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Unique aspects of ug

 Mass transfer, in most cases, is predominated by
diffusion

 Near absence of gravity driven convection
 Decreased hydrodynamic shear

* No sedimentation

* No hydrostatic pressure

* Greatly reduced body forces cause much less
deformation

e Liquid bridges can be extended to the Rayleigh
limit
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Why do materials science in

reduced gravity?

e Eliminate or greatly reduce gravity-driven
phenomena to expose phenomena driven by
other mechanisms

e Science depends on the control of parameters.
Laboratories in low Earth orbit allow scientists to
control an additional parameter.

e Scientifically interesting things can be done in
reduced gravity that are not possible in 1g
— Growth of benchmark materials
— Measurement of some thermophysical properties

e Bottom line: Improve materials made on Earth
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Materials Science Research Rack (MSRR)%

Project Manager: Jimmie Johnson/MSFC

Status:
e Operational aboard the ISS

Purpose:

e To provide a modular facility onboard
the ISS to conduct materials science
research/technology experiments

Relevance/Impact:
 The MSRR can be utilized for multi-
Program tasks

 The MSRR will accommodate the
operation of the European Space Agency
Materials Science Laboratory (MSL)
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Materials Science

Built by EADS Astrium for ESA

Facility Control Unit Power Supply Unit
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Status:

e Operational aboard the ISS
with the LGF

Experiment
- Dedicated
Elactranics

Infra-

Purpose: T structura
Sample Cartridge
* Provide operational
support for furnaces
including sismssimi B
—Low Gradient Furnace """ /| e
—Solidification and —
Quenching Furnace 7 ,
.'II 1'%

Rele Van CE/Imp act: Vacuum Gas Euh.':;':.!:m Gas Euppl!.;: Drawer Internal w:.m Cooling Leap

o The MSL can be utilized for http://www.spaceflight.esa.int/users/materials/facilities/facilities/msl.html
multi-Program tasks
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MSRR SCA
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Comparison of Structure and Segregation in Alloys Directionally Solidified 4%

Terrestrial and Microgravity Environments (MICAST/CETSOL)

U.S. CSS PI: Prof. David Poirier, The University of Arizona
ESA MICAST Team Coordinator: Dr. L. Ratke, Inst. of Materials Physics in Space, DLR, Germany
ESA CETSOL Team Coordinator: Prof.Charles-André Gandin, ARMINES-ENSMP-CEMEF, France

NASA Objectives and Contributions:

* Defects in directionally solidified dendritic Development Approach:

a"oys resultin production losses. e The MICAST team will focus on microstructure
Misalignment of dendrite arms and control during directional SOIidification,
macrosegregation are produced by particularly in Al-Si alloys.
uncontrolled convection. e CETSOL will investigate pattern formation in
e NASA’s interest is in enhancing the Castings, partiCUIarly the transition from
mathematical modeling of solidification with columnar to equiaxed.
gIObaI ObjeCtIVES. ISS Accommodation LGF & MSL within MSRR
RelevanCE/lmpaCt: Launch Shuttle flight 17A, August 2009

* Many industrial applications involve directional
solidification. Convective effects are significant,
particularly in today's more complex alloys. LGF — Low Gradient Furnace, MSL — Materials Science Laboratory

Flight Samples MSRR — Materials Science Research Rack

Experiments February 2010 and TBD
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Crystal Growth of Terna_;'_y Con;_pound Semiconductors
(GTS/CdTe)

Crystallization of Cadmium-Telluride and Related Compounds
US CGT/CdTe PI: Dr. Ching-Hua Su, NASA MSFC
ESA Team Coordinator: Dr. Michael Fiederle, Freiburg, Germany

NASA Objectives and Contributions: Ground-based Research

* Incrystal growth there is a need to understand the relation ..
between processes in the fluid phase, both liquid and vapor,
such as buoyancy driven convection, the incorporation of

impurities, and defects in the resulting crystal ST
WA

* Relation between fluid phase processes and the generation e
of defects in a grown crystal is an outstanding problem in §} ;} “ )
materials growth " OO B

e Studies in microgravity will be compared with modeling and L

Crystal terraces on this ZnSe (110) facet are

separated by ~0.5 mm on the freshly grown surface

Relevance/lmpact: and were measured between 20 and 60 nm height.

