F. Otilora & J.M. Garcia-Ruiz. J. Crystal Growth 169
(1996) 361-367. F.Otalora and J.M. Garcia-Ruiz J. Crystal Growth 169 (1997) In Press.

? J.M. Garcia-Ruiz, A. Moreno, C. Viedma & M. Coll. Res. Bull. 28 (1993) 541-546. J.M. Garcia-Ruiz and A. Moreno. Acta Crystal.
D50 (1994) 483-490. J.M. Garcia-Ruiz, A. Moreno, A. Parraga & M. Coll. Acta Crystal. D 51 (1995) 278-281. J.M. Garcia-Ruiz, A.
Moreno, F. Otilora, C. Viedma, D. Rondén and F. Zautscher, J. Chem. Education. (1997) (In press). J.M. Garcia-Ruiz and A. Moreno,
J. Crystal Growth. 169 (1996) 361-367. 4. Moreno, D. Rondon & J.M. Garcia-Ruiz. J. Crystal Growth 166 (1996) 919-924. F.
Otilora & J.M. Garcia-Ruiz. J. Crystal Growth 169 (1996) 361-367. F. Otalora, J.M. Garcia-Ruiz y A. Moreno, J. Crystal Growth
168 (1996) 93-98.
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2. Results

2.1. Nucleation

Experiments in which the plug channel contains lysozyme solution produced a larger number of
smaller crystals than experiments in which buffer solution is used inside the plug. In the first case,
nuclcation flux is very large at the plug channel, where concentrated salt and protein solutions meet. In
gencral, even for the experiments containing buffer solution in the plug channel, nucleation flux was
higher than expected. This fact is due to the short length of the protein chamber in the APCF. In
counterdiffusion experiments in which long enough growth chambers are used (as in the Gel
Acupuncture mclhod:). the incoming of one

reactant is expected to produce a o

supersaturation gradient along the growth 0T,

chamber resulting in a spatio-temporal 40 0

structuration of the supersaturation field. As a . /

result, crystals nucleate at different 2 30 /

supersaturation in different parts of the § / 2%
systems and growth at different rates to  § 20- \o
different final sizes. If the growth chamber is 3 /

too short for a given waiting time for 10+ o

nucleation, precipitation takes place after the /

homogenisation of the system that, therefore, ch L

loss its  spatio-temporal  structuration. e o R e e e e
Although FID200 reactors are the APCF time (hours)

reactors with longer protein chambers (this

was the reason for selecting these reactors), Figure 1. Nucleation flux versus time plot for Experiment 1L3.

: The number of new crystals observed in each image acquired at
they Aprovcn to be short for' the . kind of the given time is plotted versus the acquisition time. Maximum
experiment proposed. Induction times for pycleation flux is observed after 51'5 hours, The shape of the
lysozyme (figure 1) are long enough to peak is asymmetric. The tail of the peak cannot be explored to

provoke nucleation after the almost complete late_r times due Ato the large numper of crystals alregdy in the field
e : of view that avoids clear recognition of new nucleation events.

homogenisation of the salt concentration

inside the protein chamber. giving rise to a large number of crystals evenly distributed over the chamber
(figure 2). The expected spatial structuration of the nucleation flux is therefore masked by the apparently
homogeneous precipitation over the protein chamber due to salt homogeneisation. Even in this case, the
effect is still observable. specially when only the early formed nucleus (after 47 hours) are taken into
account. Figure 3 shows the spatial distribution of these first nucleation events into the protein chamber.
Nucleation flux in the direction of the salt gradient is
structured, displaying a maximum approximately at the
centre of the chamber. Some structure is also shown in the
perpendicular (y) direction, but this is probably due to the
presence of bubbles at the entry of the protein chamber
close to the corners (see figure 2).

x (mm)

ma# 63C Tim 2 034° Tmp 19€£dayC Pos 7

Figure 3: Spatial distribution of the first nucleated crystals (circles)
Figure 2: View of the experiment 1L3 57 hours inside the protein chamber. Cumulative nucleatio probability curves
after activation. are projected in the direction of both axis.

116



2.2 Growth Rate

Image analysis methods has been used to study the growth rate of crystals. These methods has
been discussed in detail elsewhere®. therefore only a brief description of the methodology is included
here. Six crystals has been selected from reactor 1L3. Crystals in reactors 2R2 and 2R3 cannot be used
for this study because the first image is acquired after 91 hours, late after the nucleation in these
rcactors. Time series for the growth history of the crystals selected are automatically cut and pasted to
have a single image displaying their growth history. From this image, shown in figure 4, the projected
area after form factor correction is obtained at each step. The square root of this projected area is used as
a representative lengthscale to be used in the absence of the crystal length perpendicular to a crystal face,
a figure not directly obtainable from the APCF image recording system.

Figure 4: Collage of subimages displaying the growth history of the six crystals analysed. Frames are time aligned and start
at the image where the first nucleation is detected. Time series ends at a time where the number and size of crystals makes

unreliable the detecion of projected areas.

Figure 5 shows the square root of projected area (length) of the crystals versus the square root of
time plots for these crystals. These plots display large linear areas consistent with the dynamics of
diffusive transport. These linear regions are limited by an initial non-linear region in which growth rate
is controlled by the nucleation kinetics and a second non-linear region at late times due to the
exhaustion of protein concentration by the coalescence of the protein depletion zones around the
growing crystals.
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Figure S: Time evolution of the crystal size for the six crystals Figure 6: Growth rate of the crystals analysed. A maximum
analysed. The central part of most of the curves are clearly growth rate exists at the end of the kinetics regime.
straight.

* JM. Garcia-Ruiz. F. Otilora (1997) ESTEC contract 11629/95/NL//JS final report. F.Otilora and J.M. Garcia-Ruiz J. Crystal
Growth 169 (1997) In Press.
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Figure 6 shows the growth rate of the six crystals analysed. Maximum growth rates up to 140
AJsec are observed slightly after nucleation. These growth rates then slowly decrease towards zero. The
measured maximum growth rates, the initial regime of increasing growth rate and the time lapse
between maximum and close to zero growth rate are consistent with previous observation of flight
experiments’ as well as with on-ground observations.

2.3. Crystal movement

Crystals move during their growth. This movement has been studied by computing the centre of
mass of the projected area computed for growth rate measurements. Figure 7 shows the position of each
of the six crystals at equivalent times and a path interpolated between these positions. Average
displacement during the 28 hours period represented is 0.1 mm although displacements as large as 0.6
mm are observed.
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Figure 7: Crystal movements during the first 28 hours of crystal growth. The paths has been represented in such a way
that they are comparable: all plots contains a data point at x=y=0. This point corresponds to the same time in all paths.

To understand the origin of these displacements, the first important question is: Do all crystals
move in the same direction at the same time? This question addresses the lengthscale of the mechanism
giving rise to the crystal movement. If this mechanism is at the sub-reactor lengthscale (for example
some kind of convection), the direction of movement of different crystals is expected to be uncorrelated.
On the other hand, if the motion is related to mechanisms working at a suprareactor lengthscale (for
example residual accelerations of the spaceship) crystals would move in the same direction. Although
from figure 7 the movement of crystals seems uncorrelated, a more systematic study undercover the
correlation of crystal movements. Taking the position of crystals in two consecutive images and
subtracting their x and y co-ordinates in each image, we get a displacement representing the direction
and velocity of movement during the period between images. Representing these vectors in a polar plot,
the head of the vectors corresponding to different crystals during the same time period must be grouped
if the movement of crystals is correlated. else they must be scattered. Such a plot is shown in figure 8,
each symbol represents a different time period. This plot shows a collective movement of the crystals,
the heads of the displacement vectors are close to each other, and this clustering of the data points seems
proportional to the net displacement: data points are more grouped for larger displacements (distance
from origin) than for smaller ones. This can be due to random errors during the measurement of the
crystal position or to the coexistence of two processes producing crystal movements, one at a subreactor
lengthscale and of roughly constant strength and other of suprareactor lengthscale and of varying
strength.
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2.4 Interferometry

Figure 8: Movement of crystals
inside the 1L3 reactor. Data
points represented in the polar

® =55516 plot indicate the head of the

B t=57.696 displacement vectors. Each

A 59813 symbol correspond to a different

i :g:-;f time period starting at the time

+ 1662 indicated in the symbol caption.

X 268334 Radial axis is net displacement
in millimetres.

We have tried to correlate these movements with acceleration data. To this aim, we contacted
colleges managing the ASTRE accelerometer measurements who kindly supplied us their data.
Unfortunately, when we start processing these records, no information was found for the time period we
were interested in. Later, it was confirmed that, from 174/16:00 to 175/00 the ASTRE data have been
lost. We are contacting now teams managing other accelerometers onboard STS-78 to get new
acceleration data.

Experiment 1L3 was
selected to test the new Mach-
Zehnder interferometer installed
in the APCF and flown for the
first time during the STS-78
mission. During the first 15
hours, the average grey
intensity inside five image
windows was recorded at a rate
of 12 samples per hour (The
position of these windows is
shown in figure 9). Then the
whole interference pattern is
recorded at a rate starting at 5
samples per  hour and
decreasing until the end of the
experiment.

Figure 9: Reference fringe pattern and position of grey value measurement
Each interferogram windows in experiment 1L3.
carries only information on relative phase along the image. This phase must be corrected subtracting an
initial phase (derived from the pattern in figure 9) and followed during time to rccord phase increments

of 2 each time a new fringe crosses over a given pixcl or window. This phase is

go(x,y, I) = (p(,(x,y) +27F (x,y,t)
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where @ is the initial phase difference (mostly due to slightly non-parallel reactor walls) and F is the
number of fringes that crossed over the pixel at (x,y) since the beginning of the experiment until time ¢.
This phase can be finally converted to salt concentration values multiplying it by a factor that linearly
relates the change in refraction index produced by a given change of concentration with this change in
concentration.

It is clear that, to evaluate concentrations using this technique, a spatial reference (initial status of
the system before inhomogeneisation) is needed to compute ¢, and a time reference (time series of grey
values at each pixel sampled at a frequency large enough to detect all the travelling fringes) is needed to
compute F. To have this time reference, laser illumination must be very stable because laser instabilities
produce random displacements of the fringe pattern that make impossible to evaluate F. Unfortunately,
during the LMS mission, the laser of the interferometer installed in the APCF was unstable, producing
frequent jumps of the fringe pattern. This fact was confirmed by people managing the APCF project.
This erratic jumps can be seen in figure 10 where the time history of the grey value inside three different
windows (see figure 9) is plotted.
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Figure 10: Time evolution for the first 15 hours of the average grey value inside three of the windows defined in figure 9.

The bottom plot show the grey value time evolution for the w5 window. This window is located
on the quartz glass of the reactor body. Therefore no change in grey value is expected in this window
during the experiment because the optical path at this position is constant. It can be clearly seen that this
grey value, related with the local phase, randomly jumps with time in an unpredictable way. This
instability destroys the information on the number of fringes that travels over a given window. The two
top plots show the grey value evolution in windows w3 and w4, inside the protein chamber. This curves
should be sinusoidal-like waves (as can be seen in w3 and w4 from 3 to 6 hours) of variable frequency
related to the time derivative of salt concentration allowing the evaluation of the F function. This lack of
stability continues during the whole experiment as can be seen in figure 11, where the grey value at a
window on the glass body (obtained from the full interferograms recorded after 15 hours) is plotted from
t=15 hours to the end of the mission.
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Figure 11: Average grey value inside a window positioned on the glass body of the reactor for times covering the whole
experiment. First day is at left bottom and last day at right top.

With these data, only relative information is available, that is: we only know the spatial
concentration gradient for each image without any knowledge of the time gradient (the concentration
change at a given point between two consecutive images). Therefore, we cannot reconstruct absolute
concentration maps inside the protein chamber. Only relative concentration maps, i.e. maps of
concentration where an unknown offset is uniformly added to all concentration values can be computed.
Two of such maps for the experiment 1L3 are shown in figure 12 for one time before nucleation and a
time after nucleation of crystals in the protein chamber.

t=47:04:58 t=57:49:29

Figure 12: Relative concentration maps inside the protein chamber. Concentration difference between consecutive lines is 0.2
% WIV.

To improve the usefulness of these data we are currently trying to use external extra information
in order to recovery the lost time derivative information. Our approach consist in using simulation data
for this task. Simulations of diffusion-reactions systems have been developed in our laboratory during
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the last years®. These simulations include one and three dimensional simulations of the APCF. Fitting
the experimental gradients to the simulated profiles for the same time, an estimation of the unknown
offset can be calculated. Figure 13 shows our preliminary data fitting for the interferometric data
obtained from an on-ground preliminary interferometry study performed inside the APCF flight model®
to the salt diffusion profiles computed using a three dimensional simulation of the APCF. Although the
fit is very good, the use of this technique deserve further discussion in our laboratory.

Figure 13: Experimental (from

interferometry) and simulated salt
concentration profiles inside the FID200
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2.5. X Ray studies

Limit of resolution for these crystals has been measured at station W32 at LURE (Orsay, France),
the average resolution limit for the crystals analysed being about 1.25A. The use of flat capillaries inside
the protein chamber simplify the handling of crystals although some problems related to the sealing of
capillaries must be solved. One crystal grown inside them produced a diffraction pattern of higher
resolution than those grown without capillaries (1.15 A), but this result was not reproducible, therefore
there is no clear evidence of limit of resolution improvement using these capillaries.

Line profiles for diffraction spots at 3A resolution were measured in station D25b installed at the
positron storage ring DCI at LURE. This station is optimised for mosaicity measurement using
extremely low vertical divergence and bandwidth as well as a very high resolution goniometer. During
the experiments reported here, we used a four reflections (three of them symmetric) Si 111
monochromator (d=3.1353 A) oriented to reflect in the vertical plane. The wavelength was adjusted to
1.2 A (11.033°). The Nal scintillation detector was set at 26=22.07° (symmetrical setting) to record
diffraction spots having the same spacing than the monochromator. Using this combination of
monochromator and recording geometry, a total experimental width of only 0.8 is superimposed to the
measured peaks. All widths in this work are reported without correction for this experimental width.
Line profiles acquired were fitted as the addition of several (from 2 to 4) gaussian functions

Y=Y wam/2 e w

* F. Otalora (1995) PhD Thesis, Univ. Granada. F. Otilora & J.M. Garcia-Ruiz. J. Crystal Growth 169 (1996) 361-367. F. Otalora and
J.M. Garcia-Ruiz. (1997) J. Crystal Growth. In Press. J.M. Garcia-Ruiz, F. Otélora (1997) ESTEC contract 11629/95/NL//JS final
report

* We are testing this technique using on-ground data rather than data from the LMS mission because laser was stable during the
experiment performed on-ground in the same conditions that the flight experiments and therefore we know the absolute concentration
profiles.
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where y, is an offset (background noise level), 4 is the area (integrated intensity) of the peak, w is its
width and x. is the co-ordinate of the maximum. Lorentzian functions has been also tested, but they

produce fits of lower quality.

Very small mosaicity values has been found. All peaks show non-corrected FWHM ranging from
10*” to 20’°. All these peaks are fitted to the addition of 2 to 4 domain peaks. The width of these
components ranges from 4.5 to 15 arc seconds. Figure 14a shows a very narrow peak (FWHM = 10.5"").
This crystal peak is composed of only two domain peaks, having widths of 6.1°” and 12.3”’. The
integrated intensity of these domain peaks is 17165 for the narrow peak and 26311 for the wide one (a
ratio of 0.65). Figure 14b shows the profile of the same peak after closing the beam by adjusting the slits
while controlling the beam size and position using an X-ray camera in the path of the direct beam
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Figure 14:.. Line profile of a diffraction peak from a space-grown lysozyme crystal. a) profile recorded when the whole crystal is
exposed. B) profile recorded exposing only the central part of the crystal.
through the crystal. This peak, records the contribution of the central part of the crystal. The position

and width of the two domain peaks is very similar (5.2°" and 13.2”"), but their relative intensity has
changed to 9131 for the narrow peak and 21858 for the wide one (a ratio of 0.42).

The volume of the crystal is composed of two
20 mosaic blocks although no conclusions can be derived in
terms on their nature and defect structure except that they
194 o are not perfect mosaic domains and they are not
homogeneously distributed over the crystal, the parts of
lower quality being concentrated at the centre of the
crystal. This is reasonable since the growth rate of these
crystals changes with time as shown in chapter 2.2, being
faster at the beginning of the experiment (while the
centre of the crystal is growing). It has been previously
shown that the domains of different quality making up a
lysozyme single crystal are not homogeneously
o distributed and that this inhomogenity can be caused by
differences in growth rates®. Figure 15 shows the ratio
between the intensity of different domain peaks when
124 . exposing the whole crystal and the intensity when only
¢ the centre of the crystal is exposed versus the width of the
e e e T domain peak. This figure clearly shows that the intensity
FWHM (arc seconds) reduction is larger for narrow peaks than for wider ones
and therefore that the average quality of he central zones

of the crystals is lower that that of peripheral zones.
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Figure 15: Ratio of the integrated intensity

recorded exposing the whole crystal and only : ; :
the central part versus the width of the Different crystals in the same experiment show

corresponding domain peak. different number of domain peaks although the average
width of these components is in the same range. Figure 16a shows the line profile of a crystal from the

¢ F. Otalora, J.M. Garcia-Ruiz and A. Moreno, J. Crystal Growth 168 (1996) 93-98.
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a)

same experiment as that illustrated in figurc 14. This profile has a FWHM of 13.8’" and is composed of
four gaussians of widths 14.5°", 8.13”’, 6.4°" and 4.6’". After acquiring this profile we rotated the crystal
by 80 degrees (the limit of the goniometer) and recorded another spot at the same resolution (3 A). This
peak is illustrated in figure 16b. Large differences are observed between both crystal peaks. At first
sight, it is clear than the peak illustrated in figure 16b is wider (27.0°’). This means that the mosaicity
(mean misalignment between mosaic blocks) and probably also the internal defect structure of each
block are anisotropic properties. The same domain peak, seen from different directions can show
different widths and therefore different heights (though the same amplitude) and the relative position of
these domain peaks change depending on the crystallographic directions, producing crystal peaks of
different width. Anisotropy in the width of domain peaks can be due to the accumulation of one of two-
dimensional crystal defects in a given direction, or by differences in the mechanic properties of the
crystal lattice giving rise to microbending (at the scale of several unit cells) of different amplitudes
depending on the orientation.
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Figure 16: Profile of two spots from the same crystal. Both spots are recorded at 8 angles differing in 80°.

Taking into account that the
intrinsic width of a perfect lysozyme
crystal can be estimated’ to be less
than 1’’ and that the experimental
width with the set-up used is about
0.8, a width of, at most, 1.8’ can be
attributed to factors other than the real
mosaic spread of the samples. The
best domain peaks found (having a
width of about 5°°) must, therefore,
contain some kind of further defect
structure such as a  given
concentration of discrete crystalline
defects or a continuous bending of the
crystal structure at the scale of a few
arc seconds. This second possibility
seems to be coherent with the
mechanical properties of protein
crystals and with the absence of sharp
domain boundaries in topography
(figure 17).

'Figure 17. Topography recorder from the spot whose profile is ilustrated
in figure 14. As faces and edges are observed, this spot is a very clear
projection of the crystal.

7 J.R. Helliwell. J. Crystal Growth 90 (1988) 259
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Conclusions

Nucleation in the experiments was higher than expected. Studies performed after the flight and
the results presented here on time and space distribution of the nucleation flux support indicate that this
fact is due to a early homogenization of the salt concentration inside the protein chamber because of the
shortness of that chamber. Although the final result is an almost equal probability of nucleation over the
whole chamber, taking into account only the first nucleation events, a spatial structure similar to that
observed in one dimensional counterdiffusion experiments is observed. This control on the spatio-
temporal distribution of non-constant nucleation flux inside APCF reactors has never been attempted
before this experiment Further experiments with lower protein concentration and, if possible, longer
protein chambers are necessary to continue advancing in this direction.

Crystal size (length) versus square root of time for the crystals studied show linear zones during
most of the experimental time with two crossovers, the first one at the beginning of the experiment and
another close to he homogenization. This behaviour is interpreted as a result of the diffusion control of
the growth rate during the experiment after a first short stage controlled by nucleation kinetics. This
trend is broken when the protein exhaustion zones around growing crystals display important
overlapping. Maximum growth rates up to 0.05 mm/hour are observed slightly after nucleation.

Crystal movement has been observed at average rates of 3.6 pwh (maximum rate of 20 w/h). The
movements of different crystals are correlated, for a given time all crystals move in the same direction,
suggesting that they are produced by a mechanism operating at a lengthscale larger than the growth cell
such as residual accelerations of the spaceship. Another mechanism producing uncorrelated movements
of crystals at lower rates seems to be superimposed to the previous one. These random displacements can
be due to random errors in the determination of the crystal position or to a short lengthscale mechanism
(such as some kind of convection) operating inside the protein chamber. More measurements of crystal
movements are being performed to confirm the existence of this second mechanism.