Facets tend to align parallel to gravity vector.

will be used to optimize ground-based experiments

e Ternary compound semiconductors are of vital national
interest as sensors in x-ray telescopes and for homeland

security, and as substrate materials for infrared sensors. : —
ISS Accommodation LGF & MSL within MSRR

Development Approach: Launch TBD
* Vapor transport and directional solidification will be
investigated in CdZnTe. LGF — Low Gradient Furnace, MSL — Materials Science Laboratory,

* Phase equilibria and other thermodynamic properties are MSRR ~ Materials Science Research Rack

being studied on the ground.
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Reduction of Defects in Germanium Silicon (RDGS)

U.S. RDGS Pl : Dr. Martin P. Volz, NASA MSFC

ESA Team Coordinator : Dr. Arne Croll, University of Freiburg, Germany

NASA Objectives and Contributions:

Partially detached crystals can be grown on Earth

Test the theory that solidification free of wall
contact reduces defect density.

Evaluate competing theories for the production of

critical materials by testing different growth
configurations and using the space environment

Relevance/Impact:

Defects in semiconductor substrates propagate
into the final electronic devices thereby reducing
their performance

Ideal is a breakthrough in understanding and
control of detached terrestrial growth in many
materials of technological and commercial
interest.

Development Approach:

e German teams will make use of free flyers (FOTON)
* Flight experiments will be done in LGF/MSL/MSRR

NASA will concentrate on Bridgman growth, with
the German team working on float zone.

03 August 2010

Float Attached Detached
Zone Solidification Solidification

i

gap-1EaEEl

Detached

Attached

Two order of magnitude
reduction in etch pits when
grown detached.

a. growth angle
0:wetting angle

ISS Accommodation LGF & MSL within MSRR

Launch TBD

LGF — Low Gradient Furnace, MSL — Materials Science Laboratory

MSRR — Materials Science Research Rack
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DECLICInanE

DECLIC is a multi-user facility to
investigate low and high temperature
critical fluids behavior, chemical
reactivity in supercritical water,
directional solidification of transparent
alloys, and more generally transparent
media under micro-gravity environment
on board the International Space Station
(1SS).

.. .
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DECLIC - Dispositif pour

e I'Etude de la Croissance

W il | et des Llquide Critiques
~ ,_,:Ig,p.n,_n.m. (DEvice for the study of
i e i Critical Llquids and
Rl oo Crystallization).

Graphics and description taken from CNES web sites
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Dynamical Selection of Three-Dimensional Interface

Patterns in Directional Solidification
U.S. PI: Prof. Rohit Trivedi, lowa State University

BN

asa

(DSIP)

CNES Team Coordinator: Dr. B. Billia, Université Paul Cézanne, Marseille, France

Objective:
« Understanding of dendrite evolution
« Understand the dynamics that lead to uniform and

Pertinent data

reproducible three-dimensional pattern formation are
« Obtain benchmark data establishing detailed dynamics overwhelmed by
of interface pattern selection during the solidification of gravitational
alloys effects in bulk
Relevance/Impact: samples.

¢ Many industrial applications involve directional
solidification

« Pattern formation is vital for controlling microstructure
in high temperature, high strength alloys

Ground-based Research:

5-::%%

?.l‘:_-——__(fi s

b —

Development Approach: ISS Accommodation

DECLIC

« Transparent alloy of succinonitrile will be used as an Launch

Shuttle flight 17A, August 28, 2009

analog of metallic alloys

Experiments January 2010
« Sample will be observed by microscopy, interferometry — ' . —
with a resolution of 5 microns with a sampling rate — up EI—ESLIC- Dispositif pour I'Etude de la Croissance et des Liquide
to 25HZ ritiques.
. Samples can be re-run with different experimental *Accommodation will be CNES’s DECLIC equipment housed within an

.o EXPRESS rack.
conditions.

*DSI, Directional Solidification Inert will be used.
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Coarsening in Solid-Liquid Mixtures-2 Reflight

N
)

‘
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(CSLM-2R)

MSG has
been
performing
research on
ISS since
2002

CSLM-2 in the Microgravity Science
Glovebox on board the ISS

ISS Accommodation

Microgravity Science Glovebox (MSG)

Launch

Shuttle Flight 19A, March 2010

Return

May 2010

ISS008E0S5009
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PI: Peter W. Voorhees, Northwestern University

Objective:

e Support the development and improve the Ground-
accuracy of theoretical models of the Based
Ostwald Ripening (coarsening) process. Sample

 Determine the factors controlling the
morphology of solid-liquid mixtures during
coarsening.