Progresses with interferometric data have been difficult (and continue to be) because of technical
problems. The Iaser installed in the Mach-Zehnder interferometer was unstable during the mission,
cluttering the interferograms with random phase jumps. These data, as supplied, are unsuitable for
absolute concentration calculations inside the reactor, and our work is being concentrated in recovering
this reference information by using simulation of transport dynamics inside APCF reactors. Our first
results seems promising, with a good agreement between simulation and experiments, but they are still
under active development and discussion.

X-ray diffraction showed the very good quality of crystals, an average limit of resolution of 1.25
A has been observed. The use of flat capillaries reduces the crystal handling by getting rid of the
mounting step. Most of our work using X-rays has been devoted to an exhaustive study of mosaicity.

At a larger scale, very good lysozyme crystals seem to be composed of several slightly defective
mosaic domains, in a number ranging from two to four for the samples examined. Very small mosaicity
values has been found. All peaks show FWHM ranging from 10’ to 20"’ and are composed by at least
two domains having FWHM as low as 5* (without correction). These values are comparable with those
found for crystals grown on-ground by the gel acupuncture method. Therefore, in this case no
advantages seem to be derived from the microgravity growth of lysozyme in terms of mosaicity. Since
mosaicity is mainly controlled by the density and nature of crystalline defects in the crystal and this
concentration is mainly a function of the growth rate, this result is consistent with the large initial
growth rates measured in crystal lysozyme crystal growth experiments in the APCF and with the mixed
regime for lysozyme growth kinetics® that provokes large fluctuations in growth rate. This conclusion
cannot be interpreted, as a claim against microgravity experiments because no relation has yet been
demonstrated between mosaicity and limit of resolution and, from our results, it may even not exist.
More experimentation in microgravity crystal growth is needed to complete our present knowledge on
this problem, including the systematic detcrmination of accurate limit of resolution and mosaicity values
for different macromolecules growing under different kinetic regimes.

2 P.G. Vekilov, J.I.D. Alexander, F. Rosenberger. Phys. Rev. E 54 (1996) 6650-6660.
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Mosaicity is an inhomogencous and anisotropic property. Domains of different quality are not
homogeneously distributed. The central part of crystals analysed, that has grown at a faster rate,
accumulates the domains having higher mosaicity. We found large FWHM differences for peaks at the
same resolution in the same crystal observed from different orientations. This proves that mosaicity can
be anisotropic. This anisotropy must be due to differences in the width of domain peaks contributing to
the shape of the whole peak or to differences in the relative position of these domain peaks. Further
enhancement in the mosaicity values is expected by using protein of very high purity. Our experiments
in microgravity (as well as those on-ground) has been performed using lysozyme from Sigma without
further purification. The influence of impurities will be tested and compared with that of other
physicochemical parameters.

Articles/presentations resulting from the flight

Our results on X-ray studies have been presented at the Spacebound 97 held in Montreal (May
1997) and will be published in the conference proceedings. Nucleation, growth rate and crystal
movements will be presented at the ECM-17 to be held in Lisbon (August, 1997) and are the subject of
an article in preparation to be submitted to Journal of Crystal Growth. Crystal movement result are being
used as part of an article on this topic to be submitted to Microgravity Sci.Technol. References are
collected in the following list:

e F. Otdlora, B. Capelle, A. Ducruix and J.M. Garcia-Ruiz (1997) “Characterisation of tetragonal
lysozyme single crystals grown in the sts-78 mission” oral communication presented in the
Spacebound97 Montreal, Mayo 1997.

e F. Otdlora, B. Capelle, A. Ducruix and J.M. Garcia-Ruiz (1997) “The mosaicity of protein crystals
grown in normal and reduced gravity environments”. Accepted for publication into the conference
Proceedings.

e Otdlora, F., Rondén, D., Novella, M.L. and Garcia-Ruiz, J.M. (1997) “Lysozyme crystal growth in
microgravity. X-ray, image analysis and interferometric results from the APCF during LMS
mission.” oral communication presented in the ECM-17 to be held in Lisbon, August 1997.

e Otdlora, F., Rondoén, D., Novella, M.L. and Garcia-Ruiz, J.M. (1997) “Lysozyme crystal growth in
microgravity. X-ray, image analysis and interferometric results from the apcf during Ims mission.”
In preparation, to be submitted to Journal of Crystal Growth.

e JM. Garcia-Ruiz and F. Otalora (1997) “Crystal movements during microgravity crystal growth
experiments” In preparation, to be submitted to Microgravity Sci.Technol.
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Summary of the experiment and the accomplishments

The objectives of this sct of experiments were concentrated on the technical and
phenomenological aspects of protein crystal growth in the APCF. Therefore, a well known protein,
lysozyme, was selected. Technical topics investigated were the new APCF Mach-Zehnder interferometer
available for the first time during this mission and new experimental settings for APCF reactors such as
the use of gelled solutions. the filling of the rotatory plug with protein solution and the use of a pack of
flat capillaries filling the protein chamber. Phenomenological studies include investigations on the
growth kinetics of lysozyme under counterdiffusion conditions in microgravity and the movement of
crystals during growth. Additionally, an in-depth study on the mosaicity of these microgravity crystals
has been performed including the comparison of these results with on-ground observations.

The underlying idea of this set of experiments was to get information on how the APCF performs
as a device for purely diffusive counterdiffusion experiments. In this framework, interferometry is useful
to control the dynamics of diffusive transport, gelled solutions can be used to control the time and space
gradients of supersaturation and the use of the rotatory plug as part of the growth chamber makes it
longer reinforcing the one-dimensional nature of the experiment. Nucleation flux and growth rate are a
function of the rich spatio-temporal behaviour of the system due to its out of equilibrium nature. The
movement of crystals during growth acts, in principle, as a limiting factor for the ideal diffusive
experiment and, therefore, must be studied and understood, but it can be used even as a beneficial
feature for crystal growth if it its predictable and manageable. The final output of the whole process are
the, hopefully, good protein crystals for structural analysis; here we tried the use of flat capillaries to
have pre-mounted crystals free of further mounting and handling and performed a exhaustive study on
the mosaicity of the crystals obtained, comparing the results from this mission with that from on-ground
experiments using one-dimensional counterdiffusion techniques and assessing the usefulness of this
value in terms of crystal quality meassure.

Lysozyme crystals grown in a diffusive regime, although the out of equilibrium counterdiffusive
nature of the experiments was not fully exploited due to the shortness of the reactors that causes the
almost complete homogenisation of the protein chamber before nucleation. Crystals move during crystal
growth due mainly to small residual accelerations of the spaceship. The use of capillaries inside the
protein chamber is a beneficial feature that eliminates the need of further crystal handling. The
usefulness of interferometric data was compromised by laser instabilities. Mosaicity of the crystals
obtained is very good, although no significantly better than that of crystals grown on-ground by the Gel
Acupuncture method. In any case, mosaicity seems not to be directly correlated with the resolution limit
in diffraction studies.
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Introduction

Evidence has accumulated in the past years from a variety of experiments performed in microgravity, that
suggest reduced gravity conditions can diminish the deleterious factors and consequently improve the quality
and increase order for protein crystals (DeLucas et al., 1986; 1989; 1991; DeLucas & Bugg, 1987; Erdmann et
al., 1989; McPherson er al., 1991). Macromolecular crystal growth experiments, using the T. thermophilus
AspRS expressed in E. coli (ttAspRS) and the plant sweetening protein, Thaumatin, were conducted on a US
Space Shuttle mission designated Life Microgravity Spacelab (LMS) mission STS-78, flown June 20-July 7,
1996. The studies were carried out using dialysis reactors of the Advanced Protein Crystallization Facility
(APCF) provided by Dornier Deustche Aerospace. The experiments in each device were performed at a constant
temperature during a complete mission elapsed time of 16 days. The fundamental objectives of this study was to
obtain crystals of protein in microgravity, to determine if the influence of microgravity affects crystal growth and
to observe any anomalies or enhancement in growth that may implicate a gravity effect.

Model Proteins

Thaumatin

Thaumatin is a monomeric protein from the African Serendipity Berry (Thaumatococcus daniellii)
valued for its intensely sweet taste and its use as a non caloric sweetener. It has a molecular weight of 21,500,
contains four disulfide bridges, and possesses a high degree of stability. It consists primarily of beta structure
organized in two associated domains. The structure was first determined in an orthorhombic crystal at 1.7 A
resolution (Ogata et al. , 1992), and later in a second orthorhombic, a monoclinic, and a tetragonal crystal form
(Ko et al., 1994). The tetragonal crystal form, grown from tartrate, and refined to 1.7 A resolution (Ko et al.,
1994) was that studied in these experiments. The mechanisms and kinetics of growth at the molecular level for
thaumatin crystals are among the most thoroughly characterized of any protein crystal (Malkin et al., 1996a;
Malkin et al., 1996b). Crystals can be grown in a conventional laboratory in 12 to 48 hours at room temperature
by a variety of methods. The crystals are of space group P4,2,2 with a = b= 59 Aandc=158 A having a single
molecule as the asymmetric unit. The habit is that of a tetragonal bipyramid, often reaching linear dimensions in
the conventional laboratory greater than 1 mm. The crystals, which contain about 45% solvent, are mechanically
robust. Their growth has been studied by a variety of physical techniques including interferometry (Kuznetsov

et al., 1995) and atomic force microscopy (Malkin et al., 1996a; Malkin et al., 1996b).

Aspartyl-tRNA synthetase

The vital and key step in the process of translating genetic information is the aminoacylation of tRNA
(Giegé et al, 1993). The enzymes that mediate this action are the aminoacyl-tRNA synthetases which catalyze
the addition of an amino acid to their cognate tRNAs (e.g. Schimmel & Soll, 1979; Schimmel, 1987; Giegé et
al, 1993). Structurally, aaRS's exhibit a wide divergence shown by differences in their molecular size,
oligomeric state, modular and three-dimensional structures (Moras, 1992). Sequence analyses of all known
aaRS's have led to the categorization of these enzymes into two classes having each ten members (Eriani et al,
1990). The class distribution is correlated to the functional property of aaRS's and to their capacity to charge the
amino acid at either the 2'- or the 3'-hydroxyl group of the 3' end ribose (Fraser et al, 1975; Sprinzl & Cramer,

1975).
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Two of the most well characterized class II synthetases are the aspartyl-tRNA synthetases from yeast and
Thermus theromophilus. Structural information have been obtained for both of these enzymes and have found to
share common structural motifs (Ruff et al, 1991; Delarue et al, 1994). In particular, the aspartyl-tRNA
synthetase from 7. thermophilus (ttAspRS) has been cloned, overexpressed in Escherichia coli, crystallized and
its structure determined to 2.5 A resolution (Poterszman et al, 1993; Delarue et al, 1994). Orthorhombic crystals
of the ttAspRS can be grown out of precipitation with the space group P2,2,2, with cell dimensions a = 61.44, b
=156.1 A and ¢ = 177.3 A (Ng, et al., 1996) . ttAspRS is a homodimer with each subunit having a molecular
weight of 66 kD and a polypeptide composed of 580 amino acids (Poterszman et al/, 1993). This enzyme has
sequence and structural features that can be related to other AspRS's and class II aaRS's. A comparison among
seven known sequences of AspRS's has revealed a clear partition between eucaryotes and prokaryotes having
molecular features that are uniquely exhibited in the thermophilic enzyme which are not found in any of the
other known AspRS's (Poterszman et al., 1993). The crystallographic structure of ttAspRS revealed the first
atomic description of a prokaryotic AspRS and showed structural motifs that are specific to prokaryotes (Delarue
etal., 1994).

The most striking biochemical property of ttAspRS, as with most other thermophilic enzymes, is its
resistance to denaturation under high temperatures. It is relatively very stable in that it can sustain biological
activity at temperatures up to 80°C and is able to charge aspartate to its cognate tRNA at a wide range of
temperatures. This property makes ttAspRS a favorable model protein for crystal growth studies, in particular
for explaining effects of temperature. This is most interesting for studies on synthetases which are relatively

unstable molecules in contrast to other proteins like lysozyme that are often studied under microgravity.

Materials and Methods

Proteins and chemicals

Preparation of Thaumatin

Thaumatin was purchased from Sigma (St Louis, MO). A single batch (Cat. N° T-7638, lot 108F0299)
of dry protein powder was used. The protein was dissolved either in a buffer prepared with 0.1 M N-[2-
acetamido]-2 iminodiacetic acid (ADA) (Cat. N° A-9883, lot 92H5635, Sigma) adjusted at pH 6.5 with NaOH or
in water (see Table 1). For crystallization, the precipitant stock solution was 1.6 M sodium DL-tartaric acid
(Cat. N°T-5259, lot 101H0695, Sigma) in 0.1 M ADA titrated with NaOH to pH 6.5. All solutions were
prepared with ultrapure sterile water (Fresenius, Louviers, France) and sterilized by filtration through 0.22 tm

pore size membranes (Millex, Millipore).

A concentrated stock solution of thaumatin was freshly prepared by adding 1 ml of ADA buffer pH 6.5

to 100 mg protein powder. After dissolution, the solution was centrifuged for 20 min at 15,000 g. The
supernatant was filtered through 0.22 pim Ultrafree low binding membranes (Cat. N°UFC3 0GV 00, Millipore).

The protein concentration was calculated from the UV absorbance of a 1/250 dilution using a molar extinction

coefficient of 28,270 (based on the tryptophan and tyrosine content).
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Isolation and purification of ttAspRS

The ttAspRS expressed in E. coli was purified with two chromatographic steps as described by Poterszman
et al (1993) with slight modifications. An attractive property of recombinant ttAspRS is that it is heat tolerant.
Crude bacterial cell extract can be exposed to elevated temperature, thus denaturing contaminant proteins. The
ttAspRS thus can be found exclusively in the soluble portion of the cell extract and use of denaturants is not
required for recovery at any stage. The ttAspRS enzyme can essentially be purified to more than 90%

homogeneity.

Crystallization apparatus and conditions used

We have utilized dialysis liquid diffusion reactors (DIA) for crystallization within the Advanced Protein
Crystallization Facility (APCF) developed by Dornier Deutsch Aerospace (Snyder et al, 1991; Bosch et al.,
1992) aboard the NASA Space Shuttle, Columbia (STS-78, mission LMS). The dialysis reactor consists of two
quartz glass blocks separated by a dialysis membrane. The upper block contains the protein solution (67 pl or
188 pl ), the lower block, the salt solution. A cylindrical quartz glass plug containing also the salt solution
separates the salt and buffer chamber. Upon activation, the glass plug is rotated by 90°C so that all chambers
become open and all volumes then come into contact. Likewise, the plug is rotated back during deactivation
before returning to earth. Reactors for space and ground controls were prepared in exactly the same manner and
had undergone the exact same transport and pre-launch conditions (this included any delay launch time as well).
The DIA ground control reactors were activated for the same period of time as the ones that were launched in
space in parallel with the time of flight. Two 67 l reactors were used for the crystallization of ttAspRS and two
188 pl reactors were used for thaumatin. The contents of the reactors and the crystallization conditions are
described in Table 1.

The APCF was activated several hours after a microgravity environment was achieved, and deactivated
(the stopcocks rotated in reverse) a few hours before reentry. Duration of activation of the crystallization
reactors under the microgravity environment was 16 days for this mission. Following the mission the dialysis

cells were immediately examined, photographed, and X-ray diffraction analysis initiated.

Crystallographic methods

Three dimensional X-ray data were collected at the EMBL Outstation DESY, Hamburg, Germany on
beam line X11 using a MAR Research image plate. Complete data sets of the protein crystals grown on LMS
and the corresponding earth controls were obtained using crystals of same size and volume. Data were collected
at 20°C with crystal-to-detector distance of 250 mm. Oscillation angles of 0.5° were used with an X-ray
wavelength of approximately 0.91A with exposure time varying from 20 to 30 sec. Data collection was
evaluated on line with the programs DENZO and SCALEPACK (Otwinowski & Minor, 1996) at the DESY
synchrotron station. Both earth and microgravity grown crystals were collected to 2.0 A with Ryyms ranging
from 0.023 to 0.435 for ttAspRS. Similarly, earth and microgravity grown crystals of thaumatin were collected

to 1.6 A with Ryyms ranging from 0.021 to 0.175 for reflections having an I/ greater than 3.
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The mosaicities of ttAspRS and the thaumatin crystals, obtained under both ground and space growth
conditions, were evaluated by measuring the rocking widths for selected reflections presented as the full width at
half maxima (FWHM) (Helliwell, 1988). Crystal mosaicity yields the angular dispersion of the crystal blocks
characterizing the crystals and in turn reflects the intrinsic crystal order (Weisgerber & Helliwell, 1993). Space
and earth grown crystals of the same volumes were mounted in standard glass capillaries. Data for mosaicity
measurements were recorded by using a CCD detector on beamline CRG BM2 (D2AM) at ESRF, Grenoble,
France. This particular synchrotron beamline produces a highly collimated, intense radiation of very low
divergence and minimal SA/A. The critical energy was 19.5 keV with a focused beam of 0.3 mm diameter at the

sample with a maximum vertical divergence of 0.15 mrad and a maximum horizontal divergence of 9.0 mrad
(Ferrer et al., 1996; personal communication). The intensity of the full beam was about 10" ph/sec at 0.98 A

wavelength with an energy resolution, 8A/A, of approximately 10™. Direct monochromatic measurements were
obtained by recording data over oscillation ranges of 0.5 degree for indexing of reflections and subsequently an
oscillation angle of 0.003 degrees with 0.2 degrees of crystal rotation at 10 seconds exposure per frame. The
data for mosaicity analysis were processed with XDS and images of the intensities visually observed and

quantitated with MARVIEW (Kabsch, 1988a, 1988b).

Reflections were measured in the vertical plane with respect to the direct beam so that a fully recorded

reflection can be expressed as:

QO =Y+1 + (8/A)tanb

where @ is the reflecting range, 7 is the mean divergence in the plane defined by the direct and the diffracted
beams, M is the crystal sample mosaicity, A is the average wavelength of the X-ray beam and 0 is the Bragg

angle of the reflection (Snell et al., 1995; Ferrer et al., 1996). The values of Y and 8A/A were minimized in this
study by considering only reflections located in the vertical plane including the incident beam and those at low
resolution. The measured FWHM value has the instrument resolution function value IRF (0.15 mrad or 0.009°)

deconvoluted out. The profiles presented here were not corrected for Lorentz broadening.

Results and Discussion

Visual and microscopic observations

Crystals were observed in the two dialysis reactors containing thaumatin and only in one reactor
containing the ttAspRS for microgravity. All of the corresponding dialysis reactors activated as ground controls
for both proteins contained crystals . There was a clear increase in average and largest sizes of crystals grown by
dialysis in microgravity compared with ground controls. For thaumatin the number and sizes of crystals from the
dialysis reactors were assessed with an optical microscope and are summarized in Table 2. Each of the space
flight reactors contained more than 1000 crystals having an average size range of 0.4 (Fig 1) The corresponding

ground control reactors contained about twice the number of crystals having an average size range of 0.3 mm.

In the space reactor containing ttAspRS, three huge crystals were found in the protein chamber in the
midst of precipitation measuring over 3 mm in its longest dimensions in size accompanied with some very small

crystals. However, the corresponding ground controls contained only very few crystals also with no more than
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two to three in each reactor having the largest size of about 2mm in length. Even though ttAspRS crystals
obtained from both space and earth grown environments were relatively large, the crystals grown in microgravity
were exceptionally large (Fig 2).

Visually, the quality of the crystals of both proteins obtained from space, particularly those growing
free of any surfaces, and including the largest, was very high. They appeared virtually flawless, with no
observable imperfections, striations, or habit anomalies. Crystals attached to the cell walls (and which

presumably nucleated there) did show defects near the sites of growth initiation but became flawless as growth

proceeded into the bulk solution.

X-ray intensity measurements

X-ray diffraction data were collected from a total of three thaumatin crystals grown in microgravity.
The data were merged to form a single data set. We have compared individual crystals grown in space and on
earth in similar APCF cells. In all measurements, the amount of data greater than 30 (the average /o in all
resolution ranges) was better for the microgravity crystals than for the earth controls. Both earth and space
crystals diffract easily beyond 1.6 A with the inclination of the space grown crystal to extend to higher
resolution. A quantitative comparison in the high resolution range 2.1-1.6 A of a representative crystal from
space and earth having the same size and volume is shown in Fig. 3. The data show reproducibly a significant

increase of the I/c ratio for the space grown crystals over all the resolution range investigated (Ng, et al., 1997).

In the same manner three-dimensional intensity data were collected from two ttAspRS crystals grown in
space (one of these is shown in figure 2). Figure 4 shows the distribution of observable data, I/o greater than 3
compared to its corresponding earth-grown crystals. For the resolution range studied, space grown crystals yield
as much as 93% more diffraction intensities than the control crystals grown on earth. However, at the resolution

limits, the diffraction intensities of the earth and space grown crystals were only marginally different.

Mosaicity measurements

Fig. 5 and 6 presents typical mosaicity profiles of representative reflections from both space and earth
grown crystals of thaumatin and ttAspRS respectively. The reflection profiles lie in the vertical plane of
diffraction at approximately 4 A resolution and their intensities were normalized for direct comparison. In the
case of thaumatin, the curves appear coarse, displaying numerous shoulders, particularly in the latter portions of
the profiles (Fig. 5). For all reflections, such irregularities were present, suggesting that the local features of the

profile could be reflective of intrinsic properties of the crystal.

Each set of reflection profiles of the space and earth grown crystals were averaged and Gaussian fits of
the sets of profiles were calculated (solid lines). Full widths at half maxima (FWHM) of the Gaussian curves
were measured and in the case of thaumatin, the FWHM was 47 millidegrees (0.047 deg) for a crystal grown on
earth (panel A) compared to 18 millidegrees for the space crystal (panel B). The difference in mosaicity between
space and earth grown ttAspRS were much more dramatic showing the ttAspRS crystal from space to be about 8

times less mosaic than its corresponding earth control (Fig 6).

Notably, in all the reflections of all the space thaumatin grown crystal mosaicity profiles analyzed, a
principle shoulder is observed in the beginning of the profiles while the end of the profiles remain very smooth

and the curve diminishes sharply. We have no clear explanation for this observation. It may be possible that
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these shoulders are indicative of some degree of twinning in the crystal or due to other defects not detected by
low-magnification visual microscopy produced during storage or transport on the ground. This phenomenon
contributes to the non-symmetrical fit of the Gaussian curves. In our measurements, the Gaussian plots are fitted
to the principle peaks in which the FWHMs were evaluated. We have only considered the principle peak at this
instant to represent the actual mosaicity profile for the space grown crystals. Even if the shoulder widths were
included in the measurement of the FWHM, the value would still be significantly less than that of the earth

grown crystals.

Consistently, reflections from crystals grown in microgravity from both space missions displayed
narrower peaks of greater amplitude. This is likely a consequence of reduced discrete defects and dislocations
compared to crystals grown on earth. The relative intensity and peak width differences of averaged profiles
measured from reflections derived from space and earth grown crystals presented in Fig. 5 and 6 typify the
mosaicity of thaumatin and ttAspRS crystals obtained on earth and in space. Tables 3 and 4 summarize the

mosaicity evaluations of the space and earth grown crystals.

Conclusion

The results presented here for thaumatin and ttAspRS crystals grown in microgravity reinforce the
conclusions of other reports based on different macromolecules that a microgravity environment can provide
unique advantages (Giegé et al., 1995). In these experiments the microgravity grown crystals were consistently
and significantly larger, and substantially more defect free as judged by direct visual inspection. The resolution
limit of the diffraction pattern, the I/ ratio as a function of the Bragg angle, and the mosaic spread of crystals
are generally agreed to reflect both the degree of internal order and the long range defect structure and its
distribution within the crystal. That is, they serve as measures of the average statistical disorder of the molecules
about the lattice points, as well as the extent of local but severe disorder introduced by defects such as
dislocations, stacking faults, point defects or incorporated foreign material (Malkin et al. , 1996a). All of the
data presented here, both intensity distributions and mosaic spread measurements, imply a higher degree of
internal order, a lower defect density, and a reduction of severe faults for crystals grown in the absence of

gravity.

Similar results, based on intensity data for microgravity grown crystals of several proteins, have been
reported previously (DeLucas et al., 1989; Day & McPherson, 1992; Koszelak et al.,1996), and comparable
results based on mosaicity measurements have been presented for others (Snell, Weisgerber & Helliwell, 1996).
Our conclusion is that they are mutually supportive and complementary, and both suggest the same conclusion,
that crystals grown in microgravity can be significantly improved in their diffraction properties when compared

with those grown on earth.
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FIGURE LEGENDS

Figure 1. Crystals of thaumatin grown in microgravity. The average size of the crystals were
approximately 0.4 mm in the longest direction seen directly in the protein chamber of the APCF reactor

Figure 2. Crystals of the ttDRS grown in microgravity (upper panel, A) and on earth (lower panel, B).
a) d) A) The biggest crystal measured to be 3.3 mm x 2.5 . This crystal was carefully removed from the
APCEF reactor chamber, washed with a sodium formate wash buffer and placed on a glass cover slip for
visual evaluation before the x-ray analysis. B) The control crystals grown on earth measured up to 2.0 mm
x 1.1 mm. One of the crystals was transferred into a glass cover slip and carefully rinsed with a sodium
formate wash buffer to remove the precipitated debris for observation before mounting into a capillary

glass tube for x-ray analysis.

Figure 3. Graphs of the intensity (I) versus estimated error (O) ratio as a function of resolution (sin’0/A%)
for thaumatin earth and space grown crystals analyzed by synchrotron sources. The graphs are presented
as modified I/G over resolution where the value of I/G 's are the effective “signal-to-noise” for the

! . . " 2 LD 2
diffraction pattern at the resolution corresponding to the respective (sin”6/A") values.

Figure 4. Graph of the intensity (I) versus estimated error (o) ratio as a function of as a function of
resolution (4sin*0/A%) for ttDRS earth and space grown crystals analyzed by synchrotron source. For the
resolution range shown, space grown crystals yield as much as 93% more diffraction intensities (>3c) than
the control crystals grown on earth. However, at the maximum resolution limit, the diffraction intensities
of the earth and space grown crystals were only marginally different.

Figure 5. Profiles of three representative reflections (17 -1 23), (-2 12 12), and (16 -10 5) at 4 A were
each evaluated from an earth (A) and space grown thaumatin crystal (B) studied for LMS. Reflections
were obtained in the vertical diffraction plane such that the rotation axis was horizontal and perpendicular
to the X-ray beam. Each set of reflection profiles for space and earth grown crystals were averaged and
Gaussian fits of the sets of profiles were calculated (solid lines). The Gaussian plots were fitted to the
principle peaks in which the FWHMs were evaluated. Only the principle peak is considered to represent
the actual mosaicity profile for the space grown crystals. The full width at half maximum (FWHM) of a
Gaussian fit for each profile was measured and its value deconvoluted out by the instrument resolution
function value, IRF (0.15 mrad or 0.009°). FWHM values are indicated by short horizontal lines in the
profiles and they show that the space grown crystal are about 2.5 times less mosaic than that of the earth
grown. The intensities shown are normalized and the actual peak intensities measured to 250,000 counts
per 0.1 seconds for the space crystal. In contrary, the spot intensities corresponding to the same reflections
for the earth crystal were approximately two times less. Panel C shows a relative comparison of the
averaged mosaicity profiles from an earth to a space grown crystal for the same reflections.

Figure 6. Profiles of three representative reflections (14 8 9), (4 33 -13), and (-14 5 -7) at 4 A were each
evaluated from an earth (left panel) and space grown ttDRS crystal (right panel). Reflections were obtained
in the vertical diffraction plane such that the rotation axis was horizontal and perpendicular to the X-ray
beam. Each set of reflection profiles for space and earth grown crystals were averaged and Gaussian fits of
the sets of profiles were calculated (solid lines). Only the principle peak is considered to represent the
actual mosaicity profile for the space groan crystals. The full width at half maximum (FWHM) of a
Gaussian fit for each profile was measured and its value deconvoluted out by the instruments resolution
function value, IRF (0.15 mrad or 0.009°). The intensities shown are normalized and the actual peak
intensities measured to 570,000 counts per 0.1 seconds for the space crystal. In contrast, the spot intensities
corresponding to the same reflections for the earth crystal were approximately 19 times less.
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Table 1. Content of APCF Reactors

Reactor Chambers

Reactor Protein Buffer Piston Salt
no. Protein
Protein | Buffer | Volume | Buffer | Volume | Buffer | Volume |Buff| Volume
conc. (1) (1) (1) er (11)
(mg/ml)
1 Thaumatin 20 A 188 B 59 B 246 B 295
2 Thaumatin 20 A 188 B 59 B 246 B 295
3 ttAspRS 20 C 67 D 59 D 246 D 295
4 ttAspRS 20 C 67 E 59 E 246 E 295

Solution A: 0.1 M ADA buffer and 0.20 M sodium tartrate pH 6.5.
Solution B: 0.1 M ADA buffer and 0.95 M sodium tartrate pH 6.5.
Solution C: 25 mM Tris-HCL buffer, 1 mM MgCl,, 1 mM DTT pH 7.5.
Solution D: 40% saturated ammonium sulfate in 25 mM Tris-HCL buffer, 1 mM MgCl,, 1 mM DTT pH 7.5.
Solution E: 50% saturated ammonium sulfate in 25 mM Tris-HCL buffer, | mM MgCl,, | mM DTT pH 7.5.




Table 2. Number and Size of Space and Earth Grown Crystals
in APCF Dialysis Reactors

14|

Space Corresponding Earth Controls
Reactor No. of crystals  Average Size(mm) No. of crystals Average Size(mm)
(Iongest dimensions) (longest dimensions)
(Protein chamber size)
1 (188ul) 1250 0.4 2000 + 0.3
2 (188pl) 1150 0.4 2000 + 0.3

Reactors containing more than 2000 crystals are noted as 2000+. (Number of crystals exceeding 2000 could not be counted

with high accuracy; therefore, a more precise number was not indicated in these reactors).

*Even though reactors flown on LMS contained many crystals from space as well as on the ground, it was qualitatively observed that
there were less and bigger crystals grown in the space reactors than those that grew on earth.



Table 3. Mosaicity Characteristic of Ground and Space Grown
Thaumatin Crystals.

Crystal

Earth1 Earth2 Space1 Space?2

FWHM (mdeg)
Deviation (mdeg)
Number of spots

54 47 21 18
5 5 3 5
5 3 5 3

The presented FWHM values have the instrument resolution function value deconvoluted out.
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Table 4. Mosaicity Characteristic of Ground and Space Grown

ttAspRS Crystals.
Crystal Earth1 Earth 2 Spacel Space 2
FWHM (mdeg) 68 64 12 8
Deviation (mdeg) 5 5 3 2
Number of spots 5 3 4 3

The presented FWHM values have the instrument resolution function value
deconvoluted out.
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Ans oftte Experment

The complex system of aystallisation is the maor bottle-neck to obtaining high quality X+ay diffacting
pratein crystals. k is hypothesised that by reducing the mumber of parameters which influence the crystal growth
system it would be easier to understand, and therePre adapt and control the system to produce better quality
crystals. In paticular tha microgravity might well reduce mosaicity indicative ofa longer range ¢ coherence length’
or domain size, over eath grown counterpatts, thus reaising the perfict protein aystal limit'. Microgravity protein
crystal growth negaes the buoyancy efcts ofconvection and sedimentaion, leaving undisturbed diffision kinetics
to dominate solutal fluid fows. Microgravity protein aystal growth is therefore a method of redudng the number
ofparameters which can adversely influence the growth of highly perfect protein crystas. With this in mind, the
two main aims of the experiments we perbrmed on the LMS mission were to conduct analyses of both the protein
crystal growth medium in microgravity and of the quality ofthe resulting aystals.

It has been shown that in the near ided crystd growth environment ofmicrogravity, lysozyme aystals
grow to give the most perfct intemal order yet observed in a protein crystal®™’, whereby the microgravity crystals
were signifcantly better than earth grown controls. This result has been confirmed with other proteins, although
not to such a degree ofperction’. The am then of this work is to understand to a better degree the crystallisation
process in microgravity and in fiiture to apply the lessons leamt, about e.g. aystallisation geometry, g-jitter
stability” or crystallisation conditions, to fiiture missions.

Our investigation frstly centred on crystdlisation solutd kinetics, using Mach-Zehnder intererametry.
The aim ofwhich was to monitor the solutal movements via correlation with changes in the gradient of refractive
index in the observed aea. Chage Coupled Device (CCD) video was dso used to verify the positiond stability of
the crystals during growth, whereby a comparisan ofthe growth rates and movements of aystals could be made
with previous microgravity experiments **.

Seoondly, an X+ay analysis investigating mosaicity (rocking curve), reciprocal space mapping, and

topography of the resulting crystals was undertaken. The perfction ofthe crystals is being compared between
micogravity grown, and earth grown, and also with crystals obtained flom previous missions o

Ground control experiments were conducted during the mission. The aystallisations were set up at the
same time, and using the sane solutions, as those ofthe mission. All parameters were kept as identical as
possible to the micogravity case, although a temperature stability during growth of 2040.1 °C was not possible,
and £1 °C was used.

Interfrometric ground control crystallisations were caried out at Domier GmbH using the APCF-
Engineering Model. These experiments were prepared using exactly the same protocol as the microgravity
mission.

Themssn

Four lysozyme aystallisations were carried out in microgravity, and four identical experiments were
conducted & ground controls during the period of the mission. Two crystallisation conditions were used, one
with a higher precipitant concentration, and one with a7 % lower precipitant concentration. The crystalisations
used dialysis geometry, cortaining 541 pl of precipitant, 59 pl of buffer and 188 pl of protein solutions. Two
micogravity reactars (reactors 7 and 9) were monitored using Mach-Zehnder intererometry and CCD video, the

153



other two microgravity reactors were not visually monitored during the mission. All reactors produced aystals,
some ofwhich were subsequently andysed using various X-ray sources.

Evalrton ofMach-Zehnder Inerferometer images

Ofthe two reactors monitored using Mach-Zehnder interfrometry, ore (reactor 7) contained the slightly
higher predpitant concentration so it was monitored at a slightly faster rate. Due to time constraints on digitally
recording the images (@bout 4 minutes per whole image), whole intererograms were not ale to be collected forthe
fist 15 hours affer APCF activation. Istead 2 windows were defined (w1l and w2 in figure 1), which monitored
the average grey vaue at 4 and 6 minute intervals for reactors 7 and 9 respectively. After 15 hours, inteferograms
recording the whole reactor were collected at 11 minute intervas Hr both reactors (figure 1).

Unbrtunately the laser was unsteady, and a combinaion ofmode switching and loss of intensity
ocaurred throughout the mission. This was problematic, especially in the first 15 hours, when average grey values
were the only method ofandysis. Consequertly, fiinges were probably missed in tha peiod However, amore
complete analysis is possible with the whole interfrograms collected affer the 15 hour point, although, these also
have been aflected by the problematic laser (figure 2).

There was, however, enough data to suggest some very interesting results. Firstly, the direction offfinge
movement reversed a about the 8 hour point in both reactors, and then again at the point that crystals become
visible in the CCD video manitaring, between 25 and 31 hours (depending on the position within the protein
chamber)(figure 2). Compared to the solitary reversal in fiinge movement direction present in the ground cantrol
experiments'®, this is a surprising result which should be looked at more closely. I suggests that a difErent pre-
and post- mucleation process occurs in microgravity compared to the earth grown case. We are at present also
modelling the efedts of adiffision daminaed crystallisation experiment.

Finally, the whole protein chamber intefrograns demonstraed the stability offluid within microgravity
crystallisaion by showing an efect that is rarely seen using Mach-Zehnder interfrometry on earth Depletion zones
are visible around growing crystals (figure 3).

Evalrton of CCD video images

The two reactors that were monitored using interrometry were also monitored using CCD video.
Images of the whole protein chanber were taken at one Heal length position every 2 hours begimning 15 hours
affer activation ofthe APCF (MET (¥21:17) forreactor 7. In reactar 9 the first image was taken afer 90 hours of
APCF adivaion In ourtwo previous missions, we had not yet had such a chance befre to analyse such a high
frequency of CCD video images, and covering the whole protein chamber. This is a mgor step forward in
capability and was important (see below).

Previously, in our CCD video manitared experiment on Spacehab-1 a bulk movement ofcrystals was
noted & the time that the EURECA satellite was retrieved (unpublished results) In the IML-2 mission, we
tracked 3 aystals moving over 40 minute periods®, but due to the narow fidd of view, and 8 hour time delay
between groups of images, our analysis of these crystal movements was restricted.

It was exciting therefre to analyse images from LMS that viewed the whole protein chamber and at a
mudch higher frequency. Crystals became visible at varying times throughout the reactor, with the first crystals
visible 25 hours 37 minutes afier APCF activation. W e noted significant crystal movements (figures4 and 5)
throughout the mission, whereby nudeation events occumed throughout the chamber but were very quickly
Pllowed by a globa sedimentation drif towards the top ofthe reactor. The only aystals that remained in their
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nudeation positions were those tha grew on the chamber walls. By fllowing 20 diferent aystals fr the periods
tha they could be accurately tracked (figure 5), sudden global movements could be seen, in addition to the steady
drift, at the 76, 102 and 145 hour points, as well as many other times. The total driff distance, Hr dl 20 crystds
andysed, over time periods ranging fom 24 to 260 hours, ranged between 0.42 and 3.38 mm with an average
speed of ~0.004 micons / second (i.e., 40 A / second). The sudden movements were much larger; tota distances
travelled being ~0.2 mm in ~2 hours, i.e., ~0.03 microns / second, 300 A / second).

We have also previously described the monitoring ofcrystal growth rates®® and carrelation ofspurts and
lulls in these growth rates with astronaut exercise periods. It is possible to perbrm this andysis fom the images
we have, and we will do this in the future.

Rehtonto eader wark and the ais

CCD video of 3 previous protein crystal growth microgravity missions, Spacéhab-1, IML-2 and the
EURECA satellite, deady shows tha crystd movements are aficted by the geometry ofcrystal growth apparatus,
and the qudity ofthe microgravity. DrN.E Chayen grew Apocrustacyanin C, crystds on the IML-2 (STS-65)
Shuttle mission using a vapour diffision geometry. The crystals clearly showed cyclic motion at a speed of2
micons / second throughout their growth, Zin to that expected fram Marangoni convection®. This work, agreeing
with the theory'', highlighted major anxieties with protein crystal growth in microgravity using the ‘hanging
drop’ technique (which incarporates a liquid - vapour phase boundary). Lysazyme crystal growth using the
didysis membrane technique onbr wd the Spacehab-1 (STS-57) and IML-2 Shuttle missions showed melatively
smal, but significant, crystal movements a described above. However, these results clearly show that the dialysis
technique (Which has no liquid - vapour phase boundary) produces a much more stable environment for protein
crystal growth than the vapour diffision technique. We have also analysed protein aystal growth onboard an
unmanned platform. a-Crustacyanin was grown on the ESA’s EURECA satellite using a liquid-liquid free
interfre diffision geometry (again incorporating no liquid - vapour phase boundary) by Dr P.F. Zagalsky". We
noted that fr long periods oftime the fiee floating aystals grew without moving’, and were only disturbed by
failures ofthe temperature control system. The results obtained fom the IMS mission reinfrce, and expand upan,
the results obtained previously. We are attempting, at present, to link crystal movements observed during the
LMS mission to gravitationa accelerations affcting the missian. This is overal within the context oftrying to
corsistently achieve protein crystd quality improvements through the hamessing ofmicogmvity’.

Xaay aralyss of aystalperfection

Synchrotron X-ray analyses were caried out at the NSLS using beamline X26C. A variety of methods
were used to analyse anumber of crystas. Crystal mosac spread measurements by use ofrocking curves is an
indicator of the internal physical perfction present'. The addition of an analyser aystal between the sample and
detector enables reciprocal space mapping of ®, the sample axis, and @, the analyser axis'*. Reciproca space
maps in one axis provide a measure of pure mosaicity efects (volume and orentation), and in the other axis strain
efBcts. In combinaion with the technique of X-ray topography ", a very finely detailed picture ofa single reflection
can be obtained to produce an in-depth knowledge ofthe overall interna order of the aystal. We conducted such
data collections on a mumber ofcrystals at the NSLS, the analysis of which is still in progress, dthough two
examples are shown here (figure 6).

' Biophysics Section, Blackett laboratory, Imperial College of Science, Technology and Medidne,
London. SW72BZ UK
" Royal Holloway, Univesity ofLondon, Egham, Surrey TW20 0EX UK.
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identical. For the LMS microgravity grown lysozyme crystal the data collection protocol was as Hllows: 60° of
0.75° oscillations at a distance 0f250 mm using 30 mimute exposures, Hllowed by 60° of 0.50° oscillations at a
distance 0f300 mm using 20 minute exposures. For the earth grown aystal the data collection protocol was
identical, and then in addition 60° of1.5° osdllaions at a distance 0of 450 mm using 4 minute exposures were
recorded. The LMS aystal was 0.50 x 0.50 x 0.35 mm (0.0875 mm”®) and the earth control crystal was 0.70 x
0.50 x 0.45 mm (0.1575 mm’).