 Determine the kinetics of the coarsening
process, the spatial distribution of the
particles, and the particle size distribution as
function of the volume fraction of solid.

Relevance/Impact:

e CSLM-2 R results will provide input that will
improve design codes that are based on
incomplete models and databases.

e CSLM-2 R will thus aid in the development
of new high-temperature materials, such as
those used in nuclear propulsion and waste
heat coolant loops.

CSLM-2 30%
high volume
sample from

ISS Increment
16
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Levitator Investigations

Asgal pyrometer
atidfor catnetra

e US investigators have
written joint proposals with

European investigators to
use the DLR-ESA
Electromagnetic Levitator

Vaomm
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i planned for the Columbus
— — oy
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Quasi-Crystalline Undercooled Alloys for Space
Investigation (QUASI)

U.S. PI: Dr. Kenneth Kelton, Washington University in St. Louis
ESA Team Coordinator: Hans Fecht

Objectives:

e Tests of Nucleation Theories

e Determine influence of liquid solid short-range order on thermophysical properties

e Determine dependence of growth mechanism on the complexity of the crystallizing phase

e Study the influence of fluid flow on the growth kinetics and microstructure formation during solidification
of structurally complex solid phases

Fundamental Scientific Questions:

* What are the local structures of undercooled metallic liquids?

* Does the evolving liquid structure underlie novel behavior such as mode-coupling and fragile-to-strong
transitions, and the glass transition?

* Does the liquid local structure couple with the nucleation barrier as predicted by Frank?
e Do predictions from the Classical and Coupled-Flux Theories agree with data for undercooled liquid alloys?

* What influence does fluid flow have on the crystal growth velocity during solidification of undercooled
liquids and on the microstructure formation?

Practical Importance:

* Provide data for numerical modeling of thermophysical materials properties in the stable and undercooled
liquid

* Provide insight for development of new advanced products to reduce energy consumption and
environmental pollution and guarantee sustainable growth.

ISS Accommodation Electromagnetic Levitator (EML) in
Columbus Orbiting Facility

Launch ATV3 in October 2011
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The Role of Convection and Growth Competition in “%%
Phase Selection in Microgravity (LODESTARS)

U.S. PI: Dr. Douglas Matson, Tufts University
ESA Team Coordinator:

Objectives:

e Obtain a comprehensive understanding of the processes
involved in phase selection and the transformation kinetics
for developing models to control properties in commercially
important structural materials solidifying from the
undercooled melt.

* Propose a new transformation theory to explain the
influence of convection on phase selection

Ground-based Research (Electrostatic Levitator)

Austenite (yellow) growth from primary ferrite (red)

Relevance/Impact:

e Applicable to alloys including ternary austenitic Fe-Cr-Ni
steel alloys, soft magnetic FeCo peritectic alloys, and
titanium aluminide compositions used in turbine blade
applications.

Austenite growth directly from supercooled liquid (grey)

Development Approach:

* Using containerless techniques establish a data base to test
dendritic growth models over a wide range of undercoolings

* Determine the mechanism for stable phase nucleation by : : : :
defining how convection influences the delay time over a ISS Accommodation Eﬁﬁtéoﬁi‘ggféiﬁnLeﬁ';iﬁﬁ{ (EML) in
broad range of fluid flow conditions - Y

« Determine the relationship between alloy composition and Launch ATV3 in October 2011

kinetics of the transformation from metastable phase
formation to final stable phase microstructure to define the
solidification path for these important alloy systems
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Summary

 Materials science experiments in low Earth orbit
began in the Apollo era and continue today

 Semiconductors, metals and alloys, glasses,
organic electro-optical, and model materials have
been processed

o XXX peer-reviewed articles have been published
in leading journals

e Additional information is available at

https://repository.msfc.nasa.gov/microgravity/component/main? dmfClientld=1195662946590

or in “Spacelab Science Results Study”
NASA/CR—2009-215740
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Selected technological contributions%
of materials science in reduced gravity

e Skylab and Apollo-Soyuz-Related Research
Paved the way to Better Computers

e Space-Related Research Holds Great Promise
for Surgical Lasers

e Space Shuttle/Spacelab-Related Research
Enhances Medical Equipment and More

See following pages for more on these topics.
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Skylab and Apollo-Soyuz-Related Research Paved the way to Better Computers

What was done on Skylab and Apollo-Soyuz:

Semiconductor crystals were melted and directionally resolidified on both Skylab and Apollo-Soyuz. These were
ground-breaking experiments as related in the quote below from a 2003 National Research Council report. The
experiments showed that crystals grown in Skylab possessed structural perfection and uniformity unattainable on
Earth. However, the focus of this page is on the preparation of the flight samples on Earth.