LMS LMS GroundControl
Resolution {Rmerge {Completeness %R merge Completeness %
99.00 - 4.19 0.054 95.1 0.056 98.8
4.19 - 3.33 0.064 98.8 0.064 99.2
3.33-2091 0.075 99.2 0.07 97.1
2.91 - 264 0.085 99.6 0.08 97.5
2.64 - 2.45 0.093 99.9 0.09 96.6
2.45 - 2.31 0.093 99.6 0.09 97.7
2.31-2.19 0.099 99.3 0.097 96.9
2.19 - 2.10 0.105 98.1 0.105 96.1
2.10 - 2.02 0.12 94.3 0.116 94.9
2.02 - 1.95 0.135 88.8 0.139 92.1
1.95 - 1.89 0.165 77.3 0.163 88.7
1.89 - 1.83 0.186 66.5 0.187 81.4]
1.83 - 1.78 0.239 62.1 0.249 70.9i
1,78 - 1.74 0.271 54 5| 0.255 64.3!
1.74 - 1.70 0.393 45.1 0.344 56.1
Overall 0.07 85.5 0.069 88.8

Table 1. Xsay datasets colleced on IMS and IMS ground control lysozyme aystals on the
Manchester R-AXIS area detector using a MoKax anode (A = 0.71 A wavelength). Overdl I/ ¢ for the LMS

crystal = 15.7 and for the ground control aystal = 16.5. Kentical X-ray generator (RU 200 rotating anode) power
settings were used)

Lessors for fiture mssors fromlMS

There were problems experienced with the interfrometry side ofthe experiment and which €1 under two
categories. Fimstly, an unstable laser overheated many times whereby wavelength shiffs (and changes in the
interfrometric pattern) and intensity losses were experienced. The grey-scale data collection (bebre 15 hours) and
marny ofthe whole interferograms were rendered much more camplicated for analysis. Secaondly, the lack of whole
interfrograms collecting data over the important, and unusual, period before 15 hours should be addressed in a
fiature mission.

The CCD video aalysis ofthe LMS aystallisations show a significant aystal drift within the Shuttle
(also seen on the IML-2 mission’). This is in contrast with protein crystal growth experiments that took place
onboard the EURECA satdlite where completely stationary crystad growth was observed for long periods of time’.
The comparison of these sets of CCD video results points towards protein crystalisations conducted onboard
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unmanned platforms as amore stable environment. Nevertheless the overdl drift speed of 40 A / second
presumably is tolerable but will be ofinterest to those investigators modelling the physical chemistry ofprotein
crystal growth. However, the sudden jumps of ~0.2 mm over 2 hour periods (i.e., 0.03 microns / second, 300 A /
second) due presumably to sudden gitter disturbances, is a mare serious anxiety Hr realising the best quality
protein crystals.

Overalconchsndrs
As well as the dynamics ofthe fringe reversal, more microgravity aystals were made available and
allowed the X-my analyses, thus considerably extending our eardier woik.
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value measuring wmdows are marked as wl and w2, and the white strip mdwdm the a:mandysai in ﬁgure 23 v

Figure 2 : Analysis ofthe movement offringes within the white strip shown in figure 1. The average
grey vaue of pixels in x within the white strip has been obtained and shown here & asingle pixel. The height (y)
is unchanged for both sets of pixels. This figure shows an overview ofthe movements offringes within the white
stip over 34 hours. Direction of finge movement reversal occurs between 25 (R) and 31 (R’) hours (depending an
latitude within the chamber) carelating with the frst crystals becoming visible (at which time there is aloss of
defnition in the finge patem experienced). The efct of laser instability is deady seen as large jumps in the fiinge
pattern, and also & pde strips.

Figure 3 : Shows the merging ofan interferogran and a CCD video image taken with a 3*s minute
interva between the images. A protein depleted zore is visible.

Figure 4 : Sequence of4 CCD video images taken at a) 1d 1& 32m, b) 2d 18h 4m, c)4d & 25m and
d) 15d 15h 32m (these timings ae MET). The images show the movement ofcrystals over the whole LMS
mission. It is significant to note that while many crystals nudeate throughout the protein chamber, all sediment to
the top ofthe reactor (right hand side ofthe pictures). Crystals that do not move throughout the whole mission
have grown attached to the chamber wall

Figure 5 : Three graphs showing the movements of 20 crystals. Graph a) shows X versus Y, b) X
versus Time and ¢) Y versus Time. The wnits are pixels and hours (MET). Sudden crystal movements are visible
at 76, 102 and 145 houss, espedally in figure 5b, in addition to the gradual globd drif.

Figure 6 : Example of a redprocal space map a) and an X-ray topogmph b) of microgravity grown LMS
lysozyme crystds. The reciprocal space map shows @ versus @, with intensity on the zaxis.

Adaowedgenerts
Dr J. Stzpeimann, R. Bosch, W. Fiitzsch, and W. Scheller of Domier GmbH are therked Brtheir continuing help and

suppart with this wok. Dis K. Fuhmann, H Walterand O. Minsterat ESA aeadmow ledged fir their suppart ofthese
expaiments. The NSLS is acknowledged fir providing beam time firthis wark.
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Previous experiments have demonstrated that, in at least some cases, macromolecular
crystals of improved quality can be grown in a microgravity environment as is obtained, for
example, on the U.S. Space Shuttle or the Russian Space Station Mir (DeLucas, et al., 1989; Day
& McPherson, 1992; Koszelak, et al. 1995; Long, et al., 1996). Presently, the most extensively
used facility for such experiments is the European Space Agency (ESA) designed Advanced
Protein Crystallization Facility or APCF (Snyder, et al. 1991; Bosch, ef al. 1992). This system
allows crystallization to proceed by vapor diffusion, batch, dialysis, and free interface diffusion

methods and it provides limited video recording of some experiments as they actually appear in

space.

On Space Shuttle missions designated United States Microgravity Laboratory-2 (USML-
2, October, 1995) and Life and Microgravity Sciences (LMS, June, 1996), joint experiments
were carried out by our French (Strasbourg) and American (Riverside) groups based on the
crystallization of the protein thaumatin. Using common protein, buffer, and precipitant
solutions, thaumatin was crystallized at a variety of protein concentrations using two different
approaches, dialysis and liquid-liquid diffusion. Following retrieval of the samples, post flight
microscopy and X-ray analyses were carried out on the crystals grown in microgravity. Of
particular interest to us were (1) relevance of the choice of methodology, (2) the influence of
protein concentration on crystal size, and (3) quantitative comparison of the microgravity grown

crystals with those produced on earth.
Materials and Methods
Thaumatin was purchased from Sigma Biochemicals, St. Louis, Mo. and dissolved in 0.1

M ADA buffer at pH 6.5. The precipitant solution was 1.6 M sodium tartrate in 0.1 M ADA at
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pH 6.5 All solutions were sterilized by microfiltration before loading of flight samples. Solution

used by both laboratories were made in Strasbourg and divided between investigators.

Thaumatin is a monomeric protein from the African Serendipity Berry valued for its
intensely sweet taste and its use as a non caloric sweetener. It has a molecular weight of 21,500
contains four disulfide bridges, and possesses a high degree of stability. It consists primarily of
beta structure organized in two associated domains. The structure was first determined in an
orthorhombic crystal at 1.7 A resolution (Ogata, et al. 1992), and later in a second orthorhombic,
a monoclinic, and a tetragonal crystal form (Ko, et al. 1994). The tetragonal crystal form, grown
from tartrate, was also refined to 1.7 A resolution, and was that studied in these experiments.
Tetragonal thaumatin crystals can be grown in a conventional laboratory in 12 to 48 hours at
room temperature by a variety of methods. The crystals are of space group P4,2,2 with
a=b=59A and c=158A having a single molecule as the asymmetric unit. The habit is that of a
tetragonal bipyramid, often reaching linear dimensions greater than 1mm. The crystals, which
contain about 45% solvent, are mechanically robust. Their growth has been studied by a variety
of physical techniques including interferometry (Kuznetsov, et al. 1995) and atomic force

microscopy (Malkin, et al. 1996a and b).

The APCF has been previously described (Giegé, et al. 1995) and, indeed, successful
experiments with other proteins and viruses have been reported (McPherson, 1996; Koszelak, et
al. 1995). An APCEF unit provides for a total of 48 individual crystallization cells maintained at
constant temperature (22°C # 0.1° in this case) from the time of loading, the duration of the
mission, to analysis. Both dialysis and free interface diffusion cell types are activated by 90°

rotation of a stopcock valve that establishes continuity between protein and precipitant chambers.
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For dialysis, a semi permeable membrane separates the two chambers. In experiments conducted
on USML-2 the Strasbourg group used five dialysis crystallization reactors and the Riverside
group three free interface diffusion reactors. For LMS, the Strasbourg group used two reactors

of the dialysis type and the Riverside group eight of the liquid-liquid diffusion type.

The APCF was activated on both missions several hours after a microgravity
environment was achieved, and deactivated (the stopcocks rotated in reverse) a few hours before
reentry. Several cells were observed during the mission at fixed intervals and recorded by video
microscopy. In the case of the dialysis cells, parallel experiments were carried out in
Strasbourg, France in identical cells during the periods of both missions. No parallel ground
controls were carried out for the free interface diffusion cells since the method functions quite
differently in a one g environment. Following the missions the dialysis cells were returned to
Strasbourg for analysis and the free interface diffusion cells to Riverside. They were, in both

cases, immediately examined, photographed, and X-ray diffraction analysis initiated.

At the University of California at Riverside, complete three dimensional X-ray diffraction
data were collected at 17°C on the crystals grown on USML-2 by free interface diffusion as
described previously (Ko, et al., 1993a, b; Larson et al., 1993) from capillary-mounted crystals
using a San Diego Multiwire Systems (SDMS) double multiwire detector system (Xuong et al.,
1985) with crystal-to-detector distances of 535 mm. Frame sizes were 0.14° with 2-3 min/frame.
The x-rays were generated by a Rigaku RU-200 rotating anode generator operated at 45 kV and
145 mA with a Supper monochromator to give 1.54A radiation. Crystals were exposed for 24-48
h. Data collection procedures and experimental parameters were identical for both earth and

space grown crystals. Redundancy of recordings ranged from four to eight. Data correction,
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reduction, merging, and statistical analysis used the programs supplied by SDMS. For both earth
and microgravity grown crystals the Rsyns varied from 0.035 to 0.06 to the limits of resolution of

the data sets.

Results

Visual and Microscopic Observations: For both missions crystals were observed in all
of the cells, both dialysis and free interface diffusion, for microgravity and for ground controls.
There was a clear increase in average and largest sizes of crystals grown by the French group by
dialysis in pg compared with ground controls, an example, that of lysozyme is shown in Figure
1. In the best of the three free interface diffusion cells, the largest crystals were three to five
times the volume of the best crystals produced in either laboratory on earth. In both types of
cells some of the largest thaumatin crystals measured more than 2 mm from apex to apex of the

tetragonal bipyramids.

The number and sizes of crystals from the dialysis reactors were assessed under an
optical microscope. Each of the flight reactors contained 30 to 250 crystals having a size range
of 0.4 mm to 1.8 mm. The corresponding ground control reactors contained approximately 550
to 30,000 crystals having a size range of 0.100 mm to 0.9 mm (see report by Ng, et al. for

details).

A notable observation originating independently from both the Strasbourg group (using
dialysis) and the Riverside group (using free interface diffusion) was the dependence of average
and largest size on protein concentration, a major experimental variable. Independent of
approach, the largest crystals clearly grew at highest protein concentration and the smallest

crystals at lowest protein concentration. This is shown in Figure 2 for crystals grown at three
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different protein concentrations (35, 17 and 7 mg/ml) by free interface diffusion under otherwise

identical conditions.

Visually, the quality of the crystals, particularly those growing free of any surfaces, and
including the largest, was very high. They appeared virtually flawless, with no observable
imperfections, striations, or habit anomalies. Those attached to the cell walls (which
presumably nucleated there) did show defects near the sites of growth initiation but became

flawless as growth proceeded into the bulk solution.

X-ray Intensity Measurements: X-ray diffraction data were collected from a total of
four thaumatin crystals grown in microgravity by free interface diffusion in microgravity. All
were from a cell which was under video observation. The data were merged to form a single
data set. This microgravity set was then compared with the best data ever previously obtaine.d
from.crystals grown in a conventional laboratory, data which was, in fact, used to solve and
refine the reported structure of the tetragonal thaumatin crystals (Ko, et al., 1993a). This
comparison is shown as a modified Wilson plot (Wilson, 1949 and 1970) in Figure 3 in which

the average intensity divided by its estimated error is plotted as a function of sin’6/A”.

As with several previously reported investigations of macromolecular crystal growth in
microgravity, two features of the comparison emerged. First, the I/c ratio of reflections obtained
for crystals grown in microgravity was substantially higher (approximately double) that for
ground grown crystals, and over the entire resolution range analyzed. Second, the limit of
resolution of the diffraction pattern was somewhat higher for microgravity grown crystals
compared to those grown on earth, 1.5 A vs. 1.7 A resolution respectively. While 0.2 A may

appear only a marginal increase, in this portion of the resolution range it is significant and,
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combined with the improved I/ over the entire resolution range, yields nearly 30% more
diffraction intensities (> 30) for the microgravity grown crystals. We would like to point out
that the true limit of resolution for the microgravity crystals was never measured in this analysis
because technical constraints prevented collection of data beyond 1.5 A. The continued strength
of the diffraction pattern at the 1.5 A mark suggested to us that the actual resolution limit of the

microgravity grown crystals was beyond this point.
Conclusions

The results presented here for thaumatin crystals grown in microgravity in the APCF by
two different techniques are consistent. They reinforce the conclusions of other reports based on
different macromolecules that a microgravity environment provides distinct advantages. In the
best of only a few thaumatin crystals grown in microgravity, compared with several orders of
magnitude more trials conducted on earth, the microgravity grown crystals were consistently and
significantly larger, and substantially more defect free as judged by direct visual inspection. In
this investigation this appears to be independent of the choice of crystallization method and the

loading and handling of the APCF cells.

An interesting observation was that there was a clear correlation between ultimate crystal
size and protein concentration. This suggests that in future experiments, the optimal results may
be obtained by even further increasing macromolecule concentration over that utilized in the
conventional laboratory. This is contrary to what one would do generally in the conventional

laboratory where the best results are usually achieved at the lowest levels of supersaturation.

The resolution limit of the diffraction pattern, the I/c ratio as a function of the Bragg

angle, and the mosaic spread of crystals are generally agreed to reflect both the degree of internal
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order and the long range defect structure and its distribution within the crystal. That is, they
serve as measures of the average statistical disorder of the molecules about the lattice points, as
well as the extent of local but severe disorder introduced by defects such as dislocations, stacking
faults, point defects or incorporated foreign material (Malkin, et al. 1996). All of the data
presented here, both intensity distributions and mosaic spread measurements imply a higher
degree of internal order, a lower defect density, and a reduction of severe faults for crystals

grown in the absence of gravity.

While similar results, based on intensity data for microgravity grown crystals of several
proteins, have been reported previously (McPherson, 1997; Koszelak, 1995, 1996, DeLucas, et
al. 1989), and comparable results based on mosaicity measurements have been presented for
others (Helliwell, et al. 1996; Ferrer, et al. 1996; Snell, et al. 1995), this is the first experiment to
produce crystals grown by multiple methods and analyzed by both approaches. Indeed, our
conclusion is that they are mutually suppqrtive and complementary, and both suggest the same
conclusion, that crystals grown in microgravity can be significantly improved in their diffraction

properties when compared with those grown on earth.

Apart from lysozyme, no other protein crystal has been used to investigate mosaicity
differences between earth-grown and space-grown crystals. The data presented here indicates
that the mosaic spread of reflections from microgravity grown thaumatin are reduced by more
than a factor of two over earth grown crystals. This is comparable to what was observed for
tetragonal lysozyme where space-grown crystals were observed to be improved by a factor of

three over corresponding earth controls (Helliwell, et al. 1996; Ferrer, et al. 1996; Snell, et al.

1995).
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Space Shuttle mission STS-78 using APCF

Armin Méder and Timothy J. Richmond
Institut fiir Molekularbiologie und Biophysik
ETH Ziirich

7 August, 1997
Reference: APCF/LMS-95-11

Objectives
We asked for participation in the microgravity crystallization program with the aim of improving
the X-ray data quality in the resolution range of 1.8-2.8 A for our crystals of the nucleosome core

particle. Specifically, we attempted to obtain crystals with reduced mosaic spread.

Background

The DNA in chromatin of all eukaryotic organisms is organized in arrays of nucleosomes. Two
copies of each histone protein, H2A, H2B, H3, and H4 assemble in an octamer that wraps 147 base
pairs of DNA around it to form a 206 kD nucleosome core. With the addition of linker DNA and
histone H1, the nucleosome is formed. This highly conserved nucleoprotein complex occurs
essentially every 200140 bp throughout all eukaryotic genomes. The repeating nucleosomes further
assemble into higher order helices. The nucleosome shapes the DNA molecule both at the atomic

level by bending and twisting it, and on the much larger scale of genes by forming a higher order
structure.

We have recently determined the atomic structure of the nucleosome core particle containing a

defined sequence DNA by X-ray crystallography at 2.8 A resolution (Nature in press). The structure
was solved by multiple isomorphous replacement (MIR) using three heavy atom derivatives based on
recombinant histone proteins and data collected at the European Synchrotron Radiation Facility

(ESRF). This protein/DNA complex, the largest solved to date, shows how four pairs of histone fold
domains are responsible for organizing 121 bp of DNA while extensions of the histone fold bind the
termini of the DNA superhelix and help stabilize the overall structure. The remainder of the histone

molecules, the histone tails, are arranged to contribute the formation of the higher order helix.
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The limit of X-ray diffraction data from the nucleosome core particle crystals extends
anisotropically to 1.8-2.2 A and would a permit a molecular structure to be built with greater
accuracy than that based on the data to 2.8 A. This represents an increase of 2.7-fold in the quantity
of data available at the higher resolution. At 2.0 A resolution, even the ordered solvent molecules
could be included in the structure. However, the crystal mounting method that is most convenient
and that was used for the 2.8 A data collection puts the long axis of the rod-shaped crystals roughly
parallel to rotation axis used to sample diffraction space. This orientation is not ideal because the
orthorhombic crystals have cell dimensions of approximately 110 x 200 x 110 A where the c-axis is
along the long axis of the rod. Therefore, the separation of diffraction intensities center to center
with respect to the crystal rotation in the vicinity of the h0l projection is only 0.6° for the
diffraction intensities at 2 A resolution. Since the crystals have high mosaic spread, approximately
0.9-1.5° depending on the particular crystal, complete measurement of the high resolution data would
not be possible because of overlapping diffraction intensities. The growth of crystals under

microgravity conditions was attempted to eliminate this problem stemming from imperfect crystals.

Methods of Data Acquisition and Analysis

X-ray diffraction patterns from crystals grown in space and on the ground were obtained using the
Swiss/Norwegian beam line (SNBL) facility at the European Synchrotron Radiation Facility,
Grenoble (ESRF). The SNBL optics included a focusing monochromator and mirror. The goniometer
and detector consisted of a 30 cm MAR image plate device. The exposures were made using a film to
crystal distance to optimize the signal to noise ratio. Exposures were made for 30 to 60 min,
allowing us to observe crystal sampled intensities to the diffraction limit of approximately 2.0 A
observed previously on undulator beam lines (ID9 and ID13 lines at ESRF) in 0.5 to 3 minutes. The
wavelength used was 0.873 A with the synchrotron operating at 200 mA in 2/3 fill mode. The beam

size at the crystal was nominally 0.3x0.3 mm.

Flight versus Ground Results

We used four 88 ml hanging drop reactors at 20° C during the spacelab flight on Space Shuttle
mission STS-78 in June/July 1996. The hanging drop reactors were originally designed to
accommodate a protein volume decreasing in the course of the experiment. However, our
crystallization conditions are higher in salt concentration at the beginning of the experiment
compared to the final equilibrated solution. The HD reactors were modified to allow for the increase
in volume. None of the crystallization drops were lost and all were qualitatively recovered at the end

of the experiment.

181



The morphology and size of the space grown crystals did not differ from the ground control

crystallization experiments significantly (Table 1).

Reactor Reservoir buffer Crystal characteristics
mM MnCly/ KCI

Many small rods:
1S 43/48 100-200 x 100-200 x 500-1000 m

Often hexagonal; few holes.

1G 43/48 Many small crystals.
28 35/40 As for 1S
2G 35/40 Large and small crystals

Several big crystals:
38 30/35 300-400 x 300-400 x 1000-1500 m
Hollow funnels: typical of big crystals.

3G 30/35 Large and small crystals.
4S 24/29 Several large crystals, hollow funnels.
4G 24/29 Large and small crystals.

Table 1. APCF crystal growth experiments.

S - space experiments, G - ground experiments. All initial volumes were 50 ml and increased 1.5-1.8-
fold on equilibration. A reservoir volume of 700 ml was dispensed in two 350 ml absorbers. The
starting protein concentration was at 8 mg/ml in 84 mM MnClp, 60 mM KClI and 20 mM
Potassium/Cacodylate pH 6.
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There were generally many nucleations in both systems with the consequence of limited crystal size.
Most crystals were attached to the Teflon piston of the syringe. All crystals grown in HD reactors
whether on ground or in space were inferior in morphology and size to our typical crystals grown

under very slow vapor diffusion conditions in our laboratory.

Analysis of crystals grown either on the ground or in space showed no discernible differences in the
limits of diffraction or in mosaicity under the three sample conditions used to record the diffraction
patterns (Table 2).

Sample conditions Diffraction limits - a* /b* /c* axes in A

in X-ray beam Ground grown Space grown
HL-0, RT 38/3873.0 38137129
HL-24, RT 32732127 32/32/28
HL-24/2, -180° C 2.2 /22720 227122 F2.0

Table 2. Diffraction limits of ground and space grown crystals.

The values for the three principle directions of the diffraction pattern are given. HL-0: harvest liquid
(37 mM Potassium Chloride, 40 mM Manganese Chloride, 10 mM Potassium Cacodylate, pH 6.0);
HL-24: harvest liquid containing 24% 2,4-methyl-pentandiol (MPD); HL-24/2: harvest liquid
containing 24% MPD and 2% Trehalose; RT: room temperature, ~24* C.

The diffraction limit values listed in Table 2 are estimated from direct observation of the diffraction
patterns. Mosaicity was also evaluated qualitatively by direct observation estimating the number of
diffraction spots that obviously occur on successive exposures in a series of five 0.4° rotations of the

crystal.
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Conclusions

There were no significant differences in the quality of diffraction from crystals grown on the ground
or in space using the modified HD reactor. In both cases, the crystals were not as useful for X-ray
data measurement as crystals grown under the optimal laboratory conditions. Factors that contributed
to this result are possibly: 1) the HD crystallization reactors could not be adapted to match the
optimal laboratory setups, and 2) the time available for space crystallization required that the
gradient between protein and buffer volumes reach equilibrium 4 to 5-fold faster than in our standard
setups. Additionally, other experimental factors such as vibrations or container surface effects may

be more important than the presence or absence of gravity.

Another important point should be considered. Nucleosome core particles require that 24% MPD be
added not only to prevent ice formation during cryocooling, but to improve the diffraction limit that
is initially observed at room temperature. The crystals undergo a repacking with a concomitant
reduction by approximately 7% of the b-axis unit cell length. Since the rearrangement of the particle
in the crystals may dominate crystal quality and occurs after crystal growth, it was important to
compare crystals at room temperature with and without the addition of MPD. We were interested to

see if the resolution limits would be improved by space growth. They were not.

In order to observe the highest resolution diffraction intensities, it is necessary to cool the crystals to
-180° C before exposure to X-ray radiation because of their high sensitivity to radiation damage. A
crystal survives for only one of the 200 exposures required for a 2 A data set if exposed to X-rays at
higher temperatures (i.e. 4° C), and for 16 exposures at -180° C (15-20% general weakening of the
overall intensity in the crystal sampled diffraction pattern). As for room temperature exposures,
there were no improvements in space versus ground grown crystals when examined at

cryotemperature.

Currently, we are refining our 2.8 A structure of the nucleosome core particle to 2.0 A resolution
using data collected at the ESRF and crystals grown in the laboratory. We were unable to reduce the
mosaic spread of the crystals, but we were able to find a method of mounting the crystals so that the
short reciprocal b*-axis is along the direction of the rotation axis during data collection. This
procedure eliminated the superposition of diffraction intensities sufficiently well to permitted a
complete data set to be collected over 24 crystals at -180° C. Accordingly, we have no further

requirement to attempt crystal growth in space for this particular project.

Articles / Presentations

184



I do not foresee publication of our STS-78 results.

Summary

Crystals of the nucleosome core particle of chromatin were grown in space and on the ground using a
device especially designed for crystal growth experiments on the space shuttle. The resulting crystals
in either case were generally not as large or perfect morphologically as those grown under more
optimal experimental conditions in our laboratory. Crystals grown in space and on the ground using

the shuttle device showed no significant differences.
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Crystallisation of Photosystem I
- Results of the LMS Mission

Petra Fromme*, Wolfram Saenger# and Norbert Krauf#

* Max Volmer Institut fiir Biophysikalische Chemie und Biochemie, TU Berlin, Str. des 17. Juni
135, 10623 Berlin, Germany
# Institut fiir Kristallographie, FU-Berlin, Takustr. 6, 14195 Berlin, Germany

Background

Plants and cyanobacteria are able to use light for performing oxygenic photosynthesis This is
the main biological process on earth where emissive electromagnetic energy from the sun is
converted into chemical energy. The first step of the process, the light induced charge
separation across the photosynthetic thylakoid membrane, is catalysed by two large membrane
intrinsic protein complexes, the photosystems I and II. Photosystem I (PS I) from the
thermophilic cyanobacterium Syneéhococcus elongatus is the largest of the 8 membrane
proteins, which have been crystallised so far. It occurs in the cyanobacterial thylakoid
membrane as a trimer with a molecular weight of 3 x 340 000 Da; The monomer consists of
11 different polypeptides, coordinating ~100 chlorophyll a molecules, 25 carotinoids, 3
[4Fe4S] clusters and 2 molecules of vitamin KI1. A structural model of this trimeric
Photosystem I has been derived from X-ray structure analysis at 4 A resolution [Krau8 N.,
Schubert W.-D., Klukas O., Fromme P., Witt H.T. and Saenger W. (1996) Photosystem I at 4
A resolution: A joint photosynthetic reaction center and core antenna system Nature Struct.

Biol. 3, 365-370 ]
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Objectives

Photosystem I was crystallised under microgravity on USML-2 with very encouraging results.
The volume of the obtained crystals was increased by a factor of 10-20 compared to the
terrestrial Photosystem I crystals, the largest crystal having a length of 4mm and a diameter of
1.5 mm. The crystals diffract X-rays to a maximal resolution of 3.4 A and show a mosaic
spread of 0.6 ©. A complete native data set was measured from the largest microgravity
grown crystal using synchrotron radiation at DESY in Hamburg and evaluated to a resolution
of 3.4 A. This is the best X-ray data set thus far obtained from Photosystem I crystals.
Photosystem I could not be crystallised under optimal conditions during the USML-2 mission.
We had to use 20°C for technical reasons; however, the temperature for the best crystallisation
of Photosystem I on earth was found to be 4°C. Earth grown crystals of Photosystem I aged at
20 OC for 21 days (which was the flight and transport time during USML-2) do not diffract X-
rays to a resolution higher than 5 A. Crystallisation on LMS was technically feasible at 8°C

and performed under this condition in order to further improve the quality of the crystals.

Methods

Two sets of experiments were performed: A) Crystallisation of Photosystem I by dialysis
against low salt B) Crystallisation of Photosystem I in the presence of 0.75 M sucrose. The
aim of using sucrose in the second set of experiments was to increase the viscosity of the
solution, thereby reducing the diffusion rates of salt and protein and to slow down
equilibration of the solutions in the reactors. This should lead to a slower growth rate and
possibly to a significant reduction of the mosaic spread of the obtained crystals.

For A), small pre-grown crystals of Photosystem I were completely dissolved in buffer A (50
mM MgSOy4, 5 mM MES pH = 6.4 and 0.02 % B-dodecylmaltoside) in order to prepare the
protein solution. For B), the crystals were dissolved in buffer B (same as A, but + 1,5 M

sucrose). The protein concentration was 80 mg/ml in both cases.
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In the APCF microdialysis reactors this solution was dialysed against the same buffers but with
reduced salt concentration (equilibration concentration 11 mM MgSQOy4 for A) and 8 mM for
B).

A total of eight APCF reactors were filled according to protocol A, and seven reactors were
filled according to protocol B using the same solutions. Of these 15 reactors, 9 were used as
ground controls (5 without sucrose, 4 with sucrose, ), and 6 were flown in space (3 without
sucrose, 3 with sucrose). All ground controls were activated/deactivated at the same time as

the flight reactors in space.

Comparison of flight results to ground results

The results are summarised in table 1. In all 9 ground control reactors crystals suitable for X-
ray structure analysis were obtained. In contrast, all 6 space reactors contained clear, green
solution of Photosystem I, although the control and space chambers were filled under identical
conditions.

There are several explanations for this result; the following questions had been addressed:
Have the reactors been activated? —=> yes

e The first possibility for non-crystallisation could be that the space reactors had not been
activated. In order to exclude this possibility, the conductivity in the reservoir chamber was
measured in all flight and ground control reactors. Without activation of the reactors the
conductivity should be as low as conductivity at the beginning of the experiment. This was not
the case. All chambers showed conductivities expected for the fully equilibrated chambers with
a salt concentration of 11 mM MgSOy4.

Is the protein degraded ? => no

e We tested if the protein had degraded in the space reactors (perhaps due to increased
temperature during start and landing). This was not the case. The flight protocol shows
constant temperature during the whole flight and no degradation bands were visible using SDS
gelelectrophoresis.

Is there a nucleation problem? => yes
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e Decreased nucleation rate in space was assumed to be the reason for the lack of crystals in
the space reactors. In order to test this hypothesis, we added a small crystal to the clear
solution (seeding) in one of the space-flown reactors. A shower of small crystals was formed
immediately. The same result was observed when a a drop of the clear solution from the space
reactors (1 ul) was mixed under a microscope with 1 ul buffer without salt . A large number of
small crystal was formed immediately.

These results indicate that the nucleation rate was decreased under microgravity conditions.
Figure 1 shows a schematic phase diagram of Photosystem I. The protein solution is
undersaturated before activation of the reactors (80mg/ml protein and 50 mM salt). After
activation, the salt concentration is first reduced to 30 mM, which on earth is close to the
border between metastable zone and the nucleation zone. Finally, the salt concentration is
further reduced and the protein concentration in solution decreases due to crystal growth. This
crystallisation procedure works perfectly for the ground experiments and was also very
successfully used on USML -2 mission (at 20 9C), were we obtained very large crystals in
three out of six chambers. We now address the question whether sedimentation of the
preformed nuclei accelerates nucleation on earth.

Does the orientation of the (ground control) reactors have an influence on the nucleation
=> yes

e In order to test this possibility we looked for the orientation of the ground control reactors
during crystallisation with respect to the number and location of crystals formed in the
reactors.

In 5 of the ground controls the reactors were in vertical orientation (v in Fig. 2) with the
protein reservoirs on top, the salt reservoirs on bottom. In this case the sedimentation of the
nuclei would be in direction of the decreasing salt concentration (i.e. nuclei will drift to the
dialysis membrane ).

4 of the ground controls were in horizontal orientation (h in Fig. 2). The reactors were lying
on the side during crystallisation (this corresponds to a rotation of 90° relative to the vertical

orientation . In this case the sedimentation occurs perpendicular to the decreasing salt gradient.
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The observed results were in good agreement with these suggestions: In the 5 ground controls
with vertically oriented reactors 15-50 crystals were formed per reactor; in the 4 horizontally
oriented reactors only 1-4 crystals were grown. All crystals were grown on the earth directed
side, i.e. in the vertical orientation (v) all crystals grew on the membrane and in the horizontal
orientation all crystals grew on the bottom side of the reactors.

Does microgravity haive an influence on the nucleation rate => yes

e The question arises, why we obtained very large, well ordered crystals at 20°C on the
USML-2 mission and no crystals at 8°C on the LMS mission. The results of both missions
suggest that microgravity has an influence on the nucleation rate. It appears that due to the
lack of sedimentation the nucleation rate is dramatically reduced under microgravity
conditions. This led to 0-3 nuclei at 20°C, but at 8°C, where the diffusion rate (and therefore
also the nucleation rate) is about a factor of two lower, no nuclei with larger than the critical

radius were formed.

Conclusion

The results obtained during LMS mission led to new insights in the first events during
Photosystem I crystallisation, which are not only useful for further microgravity experiments,
but may improve the crystallisation conditions on earth.

It was found that sedimentation of nuclei is significant under terrestrial conditions and
increases the nucleation rate during Photosystem I crystallisation. The optimal conditions for
crystallisation under microgravity must therefore be tested directly in space. Systematic
investigations should be done to further elucidate the primary events during crystallisation of
Photosystem I and to show the direct influence of microgravity on nucleation rate and crystal
quality for a membrane protein. A larger number of space experiments has therefore to be
performed in the future, including the possibility of seeding. If optimal conditions can be found

at 80C, we expect a significant increase of crystal quality.
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Summary

The crystallisation of the large membrane protein Photosystem I was investigated under
microgravity on the LMS mission. Comparison of the microgravity to the ground control

experiments shows a significant influence of the microgravity on the nucleation rate.
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Table 1
Reactor number | Location presence of orientation of number of
sucrose the reactor * crystals/reactor
319 ground control no v ~ 50
119 ground control no v ~ 15
130 ground control no % ~ 30
320 ground control no h -
105 ground control no h 1
133 ground control yes v ~ 20
103 ground control yes v ~ 40
321 ground control yes h 1
318 ground control yes h 3
101 microgravity no 0
322 microgravity no 0
17 microgravity no 0
106 microgravity yes 0
117 microgravity yes 0
132 microgravity yes 0

* y = vertical orientation of the reactor
h = horizontal orientation of the reactor
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Abstract

The bacteriorhodopsin crystal growth experiment with the Advanced Protein Crystallization
Facility (APCF) on the shuttle mission LMS in June 1996 was done to allow crystal growth of
bacteriorhodopsin (BR) at the consolution boundary of bacteriorhodopsin-mixed micelle
packing, stabilized in microgravity.

The bacteriorhodopsin crystal growth experiments have resulted in crystals of a) needle-
shaped, b) cubic-shaped, c) balk-shaped, and d) small cubic-shaped crystals nucleated on the
outer end of needles of multicrystalline clusters.

The average edge length of cubic-shaped crystals under microgravity (163.0 um) and on
ground (59.7 pm), and their density (1.125 g/cm3) were determined.

Introduction:

Membrane proteins catalyze vital reactions such as solute transport, charge separation and
conversion of energy, as well as signal transduction. The proton-pumping bacteriorhodopsin
(BR) is a small amphiphilic photochromic retinal protein, found in the purple patches of the
cell membrane of Halobacterium halobium. As a small membrane spanning protein, it does
not exceed the lipid bilayer much on either side (1). Detergent-solubilized bacteriorhodopsin
is embedded in micelles of different sizes, as a function of the detergent cocktails used (2, 3).
The bacteriorhodopsin molecules form filaments which pack together due to weak and easily
disturbed hydrophilic interactions between the loop regions of protruding molecules in
aligned filaments (4, 5). Three different habits of bacteriorhodopsin crystals, namely
a) needle-shaped, b) cubic-shaped, and c) balk-shaped are compatible with three different
micelle sizes, received in detergent solutions after bacteriorhodopsin solubilization (2).

Our experience shows that best bacteriorhodopsin crystals grow close to the consolution
boundary, where interaction between detergent micelles is enhanced. Reduced gravitational
conditions are favourable due to minimal gravity-driven phase separation.
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Results:

Consistent with different micelle sizes observed through dynamic light scattering, three
different habits of bacteriorhodopsin crystals, namely a) needle-, b) cubic-, and c) balk-shaped
crystals could be obtained. The packing of the molecular rods of bacteriorhodopsin was tight
and the crystal morphology exhibited smooth surfaces and sharp edges of up to 1 mm in
length, and diffractional power with a resolution limit of up to 3.8 A, as reported before (2, 4).

The LMS-2 (STS-78) microgravity experiment lead to the growth of cubic-shaped
bacteriorhodopsin crystals (Fig. 2) with a 20-fold enlarged volume compared to the ground
control (Fig. 1).

Vapour diffusion:
Laboratory hardware

Liquid-liquid diffusion:
APCEF 188 pl in Microgravity

Liquid-liquid diffusion:
APCF 188 pul on Ground

84.6 £ 6.5 um
(n=41)

163.0+ 7.3 um
(n=13)

597+ 2% pm
(n=39)

Fig. 1: Average edge length of cubic-shaped crystals of bacteriorhodopsin, grown under
different conditions.

The cubic habit was stabilized under microgravity conditions, while the ground control
showed additional multicrystalline needle clusters.

An altered crystal growth protocol produced multicrystalline needle clusters and single
needles both on earth and in microgravity.

The density of cubic-shaped crystals was determined by the method of Matthews (6) and
Mikol and Giegé (7). Preliminary results of the determination of crystal density with different
Ficoll solutions show a density of 1.125 g/cm3 after 35 min (Fig. 3).

This preliminary density estimation of cubic-shaped bacteriorhodopsin crystals is slightly
lower than the density of purple patches in the membrane from Halobacteria with 1.18 g/cm3
(8). The three-dimensional cubic-shaped bacteriorhodopsin crystals would show an slightly
increased content of water compared to the two-dimensional crystalline structure in the purple
membrane patches.

A new observation was the nucleation of small cubic-shaped bacteriorhodopsin crystals on the
end of single needles from multicrystalline bacteriorhodopsin needle clusters (Fig. 4). The
multicrystalline needle clusters grown under microgravity showed a slight increase in
diameter compared to the multicrystalline needle clusters grown as ground control.

Nucleation of pseudohexagonal needles and orthorhombic bacteriorhodopsin crystals has been
described before on benzamidine crystals (9). The observation that pseudohexagonal
bacteriorhodopsin crystals could be nucleated on benzamidin-crystals led to the assumption
that the activation energy that determines the nucleation probability was lower on the
particular benzamidin surface than in solution.
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[nterestingly, endparts of the surface of the needles of bacteriorhodopsin multicrystalline
needle clusters were able to induce a new crystal morphology, since small cubic-shaped
bacteriorhodopsin crystals formed at the end of the needles of multicrystalline needle clusters
(Fig. 4).

100 um
—

Fig. 2: Cubic-shaped bacteriorhodopsin crystals grown in microgravity with axes of 150 pum
in length. The crystal morphology is compact with sharp edges and smooth surfaces.
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Fig 3: Experimental determination of the density of cubic-shaped bacteriorhodopsin crystals.
The density was determined in a step up gradient of Ficoll solutions (from 25-60%
w/w) calibrated by estimation with NaH,PO, droplets.
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Fig. 4: Multicrystalline bacteriorhodopsin needle clusters with small cubic-shaped crystals on
the end of single needles. The multicrystalline needle clusters shown here, are up to
390 pm in diameter; the small cubic-shaped crystals have an edge length up to 45 um.
The clusters fall apart easily.

Another attempt of crystal formation was based on the procedure of seeding. Cubic-shaped
and balk-shaped bacteriorhodopsin crystals were transferred in new crystalization set ups of
seeding-analogue protocols:

a) The cubic-shaped seeding-crystals dissolved over night after being transferred. The new
crystallization set ups led to formation of multicrystalline needle clusters, a few balk-
shaped bacteriorhodopsin crystals, and needle-shower (Fig. 5).

b) The balk-shaped seeding-crystallization set ups led to formation of multicrystalline needle
clusters and balk-shaped bacteriorhodopsin crystals of increased length and width (Fig. 5).

Electrostatic crosslinkers as additives may have value for optimization of crystallization
conditions, since ionic and electrostatic interactions between macromolecules play a role in
the crystallization process (10). The linker could act as a multivalent tether, where one end of
the linker would interact with a charged surface group of one macromolecule while a second
charged group on the same tether could interact with another, and so might influence both pre-

and post-nucleation events (10).
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Cubic-shaped bacteriorhodopsin crystals formed while the crosslinkers Triglycine,
Tetraglycine, and Hexaglycine were added, but did not have an obvious impact on size or
appearance of the formed crystals. Gly-Gly free base tended to increase the size of the cubic-

shaped crystals on earth, but did not have a clear impact on cubic crystal formation under
microgravity.

ing- tals: New grown crystals:

cubic-shaped crystals multicrystalline needle clusters up to 1.3 mm in diameter
edge length: 60-90 um
balk-shaped crystals up to 840 x 90 um

needle-shower

balk-shaped crystals balk-shaped crystals up to 900 x 90 um

300-450 x 30-60 pm . . o
multicrystalline needle clusters up to 1.6 mm in diameter

Fig. 5: Bacteriorhodopsin crystal formation in seeding set ups.
Some of the balk-shaped crystals considered new grown in the set up with seeding
balk-shaped crystals could be seeding-crystals with increased length, because it was
not possible to distinguish between balk-shaped seeding-crystals and new grown
crystals of the same habit.

Conclusions:

The chosen crystallization conditions combined with the suppression of gravity-driven
convection and sedimentation of bacteriorhodopsin enabled the growth of tightly packed
crystals of different habits. Single crystals exhibited a diffractional power with a resolution
limit of up to 3.8 A.