Significance on Earth:

To prepare their samples on Earth, the researchers at the Massachusetts Institute of
Technology (MIT) used, for the first time, a magnetic field to control convection during a
type of crystal growth called Czochralski. This technique has become known as
magnetic Czochralski growth. It is used for the growth of many types of crystals and is
the standard method of growing silicon for use in the electronics industry.

The silicon chips used in computers must be perfectly formed and free of impurities to
ensure reliability and efficient operation.. Semiconductor crystals formed on Earth have
defects, caused by the gravitational environment, that limit performance. Among the
results of 1970s-era Skylab and Apollo-Soyuz Test Project experiments was a
demonstration that microgravity conditions eliminate or counteract these problems. It
would be too expensive to commercially produce these crystals in orbit, but the MIT
researchers showed that a magnetic field on Earth can also reduce the number of

defects. Czochralski-grown

silicon boule.
Many of our nation's most vital industries reaped huge benefits from materials

science microgravity research that began with the Skylab and Apollo-Soyuz test
programs. Experiments conducted under these programs paved the way for ground-
breaking improvements crucial to the industries' successes.

Today's computer industry provides the best example. Much of our understanding of
the physics underlying semiconductor crystal growth, and the rapid advancements in
methods used to produce superior chips, can be traced back to research initiated on
Skylab.

Integrated circuit.

The Future:

The Skylab and Apollo-Soyuz test
programs of the 1970s
successfully demonstrated the
processing of semiconductor,
metal alloy, and halide crystals by
solidification and vapor
techniques. These platforms used
a specially designed multipurpose
furnace to achieve a variety of
experimental conditions that took
advantage of microgravity
conditions to process different
materials. Among the results of
these early studies was a
demonstration that the low-
convection conditions of space
eliminated the compositional
variations due to oscillatory
convection in semiconductor
crystals—these variations
degraded the electronic properties
of Earth-grown material. (Later,
magnetic suppression of
convection became standard
procedure in the silicon industry.)

Taken from a 2003 NRC report

The magnetic Czochralski growth of silicon crystals is today widely used in the semiconductor industry. Placing a modest magnet in orbit to study the combined

effects of reduced gravity and magnetic field on crystal growth could lead to another major breakthrough.
Research Leaders:

Professors A. F. Witt (deceased) and H. C. Gatos (emeritus), Massachusetts Institute of Technology, Cambridge, MA. Point of contact: Dr. Michael J. Wargo,

NASA Headquarters.
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Space-Related Research Holds Great Promise for Surgical Lasers
What was done:
Dr. Richard Weber of Containerless Research Inc. (CRI) developed types of glass with unique properties for applications and products for lasers, optical
communications, and surgical lasers supported by grants from the National Science Foundation and Air Force Office of Scientific Research. As part of a NASA
research grant for a proposed International Space Station flight experiment, Weber also conducted research in the Electrostatic Levitator (ESL), a ground based
research facility at NASA's Marshall Space Flight Center in Huntsville, Ala. The levitator, where molten spheres of glowing material float with no visible means of
support or containment, is one of the nation's few facilities where scientists can process materials without using contaminating containers. These experiments
demonstrated “that containerless processing, . . ., permits sufficient undercooling of molten yttrium aluminium garnet (YAG:Y;AlO,,) to access a viscosity range
conducive to fibre-pulling”---Nature, 1998.

CRI has patented these families of glasses and established processes for making them and using them in practical
applications.

Significance on Earth:

CRI's proprietary patented REAI Glass™ materials -- made from Rare Earth oxides, Aluminum oxide, and small amounts of
silicon dioxide -- has unique qualities useful for creating materials for demanding optical applications. In creating REAI
Glass™, CRI took the best qualities of the current materials and created a new glass that can be produced inexpensively.
The glass holds great promise for use in lasers. At the heart of the power lasers for cutting metal for car bodies and the
medical lasers used for surgery, is the gain medium. REAI Glass™ can be used in this critical component, which increases
or amplifies the light into an intense, highly concentrated beam that can precisely cut metal parts or surgically remove or
repair human tissue. Although REAI Glass™ development was completed with NSF support, “CRI originally developed the
glasses with funding from NASA.” —Science Daily, Oct. 8, 2003.