The volume of cubic-shaped bacteriorhodopsin crystalsgrown under microgravity conditions
showed a 20-fold enlarged volume compared to the ground control.

A new observation was the nucleation of small cubic-shaped bacteriorhodopsin crystals on the
endpart of the surface of needles of multicrystalline needle clusters.

Both effects putatively result from stabilization of the consolution boundary.

Further experiments in microgravity, as a favourable environment of improved crystallo-
genesis, provide additional progress in the investigation of difficult membrane proteins such
as bacteriorhodopsin.
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The proton-pumping bacteriorhodopsin (BR) is a small amphiphilic photochromic retinal
protein, found in the purple patches of the cell membrane of Halobacterium halobium.

The experiment was done under microgravity to allow crystal growth of bacteriorhodopsin at
the consolution boundary of bacteriorhodopsin-mixed micelle packing and resulted in crystals
of a) needle-shaped, b) cubic-shaped (Fig. 1), c) balk-shaped, and d) small cubic-shaped
crystals nucleated on the end of needles of multicrystalline clusters (Fig. 2).

The packing of the molecular rods of bacteriorhodopsin was tight and the crystal morphology
exhibited smooth surfaces and sharp edges of up to 1 mm in length, and diffractional power
with a resolution limit of up to 3.8 A.

The average edge length of cubic-shaped crystals under microgravity (163.0 pm) and on
ground (59.7 pum), and their density (1.125 g/cmB) were determined. The cubic-shaped
bacteriorhodopsin crystals grown in microgravity showed a 20-fold enlarged volume
compared to the ground control.

Interestingly, endparts of the surface of the needles of bacteriorhodopsin multicrystalline
needle clusters were able to induce a different crystal morphology, since small cubic-shaped
bacteriorhodopsin crystals formed at the end of the needles of multicrystalline needle clusters.

Fig. 1: Cubic-shaped BR crystal Fig. 2: Multicrystalline BR needle cluster with small
grown under microgravity with axes cubic-shaped BR crystals on the end of single
of 150 pm length. The crystal needles. The multicrystalline needle clusters shown
morphology is compact with sharp here, are up to 390 um in diameter; the small cubic-
edges and smooth surfaces. shaped crystals have an edge length of 45 pm.
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Introduction

The E. coli F-plasmid is very stable inherited in the bacterial population. Plasmid-
carrying cells are able to propagate while daughter cells that have not inherited a
plasmid copy are selectively killed (Jaffé et al., 1985). The plasmid F-encoded
proteins CcdA and CcdB are the key molecules responsible for this
postsegregetional killing of bacterial cells. The underlying mechanism is based on a
differential decay of the activities of the CcdA and CcdB proteins, the half-life of the
cytotoxic CcdB being longer than the half-life of CcdA, that antagonises the CcdB
action (Van Melderen, 1994, 1996). When CcdA is absent, CcdB is responsible for
cell death, induction of the SOS pathway and inhibition of DNA synthesis (Bex et
al., 1983, Karoui et al., 1983; Bailone et al., 1985). CcdA and CcdB are encoded by
the ccd operon (Miki et al., 1984a,b). They are known to auto-regulate their own
expression and it was shown that both proteins acts as a DNA binding repressor,

probably after having formed a CcdA/CcdB complex (Tam & Kline, 1989a,b; De
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Feyter et al., 1989). Recently it was demonstrated that the CcdB mediated cell-
killing involves poisoning of DNA-topoisomerase II complexes (Bernard &
Couturier 1992). The Arg462Cys mutation in the DNA gyrase A domain suppresses
the lethal character of CcdB. Further experiments showed that, like quinolone
antibiotics and a variety of antitumor drugs, CcdB is responsible for gyrase-
mediated double-stranded DNA breakage (Bernard er al., 1993). It thus converts
the wide-type gyrase in a DNA-damaging agent. This action, which is most likely
due to direct binding of CcdB to the DNA gyrase A domain, can be completely
reversed by addition of stochiometric amounts of CcdA.

Poisons of eucaryotic topoisomerases are regarded as potent candidates of anti-
cancer drugs. Elucidation of the structure and mode of action of the CcdB protein
may lead to the design of new antibiotics and anti-tumoral drugs. Effort to
crystallise CcdB over the last few years led to the identification of experimental
conditions for the growth of several crystal forms. Here we present information
concerning the crystallisation behaviour of CcdB and report on a novel crystal form
that diffracts to high resolution and is suitable for structure determination. We also
report the crystallisation of a mutant that acts as a super killer, probably due to its

enhanced affinity for the A subunits of gyrase.

Objectives

- Improvement of crystal quality especially with respect to the systematic twinning
problem.

- Crystallization of CcdB mutants using for MIR work.

Materials and Methods

Protein expression and purification of CcdB from Escherichia coli

CcdB was overexpressed in E. coli strain MS501 (containing the CcdB permissive
mutation R462C in the GyrA gene harbouring plasmid pULB2250). E. coli cells
were grown at 37°C in LB medium supplemented with 100 mg/l ampicilin and
streptomycin. The purification contains the following steps : the ammonium sulphate

precipitation using 30-80% cut-off , QEAE column at pH = 8.50 Tris-Hcl buffer ,
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gel filtration column.,and finally Mono-S column. using a 0.0 - 1.0 M NaCl gradient.
This resulted in a protein showing only a single band on SDS-PAGE and a yield of
about 20 mg CcdB per litre of culture. The purified protein was dialysed against
water and concentrated to 15.0 mg/ml (assuming a specific absorption coefficient of
16,100 M™" at 280 nm) and subsequently used in crystallisation trials.

Purification of the CcdB Cysteine mutants

The CcdB mutants S70C, S74C, S84C and the double mutant S74C/G77Q were
purified by affinity chromatography on activated Thio-Sepharose and washed with
buffer containing 50 mM Tris-HCI (pH 7.80) , ImM EDTA, 0.5M NaCl and 0.1%
Triton X-100. and a Mono-Q column using a 0.0 to 1.0 M NaCl gradient. The pure
protein was dialysed against water and concentrated before use in crystallisation
trials.

Crystallisation

Crystallisation conditions were screened using the hanging drop method and
resulted in three crystal forms, the details of which are summarised in Table 1. Phase
diagrams were also determined by crystallisation using the hanging drop method.
For the tetragonal and orthorhombic forms, crystallisations were performed at
different pH values, ranging between 6.5 and 9.0, using ammonium sulphate,
sodium chloride and sodium acetate as precipitants. For the monoclinic form, the pH
was chosen between 4.1 and 4.6 using PEG-6000 or PEG-Me5000 as precipitants.
For the double S74C/G77Q, a phase diagram was determined using MPD.
Crystallisation was also attempted in both agarose and silica gels (Robert et al.,
1992; Thiessen et al., 1994) for tetragonal and monoclinic forms of CcdB. In
agarose gels, the crystallisation have been performed with different concentrations
of CcdB ranging from 2.6 - 5.0 mg/ml, using 6%-12% PEG 6000 and 10%-20%
PEGMe 5000 as precipitant at pH4.50 for the monoclinic form. For the tetragonal
form, the protein concentration was varied between 6.0 and 12.0 mg/ml and the
concentration of ammonium sulphate between 0.8 M and 2.0 M. These trials were
done both at pH 7.5 and pH 8.5. The agarose concentration was varied from 0 to
2% agarose for all conditions tried. Similarly, the silica gel contents was varied from
2.7-5.0 %.

Crystallisation experiments in a microgravity environment of CcdB and its mutants

were accepted by ESA for the two missions : USML-2 (1995) and LMS (1996).
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Hanging drop (HD) reactors and free interface ditfusion (FID) reactors of the
Advanced Protein Crystallisation Facility (APCF) were used in these experiments.
All experiments were duplicated in identical setups on earth, and in the cases where
no crystals appeared during the space shuttle mission, the reactors were reactivated
on earth after the flight. During the USML-2 mission, one Hanging Drop reactor
and one FID reactor were allocated for both the wild type CcdB and for the double
mutant S74C/G77Q. During the LMS mission, also a single hanging drop reactor
and two FID reactors were available, this time for the wild type protein only.

Data collection and heavy atom screening

Data were collected on an Enraff-Nonius FAST area detector with a rotating anode
source operated at 40 kV and 90 mA. Crystals were mounted in capillaries in the
usual way and data were collected at 288 K. In the case of monoclinic CcdB, data
were also collected at 100 K. These crystals were first transferred to a solution
containing of 30% (w/w) PEG 400 and 70% (w/w) of a buffer solution consisting of
100mM sodium acetate buffer pH 4.5, and then shock-frozen in a 100 K nitrogen
stream.

Heavy atom derivatives were screened by adding 1 pl of the corresponding
compound (dissolved in the mother liquor of the corresponding crystal form)
directly to 10 pl hanging drops containing one or more single crystals of monoclinic
CcdB. Soaking times and concentrations were varied from (0.1 mM and 1 hour to 25
mM and 5 days, after which they were mounted in glass capillaries and the data

collected immediately.
Results and discussion

Tetragonal and orthorhombic crystals

Four years ago, we reported the crystallisation of CcdB in two crystal forms
(Steyaert et al., 1993). These were tetragonal and orthorhombic crystals, the details
of which are summarised in Table I. Their morphologies are shown in Figure 1. The
tetragonal and orthorhombic crystals can be grown using ammonium sulphate,
sodium chloride and sodium acetate in the pH range from 6.5 to 9.0. The tetragonal

crystals grow most easily, while the orthorhombic form occurs more sporadically,
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often together with tetragonal crystals. The asymmetric unit of each of these two
crystal forms is rather large, and both crystal forms turned out to be unusable for
heavy atom screening.

In the case of the tetragonal form, a 2.7 A set of data could initially be collected
from a crystal grown in ammonium sulphate, but it soon turned out that the crystals
often showed no significant diffraction at all. This was especially problematic for
crystals grown in sodium acetate, although some of them reached dimensions up to
0.4 x 0.5 x 1.5 mm’. Also, no suitable heavy atom derivatives could be found.

The orthorhombic crystals allowed for a 2.5 A native set of data to be collected and
consequently, derivative screening was started using these crystals. All prepared
potential derivatives were highly non-isomorphous. As apparently all heavy atom
compounds tested showed these same results, regardless of concentration and
soaking time, a number of native data sets were collected for comparison. Native
data from different crystals turned out to be non-isomorphous to each other, the

Rmerge's being in the range of 30% to 50%.

Monoclinic Crystals

Extensive screening of the crystallisation conditions led to a new, monoclinic, low
pH crystal form (Figure 2). These crystals belong to space group C2, with unit cell
parameters a = 74.94 A, b = 36.24 A, ¢ = 35.77 A, B = 115.27°. These crystals
grow around pH 4.5 using PEG 6000 or PEG-Me 5000 as precipitants. Typically, a
drop consisting of 5 pl protein ( 3 mg/ml in 100 mM MOPS buffer pH =7.0) and 5
ul of 10 -15 % of PEG 6000 or PEG-ME 5000 in 100 mM acetate buffer pH 4.1-
4.5. The monoclinic crystal form contains only a single molecule in the asymmetric
unit. Therefore, at low pH, CcdB is at most a dimer, the molecular two-fold axis of
which coincides with the crystallographic two-fold axis of space group C2..

The zone in which crystallisation occurs is very narrow and the crystals appear only
after precipitation has already formed in the drop. Such a narrow crystallisation
zone is unusual and makes screening with a wide grid or sparse matrix method
difficult. Nevertheless, it is this crystal form that forms the key for obtaining the
three-dimensional structure of CcdB, as it is the only one with which we could
prepare useful heavy atom derivatives. The crystals that grow spontaneously are

highly twinned and are not suitable for data collection. To produce single crystals of

210




the C2 form, crystallisation was performed by using repeated microseeding in
hanging drop and sitting drop setups. The monoclinic CcdB crystals grown in this
way turn out to be highly mosaic, and show a large variation in mosaicity from
crystal to crystal (0.5° up to 3.0° in unfavourable cases). We were, however, unable
to fine tune the crystallisation conditions in order to grow crystals with a lower
mosaicity reproducibly, despite extensive effort, including attempts with gel growth
and crystal growth in microgravity conditions (see below). This is in contrast to the
results obtained with other proteins using similar techniques (Sica et al., 1994, Snell
et al., 1995). In fact, high and low mosaicity crystals grow together in the same
drop, but there is some tendency of the smaller crystals to be less mosaic. Gel
growth resulted in crystals essentially similar in size and diffraction quality as those
grown in normal hanging and sitting drop experiments.

For crystals with high mosaicity, usable diffraction can be observed up to about 3.0
A, while the better crystals show diffraction up to 1.6 A at room temperature. This
diffraction limit was observed both for crystals grown by microseeding and crystals
grown in gel. Data collection on a flash frozen crystal (refined mosaicity 0.9°)
provided usable data up to at least 1.5 A (R-merge in the resolution shell from 1.54
to 1.50 A was 0.146, with a mean I/sigma(]) in this shell of 7.2. Screening for heavy
atom derivatives has, until now, resulted in the identification of one single site

derivative. This Hg(Ac); derivative was prepared by a 20 hours soak in 10 mM

mercury acetate. The structure of CcdB will therefore be determined using MIR
methods after additional derivatives have been found, or alternatively using MAD

on the single site Hg(Ac), derivative.

Crystallisation in a microgravity environment

Crystal growth in microgravity conditions was used as a possible solution to
overcome the problem of twinning and high mosaicities. The experimental
conditions used as well as the outcome of these experiments are summarised in
Table II. The number of experiments that could be performed during the two space
shuttle missions was limited and the interpretation is complicated by the failure to
grow crystals in most of the control experiments on earth. Nevertheless, the fact
that crystals could be grown in several reactors during the space shuttle missions,

while no crystals appeared in the control experiments on earth do suggest that the
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lack of convection and sedimentation has a beneficial effect on protein crystal
growth. In the one experiment where both in space and on earth crystals were
produced, we did observe a significant decrease of the number of twinned crystals,
but no pronounced improvement of the mosaicity was evident.

Crystallisation of cysteine mutants

To look for suitable heavy metal derivatives we decided to make the four following
specific serine to cysteine mutants : Ser70Cys, Ser74Cys, Ser84Cys and the double
mutant Ser74Cys/Gly77GIn. These mutants were designed for the production of
Hg-derivatives in the MIR work and some of them were shown to act as super-
killers (Bahassi et al., 1997). No crystals were obtained for the two mutants
Ser74Cys and Ser84Cys. The mutant Ser70Cys crystallised in ammonium sulphate
as very thin plates, that do not diffract. The double mutant Ser70Cys/Gly77Gln was
initially crystallised using MPD as precipitant. The crystals thus formed were thin
needles that at most diffract to about 7 A and do not withstand soaking with
mercury salts. Later, well diffracting crystals were formed in the same conditions as
where the wild type protein produces the tetragonal form. These crystals are
however not isomorphous with the those of the wild type protein. They belong to
space group 1222 (or 12,2,2,) with unit cell a = 105.58 A, b = 105.80 A, ¢ = 91.90
A and diffract to 2.5 A resolution (Table I). Although a and b are almost identical
and the unit cell constants are very similar to the tetragonal form of the wild type
protein, the crystals are not tetragonal. Nevertheless, both crystal forms are
probably related, as the tetragonal form of the wild type protein contains a 17 sigma

non-origin peak in its Patterson, suggesting a pseudocentering (data not shown).

Conclusions

CcdB is a small dimeric protein that poisons DNA-topoisomerase II complexes. We
analysed its crystallisation properties in function of precipitant type, precipitant
concentration, pH and protein concentration. This led to a novel crystal form which,
in contrast to previously reported crystals, is suitable for structure determination
using the MIR method. The space group of this new form is C2, with unit cell

parameters a = 74.94 A, b =36.24 A, ¢ = 35.77 A, B = 115.27°. The asymmetric
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unit contains a single monomer. Flash-frozen crystals diffract to at least 1.5 A
resolution, while room temperature diffraction can be observed up to 1.6 A. The
double mutant S74C/G77Q, which acts as a super-killer, crystallises in space group
1222 (or 12,2,2) with unit cell a = 105.58 A, b = 105.80 A, ¢ = 91.90 A. These
crystals diffract to 2.5 A resolution. With the new crystal form we were able to

solve the structure of CcdB .as it shown in Figure 3.
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Figure 1. Photomicrograph of tetragonal and orthohombic CcdB. (a) tetragonal
crystals grown from ammonium sulphate, (b) tetragonal crystals grown from
ammonium acetate, (c) tetragonal crystals grown from NaCl, (d) orthorhombic
crystal grown from ammonium sulphate. All photographs are shown on the same

scale. The largest crystal in (d) is about 0.8 mm long.

Figure 2 . Monoclinic CcdB crystals. (a) spontaneously grown, heavily twinned
monoclinic crystals, (b) monoclinic crystals grown using microseeding, (c)
monoclinic crystals grown in agarose gel, (d) space grown monoclinic crystals. All

photographs are shown on the same scale. The largest crystal is about 0.3 mm long.

Figure 3 Ribbon representation of the CcdB dimer.The secondary structure
element of one monomer are labelled and colour-coded. While the other monomvr is
shown in grey. The main five-stranded antiparallel B-sheet is shown in red, the
smaller three-stranded “wing” sheet in purple. The C-terminal a-helix is coloured
yellow, and the tree isolated turn of 3-helix ochre. Residues identified by
mutagenesis to be involved in the killer function of CcdB are shown as ball-and-
stick models. The three C-terminal residues (Trp99 Gly100 and Ile101), mutations
of which suppress the killer phenotype , are coloured yellow. The three serines,
who’s mutation to cysteines enhance the killer phenotype (Ser70, Ser74 and Ser84 )
,as well as Leu 83(who’s mutation to Ile has a similar effect) are coloured light blue.
The LysC cleavage site protected by CcdA is indicated by an arrow on each

monomer.
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Table I. : Crystals of CcdB.

wild type S74C/G77Q
Form I Form II Form III Form IV

Space group C2 P47212 P212124 1222 or 121212

Unit cell a=74.94 A a=b=104.4 A a=77.62 A a=105.58 A
b=36.24 A c=889A b=93.28 A b=105.80 A
c=3571A c=14144 A ¢ =91.90A
B=115.27°

Resolution 1.6 A/1.5 A* 27A 25A 25A

Rsym 0.061/0.056* 0.092 0.070 0.118

Completeness (%) 00.2/84.9* 95.1 93.1 90.2

Multiplicity 6.87/2.33* 2.93 297 3.50

Contents of asymm. unit |1 monomer 2 dimers 4 dimers 2 dimers

Solvent contents (%) 35 % 55 % 55 % 55 %

* after cryocooling
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Table II : Overview of of the microgravity experiments.

Reactor

Protein drop

Bottom solution/salt chamber

microgravity

earth

USLM-2 HD172

50 pl containing 4.5 mg/ml

protein (double mutant
S74C/G77Q) in 100 mM MOPS

pH7.0

30 ul containing 30% MPD in

100 mM NaAc pH 4.6

small amount of precipitation and

a few needle-shaped crystals

larger needle shaped crystals

USLM-2 HD127

30 pl containing 3.7 mg/ml

protein in 100 mM MOPS pH7.0

50 pl containing 10% PEGS5000

in 100 mM NaAc pH 4.6

heavy precipitation, a large
amount of twinned crystals with
an average size of 0.3 x 0.2 x 0.2
mm and a few single crystals with

average dimensions 0.1 x 0.05 x

0.02 mm

no crystals

LMS HD 154

40 pl containing 4.5 mg/ml CcdB

in 100 mM MOPS pH7.0

40 pl containing of 10% PEG-

Me5000 in 100 mM NaAc pH 4.1

slight precipitation and a large

amount of crystals, mostly single

small, heavily twinned crystals
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USLM-2 FID207

115 pl containing 4.5 mg/ml

protein (double mutant
S74C/G77Q) in 100 mM MOPS
pH7.0 mixed with 85 ml salt

chamber solution

85 pl containing 2.0 M NaCl and
0.2 M NaAc in 100 mM NaAc

pH 4.6

heavy precipitation
post-flight re-activation resulted

in several needle-shaped crystals

heavy precipitation
a large amount of tiny needle-

shaped crystals

USLM-2 FID203B

40 pl containing 7.4 mg/ml
protein in 100 mM MOPS pH7.0

mixed with 160 ml salt chamber

160 pl containing 10% PEG5000

in 100 mM NaAc pH 4.6

slight precipitation
One single crystal (0.05 x 0.02 x

0.02 mm) and several larger

heavy precipitation

no crystals

solution twinned crystals
LMS FID312B 135 ul containing 4.5 mg/ml(65 pl containing 40% ammonium|small amount of precipitation heavy precipitation
CcdB in 100 mM MOPS pH7.0|sulphate in 100 mM HEPES pH|no crystals no crystals
mixed with 65 ml salt chamber|7.5
solution
LMS FID305B 80 pl containing 4.5 mg/ml CcdB|120 pl containing 10% PEG5000[{small amount of precipitation

in 100 mM MOPS pH7.0 mixed

in 100 mM NaAc pH 4.1

no crystals

heavy precipitation

no crystals
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1. Background

Sulfolobus solfataricus is a hyperthermophilic archaeon, which thrives at a temperature of 87 °C and
at a pH of 3.5 in the Solfatara volcanic area near Naples, Italy (Raia et al., 1996). The bacterium
expresses an NAD-dependent alcohol dehydrogenase (SsADH) which has a potential
biotechnological application due to its ability to function in these extreme life conditions.