Sample melting in the ESL.

Future: Near net-shape
Most surgical lasers now use expensive single crystals, which limit the range of operating wavelength to a very narrow band. REAI spherical lens
Glass™ can provide tunability, allowing more control over surgical procedures. With a tunable laser, a surgeon can shift output formed from
wavelength according to the nature of the surgery and the patient's skin type. REAI™ Glass.

REAI Glass™ also provides a medium for next-generation optical communications devices that must be small, low-cost, and powerful to provide fiber for home
connections for broadband Internet. The company can customize the glass composition for these uses. The family of REAI Glass™ materials is patented under
U.S. Patent No. 6,482,758 issued Nov. 19, 2002, and is only available from CRI, or under license.

Research Leader:
Dr. Richard Weber, Containerless Research Inc. (CRI), Northwestern University Research Park, Evanston, lllinois.

Weber, J.K. Richard et al. Glass fibres of pure and erbium- or neodymium-doped yttria-alumina compositions . Nature 393, 769-771 June 1998
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Space Shuttle/Spacelab-Related Research Enhances Medical Equipment and More

What was done on Space Shuttle/Spacelab:
In the 1980s, Dr. Bill Johnson of the California Institute of Technology (CalTech) in Pasadena, California, worked with colleagues at the nearby Jet Propulsion Laboratory on
research using microgravity conditions to produce alloys. The goal was to increase the stiffness of the alloys so that they could be used in more applications. Extensive
experiments on liquid metals (or metallic glasses) were conducted during two Space Shuttle/Spacelab missions: the International Microgravity Laboratory in 1994 and again
in 1997 on the Microgravity Science Laboratory. The work was sponsored by NASA, CalTech and the U.S. Department of Energy to create new materials for aerospace.

Johnson continued this research on the ground using electrostatic levitation and laser heating. In this process, small spheres are held up in a vacuum and melted by a laser
beam. NASA sponsored two high-vacuum electrostatic levitator facilities for this research at NASA Marshall Space Flight Center, Huntsville, Ala., and at Caltech.

Johnson worked with Dr. Atakan Peker of Liquid Metal Technologies to create thick liquid metals that form glass without the need for rapid cooling. Instead of having to
quickly cool a liquid metal to become solid, the mixed metal they created cooled and hardened itself at room temperature, avoiding crystallization. This first liquid metal,
called Vitreloy, had super strength but lacked the attributes that make metals tough. In 2000, Johnson and graduate student Paul Kim improved Vitreloy's toughness while

giving it the flexibility to be made into many different shapes.
Significance on Earth:

Technologies developed from Space Shuttle/Spacelab microgravity research lead to the formation of Liquidmetal Technologies, which
manufactures military, consumer, and industrial products.

Liquid metal has more than twice the strength of titanium or stainless steel, with similar toughness. Yet it possesses the moldability of
plastic. These characteristics make it ideal for all kinds of innovations. It has found its way into a variety of consumer goods.

Plates for golf equipment were one of the early products manufactured with it in 1996. In 2003, HEAD Racquet Sports used it for a new
tennis racquet line that ultimately became the world's top-selling new technology racquet that same year. Liquid metal is also used in other
sporting goods such as baseball bats and skis. Recently, because of its strength, it has found application as the frame in hand-held electronic
devices. But perhaps its most important contributions are in the medical field. It is used in reconstructive devices, fracture fixations, and in
spinal implants and instrumentation.

e In ophthalmic surgery, surgical blades made with these materials are helping doctors " _
o better serve patlen.ts in r.1eed of catarac.t surge.ry. quu]d metal is also usgd |r.1 cell phone Lindsey Vonn wins Olympic
and other electronic casings and parts, industrial coatings, defense applications, Gold with
Strength Sheels Glassy Alloys electronic casings, fine jewelry, hinge applications, and space projects (Genesis mission HEAD/Liquidmetal® Skis
(MPs) to entrap solar wind particles and return them to Earth).
Titanium
- Alloys The Future: Work continues on improving and understanding the properties of metallic glasses.
0 - : Research Leader: Dr. William L. Johnson, CalTech
t 1 2 3
Elastie Limit

Typical strengths and elastic limits for
various materials. Metallic glasses are

unique.
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