We obtained crystals of SSADH in the apo and holo form complexed with B-Nicotinamide Adenine
Dinucleotide Reduced Form (NADH), on Earth. Both forms diffracted to better than 3 A resolution.
Depending on the crystallization conditions, the crystals can assume various morphologies, but
commonly exhibit tail coat-shaped ends. Unfortunately, analysis of their diffraction pattern revealed
that the crystals were twinned and hence not suitable to X-ray analysis (Pearl et al., 1993; Sica et al..,
1994).

An increasing number of reports in the literature describe a remarkable effect of gravity on protein

crystal growth. The density gradient on Earth induces convective flows at the crystal interface and,

224



according to some authors, this can increase the occurrence of defects, dislocations, and other
imperfections (DeLucas & Bugg, 1991; Day & McPherson, 1992). In a microgravitational
environment, these density-driven flows are removed, retaining an undisturbed depletion zone around
the growing crystals and thus favoring more ordered growth (McPherson, 1993; Rosenberg,
Muschol, Thomas & Vekilov, 1996). In addition, protein crystals usually sediment and make contacts
with foreign surfaces. These surface effects can be avoided in microgravity, favoring high quality
crystal growth. For these reasons we carried out SSADH crystallization experiments on the LMS

Mission.

2. Objectives
Our goal was to obtain NADH-complexed SsADH crystals of better quality than those grown on
Earth. We wanted to compare the characteristics of ground and microgravity-grown crystals,
including the occurrence of twinning. Twinning interferes with crystallographic structure
determination, and thus we were particularly interested in testing whether microgravity affects

twinning. This was the first time such an experiment was carried out.

3. Methods of data acquisition and analysis

Crystallization data

We carried out pre-flight and flight crystallization experiments in 80 pl vapor diffusion (HD) and in
20 pl free-interface diffusion or dialysis (FID/DIA) reactors of the Advanced Protein Crystallization
Facility (APCF) (Bosch, Lautenschlager, Potthast & Stapelmann, 1992). Prior to launch, we
received one FID/DIA and three HD reactors from Dornier and we optimized the crystallizing
conditions in these reactors. The crystal size during these preparatory trials never reached a dimension
larger than 0.3 mm, whereas identical reference trials conducted in Limbro plates produced larger

crystals (0.5-0.8 mm) with better morphologies.

Initial trials were carried out using either FID or DIA configuration in the FID/DIA reactor. As a
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control, equivalent trials were performed in glass capillaries and in dialysis buttons. The best results
were obtained using the FID/DIA reactor with the DIA configuration and this method was then
adopted for subsequent experiments.

We conducted space and ground reference experiments in eight crystallization reactors (six HD
(80 ul) and two FID/DIA (20 pl) reactors according to the specifications listed in Table 1.

The reactors were filled with protein and other reagent solutions in the laboratory of Prof. W. Weber
in Hamburg, Germany. The space reactors were mounted in the APCF and taken to the launch site at
the Kennedy Space Center (KSC), USA. The ground control reactors were kept at the EMBL c/o
DESY, in Hamburg. About eight hours after the launch, both space and ground reactors were
activated and were then deactivated one day prior to shuttle re-entry.

X-ray data

Four microgravity-grown crystals and six ground-grown crystals were analyzed using EMBL X11
beam line synchrotron radiation at the DORIS storage ring at DESY in Hamburg. Data were recorded
on a Mar Research image plate detector. Additional experiments were conducted at the
Biocrystallographic Center in Naples, Italy from one microgravity grown and a few ground-control
crystals and were analyzed using a DIP 2030 image plate detector (Nonius) mounted on a rotating
anode operating at 40 kV and 90 mA. All data were processed and refined using the HKL package
(Otwinowski, 1993). The crystals belong to space group C2 with one dimer in the asymmetric unit,

and the cell parameters are, a = 133.0, b= 85.7, ¢ = 70.5 A, B = 97°.

3. Flight Results
Crystallization experiments were performed simultaneously on SSADH on Earth and in microgravity.
To ensure identical conditions, we used the same reagent solutions, crystallization hardware, and
temperatures for both sets of experiments.
Photographs were taken of all APCF reactors one day after landing at KSC. The crystals grown in

microgravity inside the DIA reactor are shown in Figure la. The space-grown crystals exhibit the
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same tail-coat ends as observed in Earth-grown crystals (Fig. 1b). The ground-control DIA reactor
contained similar crystals. All the crystals were removed from the DIA reactors, mounted in capillaries
and exposed to X-ray radiation. Disappointingly, the large number of the crystals harvested from the
HD reactors both in microgravity and on Earth were very small. These crystals diffracted very poorly
and could not be used in our analysis. A summary of the space and ground crystallization experiments
is reported in Table 1.

Though we started out with identical reagent solutions, we obtained very different results from the HD
and DIA reactors. Similar variations have been reported in the literature. For example, during the
International Microgravity Laboratory 1 mission, McPherson et al. obtained very different results for
the protein canavalin and also for satellite tobacco mosaic virus, (Day & McPherson, 1992). The best
canavalin crystals were grown by vapor diffusion, whereas the best tobacco mosaic crystals came
from liquid-liquid diffusion. In another instance, Chayen ef al. (1997) described a video-camera
observation of microgravity protein crystallization in APCF/HD vapor-diffusion reactors; indeed
motion was observed in the growing crystals which was attributed to Marangoni effects, due to the
presence of free liquid surfaces open to vapor. Considering our results and those cited in the literature,
the importance of the method and the experimental apparatus used in protein crystallization seems

quite clear.

To assess crystal quality, we used X-ray diffraction analysis. First, we carried out a comparative
analysis for microgravity-grown and Earth-control crystals at the EMBL-DESY facility in Hamburg.
Initially, crystals grown in microgravity and on Earth diffracted well, up to 1.8 and 2.5 A resolution,
respectively, indicating an improved microgravity-grown crystal quality. Unfortunately, once exposed
to the synchrotron beam, the crystals began to decay and this resulted in an incomplete set of
maximum resolution data. We collected a complete data set only from one microgravity-grown crystal,
though only to 2.3 A resolution. The ground-control crystals showed a more rapid decay after a few

frames, and so only partial data were collected using the best ground-control crystal. Unfortunately,
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analysis of the diffraction pattern revealed that microgravity and ground-control crystals were twinned
in a similar manner as previously observed on Earth.

We then conducted the same comparative analysis at our own laboratory using one microgravity-
grown crystal and a few ground-control crystals. A complete set of data was obtained from the
microgravity crystal, though at a lower resolution than in Hamburg, due to the X-ray source lower
intensity. Earth-grown crystals again showed greater damage under exposure to conventional source
X-rays and thus only partial data sets could be recorded. As a result, we had to merge data from two
crystals.

We were able to index spots on the same crystal lattice in all of the samples. A summary of all X-ray

data is shown in Table 2.

5. Conclusions

A number of conclusions can be drawn concerning microgravity protein crystallization:

In terms of size, the SSADH microgravity-crystals are larger than ground-control crystals, though still
comparable to the best Earth-grown counterpart. This concurs with several but not all cases cited in
the literature). As for resolution, SSADH microgravity-grown crystals achieved significantly higher
resolution diffraction data, indicating a reduced statistical disorder. Lastly, though severe decay was
observed in all SSADH crystals, the microgravity-grown crystals displayed increased stability when
exposed to X-rays. The growth method appeared particularly influential for SSADH; a subject
currently being examined by a number of laboratories.

Unfortunately, we found that microgravity-crystals of SSADH complexed to NADH were twinned.
This was the first time this phenomenon was tested in microgravity. To see whether different results
can be obtained under reduced gravity further studies should be planned to examine other factors
known to affect twinning, as e.g. stress and secondary nucleation. In conclusion, there are still a
number of questions concerning microgravity protein crystallization which warrant further

investigation.
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Legend to Figure 1
Fig.l. a) Photograph of microgravity-grown crystals taken at KSC one day after landing.
b)Photograph of a typical NADH-complexed SSADH crystal grown on Earth.

Ground- and microgravity-grown crystals both show typical tail coat-shaped ends.

Table 1. Results of crystallization experiments

Reactor | No. Final composition* Results
type
SsADH  MPD On Earth In space
mg/mL) (%v/v) N E N E
(mm) (mm)
HD 3 11-13 48-50 many 0.10 many 0.10
DIA 1 10 48 10 0.4 5 1.0

* with Tris-HCI buffer, 50mM, pH 8.4, NADH ImM
N=number of crystals appeared
E=maximum edge
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Table 2. Diffraction data of crystals on the ground and in space

Crystal

Growth

Space

Ground

Synchrotron Data
dl(A) dz(A) c(%)
1.8 2.3 89

25 B 57

Diffraction Data

Rsym
0.08

O

Laboratory Data*

dil(A) a2(a) c(%)

d1 = Resolution limit to which significant data are initially observed
d2 = Resolution to which data have been collected

C = Completeness within d2
Rsym = X[(j - <I>)2/XIj2 where Ii is the measured intensity of an individual reflection, and <I> the mean

intensity of symmetry-related measurements of this reflection.

*Laboratory data for the ground-grown crystal have been merged from two crystals.
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Summary

Alcohol dehydrogenase crystals from Sulfolobus solfataricus were grown in the Advanced Protein
Crystallization Facility during the U.S. space shuttle’s Life and Microgravity Sciences Spacelab
mission. Large diffracting crystals were obtained by dialysis and poor quality crystals were obtained
by vapor diffusion. The quality of both the space and ground-based crystal was analysed by X-ray
diffraction. The space crystals showed improved size and diffraction resolution limit. The
phenomenon of twinning, however, which was observed in the Earth-grown crystals, was also

present in those grown in space.
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Objectives

Investigation of the behaviour of liquids bounded by free interfaces is of prime importance for
containerless material processing in microgravity. Crystal growing and purification of high added
value multi-component electronic crystal such as GaAs could be one day, an economically
profitable space activity. Containerless boundaries around the melt reduce the problems of wall
corrosion and contamination. Also eliminated are the structural stresses associated with the
separation of the container from solidified material. However, the convection induced by surface
tension gradients along the free surface of the melt remains a potential cause for structural and
concentrational inhomogeneities as it can induce time dependent flow. The float zone refining
method is a containerless technique used on ground for many years to produce high quality slicon
crystals for electronic industry. For a high density material such as GaAs, ground based
processing is restricted to small crystal since the stabilising effect of the surface tension forces is
small with respect to the gravity effect. In microgravity, the maximum diameter of the crystal is
much larger and effectively limited by the electrical power needed to melt the sample.

The liquid crystal encapsulation of the GaAs by B,0; has been suggested as an improved method
for single crystal processing. The encapsulation of the melt reduces the evaporation of As and
helps thus to control the stoichiometry of the GaAs single crystal processed. Moreover, the
encapsulant is expected to reduce the intensity of Marangoni convection and also to suppress time
dependent flow. This promising idea has recently motivated theoretical and experimental
investigations on thermocapillary convection in superposed layers of immiscible liquids. The model
case where the temperature gradient is applied perpendicularly to the free interfaces as in the
central zone of the melted region of a sample, has been examined on the LMS mission.

The configuration depicted here is a natural
COLD extension of the Marangoni Bénard
) instability studied on ground for about 100
¥ years. However the mechanism leading to

: the Marangoni-Bénard instability is very
h FIUId 1 Layer 3 different when both phases adjacent to the
¥} == == = = = = = = === == = nterface are taken into account. In the

) single layer case, the instability results from
h Fluid 2 Layer 2 the competition between dissipation
(viscous and thermal) and surface tension
forces generated along the free surface by

h Fluid 1 Layer 1 the fluctuations.

L When both layers are taken into account,

HOT convective motions in the cold layer (do/dT

<0) are stabilising because they are

damping thermal gradients at the interface.

In this case, the development of the instability will mainly depend on the relative efficiency of heat

transfer towards the interface in both layers determined by the heat diffusivity of the liquid. The

main consequence of this mechanism is the possibility of oscillatory convection at the threshold.

For the symmetrical three layer system, the existence of the oscillatory mode is governed by one

parameter: the heat diffusivity of the two liquids have to be close to each other. This criterion for

the existence of time dependent flow is so simple that it could be relevant for many practical

applications in space or on ground. This experiment aimed at proving the existence of this type of

oscillatory mechanism in the configuration of the three layer system that was theoretically
predicted so far.

f = e - - e e e == == — -

This experiment on the LMS mission on oscillatory convection is a follow up of the IML2 mission
where steady convection in a three layer system has been successfully investigated.
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Experiment description

The fluids selected for this experiment are n-octane for the external layers (1&3) and methanol for
the central one (2). These fluids are transparent, liquid at the ambient temperature, meet the safety
requirements and form an interface insensitive to contamination where Marangoni convection can
be easily observed. Methanol and n-octane are partially miscible and their miscibility is increasing
with temperature. To reduce the mass transfer between the layers, the experiment is operated
below the ambient temperature as far as possible. The properties of liquids are listed in table 1.

n-octane (1&3)

v(m*s’) 7.0 107
u(kgm's™ 5.5110*
AWm'K" 2.1510"
x (m?s™) 1.09 107
p (kg m?) 703

Pr 6.42
Onoct. -metn (N M) 4.010°

d0noct - metn/dT (N m™ K™) -1.910°

Table 1 : Fluid properties

methanol (2) (M(2)
8.0 107 0.875
562 10* 0.98
1.50 10 1.43
1.02 107 1.07
787 0.897
7.84 0.82

The heat diffusivities of the liquids are nearly equals, the primary condition for the onset of the
oscillatory instability is thus perfectly fulfilled. d ometn - not /dT has been measured in the laboratory
using the maximum drop weight method described by Harkins (1952).

Fluid container
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The fluid container is closed on two sides
by one centimetre thick sapphire
windows. The internal dimensions of the
fluid container are 50 mm x 35 mm x 24
mm. Initially, the 8 mm high layers are
separated by two stainless steel curtains
preventing any mixing before the
beginning of the experiment. The
boundaries between the layers are
maintained leak tight by Chemraz seals
moulded on an antiwetting a knife edge.
At the beginning of the experiment the
curtains are pulled out and slowly
wounded (0.25 mm s”) on rollers
creating two free liquid - liquid interfaces
subjected to the Marangoni effect. The
temperature difference between the



sapphire is then increased step by step until the onset of convection is reached.

Stability of the three layer configuration

In microgravity, the static shapes of connected liquid phases are governed by the interfacial forces
only. In the absence of walls, a three layer configuration such as depicted in fig. 1. would be
unstable. Indeed, the surface tension forces would act to minimise the surface with respect to the
volume of the layers, curving the free interfaces and leading supposedly to connected spherical
phases. In a container, the situation is different because the layers may keep a flat shape provided
their edges are properly anchored on the solid walls.

n-octane Here, the anchorage is achieved using two
stainless steel frames coated on one side with
Quartz wall knife edge a polypropylen film and with a nylon film on
the other side (fig 3). Nylon is wetted
polypropylen coating preferentially by methanol rather than by n-
octane while polypropylen is wetted by n-

curtain octane rather than by methanol.
= \ _ Besides controlling the wetting of the walls,
nylon coating one must ensure that the experimental set up
is such that the interfacial tension
methanol counterbalances the density difference of the
liquids effectively (this is important because of the residual gravity level in the space shuttle). This
condition must be fulfilled taking into account that the liquid layers are enclosed in a fixed volume.

In the simplified case of the Rayleigh-Taylor instability - the residual gravity is normal to the
interfaces - the surface tension stabilises the arrangement for sufficiently short wavelengths.

N ——"]

/\/\

The critical wavelength A, for the onset of the Rayleigh-Taylor instability for two liquids is given by
the capillary length (Chandrasekhar 1961). The maximum gravity level acceptable g’ is estimated
to 102 g, knowing that when A, is larger than the length of the interface, the Rayleigh-Taylor
instability cannot start. In the space shuttle, the mean microgravity level being lower than 10 g,
the Rayleigh-Taylor instability mechanism will be inactive for the geometry chosen here and
indeed has not been observed.

Theoretical and numerical approach

Linear stability analysis

The linear stability analysis is used to compute the critical Marangoni number (or AT) for the onset
of convection. The linear stability analysis gives also the spatial and the temporal frequencies of
the instability.at the onset The linear stability curve is shown on fig. 4; The validity of these results
is restricted to system of inifinite extension in the horizontal plane. Also, these results do not apply
to the supercritical region where the non linear terms in the energy and in the Navier Stokes
equations cannot be neglected. The non dimensional and dimensional values of the critical values
are given in table 2. The period of the oscillation is about 5 min and is compatible with the time
slice allocated to the experiment (20 hours).

Table 2 : Results of the linear stability analysis
Ma. Ke We AT, L. (cm)  Period (s)

1625 196 153 165 257 328
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Fig. 4: linear stability analysis

The Marangoni is defined with respect to the parameters of the n-octane layer :

E AT h,
Ma O ¢ I
K By

2D Finite difference simulations

The non-linear Navier Stokes and the energy equations are solved numerically in 2D for the actual
set-up. In each layer |, the dimensionless governing equations expressed in terms of stream
function and vorticity are:

6t¢+azwax¢'az¢axw = ﬂAZq)
Vi

Pr(6,T+6,Wo:T-8,Tow)= 2A2T
K1

0
where: oV vy an
z

) v
with Pr = —
K

The equations are discretised on a uniform rectangular mesh using the centred difference
technique and solved using ADI scheme. The Poisson's equation is solved using the Gauss-Seidel
relaxation technique. The Navier Stokes, energy and Poisson’s equations are solved for the
internal nodes in each layer independently then the boundary conditions are applied to compute
the value of the vorticity and temperature on the boundary nodes.
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Numerical results

Numerically, the onset for the convection is found at AT=2.2 °C. The convection is oscillatory at the
threshold as predicted by the linear stability analysis. The evolution of the flow pattern (isostream
lines and isotherms) for AT=2.3 °C is shown here below. The flow pattern is presents a nearly
perfect left-right mirror symmetry. The oscillations proceed as follow: two small rolls appear in the
centre region of the cell (t=0.8) , they grow while squeezing on the lateral wall the side rolls (t=1.6);
this process reapeats one more time during the whole cycle from t=2.

¥min=-0.1574 ¥Ymax=0.172 t =0. ¥Ymin=-0.1389 ¥max=0.1459 t=2.8

¥Ymin=-0.1361 ¥Ymax=0.1591 t=0.4 Wmin=-0.148 Wmax=0.1467 t=2.4

¥min=-0.1297 ¥max=0.1589 t=0.8 ¥Ymin=-0.1847 ¥max=0.1948 t=2.

60

¥Ymin=-0.1792 ¥Ymax=0.1975 t=1.2 Wmin=-0.1941 ¥max=0.2302 t=1.6

N
@)
S o

\_’/
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Experimental Results

Temperature

The evolution of temperature recordings inside the methanol layer and the corresponding
frequency spectrum are shown here below. At the onset of convection (AT=7.5 °C), the oscillation
pattern is simple although the amplitude is not regular. The amplitude of the temperature
oscillation recorded on the side thermistor and on the centre one are of the same order of
magnitude. The frequency spectrum is composed of a dominant peak at f=0.00857 Hz. When AT
is increased, the oscillation pattern becomes more and more complex and the spectrum composed

AT=75 AT =8.0
A A T sid
— T side — | side
3| 1=0.00857 Hz methanol layer __ 1 centre 31 r=0.00711 He methanal layer __ 1 centre
25 19.8|

25 112 1986

2 " 2 A

O O

% < ,54 15 Tt

’ = L™

1 9 ; 18.8)
05 L 72500 73000 1300 74000 05 18535600 20500 21000 21500 2000

W tme (s) tme (s)
& 0.02 0.04 0.06 0.08 0.1 - 0.02 0.04 506 0.08 01
frequency (Hz) frequency (Hz)
A AT =10.0 2 AT =120 =
— T side — T side
methanal layer
1=0.00764 Hz methanol layer __ T centre 4 1=0.0109 Hz el — Tcentre

25 2 178

20.75

26500 27000 27500 31400 31600 31800 32000 32200
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g 002 0.04 006 0.08 0.1 0 oie o3 e e o
frequency (Hz) frequency (Hz)
- AT=9.0 A AT=7.0
: — 1l
2| 1=000799 Hz methanol layer __ liﬁfm o 7000680 Hz e ;::"e“e

17
2
16 8|
15 193 3
196 16.8|
9
194 2 184

192 16.2

..

T(°C)

0.5

41500 42000 42500 43000 43500

35400 35600 35800 36000 36200 36400 36600 time (s)

time (s)

0.02 0.04 006 0.08 0.1 oxp 0.02 0.04 0.06 0.08 0.1
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of multiple peaks. After the onset, the main frequency tends to increase as AT increased. When
DT is decreased back to the threshold value, the oscillations slow down and become very regular
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as at the beginning of the experiment. As the experiment goes on, the amplitude of the signal
recorded with the side thermistors is decreasing continously. The reason for this unexpected
behaviour is still under investigation.

Oscillation frequency vs AT The next figure allows the comparison
= between the main oscillation frequency for
®  Numerical simulation | the experimental, numerical and linear
TRl E‘)’(‘::"; rﬁ;an‘::'lty A”a'Vs's. Sy stability analysis values. The frequency of
: oscillations tends to increase as AT is
increased. Although the critical AT for the
experiment is much larger than for the
° numerical one, the oscillation frequencies
. are of the same order of magnitude. There
is also a nice agreement between the linear
r stability analysis and the numerical
n computations. It is important to note that no
main frequency may be determined in the
numerical computation for 5 °C < AT < 10
°C because the frequency spectrum is
continuous.

0.012

°©
[=}
<}
@
T
°

0.006

main frequency (Hz)

o
8
&
T
b |

0.002

000 e s 10 12 14 The discrepancy between experimental and
AT (C) theoretical AT is so large that in cannot be

attributed to the imprecision on the physical
parameters of the liquids. The interface could be eventually blocked by some impurities but in such
a case, the agreement between the experimental and numerical oscillatory frequencies cannot be
explained. The large difference observed could be explained by 3 D effects. In the 2D
approximation, on of the dimension of the fluid cell is not considered. In the y direction, the fluid
cell is only 35 mm long. It is possible that the lateral walls are exerting a strong stabilising effect on
the onset of the instability preventing the development of convective mode relying on 3D travelling
waves. Once the critical temperature difference becomes large enough, convective mode
compatible with restricted geometry will be able to start with a frequency determined by AT. This
hypothesis has to be checked in the future performing for example 3D computations.

Velocity fields

The quality of the images and the 3D nature of the flow does not allow to visualise the evolution of
the velocity field during the whole experiment. More than 1000 velocity maps have been computed
using a digital particle image velocimeter developed by ESA. Tracer particles are mainly visible in
the central layer and partially visible in the cold methanol layer. An example of the evolution of the
velocity field for AT=7°C during 3 min. is shown on the last page figure. Two successive fields are
separated by 25 s. The convection is unsteady and driven by both interfaces as predicted by the
theory and the numerical simulations. The detailed analysis of the velocity field evolution has not

been achieved yet.

Conclusions and future plans

This report provides a preliminary overview of the experimental results obtained during the LMS
mission. This experiment can be considered as very successful. The curtain concept of the fluid
cell has proven to be very efficient. Mechanically stable three layers configurations could be
achieved in microgravity playing on the differential wetting properties of the liquids.

For the first time, oscillatory thermocapillary convection has been observed at the onset of the
Marangoni-Bénard instability. This experiment demonstrates the existence of an oscillatory
mechanism that is a specific feature of multilayer systems. The oscillations are robust, tend to
accelerate when the thermal constraint is increased and become complex very close to the
threshold. The condition for the existence of these oscillations is very simple and can be fulfilled in
many physical systems of practical interest. In the future, this experiment will be proposed for a
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new flight if such an opportunity is presented. A refly would allow to investigate in details all the
features of this oscillatory mode and also to determine the 3D structure of the flow.
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Objectives

This experiments aims to observe and measure the features of thermocapillary convection in
multilayer systems heated parallel to the interfaces. In the absence of the buoyancy
mechanism, heat, mass and momentum transfer inside and between connected liquid phases
are due to the interfacial tension gradients along the interfaces. Interfacial tension depends on
the temperature and on the composition. For practical reasons in model experiments like this
one, interfacial tension gradients are generated imposing different temperature set points on
the boundary of the fluids. When one of the fluid phase is a gas, its influence on the flow
pattern is neglected because of its low dynamical viscosity. More interesting are the cases
wher multiple liquid layers are superposed and submitted to temperature gradients. In such
configurations, the specificity of the thermocapillary effect cannot be assessed on the Earth.
Indeed, buoyancy and thermocapillary effect will cooperate or compete in the different layers
depending on their position. This experiment will provide reliable data set for the validation of
the theoretical and numerical models already developed.

The experimental system we are dealing with is shown on fig. 1. The experimental hardware
is designed in such a way that both two and three layer configurations may be investigated in
the same test container one after each other.

sapphire

5
® Fluorinert FC70

ou |

HOT | Silicone oil 10 cSt ¢

2

—e  Fluorinert FC70

x=0 x=30 mm

sapphire

30 mm

Fig 1. experimental set up
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Background

The fluids chosen for this experiment are perfectly immiscible, transparent and inert.
Moreover, they form an interface insensitive to contamination. Their properties are
summarised in table 1.

Table 1 : Fluids properties

Fluorinert FC70 (1&3)  Silicone oil 10 cSt (2) (MN(2)

v(m?s™ 13.4 10° 9.08 10 (35 °C) 1.48
p(kgm's™ 2.55 102 8.40 10° (35 °C) 3.04
AWm'K 7.00 1072 1.34 10" 0.522
k (m?s™) 3.44 10°® 9.51 10°® 0.362
o (kg m?) 1940 934 2.08
Pr 390 95 4.11
orcro-sitoest (N m™) 6.910°

dO'FC7? S|10cSt/dT .
(Nm™' K" -2.7 10°

dorcro - si 10est /dT has been measured using the maximum drop weight method described by
Harkins (1952). The value obtained is in good agreement with the measurement performed by
Burkersroda et al (1994) with the du Noly ring technique (2.9 10°Nm™' K" )8

The temperature dependence for the silicone oil - Fluorinert interfacial tension is only half that
of the silicone oil - air.

Fluid container

The fluid container is closed on two sides by one centimetre thick sapphire windows. The
internal dimensions of the fluid container are 60 mm x 30 mm x 24 mm. Initially, the layers are
separated by two stainless steel curtains preventing any mixing before the beginning of the
experiment. The boundaries between the layers are maintained leak tight by Viton seals
moulded on an antiwetting frame forming a knife edge. At the beginning of the experiment the
curtains are pulled out and slowly wounded (0.25 mm s™') on rollers creating two free liquid -
liquid interfaces subjected to the Marangoni effect.
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Stability of the three layer configuration

In microgravity, the static shapes of the connected liquid phases are governed by the
interfacial forces only. In the absence of walls, a three layer configuration such as depicted in
fig. 1. would be unstable. Indeed, the surface tension forces would act to minimize the surface
with respect to the volume of the layers, curving the free interfaces and leading supposedly to
connected spherical phases. In a container, the situation is different because the layers may
keep a flat shape provided their edges are properly anchored on the solid walls. Here, the
anchorage is achieved using two stainless steel frames coated on one side with a Teflon film
(fig 2) that prevents the creeping of the silicone oil along the quartz wall. Unlike quartz or
stainless steel, Teflon is wetted preferentially by Fluorinert rather than by silicone oil. Thus the
Teflon coated sides of the frames are oriented towards the Fluorinert layers.

__knife edge

Teflon coating

/ FC 70

\ silicone 10 cSt

\_curtain

—

2 mm
Fig. 2: antiwetting knife edge

Besides controlling the wetting of the walls, one must ensure that the experimental set up is
such that the interfacial tension counterbalances the density difference of the liquids
effectively (this is important because of the residual gravity level in the space shuttle). This
condition must be fulfilled taking into account that the liquid layers are enclosed in a fixed
volume.

In the simplified case of the Rayleigh-Taylor instability - the residual gravity is normal to the
interfaces - the surface tension stabilises the arrangement for sufficiently short wavelengths.
The critical wavelength A, for the onset of the Rayleigh-Taylor instability for two liquids of
infinite lateral extension is given by the capillary length (Chandrasekhar 1961).

The maximum gravity level acceptable g is estimated to 102 go knowing that when A, is
larger than the length of the interface, the Rayleigh-Taylor instability cannot start. In the space
shuttle, the mean microgravity level being lower than 10 go, the Rayleigh-Taylor instability
mechanism will be inactive for the geometry chosen here and indeed has not been observed.

Methods of data acquisition and analysis

Thermal data

The temperature of the layers is measured with six thermistors. The signals are recorded
continuously. In high Prandtl number fluid, the velocity field is slaved to the thermal field. The
temperature measured locally in the layers is thus correlated to the convective field.
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Images

The layers are seeded with tracer particles whose diameter range between 30 and 60 um.
Their density is matching the density of the liquids in order to prevent sedimentation due to
the residual gravity level. The test container is shaken just before it is inserted inside the
facility so the tracer particles are uniformly suspended in the layers.

The particles are visualised in a 1mm laser light sheet parallel to the longest side of the cell.
The particles are sufficiently small to follow perfectly the streamlines of the flow. Their position
as function of time is directly correlated to the local velocity of the liquid.

The velocity field in the light sheet plane is computed using a dedicated Digital Particle Image
Velocimeter (DPIV) running on a workstation. This software is based on a grey level
correlation algorithm allowing to determine the displacement of a small particle patterns with a
sub pixel accuracy. Two successive images sampled at times t and t+A t are divided in square
cells whose scale is smaller than the scale of the flow. The correlation algorithm determines
the displacement of each cell within the time interval At. the displacements computed in
pixels are then converted in um s™' using a calibration parameter.

Numerical and Theoretical Results

Analytical Approach

A simple analytical expression describing the convective flow may be found for L/h — «. This
technique has been used by several authors and will not be described here. The non-

va=kz(2-32z)

v, =k(-6z" +18z-13)

v,=k(-32"+16z-24)
1 Ma

k=
(4+6M) A Pr

dimensional temperature gradient is assumed constant and equal to the invert of the aspect
ratio A"'. The flow being parallel vertical velocity is assumed to vanish everywhere. The
horizontal velocity profile along the vertical axis can be computed analytically for the two and
the three layer cases.

with

v,=1z(2-32)
v, =1(-32> +10z-8)

. 1 Ma
with 1=
(4+4M) A Pr
. 5 AT,
where M=H2 A== and Ma=dT
K h Ky

The analytical forms of the velocity profiles are plotted versus the vertical coordinate on fig. 3.
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Horizontal velocity profile in a two layer system Horizontal velocity profile in a three layer systom

2 3
=k
53
n
2 ________________
©+3)/6
(943)/6

-1.0 -0.5 0

Fig 3: asymptotic velocity profiles for the two and three layer systems

In the two layer system, the velocity profiles in the layers are identical although the
configuration is not. In layer 1, the return flow velocity is maximum at z=1/3 where it is one
third of the interfacial velocity. In the symmetrical three layer system, the velocity profile has
the same symmetry as the physical configuration. The velocity profiles in layers 1 and 3 are
identical to those observed in the two layer configuration. The intensity of the return flow in
layer 2 is half of the interfacial velocity. The shape of the velocity profile identical to the shape
determined for the three layer configuration. The velocity vanishes at hg=2/3 h. The maximum
velocity which is located at h,=1/3 in the bulk is one third of the velocity at the interface.

| > k indicating that the flow is more intense in the 2 layer case than in the 3 layer case. This
is explained by the large shear stress imposed in layer 3 by two moving interfaces.

For the fluids used in the experiment, the dimensional value of the velocity may be found from
the physical parameters given in table 1:

V, max (2layer) = 53.1 ums™ °C" AT

Vx max (3 layer) = 47.3 ums™ °C™" AT

2D Finite difference simulations

The non-linear Navier Stokes and the energy equations are solved numerically in 2D for the
actual set-up. In each layer |, the dimensionless governing equations expressed in terms of
stream function and vorticity are:

at¢+azwax¢'az¢axw = XI-A 2¢

Vi

Pr(5,T+3,Wo,T-8,Taw)= ZA2T
K1

where:-a—-vx and -a_wzvp AZ\,U = ¢
0 ox

The equations are discretised on a uniform rectangular mesh using the centred difference
technique and solved using ADI scheme. The Poisson's equation is solved using the Gauss-
Seidel relaxation technique. The Navier Stokes, energy and Poisson’s equations are solved
for the internal nodes in each layer independently then the boundary conditions are applied to
compute the value of the vorticity and temperature on the boundary nodes.
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Numerical results

The convective pattern for increasing temperature differences have been computed for the
two (fig. 4) and the three layer (fig 5.) systems.

The flow patterns as shown on fig. 4 for the Fluorinert FC70 - silicone oil 10 cSt systems are
very similar in both layers although the fluids have quite different physical properties. The
temperature isotherms are highly distorted large velocity of the interface even for a
temperature difference as small as 2.5 °C.

AT=2.5°C AT=5.0°C
Smin=-0.1467 Smax=0.1468 Smin=-0.2195 Smax=0.2196

AT=15.0°C AT =30.0°C
Smin=-0.43 Smax=0.4295 Smin=-0.6877 Smax=0.6883

NS

Fig. 4: Steady flow patterns and isotherms in the two layer system FC70 — silicone 10 ¢St

For large values of AT, recirculation vortices appear in the primary cellular structure. The fluid
is strongly accelerated when it reaches the interface near the hot wall. The intense surface
tension driven flow is bringing hot liquids near the cold wall where a very steep temperature

gradient is created.
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AT=25°C AT=5.0°C
Smin=-0. 149 Smax=0). 49 Smm=-().2296 Smax=0).2296

Py TA SRR e 7 AR
(& 5 (
) iz

> AT=15.0 °C ‘ ~AT=30 &

Fig 5: steady flow patterns and isotherms in the three layer system FC70 - si. 10 ¢St - FC70.

Steady flow pattern computed for the three layer system are shown on fig. 5. The situation is
very different from the two layer case. The flow patterns are reflecting the geometry of the
setup. Interfacial motion creates two symmetrical contrarotative vortices in the middle layer. In
the lateral layers, the flow pattern is mono cellular with no recirculation even for the largest
temperature differences. The deformation of the isotherms is, as compared with the
corresponding states of fig. 4, less pronounced.
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Experimental Results

The time span allowed to the experiment has permitted to obtain to observe steady flow
patterns for five thermal gradient in the two layer and four in the three layer configuration.

Two layer convection

The velocity maps obtained for increasing AT are shown on fig. 6. For small AT, the flow is
mono cellular in both layers. The velocity reaches its maximum value in the central region of
the interface. As AT is increased, the maximum velocity is found closer and closer to the hot
wall. For the largest AT, the local vortex located near the hot wall is clearly apparent just as in

the numerical simulations
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Fig. 6: velocity maps in the two layer system FC70 — silicone 10 ¢St
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Fig. 7: horizontal velocity profiles at x= 10 mm and x=20 mm

The horizontal velocity profiles along two vertical axis at x= 10 mm and x=20 mm are shown
on fig. 7. Because of the thickness of the seal (fig. 2), the velocity of the fluids at the
interfaces cannot be determined accurately and is probably underestimated. The intensity of
the flow is, as expected proportional to AT. Also, it appears that the shape and the intensity of
the flow is comparable at x= 10 mm and x = 20 mm.

For the comparison between the asymptotic computation, the numerical simulations and the
experimental results, the maximum velocity of the return flow (V) is plotted versus the
temperature difference imposed (or the Marangoni number) between the flanges (fig. 8). The
experimental data are fitting the following empirical two parameters function:

Vg =V (1=e7%7)

m

There is a clear discrepancy between the numerical (crossed squares) and the experimental
results. For large values of the Marangoni number, Vs experimental is twice larger than the
numerical one. For the sake of verification, the results of the numerical simulations (squares)
for large aspect ratio (A=10) and small Marangoni number are in good agreement with the
results of the asymptotic approach. The reason for the discrepancy between numerical and
experimental values has not been identified yet. Two potential reasons have to be
investigated:

In the numerical simulations, the viscosity of the layers is assumed constant which
is not the case in reality.

The steep thermal gradient created at the interface near the cold wall is not perfectly
modelled in the case of large AT.
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Maximum return flow velocity (um s™)
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Fig 8 Maximum return flow veloctiy vs AT in the two layer system

Three layer convection

The velocity fields measured for increasing AT are shown on fig. 9. As simulated numerically,
the flow pattern is symmetrical. There are two convective rolls in the central layer.Visually, the
convective patterns compare well with the numerical ones excepted for AT= 15°C where the
tracer particles are not visible everywhere. In general, the quality of the velocity maps
obtained for the three layer experiment is lower than for the two layer one. This is mainly due

to the accumulation of tracer particles on the interfaces and on the quartz walls.

The shapes of the velocity profiles at x=10 mm and x= 20 mm shown on fig. 10 compare well
with the shape found using the aymptotic theory. The symmetry of the flow pattern is clearly

apparent on these profiles.

260



AT=560°C

AT=10.0°C

y (mm)

R . - - - -~*e e > + < - ¢ e | e et e e L el g e e [ (|
R e S L PSP S ST s

B T
S U I S S e U S

VN NS bbb bbb b bbb > = & o . .

....... D e e
r e B T st ol
UL TN e B SR P RS S S S S
e e e e e e e e e e e = = =
- e e e e e e e e e e e - =

0, S e e e Y e e
N N - -~ -~
NP v = = = = = - = -~ -
o o e e R S ey
................. e e
D N e
Sl e e e ) ert fex 6 U o) e et S

4 e et ter e - sttt te - -
- e Gttt - - -
. e e e e e e et et e — - -
- " o = - e e e e - =
N N N APttt e e - ea— s s . - o= s

.~ -, P s> -

A TR P B e 0 e AP A e DD > = > # & = e

B et 2 e e

At e A e e -~ -
P T e I T

§ 2 et S IR R SN e =& & s

. S e R R - o= e
LU O S .
R i o R O
S o v e e s s e e e e e meeeee e e s = e
e e
e R R S S
O L s FE o o Hy el sl e v e s el 3 e = ol s ¢
v LA B A A e
B e T I
B et e S

e e - - -

Fluorinert FC70 - Silicone oil 10 cSt - Fluorinert FC70 x=10 mm

24
2L ow”
20 o

—e— AT=50°C

—y— AT=10°C

—@— AT=15°C
o AT=30°C

V, (pms”)

Fig. 9: Velocity maps in the three layer system FC70 —si 10 ¢St - FC70

y (mm)

Fluorinert FC70 - Silicone oil 10 ¢St - Fluorinert FC70 x=20 mm

24
2t v

—e— AT=50°C

—y— AT=10°C

@ AT=15°C
o AT=30°C

T
o N
T T

o N & O o
T

200 300

E

Fig 10: horizontal velocity profiles at x=10 mm and x = 20 mm



Maximum return flow velocity (um s™)

300
280
260
240
220
200
180
160
140
120
100

80

60

40

20

Fluorinert FC70 - Silicone oil 10 ¢St - Fluorinert FC70

A layer3
— — vx =327 (1-e°%24T)
— — asymptotic

e layer1

vy = 1801(1 - @098 4Ty

vx= 114 (1 - ¢ 008 4T)
@ Numerical simulation A=3.75

—
/
/

]
o

/. ~

ot

Y

A

15 20 25 30
T (°C)

Fig. 11: Maximum return flow velocity in layers 1 and 3 (Fluorinert FC70) vs AT

Maximum return flow velocity (um s™)

220
200
180
160
140
120
100
80
60
40
20

Fluorinert FC70 - Silicone oil 10 ¢St - Fluorinert FC70

i | S—— ——
e —

v layer2
—— vx =154 (1-¢°")
— — asymptotic

B Numerical simulation A=3.75
— vx'=164 (1 - 20%4T)

1 1 —=

5 10

15 20 25 30

AT (°C)

Fig. 12: Maximum return flow velocity in layer2 (silicone oil 10 ¢St) vs AT

The plots of the maximum return flow velocity shown on fig. 11 and 12 reveal the same
discrepancy between numerical and experimental results. The experimental velocities are
significantly larger than the theoretical ones. This is mainly the case in the external layers.
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Conclusions and future plans

This report provides a preliminary overview of the experimental results obtained during the
LMS mission.

This experiment can be considered as very successful. The curtain concept of the fluid cell
has proven to be very efficient. Mechanically stable two and three layers configurations could
be achieved in microgravity playing on the differential wetting properties of the liquids.

Quantitative velocity fields on the thermocapillary convection in multilayer systems have been
obtained. The flow patterns observed are similar to those obtained by numerical simulations.
However, the experimental velocitities are significantly larger than the computed ones. The
reason for this discrepancy is currently under investigations.
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